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Chapter 1
The Musculoskeletal Burden: Where Are 
We Now?

Abinaya Sindu Pugazhendhi, Fei Wei, and Melanie Coathup

Abstract The dramatic increase in average life expectancy during the twentieth 
century ranks as one of the society’s greatest achievements, and the world’s older 
population continues to grow at an unprecedented rate. As the proportion of older 
people, length of life, and health expectations continue to increase, a rise in nonfatal 
age-related musculoskeletal degenerating diseases, disability, and prolonged depen-
dency is projected. To manage this rise and in order to restore or improve pain-free 
activity, independence, and quality of life, a significant increase in the number of 
musculoskeletal surgical and nonsurgical encounters is forecast. As such, the inci-
dence of musculoskeletal infections will also increase, where many will be chal-
lenging, complicated, and costly to treat. This chapter describes the impact and 
growing burden of musculoskeletal disorders, summarizes our current societal chal-
lenges, and overviews trends in the ever-growing orthopaedic device market. The 
chapter also highlights recent successes that have improved our understanding of 
how to treat musculoskeletal infections as well as the many multifactorial chal-
lenges that remain.

Keywords Aging population · Musculoskeletal · Orthopaedic · Burden · Device · 
Infection · Disorders

1.1  The Global Rise in Our Aging Population

The dramatic increase in average life expectancy during the twentieth century ranks 
as one of the society’s greatest achievements. Although most babies born in 1900 
did not live past age 50, life expectancy at birth now exceeds 83 years in Japan the 
current leader, and is at least 81 years in several other countries [1]. As a result, the 
world’s older population continues to grow at an unprecedented rate. Today, 8.5% 
of people worldwide (617 million) are aged 65 and over, and according to a new 
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report, this percentage is projected to rise to nearly 17% by 2050 (1.6 billion) [2]. 
As the global number of centenarians is expected to increase tenfold between 2010 
and 2050, we soon will have a greater number of older people than children under 
the age of 5 and more people at extreme old age than ever before [1]. Musculoskeletal 
health is critical for human function, enabling mobility, dexterity, and the ability to 
work and actively participate in all aspects of life. However, as the proportion of 
older people, length of life, and health expectations continue to increase, a rise in 
nonfatal age-related degenerating diseases, disability, and prolonged dependency is 
projected, in particular, in musculoskeletal disorders (MSDs), as they cause the sec-
ond highest volume of functional impairment and highest, in terms of years lived 
with disability (YLD) in the adult population globally and more so than any other 
disorder group [3]. This is because musculoskeletal conditions are prevalent among 
all age and gender groups, across all sociodemographic strata of society. MSDs 
include more than 150 diagnoses that affect the locomotor system and encompass 
diverse conditions that affect our muscles, bone, connective tissue, and joints 
through inflammatory or degenerative processes and infectious, traumatic, or devel-
opmental events or as a result of toxic/metabolic diseases, neoplasms, or vascular 
diseases. These conditions are characterized by pain and reduced physical function, 
which affects individuals by limiting their activities and restricting their participa-
tion, while also affecting societies through work loss, disability pensions, early 
retirement, and the increasing need for social support. Chronic MSDs can also 
aggravate other disease conditions due to their activity-limiting effects, including 
respiratory and cardiovascular disease [4, 5]. Presently, ~1.71 billion people live 
with an existing musculoskeletal condition globally, and given our aging population 
and longer life expectancy, it is anticipated that nonfatal musculoskeletal diseases 
will pose a major future societal and healthcare concern [3, 6].

To manage this projected rise in MSDs, and in order to restore or improve pain- 
free activity, independence, and quality of life, a significant increase in the number 
of orthopaedic surgical encounters is forecast. The long-term success of orthopaedic 
treatment will aid in allowing people to live a healthy, active, and independent life-
style well into old age. This may mean that patients with soft tissue rheumatism, 
arthritis, a joint prosthesis, and other age-related comorbidities may seek to work 
beyond the traditional retirement age as well as provide individuals the opportunity 
to pursue new activities such as further education, enable a new career, or pursue a 
long-neglected passion.

1.2  The Global Burden of Musculoskeletal Disorders

The burden of MSDs has been estimated to span five major diseases: rheumatoid 
arthritis (RA), osteoarthritis (OA), lower back pain, neck pain, and gout. Other 
MSDs include osteoporosis and fragility fracture, infectious arthropathies, inflam-
matory polyarthropathies, disorders of the tendon, and regional pain syndromes 
such as those following an injury or activity associated with sports or occupation. 
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As mentioned, the prevalence of MSDs is substantial and increasing worldwide. 
Globally, the incidence of the five major MSDs increased from 211.8 million to 
334.7 million (58%) between 1990 and 2017 [7, 8]. Additionally, there were ~ 336.5 
million cases of “other” MSDs reported globally in 2017, with a higher prevalence 
in females, and with ~74,000 associated deaths and ~  30.8 million disability- 
adjusted life years (DALYs), an increase of 7.2% and 3.4%, respectively, between 
1990 and 2017 [9]. According to the Global Burden of Disease data, DALYs due to 
musculoskeletal conditions increased by 61.6% between 1990 and 2016. Specifically, 
osteoarthritis was associated with a 104.9% rise in DALYs [10], and lower back 
pain remains the leading cause of global disability since 1990.

In the United States, the National Health Interview Survey (NHIS) estimated that 
between the years 2013 and 2015, 126.6 million, i.e., 1 in 2 adults, were affected by 
a MSD. This is twofold higher than the population affected by pulmonary or heart 
disease [11]. Annual costs of 5.76% GDP (~$980 billion) covered treatment costs 
and lost wages, with direct costs of $53.1 billion attributed to treat injuries that cul-
minated in ~264 million lost workdays and an annual earnings loss of $131.8 billion 
[11]. Approximately 19% of the US population visited healthcare providers, which 
equates to ~235.1 million visits, due to low back pain (61.8 million), hospitaliza-
tions for arthritis and other RA conditions (6.4 million), injuries (62.7 million), and 
childhood injuries (10.6 million). Similarly, MSDs accounted for 21% of all inca-
pacity benefit claims filed in the United Kingdom and over 30% of new long-term 
sick leaves and disability pensions in Finland and Sweden [4].

As such, MSDs are the predominant, most costly and disabling condition in the 
United States [12]. Osteoarthritis and RA are known to significantly impact quality 
of life, including general health, physical health, and mental health, as a result of 
lack of independence, reduced physical activity, pain, sleep, and loss of well-being 
[7]. However, recent studies have shown that OA is becoming the most common 
cause of disability for middle-aged Americans and has become the most common 
cause of disability for people older than 65 years, affecting more women than men 
[12, 13]. Joint replacement surgery is performed to restore function and relieve pain 
in patients with severe OA, and contemporary statistics show that 60% of all MSD- 
related surgical procedures are associated with joint reconstruction surgery. 
Presently, there are approximately 55.4 million adults estimated to be living with 
arthritis in the United States [14], and based on NHIS data, it has been estimated 
that by 2040, 1 in 4 adults (~78 million) will be diagnosed with arthritis. It is antici-
pated that 44% will report activity limitations attributed to their arthritic condition 
with an annual earnings loss of ~$71.3 billion [15].

Although most common in postmenopausal women and due to hormonal decline, 
a degree of age-related osteoporosis is inevitable in both men and women. In 2020, 
approximately 12.3 million individuals >50 years of age in the United States live 
with osteoporosis, and the incidence of osteoporotic hip fractures alone is predicted 
to increase from 1.66 million to 6.26 million by 2050 [16, 17]. In the United States, 
an estimated 2 million osteoporosis-related fractures occur each year prompting 
more than 0.5 million hospitalizations, 0.8 million emergency room encounters, and 
2.6 million physician office visits, and are associated with a decreased quality of life 
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[16]. Additionally, the annual cost of treating a hip fracture in the late 1990s was 
US$34.8 billion, and this is projected to exceed US$130 billion by 2050 [18]. Of 
note, people living with RA and OA and those who have sustained an osteoporotic 
fracture have higher mortality rates than their age- and gender-matched peers [19].

1.3  Current Societal Challenges

Musculoskeletal tissue can be considered a complex physiological hub of tissue that 
responds to several stimuli of different origin (e.g., mechanical loading, lever action 
through traction of muscles, diet, the immune, endocrine, and nervous system). 
Their integration directly regulates the composition, microarchitecture, and volume 
of tissue, thereby its structural strength, as well as influences the release of hor-
mones and various mediators that communicate with the rest of the body. The major 
determinants of musculoskeletal health are considered to be age, gender, obesity, 
work burden, physical inactivity, smoking, excess alcohol, and injury. Examples of 
some of these determinants and their importance are briefly highlighted in Sects. 
1.3.1–1.3.4.

1.3.1  Physical Inactivity

Exercise affects all human tissues and organs, and physical activity is the key stimu-
lus for bone and muscle metabolism. Bone and muscle cell activity is stimulated 
through both direct and indirect mechanical loads mediated through weight bearing 
and muscle traction, respectively, as well as by endocrine stimulation or via the 
immune system [20]. Despite the overall health benefits of regular physical activity, 
people aged 55 years and older are regularly identified as the most sedentary group 
in the population, worldwide. Most studies report that between 40% and 80% of 
older people do not meet the recommended guidelines [21, 22]. Inactivity rates 
increase with age, with around two-thirds of those aged between 65 and 74 years, 
and three-quarters of those over 75 years, not meeting the recommended guidelines 
of 150–300 min of moderate-intensity aerobic physical activity or 75–150 min of 
vigorous-intensity aerobic physical activity weekly (or an equivalent combination) 
[23, 24]. In addition to this, the current pandemic of sedentary behavior, in part due 
to the rapid rise in video gaming, social media, and video-streaming, has resulted in 
nearly 30–39% of the US population engaging in below minimum levels of recom-
mended daily aerobic activities and exercise [25]. This rise in physical inactivity is 
considered a major risk factor for a number of chronic diseases, including type-II 
diabetes, obesity, and coronary artery disease, in many countries globally [26–28]. 
Further, inactivity has risen to above 50% of the population in some countries. 
Obesity is a major contributor to joint degeneration, and diabetes is an important 
predictor for severe forms of arthritis. Diabetes has also been shown to be an 
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independent risk factor for the progression of OA in men [29, 30]. Thus, increased 
physical activity will reduce the numbers in the population susceptible to obesity, 
MSD, ill health, and injury due to falls.

The idea of exercise for the rehabilitation of MSDs has been widely accepted for 
many years, by improving locomotor function, balance, and strength. For example, 
currently, the American Academy of Orthopaedic Surgeons guidelines recommend 
that patients who have symptomatic knee OA engage in quadriceps strengthening 
and low-impact aerobic exercise. The beneficial effect of exercise has been shown 
to reduce pain in patients with knee osteoarthritis [31], and stiffness in those suffer-
ing with back pain [32] as well as increasing bone mineral density and muscle 
strength and by reducing inflammatory markers in osteoporotic patients [33].

1.3.2  Obesity

Obesity is a chronic, multifactorial, polygenic health threat of increasing global 
concern [34, 35]. In adults, the World Health Organization (WHO) defines over-
weight as a body mass index (BMI) ≥25 and obesity, ≥30. A recently updated report 
from the WHO highlighted that worldwide, obesity nearly tripled between 1975 and 
2016 [36]. This 2016 report estimated that globally, 39% of adults (1.9 billion) were 
overweight and 13% (>650 million) were obese. Among these, women were more 
prone to being overweight or obesity, than men. The report also estimated that 340 
million children and adolescents aged 5–19 years, and 41 million children <5 years 
of age, were overweight or obese globally. A systematic analysis carried out in 2013 
estimated that the proportion of adults with a BMI ≥25 increased from 28.8% in 
1980 to 36.9% in 2013, in both developed and developing countries, with estimated 
annual direct costs of $100 billion in the United States alone [37]. This study also 
showed that the incidence of overweight and obese children also increased from 
8.1% to 12.9% in boys and 8.4% to 13.4% in girls in 2013. Based on this current 
trend, a global epidemic is forecast, and it is estimated that up to 50% of the popula-
tion will be classified as overweight or obese by 2030 [38].

In adults, the association between obesity and an impaired soft tissue healing 
response has been widely reported. Being overweight significantly increases the 
likelihood of infection-related complications due to decreased vascularization of the 
adipose tissue, where poor perfusion limits the delivery of nutrients as well as the 
host immune cells necessary to combat microbial species at the site of repair [39, 
40]. Additionally, obesity and osteoporosis are intimately related. Initial studies 
described a benefit to skeletal health due to the increased weight imposed by adi-
pose tissue providing supplementary mechanical load onto surrounding bone [41]. 
However, more recently, new insights view obesity as an important risk factor for 
osteoporotic fragility fractures at several anatomical sites [42].

Obesity is also associated with the development, progression, and symptomatic 
severity of osteoarthritis of the knee and is one of the most modifiable risk factors 
for OA [6]. Metabolic syndrome, characterized by an accumulation of metabolic 
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abnormalities, is often closely related to overweight, obesity, and inactivity [43]. 
This, in turn, may increase the risk of developing diabetes, OA, neurological com-
plications, and atherosclerotic and nonatherosclerotic cardiovascular disease [44]. 
Additionally, previous studies have indicated that obesity causes persistent low- 
grade inflammation [45], where excessive adipose tissue and immune cell infiltra-
tion (e.g., macrophages, T cells) are considered primary initiators of inflammation 
when under obesity and metabolic disease conditions [46]. As a result, adipocytes 
and immune cells release a spectrum of pro-inflammatory adipokines and cytokines 
[47], most of which may contribute to the structural and biochemical changes in 
articular and musculoskeletal tissues [48]. Increased BMI is also a known risk factor 
for developing RA, with a 13% increase in risk reported for every 5 kg/m2 increase 
in BMI [49].

1.3.3  Age and Gender

The incidence and rate of progression of MSD increases with age and peaks in the 
65–69-year age group for both men and women [9]. Gender differences vary by age, 
for example, MSDs are more prevalent in men when under 45 years of age however, 
above age 45, more women than men are reported with MSDs [13]. Back pain and 
musculoskeletal problems related to injuries are more common in men, while 
women are at a greater risk of developing rheumatoid arthritis, osteoarthritis, and 
osteoporosis and sustaining a fragility fracture. In women, the incidence of OA is 
highest among those aged 65–74 years, reaching approximately 13.5 per 1000 pop-
ulation per year [9]. In the male, the incidence is reduced, and approximately 9 
cases per 1000 population per year occur in those aged 75 years and over [50].

1.3.4  Diet and Nutrition

Diet is important in both the prevention and progression of musculoskeletal condi-
tions. Dietary intake plays a primary role in bone and soft tissue metabolism and has 
a significant impact on tissue health, structural integrity, and repair. Eating a varied 
diet high in fresh fruit and vegetables is recommended by many health organiza-
tions. Vitamins D and K, calcium, and protein optimize muscle, bone, and func-
tional outcomes in people, thereby reducing falls and fractures [51–54]. However, 
there was a notable transition in diet after the Industrial Revolution in the eighteenth 
century, with a change from a more polyunsaturated, high-fiber diet to a diet high in 
saturated lipids and trans-fatty acids, with decreased levels of vitamins C and E, an 
eating pattern termed the Western diet. Presently, the consumption of the unhealthy 
Western diet is increasing worldwide, and these highly processed convenience 
foods are high not only in saturated and trans-fats but also in sugars and salt. It has 
been widely established that a high saturated fat diet is associated with a number of 
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diseases due to the chronic low-grade activation of pro-inflammatory pathways and 
adipogenesis, where in bone tissue, for example, this leads to osteoclastogenesis 
and subsequent bone resorption. The health benefits of PUFAs and the role of ω-3 
present in fish oil, in particular, have been shown to be critical in the healthy devel-
opment of the infant nervous system and retina [55]. Evidence of the beneficial 
effect of ω-3 and ω-6 fatty acids has led to the establishment of comprehensive 
recommendations and the dietary reference intakes report from the Food and 
Nutrition Board in the United States. In terms of bone health, recent research sug-
gests that polyunsaturated fats, particularly those high in ω-3 fatty acids, are able to 
interact with both hematopoietic and stromal derived bone cells and elicit signifi-
cant anti-inflammatory properties including inhibition of osteoclastogenesis while 
promoting osteoblastogenesis thereby suppressing bone resorption and increasing 
bone regeneration, improved microarchitecture, and structural strength.

In a cross-sectional study involving 1209 adults aged 20–30 years, it was found 
that participants consuming sugary drinks rich in fructose such as high-fructose 
corn syrup, sweetened soft drinks, fruit drinks, and apple juice at least 5 times a 
week demonstrated a threefold increased risk of developing arthritis, irrespective of 
other dietary factors, plasma glucose levels, physical activity, or smoking [56]. 
Moreover, there are single dietary factors that have proven important in musculo-
skeletal health. A study by Pattison et al. [57] showed that daily consumption of a 
glass of freshly squeezed orange juice inversely correlated with the risk of RA, pos-
sibly due to the protective action of beta-cryptoxanthin, a natural carotenoid and 
antioxidant. There are clear associations of many micronutrients, including zinc, 
vitamin C, and vitamin A, with various aspects of wound healing and recovery from 
injury, including muscle disuse [58]. For example, zinc is important for human 
health and disease due to its critical roles in growth and development, bone metabo-
lism, the central nervous system, and immune function. Additionally, zinc plays a 
major role in regulating every phase of wound healing, ranging from membrane 
repair, oxidative stress, coagulation, inflammation and immune defense, tissue reep-
ithelialization, and angiogenesis to fibrosis/scar formation deficiency. A zinc defi-
ciency is associated with delayed wound healing [59]. Similarly, copper deficiency 
is associated with osteochondrosis and subchondral bone changes [60]. Thus, nutri-
tional support may be crucial to lessen the length of time and reduce the negative 
aspects of MSDs.

The 1014 microorganisms found within the gut microbiota appear to be a signifi-
cant contributor to musculoskeletal health and are a growing area of research for 
health promotion, disease prevention, and disease treatment. The gut microbiome, 
composed of mainly bacteria, but also viruses and fungi, produces a large and 
diverse pool of bioactive small molecules that are able to establish a systems-level 
connection with the host metabolic, endocrine, immune, and nervous systems [61]. 
Therefore, this, in turn, influences the pathophysiology of several distant organs 
including the skeletal muscle and bone. Physical activity is a possible modulator of 
intestinal microbiome composition, and the microbiome has been shown to affect 
bone metabolism and subsequently bone quantity, quality, and strength. Preclinical 
work has also demonstrated an effect on the success of osteoporosis, osteoarthritis, 
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and muscle mass. For example, and using animal models, the absence or significant 
reduction of a gut microbiome has been shown to prevent bone loss due to estrogen 
depletion and glucocorticoid treatment, two primary contributors to the progression 
of osteoporosis [62–64]. This is further supported by a randomized, double-blinded 
placebo-controlled multicenter trial carried out in 2019 (n = 249 individuals), which 
showed that after 1 year, those individuals who received daily oral probiotics dem-
onstrated reduced postmenopausal bone loss in the lumbar spine [65]. Alterations to 
the gut microbiome have also been shown to affect OA.  Following surgically 
induced osteoarthritis through destabilization of the medial meniscus in a murine 
model, changes to the gut microbiome prevented cartilage loss in germ-free mice 
[66] as well as cartilage loss and limited obesity-induced joint degeneration [67]. 
Skeletal muscle mass and function has also been shown to be affected. A recent 
murine study found that the muscle atrophy displayed in germ-free mice who lacked 
a gut microbiota was reversed following the transplantation of a gut microbiota 
obtained from normal, pathogen-free mice [68]. This study reported that transplan-
tation of the gut microbiota resulted in an increase in muscle mass, a reduction in 
muscle atrophy markers, and an improved oxidative metabolic capacity of 
the muscle.

Through the bodily distribution of microbial products and proteins, the gut 
microbiome regulates the host immune system, and is able to influence the hosts’ 
resistance to infectious disease [69–71]. For example, in mice, the 99–100% deple-
tion of the gut microbiota led to a severe reduction in phagocyte populations, mak-
ing animals more susceptible to infection by Listeria monocytogenes, or 
Staphylococcus aureus [72], and the immune cells less effective at eradicating 
S. aureus and S. pneumoniae [69]. Additionally, and by modifying the gut flora 
using oral neomycin and ampicillin, a recent study investigated the association 
between the gut microbiota and prosthetic infection, and showed that a significantly 
greater proportion of animals with a disrupted gut microbiota (73%) developed an 
infection adjacent to a titanium tibial implant when compared with healthy controls 
(50%) [73]. Therefore, the microbiome offers a promising new target for new thera-
peutic approaches to regulate MSDs as well as in reducing susceptibility to infec-
tion [74–76].

1.3.5  Smoking

Cigarette smoking is one of the most prevalent and preventable risk factors for 
MSDs and orthopaedic surgery complications. Smoking rates among adults and 
teens are less than half of what they were in 1964; however, 42 million American 
adults and ~ 3 million middle and high school students continue to smoke. Cigarette 
smoke has over 7000 chemicals, 250 of which have been found to be toxic and at 
least 69 chemicals identified as carcinogenic. Smoking can damage nearly every 
organ in the body and has been identified as a risk factor for rheumatoid arthritis, 
osteoporosis, fracture, and lower back pain [77, 78]. Chronic wounds are a 
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significant and rising health problem that affect ~8.2 million people in the United 
States alone and ranging in treatment costs of $28.1 billion to $96.8 billion. The 
harmful effect of cigarette smoking on wound healing has been widely reported. 
Nicotine is a vasoconstrictor resulting in tissue ischemia and impaired tissue heal-
ing. It also delays wound healing by impairing oxidative metabolism and oxygen 
transport and by inducing platelet aggregation and subsequent microvascular occlu-
sion, causing detrimental effects on microperfusion and, thus, tissue repair [79]. 
Postmenopausal women who smoke are a greater risk of bone fracture than women 
who never smoked [80], and smoking also has a significant and adverse effect on 
bone repair following injury. Smokers are 4.3 times more likely than nonsmokers to 
develop postoperative complications, such as infections, poor bone fusion, and 
delayed bone formation [81–84]. Smoking can delay fracture union, most notably 
in the tibial shaft, spine, foot, and ankle [85]. The risk of long-bone fracture non-
union is 12% higher in smokers than nonsmokers with a mean fracture healing time 
of 30.2 weeks in smokers versus 24.1 weeks in nonsmokers [86]. This may be due 
to the inhibitory effect of nicotine on osteoblast proliferation while inducing osteo-
clastic activity [87, 88]. Finally, smokers are more than twice as likely to develop an 
infection and 3.7 times likely to develop osteomyelitis following surgery [80].

1.4  Growth of the Orthopaedic Device Market

Successful healthcare depends on both prevention and curative intervention. 
Because prevention is rarely 100% effective, clinical services will always be needed. 
Although there is evidence that exercise therapy and psychosocial interventions are 
effective in relieving pain and improving function for many patients living with a 
MSD, as the symptoms and severity progress, orthopaedic surgery becomes inevi-
table. Surgical care can be remarkably cost-effective both in the short and longer 
term, even in comparison with nonsurgical interventions, and often brings immedi-
ate pain relief while restoring function to patients. This includes the insertion of a 
prosthesis that, for example, replaces the knee, hip, shoulder, ankle, or elbow or in 
the treatment of MSDs due to trauma, which will require use of devices including 
wires, pins, plates, and screws, for example. Between 1940 and 1975, a total of 
~100 million metal prostheses were implanted into patients [89], and over more 
recent decades, trauma and arthroplasty surgical volumes have increased substan-
tially. Given our aging population and longer life, this trend is only predicted to 
grow. In terms of total hip replacement (THR) and total knee replacement (TKR) 
surgery and in the United States alone, these procedures are projected to grow 171% 
(635,000 procedures) and 189% (1.28 million procedures) by 2030, respectively. 
Similarly, revision THR and TKR are projected to grow by 142% and 190%, respec-
tively. By 2060, primary THR procedures are expected to reach 1.23 million (330% 
increase) and TKR, 2.6 million (382% increase). Similarly, revision THR is expected 
to reach 110,000 (219% increase) and revision TKR 253,000 (400% increase) by 
2060. Females continue to make up the majority of patients (55–62%) [90].
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In 2017, the global orthopaedic market was valued at $52.8 billion, and reported 
to be driven primarily by the growth of the aging population and the increased 
prevalence of diseases that affect the elderly, including osteoarthritis and osteoporo-
sis. Presently, the market is primed to grow at a steady compound annual growth 
rate of 3.8%, to $66.2 billion in 2023. In 2017, the largest markets were in spinal, 
hip, and knee reconstruction implants and devices used in trauma fixation [91]. The 
most vital market for medical implant manufacturing is in the United States, where 
an annual revenue of ~$62 billion is generated. The European Union generates a 
revenue of ~$40 billion, followed by Japan, with a revenue of ~$20 billion [92].

Patient-specific implants and patient-specific instrumentation are expected to 
further drive growth in the hip and knee market. Building on the established success 
of hip and knee implants, use of reconstructive implants for the small joints such as 
the ankle, digits, elbow, shoulder, and wrist is currently experiencing high growth. 
This is considered to be due to the increasing awareness of patients and physicians 
to small joint options as well as the technological innovations that have contributed 
to more advanced implant designs. Minimally invasive and robotic surgical systems 
are also a growing trend as is the 3D printing of devices including spinal interbod-
ies, craniomaxillofacial implants, and prosthetic devices, which will advance the 
physician’s ability to provide customized solutions to patients.

1.5  Musculoskeletal Infection

Osteomyelitis, infected nonunions, septic arthritis, spondylodiscitis, hematogenous 
osteomyelitis, implant-associated infections, and necrotizing fasciitis are different 
manifestations of musculoskeletal infections. As the number of surgical procedures 
that manage and treat MSDs continues to rise, the threat of infection following sur-
gery has increasingly significant clinical implications. Biomedical implants have 
revolutionized medicine, but they increase the infection risk. Infections are incapa-
ble of spontaneous healing and are often severe, life-threatening, and of high patient 
morbidity and are forecast to be one of the biggest healthcare challenges of the 
twenty-first century. Surgical procedures that require use of a prosthetic device are 
particularly exposed to the risk of infection, as when an implant is inserted into the 
body, the risk of infection increases 100,000-fold. At both the implant and tissue 
interface, human and planktonic bacterial cells compete for colonization of the sur-
face and infections form due to adherence of bacteria and their subsequent biofilm 
formation. Around two-thirds of all human infections (both implant- and tissue- 
related) are believed to be complicated by biofilm. Biofilm-associated implant- 
related bone and joint infections, or biofilm-associated musculoskeletal infections, 
represent the worst complications of orthopaedic surgery and traumatology and are 
clinically important due to the extensive morbidity, cost of care, and socioeconomic 
burden that they cause [93, 94]. For example, an implant-associated infection is a 
devastating complication where patients often have to endure additional surgeries, 
lengthy exposure to systemic antibiotics, and potential permanent removal of the 
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implants or amputation. In 1–13% of patients, an implant-related infection is fatal 
[95]. Additionally, prosthetic infections are of a significant economic burden, and in 
United States, the estimated cost to treat an individual is about $50,000–$60,000 [96].

Yet, the rate and severity of septic conditions following orthopaedic surgery and 
the incidence of post-traumatic infections are projected to increase at a faster pace. 
The reasons for this are multifactorial and include a growing tendency to operate on 
high-risk patients, including geriatric patients, patients with diabetes, and patients 
who are immunocompromised or have comorbidities. As we live longer, the 
increased residency time of a prosthesis will provide continuous risk for infection 
during the implanted lifetime, this is of particular significance as implant devices 
are increasingly being used to treat the younger patient cohort [97]. Additionally, 
inefficient methods of diagnosing disease-causing pathogens combined with 
improvements needed in early detection methods are currently significant chal-
lenges, as is the rapid growth of antibiotic-resistant strains. The treatment of multi-
drug resistant bacteria is extremely challenging and comprises a major public health 
concern as they continue to outpace the development of new antibiotics.

In recent decades, key discoveries have been made both within the clinical set-
ting and in the scientific arena. For example, increased information and supporting 
data on the use of alternative treatments including debridement, antibiotics, irriga-
tion, and retention of the prosthesis (DAIR) [98] have emerged, though its success 
varies from 15.8 to 75% [99], it may require multiple reoperations [100] and may be 
especially inferior in Gram-negative and drug-resistant infections [101]. The impor-
tance of the surrounding soft tissue envelope and the value of the free flap surgery 
have also improved surgical outcomes [102, 103]. From a scientific point of view, 
the discovery of biofilm formation [104] and the so-called race for the surface [105] 
have broadened our understanding of the pathogenesis of infection and led to the 
optimization of systemic antibiotics, and the identification of rifampin and fluoro-
quinolones as antibiotics with anti-biofilm activity, for example [106]. The concept 
of the local application of antibiotics has been controversially discussed, but newer 
literature indicates some value [102] as well as more recent developments in the 
area of antimicrobial coatings and surface treatments of internal implants [107]. 
Despite these developments and improvements, currently, neither prophylaxis nor 
treatment is effective in all cases, and the outcome and the improvement of out-
comes in musculoskeletal infections remains temperate. An additional complication 
is that there is often no consensus on optimal surgical or medical treatment strate-
gies for many musculoskeletal infections, leading to uncertainty over best practice, 
which has resulted in a wide variation in individual practice.

In summary, current curative approaches often result in significant socioeco-
nomic costs in addition to the risk of lifelong functional impairment for the patient 
or even death. The current challenge in treating infection is multifactorial, and com-
bined efforts are required to improve prophylaxis, surgical treatment, antibiotic 
treatment, and rehabilitation in patients [108, 109]. As their incidence continues to 
rise, the treatment and care of patients following musculoskeletal infection is chal-
lenging, complicated, and costly and, as such, remains an important and unresolved 
problem.
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1.6  Aim

The purpose of this book is to provide a modern and consolidated collection of 
evidence-based literature and clinical experience on the pathogenesis of problem-
atic microorganisms and to also, where possible, interpret and resolve clinical “gold 
standards” in terms of both preventative and treatment orthopaedic strategies. The 
goal is to promote dissemination of scientific and clinical knowledge as well as 
determine current gaps in knowledge with the purpose of enhancing and advancing 
future discovery in the detection, prevention, and treatment of musculoskeletal 
infection.
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Abstract The adhesion of bacteria to implanted biomaterial and human tissue sur-
faces is the first and essential step in the pathogenesis of infection. Adhesion is fol-
lowed by the formation of a biofilm barrier, which encases bacteria making them 
notoriously difficult to eliminate using conventional antimicrobial therapies. This 
chapter provides an overarching summary of some of the aspects involved in bacte-
rial adhesion, virulence, and biofilm formation onto an abiotic or biotic surface. 
Although it is recognized that many independent species and strains, as well as the 
more complex polymicrobial infections, are associated with musculoskeletal infec-
tions, this chapter focuses on Staphylococcus aureus, a Gram-positive species com-
monly associated with orthopedic implant infection, and Pseudomonas aeruginosa, 
a Gram-negative species known to cause challenging soft tissue infections. We pres-
ent contemporary knowledge of the host immune response to these species and the 
bacterial mechanisms used to manipulate the host innate and adaptive immunity 
responses, as well as describe the virulence factors produced, parameters that influ-
ence the adhesion of bacteria to surfaces, and, finally, the mechanisms involved in 
biofilm formation.
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2.1  Overview

In humans, most forms of bacteria reside within the body through two modes 
of growth: planktonic and biofilm. The former is the single-cell free-floating 
system which the host and conventional antibiotics can clear with ease. The 
latter is an accumulated biomass of bacteria with intercellular adhesion 
within an extracellular polysaccharide (EPS) matrix, a complex biofilm sys-
tem highly resistant to medical treatment [1, 2]. For example, the minimal 
concentration of antibiotics required for the eradication of mature biofilm 
can be up to 100–1000 times higher than for planktonic bacteria [3]. The 
adhesion of bacteria to implanted biomaterial and human tissue surfaces is 
the first and essential step in the pathogenesis of infection. Human and bacte-
rial cells compete for colonization of these surfaces, and if bacterial adhesion 
occurs before tissue regeneration takes place, then adhesion can ultimately 
lead to bacterial colonization and the development of peri-implant and tissue 
biofilm.

Bacterial communities on tissue and biomaterial surfaces present several 
challenges. First, these communities provide a reservoir of bacteria that can be 
shed into the body, facilitating the development of a chronic infection. 
Importantly, these bacteria can survive and remain dormant on the material 
surface for a relatively long period of time, and until the surrounding environ-
ment allows them to overgrow, such as in patients with decreased host immune 
activity or following poor tissue ingrowth to the prosthesis surface; a clinical 
infection then develops [4]. Second, and as mentioned above, those bacteria 
able to produce biofilm are highly resistant to treatment with antibiotics; 
therefore, once these bacterial communities form, they are extremely difficult 
to eliminate using conventional antimicrobial therapies. Finally, because host 
responses and antimicrobial therapies are often unable to eliminate bacteria 
growing in a biofilm, a chronic inflammatory response at the site of the bio-
film may be produced, which can result in a severe loss of tissue structure and 
function [2, 5].

The scope of this area of research is vast and consists of a variety of bacte-
rial species, each with their own processes, responses, and mechanistic 
behaviors. Therefore, this chapter is not exhaustive and instead aims to pro-
vide an overarching summary of some of the aspects involved in bacterial 
adhesion, virulence, and biofilm formation onto an abiotic or biotic surface. 
Although it is recognized that many independent species and strains, as well 
as the more complex polymicrobial infections, are associated with musculo-
skeletal infections, this chapter focuses on Staphylococcus aureus, a Gram-
positive species commonly associated with orthopedic implant infection, and 
Pseudomonas aeruginosa, a Gram-negative species known to cause challeng-
ing soft tissue infections.
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2.2  Host Response to the Insertion 
of a Non-phagocytosable Implant

A successful implant-associated infection ultimately involves complex interactions 
between the pathogen, the biomaterial, and the host immune response to both. 
Pathogens aside, the invasive nature of any surgery results in tissue injury and the 
generation of a niche of immune depression, a locus minoris resistentiae [6], where 
spontaneous clearance of planktonic bacteria does not take place, predisposing the 
implant to microbial colonization and infection [7, 8]. When coupled with the pres-
ence of a foreign body or implant and when in the absence of bacteria, the host will 
elicit an acute sterile immune-activated inflammatory response involving homeo-
static mechanisms, tissue healing, and ideally fibrotic encapsulation to prevent fur-
ther host responses (Fig.  2.1) [9]. The composition of the biomaterial itself 
determines the duration of the inflammatory response, and therefore, the severity 
and clinical manifestation of the implant-induced foreign body response is different 
and depending on the biomaterial used. Thus, the functional success of an implant 
is determined by the innate immune response and the transition and completion of 
the foreign body response.

On implantation and within seconds, serum proteins such as thrombin, fibrino-
gen, fibronectin, vitronectin, gamma globulin, albumin, and other immunomodula-
tory proteins are rapidly and spontaneously adsorbed and deadsorbed on the surface, 
instigating the formation of a thrombus [9–11]. Central to acute inflammation, acti-
vated platelets and endothelial cells release chemoattractants that recruit leukocytes, 
polymorphonuclear neutrophils (PMNs), and macrophages to the site of implanta-
tion. Recognition and activation by leukocytes and other immunocompetent human 
cells are dependent on surface receptor interactions of pattern recognition receptors 
(PRRs) expressed on these cells. PRRs are used to “sense” harmful situations, and 
the most studied of the five known families of PRRs are the toll-like receptors 
(TLRs), which are expressed both intracellularly and on the cell surface. PRRs also 
include C-type lectin receptors, retinoic acid-inducible gene I-like receptors, NOD- 
like receptors, and AIM2-like receptors [12]. Classically activated or “M1” macro-
phages together with the PMNs attempt to degrade the biomaterial and play 
significant roles in the ultimate transition to a foreign body response [13–15]. 
Initially, these cells attempt to destroy the foreign body through intrinsic mecha-
nisms such as capture followed by phagocytosis and degranulation that delivers 
release of microbicidal proteolytic enzymes (e.g., neutrophil elastase), peptides 
(M-ficolin, lactoferrin, and peptidoglycan recognition protein), and reactive oxygen 
species (ROS), but the macrophages become “frustrated,” and ultimately, cells 
exhaust their metabolic and phagocytic ability as the implant is too large to internal-
ize [16, 17]. Similar to wound healing, the macrophages eventually transition into 
an “M2” phenotype, characterized by a reduced degradative capacity; secretion of 
anti-inflammatory cytokines, such as IL-10; and gained tissue remodeling function-
ality. During this complex process and in addition to the mechanisms of frustrated 
phagocytosis, overlapping events also result in adaptive leukocytes, such as 
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basophil, mast cell, and T cell recruitment to the site. These cells secrete IL-4 and 
IL-13 inducing foreign body giant cell (FBGC) formation in an attempt to increase 
their phagocytic functionality. While the exact mechanisms of fibroblast recruit-
ment remain elusive, it has been suggested that biomaterial-adherent FBGCs serve 
as a constant source of fibrogenic mediators. Fibroblast-recruiting factors including 
platelet-derived growth factor, vascular endothelial growth factor, and transforming 
growth factor-ß are secreted by the FBGCs and result in fibroblast activation and 
collagen deposition, ultimately forming a capsule around the biomaterial to prevent 
further interaction with the host tissue [18–21]. Following fibrotic encapsulation, 
the inflammatory responses ultimately resolve, if no infection is present.

Tissue Injury and implantation of a biomaterial

Inflammatory Cell Infiltration
(PMNs, monocytes, lymphocytes)

Tissue Response Biomaterial Response

Acute inflammation 
PMNs, leukocytes, macrophages

Chronic inflammation 
e.g. monocytes, lymphocytes, mast cells, basophils

failed phagocytosis, cell exhaustion

Monocyte adhesion
Macrophage differentiation

Macrophage fusion

FBGC formation
Adhesion to biomaterial surface

Provides source of fibrogenic mediators
e.g. PDGF, VEGF, TGFβ leading to collagen deposition

Granulation tissue
Fibroblast proliferation & migration
Angiogenesis & capillary formation

Fibrous capsule formation
healing resolved
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can prolong chronic inflammation

Protein Adhesion,  Adsorption/Deadsorption
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Fig. 2.1 (a) The immune response following injury and the insertion of an implant and (b) the 
timeline involved during non-delayed healing
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2.3  Bacteria Associated with Implant and Tissue Infection

2.3.1  Staphylococcus aureus

Staphylococcus aureus was included among the ESKAPE pathogens (Enterococcus 
faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Enterobacter species) recognized as the leading cause of antibiotic- 
resistant infections occurring worldwide in hospitals. S. aureus is a facultative 
anaerobe belonging to the genus Staphylococcus within the family of 
Staphylococcaceae. It is one of the most commonly identified clinically significant 
bacteria in a routine microbiology laboratory. The organism can cause superficial 
skin infections as well as life-threatening invasive diseases. S. aureus infections are 
initiated by the entrance of the microorganism through a breach of the skin or 
mucosa and can involve local structures or spread to distant organs to generate 
invasive infections such as bacteremia, pneumonia, infective endocarditis, muscu-
loskeletal infections, as well as implant-associated infections. S. aureus infections 
can be very difficult to treat and, as a result, are often causes of significant morbid-
ity and mortality. An important focus for the microbiology laboratory is the specific 
detection of methicillin-resistant S. aureus (MRSA), to identify colonized patients 
and subsequently implement institute infection control precautions [22]. The emer-
gence and continuing spread of multiresistant S. aureus strains, such as MRSA and 
vancomycin- resistant S. aureus, complicate the treatment of staphylococcal infec-
tions and cause a significant economic burden. It is among the most frequently 
isolated bacterial pathogens in hospitals, and during the past decade, community-
acquired methicillin-resistant S. aureus (CA-MRSA) strains with high virulence 
have infected individuals without underlying risk factors [23, 24]. As such, treat-
ment of staphylococcal infections has become increasingly difficult, and as 
described in 2.4, S. aureus has evolved several mechanisms to manipulate the 
innate and adaptive immunity responses.

2.3.2  Pseudomonas aeruginosa

The rod-shaped motile Gram-negative bacterium Pseudomonas aeruginosa is a ubiq-
uitous organism that thrives in many environments, from soil, water, and animals to 
humans. In humans, it is an opportunistic pathogen that causes respiratory infections; 
superficial and deep cutaneous, urinary tract, and gastrointestinal infections; kerati-
tis; otitis media; and bacteremia among others [25, 26]. However, serious infection 
frequently develops in immunocompromised patients, such as those undergoing che-
motherapy or those with ecthyma gangrenosum and acquired immunodeficiency 
syndrome, in burn patients, and in patients with cystic fibrosis. It is the fourth most 
common cause of opportunistic nosocomial infections, accounting for approximately 
10% of hospital-acquired infections, with case fatality due to bacteremia as high as 
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50%. In addition, its remarkable ability to develop resistance during antimicrobial 
treatment presents challenges and can complicate therapies aimed at eradicating both 
acute and chronic infections. As such and in 2017, P. aeruginosa was recognized as 
one of the most life-threatening bacteria and listed as priority pathogen for Research 
and Development of new antibiotics by the World Health Organization. Generally, 
infections are not caused by monospecies alone but rather colonization of a complex 
polymicrobial community. P. aeruginosa is often recognized as a co-colonizer along 
with other microbes such as S. aureus, Burkholderia cenocepacia, and Streptococcus 
parasanguinis. For example, P. aeruginosa and S. aureus often coinfect the lungs of 
patients with cystic fibrosis and in diabetic and chronic wounds. The natural resis-
tance of P. aeruginosa to several antibiotic classes may be due to the organism’s 
rapid ability to form biofilm, as well as due to the combination of low membrane 
permeability and active efflux pumps [27, 28]. Drug efflux is a key mechanism of 
resistance in bacteria as these systems pump solutes out of the cell. Thus, efflux 
pumps allow the bacteria to regulate their internal environment by removing toxic 
substances, including antimicrobial agents, metabolites, and quorum-sensing sig-
nals. The efflux systems involved in antibiotic resistance belong to the resistance-
nodulation-division (RND) family [29]. When expressed, RND pumps confer 
clinically relevant levels of multidrug resistance and export a wide range of sub-
strates. Four main efflux systems have been described to confer resistance to several 
antibiotics: MexAB-OprM, MexCD-OprJ, MexEF-OprN, and MexXY-OprM. These 
systems are composed of three proteins: (1) an efflux pump protein located in the 
cytoplasmic membrane (MexB, MexD, MexF, and MexY), (2) an outer membrane 
protein acting as a pore (OprM, OprJ, and OprN), and (3) a protein located in the 
periplasmic space that bridges the proteins located in the cytoplasmic and the outer 
membrane (MexA, MexC, MexE, and MexX) [30].

2.4  Immune and Cell Response to Bacteria

2.4.1  Immune and Bacterial Cell Response During Invasion

Interactions between commensal pathogens and host cells are critical for disease 
development. The host response is complex and involves the coordinated activity of 
a variety of cell types comprising both innate and adaptive immune systems. The 
innate response reacts to the pathogen via the recognition of a broad range of micro-
bial determinants, and adaptive immune responses are triggered after a week of 
S. aureus infection [31]. The principle mechanism in antistaphylococcal host 
defense is opsonization with antibodies and complement proteins, followed by 
phagocytic clearance by macrophages and neutrophils. The presence of planktonic 
bacteria in the body causes the recruitment and infiltration of polymorphonuclear 
neutrophils, macrophages, dendritic cells, the gamma-delta subset of T lympho-
cytes, and natural killer cells to the infection site. Activated T cells subsequently 
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activate B cells, which differentiate into plasma cells, the producers of antigen- 
specific antibodies. A portion of these activated B cells become memory cells, 
which can be recalled to produce antibodies during reinfections. Unfortunately, in 
the case of persistent and chronic infection, adaptive memory responses are not 
always effective. These innate immune cells identify and phagocytose S. aureus via 
opsonins, which coat the bacterial cell surface with antibodies and complement. 
Following internalization, bacteria are eradicated through multiple mechanisms, 
including oxidative damage, enzymatic degradation, and antimicrobial peptide- 
induced lysis. However, and as described in the sections below, bacteria including 
S. aureus have evolved a myriad of immune evasion mechanisms to avoid clearance 
by the host. Most humans have high overall levels of antibodies against S. aureus as 
a consequence of preceding infections, but antibody titers differ strongly for spe-
cific antigens and are often not protective in immunocompromised patients, for rea-
sons that are not clear.

An important defense function of PMNs against different pathogenic microor-
ganisms (including not only bacteria but also viruses and fungi) is the production of 
the so-called neutrophil extracellular traps (NETs). First described by Brinkmann 
et al. [32] in 2004, NETs are comprised of a “network” of chromatin DNA and his-
tones and are released in the extracellular milieu, following exposure to a number of 
inducing stimuli such as bacteria, fungal hyphae, inflammatory cytokines and che-
mokines, and immune complexes [33]. In addition to DNA, NETs are also com-
posed of granule proteins, antimicrobial compounds such as antimicrobial peptides 
(AMPs), and proteases, these including, among others, lactoferrin, cathepsin G, 
neutrophil elastase, protease 3, and pentraxin 3 [34]. The granule proteins and DNA 
form extracellular fibers, and the nature of these NETs is able to “trap” pathogens 
and prevent spread of infection, as well as possessing bactericidal activity capable 
of binding and killing both Gram-positive and Gram-negative bacteria. However, 
the precise molecular mechanism of NET activity is presently unknown for most 
pathogens, and their involvement, if any, has not been detailed for implantable 
biomaterial- induced inflammation. The cationic AMPs are an important class of 
bactericidal agents. AMPs are expressed by host cells and are usually positively 
charged amphiphilic peptides that target the anionic surface of bacterial cell mem-
branes. Due to this mechanism of action, they have been proven active against dor-
mant cells within biofilms. For example, the peptide LL-37 has been reported to 
successfully clear S. aureus biofilm [35]. Further recent studies have demonstrated 
that certain AMPs, including LL-37, act synergistically with antimicrobial drugs 
eradicating biofilm bacteria, disrupting the biofilm matrix, or repressing biofilm 
production [36, 37].

Bacterial opsonization, complement activation, and release of pathogen- 
associated molecular patterns (PAMPs) trigger leukocyte chemokinesis and activa-
tion through the interaction with PRRs on the cell surface, alerting the immune 
system to the presence of invading microorganisms [38], as described above. This, 
in turn, results in the bacteria deploying its countermeasures including factors that 
inactivate and/or control the host humoral- and cell-mediated responses, and on 
strategies of persistence such as protective biofilm formation [39]. Bacteria are able 
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to not only suppress the bactericidal phagocytosis and release of cationic AMPs, 
enzymes, ROS, RNS, and NET action of leukocytes but release virulence factors 
while also hijacking and controlling the cellular machinery of these host cells, 
thereby altering the hosts immune defense response. Alternative bacterial strategies 
include evading neutrophil detection and phagocytosis through loss of flagella and 
motility, which is more frequently observed in P. aeruginosa mucoid colonies in 
patients with cystic fibrosis. The alginate exopolymeric matrix overproduced by 
mucoid P. aeruginosa cells is thought to have a protective function and is triggered 
when cells are in a relatively harsh environment, such as oxidative stress or during 
attack by the immune system. The overproduction of alginate provides additional 
protection from phagocytosis, and therefore in these situations, a bacterial defense 
mechanism is to convert from a non-mucoid to a mucoid phenotype [40, 41]. 
Furthermore, the decreased bactericidal activity of neutrophils after the exposure to 
biomaterial surfaces has been documented both in vitro [42] and in vivo [43], and 
has been correlated to severe biomaterial-related infections [44]. Finally, evidence 
suggests that incorporation of extracellular DNA (eDNA) and actin from necrotic 
neutrophils into the biofilm matrix protects the organisms from antimicrobial pep-
tides and promotes biofilm maturation [45]. Therefore, tissue infection is a complex 
battle of host cells against the invading pathogen.

2.4.2  Bacterial Virulence Factors

2.4.2.1  Staphylococcus aureus Virulence Factors

A major contribution to the success of S. aureus as a pathogen is the plethora of 
virulence factors including secreted toxins (exotoxins; ~10% of the secretome) that 
manipulate the host’s innate and adaptive immune responses, ensuring their survival 
[46, 47]. The immune-modulating virulence factors also include cofactors for acti-
vating host zymogens, and exoenzymes and all are strongly suspected to cause dis-
eases such as toxic shock syndrome, staphylococcal scalded skin syndrome, 
necrotizing pneumonia, and deep-seated infections [48]. The main S. aureus toxins 
can be divided into three major groups—the pore-forming toxins (PFTs), serine 
proteases known as exfoliative toxins (ETs), and superantigens (SAgs). The pore- 
forming toxins act on the host cell membranes, resulting in inflammation and cytol-
ysis of target cells. The ETs recognize and hydrolyze desmosome proteins in the 
skin and are associated with the loss of keratinocytes and cell-cell adhesion, induc-
ing peeling of the skin and blister formation [49]. For example, ETs are the caus-
ative agents for staphylococcal scalded skin syndrome (SSSS), including Ritter’s 
disease, toxic epidermal necrosis, bullous impetigo, and certain erythema cases. 
SSSS predominantly affects neonates, infants, and immunocompromised adult 
patients [50]. SAgs mediate massive cytokine production and trigger inflammation 
and T and B cell proliferation. Additionally, S. aureus is unique in its ability to 
coagulate blood through the production of multiple fibrinogen-binding proteins that 
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facilitate clumping. The formation of large, tightly packed clumps of cells has been 
demonstrated to be important for S. aureus virulence and immune evasion. These 
clumps are able to avoid detection by the host’s immune system due to a fibrin(ogen) 
coat that acts as a shield, and the size of the clumps facilitates evasion of phagocy-
tosis [51]. Coagulases and staphylokinases are bacterial cofactors able to hijack the 
host’s coagulation system, while exoenzymes, including nucleases and proteases, 
cleave and inactivate various immune defense and surveillance molecules, such as 
complement factors, AMPs, and surface receptors that are important for leukocyte 
chemotaxis [46]. Collectively, these exotoxins modulate the host immune system 
and are critical for successful S. aureus infections.

Pore-forming toxins (PFTs) can be further divided into four types: (1) 
hemolysin-α (Hla or α-toxin), (2) γ-hemolysin, (3) leukotoxins (Luk) (e.g., LukED, 
LukSF (PVL), LukAB, LukMF’, and LukPQ), and (4) phenol-soluble modulins 
(PSMs) (e.g., PSMα1–PSMα4, δ-toxin) [46]. These toxins are capable of damaging 
a wide range of human cell types, including epithelial cells, endothelial cells, T 
cells, erythrocytes, platelets, monocytes, macrophages, and certain leucocytes, 
either by degrading intercellular connections or by modulating immune responses 
[52, 53]. The role of α-toxin has been extensively studied. Hla or α-toxin is a pore- 
forming beta-barrel toxin, and one of the few S. aureus toxins that is core-encoded. 
α-Toxin is not only lethal on a cell and animal level but can also modulate cellular 
responses at sublytic concentrations. In brief, pore formation by α-toxin results in 
an influx of extracellular calcium into the cell, release of nitric oxide from endothe-
lial and epithelial cells, the production of proinflammatory cytokines, pyroptosis of 
monocytes through the activation of caspase-1, and the production of NLRP3 
inflammasomes [46, 54]. The pores also allow for the rapid release of ATP, K+ ions, 
while also restricting the movement of macromolecules across the cell membrane 
[63]. Interestingly, α-toxin also upregulates host autophagy, allowing S. aureus to 
become tolerated by the host by downregulating expression of the toxin receptor, 
thus minimizing S. aureus-induced disease. For many years, α-toxin was thought to 
mediate cytolysis through nonspecific binding to the lipid bilayer of cells. However, 
this model did not explain the species specificity exhibited. It was not until Wilke 
et al. [55] identified the protein ADAM-10 (a disintegrin and metalloprotease 10) as 
the cellular receptor for the α-toxin receptor. ADAM-10, a zinc-dependent metal-
loprotease, binds to the surface of its target cell and initiates pore formation. 
Additionally, sublytic levels of α-toxin upregulate ADAM-10 expression resulting 
in the activation of the ADAM-10 protease, which cleaves the junction protein 
E-cadherin, resulting in disruption of the epithelial barrier in the skin [56]. Nanogram 
to microgram amounts of α-toxin can cause severe dermonecrosis when adminis-
tered subcutaneously [57].

The bicomponent PFTs share structural homology with α-toxin, and have a simi-
lar pore formation mechanism; however, bicomponent PFTs primarily target leuko-
cytes; thus, they are also known as leukocidins. Currently, five of the leukocidins are 
known to be associated with human infections: LukSF-PV (originally known as 
Panton-Valentine leukocidin, PVL), γ-hemolysins AB and CB (HlgAB, HlgCB), 
LukED, and LukAB (also known as LukHG) [58]. Two other bicomponent PFTs, 
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LukMF’ and LukPQ, are associated with animal infections [59]. LukED is an 
important contributor to the virulence of S. aureus causing toxin-induced dermone-
crosis of rabbit skin [60] and, when in microgram amounts, leads to acute lethality 
in mice [61]. γ-Hemolysins cause acute tissue injury and inflammation, and HlgAB 
has been shown to be required for S. aureus survival and proliferation during blood-
stream infection, likely through macrophage evasion and nutrient (Fe2+) release 
from erythrocytes [62]. The bicomponent toxin PVL is an important factor contrib-
uting to the epidemic spread and increased virulence of CA-MRSA strains. LukED 
targets cells of the adaptive immunity via CCR5, neutrophils, monocytes, and NK 
cells via CXCR1 and CXCR2, which also promote S. aureus pathogenesis [63]. In 
addition to their leukocidal activity, some leukocidins are able to lyse erythrocytes. 
Interestingly, bicomponent leukotoxin is the only factor known to enhance S. aureus 
survival as it plays a role in bacterial escape from phagocytes and neutrophils [64]. 
In additional to mediating cell lysis, many of the leukocidins have sublytic effects, 
causing extracellular Ca2+ influx on host cells and production of proinflammatory 
cytokines [65].

Phenol-soluble modulin (PSM) peptides belong to a family of amphipathic pep-
tides uniquely found in staphylococci. PSMs have multiple roles in S. aureus patho-
genesis, including cell lysis, biofilm formation, and immune modulation. PSMs can 
shape biofilms by forming channels needed for nutrient delivery and dissemination; 
however, the role of PSMs in extracellular cytolysis in vivo is unclear. In contrast, 
phagocytosed S. aureus produces PSMs to lyse neutrophils and osteoblasts intracel-
lularly, and as such, the role of PSMs could be to mediate the intracellular escape of 
S. aureus [66]. This system of toxic protein production responds to a wide range of 
varying conditions, and understanding this mechanism will allow for a better con-
trol of staphylococcal infections. T cell SAgs represent the largest family of exotox-
ins produced by S. aureus. Due to their extreme stability and high toxicity in 
humans, some of them are classified as select agents for bioterrorism (i.e., staphylo-
coccal enterotoxin B (SEB)) [46]. SAgs can be broadly divided into three groups, 
staphylococcal enterotoxins, staphylococcal enterotoxin-like superantigens, and 
toxic shock syndrome toxin-1. The primary role of these proteins appears to be 
immune evasion. SAgs are highly effective T cell mitogens that can stimulate up to 
50% of T cells [67]. SAg-induced T cell proliferation is followed by a state of T cell 
anergy, where activated T cells failed to proliferate and/or undergo apoptosis. SAgs 
are one of the many ways S. aureus manipulates the host immune system to prevent 
the generation of functional adaptive immunity. Staphylococcal protein A (SpA) is 
the only known B cell superantigen produced by S. aureus. During intravenous 
infection, SpA prevents opsonophagocytosis of the bacteria by binding to immuno-
globulins and impedes the development of specific anti-S. aureus antibodies [46, 68].

More recently, the formation of extracellular vesicles (EVs) has been shown to 
play an important role in bacterial virulence and pathogenesis. EVs are nano-sized 
(20–500 nm), spherical, bilayered membrane vesicles which are sometimes associ-
ated with filamentous structures known as nanopods or nanotubes. Bacterial EVs 
package diverse proteins and influence the host-pathogen interaction, but the mech-
anism of EV biogenesis remains poorly understood; however, they are increasingly 
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being recognized as important mediators through their transfer of a wide variety of 
molecular cargoes. EVs were first observed in the 1960s, and bacteria secrete what 
are now referred to as outer membrane vesicles (OMVs). OMVs likely play impor-
tant roles in bacterial pathogenesis due to the transport of multiple virulence factors 
able to serve as immune modulators [69]. For example, Staphylococcus aureus gen-
erates and releases OMVs that package cytosolic, cell wall-associated, and mem-
brane proteins, as well as glycopolymers and exoproteins, including α-hemolysin, 
leukocidins, phenol-soluble modulins, superantigens, and enzymes, thus represent-
ing a secretory pathway that allows cell-free intercellular communication [70]. 
Additionally, OMV production may serve as a mechanism for S. aureus to transport 
toxins and other components of its secretome into host cells while also protecting 
the contents of the OMV lumen from degradation or neutralization. Moreover, 
toxin-positive S. aureus OMVs elicit skin barrier disruption in mice with character-
istic atopic dermatitis-like skin inflammation [71, 72]. Outer membrane vesicle gen-
eration has been reported to occur following exposure to environmental stressors, 
such as antibiotics, oxidative stress, iron depletion, and lateral gene transfer (via 
RNA or DNA), suggesting that OMV generation may represent an adaptive mecha-
nism for S. aureus growth while in a hostile host environment [73].

2.4.2.2  Pseudomonas aeruginosa Virulence Factors

Pseudomonas aeruginosa possesses an impressive arsenal of virulence factors to 
initiate infection and persistence in the host. These include secreted factors, such as 
elastase, protease, surface expression of ferripyochelin-binding protein, phospholi-
pase C, hydrogen cyanide, exotoxin A (ExoA), and exoenzyme S (ExoS), as well as 
cell-associated factors, such as lipopolysaccharide, flagella, and pili [74]. The 
expression of these factors is tightly regulated. Five protein secretion systems have 
been identified in P. aeruginosa (types I, II, III, V, and VI), and each has different 
functions [75]. The type II system (T2SS) is sometimes referred to as the “general 
secretion pathway” and promotes the outer membrane translocation of large (includ-
ing some multimeric) exoproteins that are already folded in the periplasm [76]. 
ExoA is a highly toxic virulence factor released by P. aeruginosa into the extracel-
lular medium via the T2SS. ExoA decreased transepithelial resistance and enhanced 
paracellular permeability of type II pneumocyte cultures on permeant filters, indi-
cating altered epithelial integrity [77]. Most strains of P. aeruginosa produce viru-
lence factor exotoxins that inject directly into the cytoplasm of target cells using a 
syringe-like apparatus common to many Gram-negative pathogenic bacteria. A 
needle-like complex of proteins injects toxic proteins, called effectors, directly into 
the cytosol of host cells, as controlled by the type 3 secretion system (T3SS) [78, 
79]. To date, four effectors of P. aeruginosa produced by the T3SS have been identi-
fied, these are ExoS and exotoxin T (ExoT) (bifunctional toxins with amino- terminal 
GTPase-activating proteins activity and carboxy-terminal adenosine diphosphate 
ribosyl transferase activity), exotoxin U (ExoU, a phospholipase), and exotoxin Y 
(ExoY, adenylate cyclase) [80]. Once in the cytoplasm of host epithelial cells, 
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exotoxins from the T3SS induce cell death by necrosis or apoptosis, thus favoring 
disruption of epithelial barriers [79]. Such persistent survival of P. aeruginosa also 
likely alters epithelial integrity and repair processes, by interacting with intracellu-
lar proteins and/or structures [80]. The major phylogenetic groups (I and II) differ 
in their type III systems. The majority of strains encode either ExoS (group I) or 
ExoU (group II) with different associated toxins, and this impacts epithelial cell 
invasion and/or cytotoxicity. It has been shown that P. aeruginosa strains that pro-
duce ExoS but not ExoU can invade and survive within epithelial cells. Most 
recently, the type VI system (T6SS) has been described. This system functions by 
“stabbing” other P. aeruginosa cells resulting in cell death and has been proposed to 
be used for intra-strain competition [81]. P. aeruginosa also produces a range of 
bacteriocins termed pyocins (S, R, and F types), which kill other sensitive strains of 
P. aeruginosa and are also thought to be used for intra-strain competition [82–84].

The intricate biological process of cutaneous wound healing is achieved through 
precise and highly programmed events, and infections with P. aeruginosa can result 
in the failure of these injuries to heal, thus becoming chronic wounds [85, 86]. 
Dermal fibroblasts and keratinocytes play a significant role in the process of reepi-
thelialization during wound healing, and P. aeruginosa delays the proliferative phase 
of wound repair through the release of virulence factors that lead to reduced or loss 
of lamellipodial structures, stress fibers, focal adhesions, and destruction of the actin 
cytoskeleton which results in an alteration in the cell morphology within the cutane-
ous layer [83, 87, 88]. Additionally, several studies have reported that P. aeruginosa 
infection is associated with the disruption of cell-cell contacts and loss of cellular 
junctions [89]. Rhamnolipids are a class of glycolipid produced by P. aeruginosa, 
among other organisms, and are frequently cited as bacterial surfactants. P. aerugi-
nosa is the most competent producer of rhamnolipids, which contribute to epithelial 
barrier disruption through tight-junction-associated alterations. For example, P. aeru-
ginosa elastase promotes collagen degradation by inducing the conversion of the 
inactive precursors of several MMPs into active enzymes, altering the extracellular 
matrix of cutaneous, airway, and corneal epithelia through degradation of type I and 
type IV collagen proteins [85]. P. aeruginosa is known to strongly adhere both to 
desquamated bronchial epithelial cells and to the underlying basal lamina, which is 
mainly composed of laminin, which have heparin-binding domains that interact with 
cell-surface-bound heparan sulfate. In human skin wounds, it has been shown that 
P. aeruginosa was able to colonize the upper epidermal layers before invasion into 
the dermis, causing a loss of epidermis and de- keratinization of skin constructs, as 
well as partial loss of the basement membrane [90].

2.4.3  Bacterial Invasion of Host Cells

Arguably, most research on musculoskeletal infections has centered on S. aureus 
due to its frequency, plasticity, and resistance. As has been described, S. aureus pos-
sesses a vast repertoire of virulence and immune evasion factors that facilitates its 
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dual lifestyle as either a commensal or a pathogen. More importantly, S. aureus 
displays a complex regulatory network, composed of a number of genes, many of 
which remain unknown, but which allow the cross talk between regulators, thus 
permitting this species to rapidly switch on and off virulence factors to adapt to and 
survive in changing microenvironments [91]. S. aureus has been traditionally con-
sidered as an extracellular pathogen; however, it has been shown to evade both 
antibiotics and host defenses by hiding in non-phagocytic and phagocytic host cells 
[92]. Up to 8% of Staphylococcus aureus species are able to invade non-phagocytic 
cells such as osteoblasts within 0.5 hours [93] and 2 hours [94] of exposure, where 
one S. aureus per osteoblast was sufficient to induce the death of approximately 
10% of the osteoblast population within 2 hours, and 70% within 8 hours of inocula-
tion in vitro [93]. S. aureus is internalized through binding of fibronectin-binding 
proteins located on the surface of S. aureus, with fibronectins found on the osteo-
blast surface and connected to the integrin dimer α5β1 molecule [95]. Although host 
cell internalization allows S. aureus to evade antibiotics that are inactive intracel-
lularly, as well as avoid interaction with activated professional phagocytes, it has 
nevertheless been reported that S. aureus may also survive phagocytosis by both 
neutrophils and macrophages, remaining within these cells for up to 5 and 7 days 
[93]. Although the proportion of S. aureus has been shown to be higher in macro-
phages than osteoblasts (100-fold), the proportion that survived within the osteo-
blast was significantly higher [96, 97]. This may equally apply to other 
nonprofessional phagocytes and due to their inability to effectively destroy bacteria 
when compared to the proteolytic enzyme activity offered by professional phago-
cytes such as the macrophage.

Osteoblast invasion and persistence of S. aureus are known to contribute to the 
pathogenesis of osteomyelitis [94, 98, 99]. An interesting study by Hamza et al. [99] 
showed that when rat osteoblasts were infected with S. aureus ex vivo, and then 
administered to rats in vivo, the intracellular bacteria could initiate infection of open 
fractures. Of note, clinical isolates from other staphylococcal species, such as S. epi-
dermidis, show much lower invasion rates. At the same time, these surviving inter-
nalized bacteria and a subset of bacteria in biofilm have been shown to adopt a small 
colony variant-like phenotype (SCV) characterized by slow-growth kinetics and 
low levels of cytotoxic factor secretion, enabling their survival over long periods of 
time [100–102]. Compared with wild-type bacteria, SCVs have demonstrated 
higher intracellular persistence and lower sensitivity to antibiotics, which may be 
associated with their lower cytotoxicity [96, 103]. The transmembrane potential of 
bacteria is critical to the uptake of positively charged particles, such as AMPs and 
antibiotics; however, when wild-type bacteria were converted into SCVs, the mem-
brane potential reduced. This change could indirectly reduce the bactericidal activ-
ity of antimicrobial agents [104]. In addition, and upon exiting the original host 
cells, SCVs are able to rapidly revert to the wild type, and demonstrate a highly 
toxic, invasive phenotype, thereby infecting new cells. This may lend to explaining 
why, for example, chronic osteomyelitis patients develop repeated infections. Host 
cell death has been reported to be due, in part, to an S. aureus-induced increase in 
the intracellular levels of ROS and hydrogen peroxide. It is noteworthy that, besides 
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the significant changes in ROS, S. aureus internalization into osteoblasts also led to 
significantly higher production of IL-6 and IL-12, macrophage chemoattractant pro-
tein 1, IL-8, IP-10, RANTES, and RANK-L, and prostaglandin E2 (important cyto-
kines able to promote osteoclastogenesis and bone resorption) [105, 106], as well as 
decreased alkaline phosphatase expression [93]. Thus, internalized bacteria induce 
decreased cell activity followed by apoptosis and/or host cell necrosis prior to colo-
nizing the implant or tissue surface [107]. Moreover, osteoclasts are activated, bone 
resorption increases and bone homeostasis is disrupted [96].

A recently discovered mechanism of immune invasion and persistence is bacte-
rial invasion within the submicron-sized interconnected lacunae-canaliculi porous 
system of bone [108]. This study showed that S. aureus is capable of colonizing and 
proliferating within this system, requiring them to deform to sizes as small as 
0.2 μm. Further, BrdU immunoelectron microscopy was used to confirm that the 
bacterial cells at the leading edge of invasion were actively proliferating, as opposed 
to persisting in a dormant state. This finding was surprising given that S. aureus is 
considered a nonmotile bacterium with no known mechanisms of active transloca-
tion. This is of concern as bacteria within the confined geometries of canaliculi or 
lacunae are protected from immune cell attack, and it is possible that the bacteria 
could survive for years by dissolving the adjacent bone mineral matrix as a source 
of nutrients. The extent of bacterial invasion within this porous network is not 
known but could be a major factor in the failure of surgical debridement of 
infected bone.

2.5  Bacterial Adhesion to Surfaces

The concept “race to the surface” has been introduced to describe the competition 
between host cells and bacteria to adhere, replicate, and colonize an implant surface 
[7]. The rapid integration of an implant within host tissue is essential for its success, 
and there is evidence that immediate integration is also crucial for preventing bacte-
rial adhesion and colonization. If the host cells win the race, a stable interface 
between cells and the implant surface is formed; however, if bacterial adhesion 
occurs before tissue repair takes place, often host defenses cannot prevent surface 
colonization and biofilm formation [2, 109]. The bacterial surface is a highly spe-
cialized organelle, and one of its key purposes is to facilitate adherence. Changes in 
response to surface engagement are far-reaching and can affect bacterial metabo-
lism, respiration, and regulation of colonization- and virulence-specific genes [109]. 
The implantation of a foreign device provides the ideal platform for the adherence 
of pathogens; however, the molecular and physical interactions that govern bacterial 
adhesion to biomaterials are not well understood. Bacterial adhesion to a surface is 
considered an extremely complex process influenced by environmental factors 
(serum proteins, flow conditions, temperature, bacterial concentration, time of 
exposure, antibiotics), bacterial factors (Gram-positive or Gram-negative, surface 
energy and charge, outer membrane molecular receptor expression), and material 
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surface factors (chemical composition, roughness, topography, surface energy, 
charge, etc.) (Fig. 2.2). The properties of each factor are interconnected, thus intro-
ducing much complexity. Fluid flow conditions are considered a dominant factor 
that strongly influences the number of attached bacteria as well as the subsequent 
biofilm structure and performance. It is generally considered that higher shear rates 
result in higher detachment forces that result in decreasing the number of attached 
bacteria, while they make the biofilm denser and thinner. Surface roughness, tex-
ture, and wettability are regarded as the most significant surface factors; however, 
the configurations required to encourage host cell adhesion and proliferation can 
also provide advantageous conditions for pathogen growth [110]. For example, and 
in terms of osseous integration with an implant surface, an increased surface rough-
ness correlates with faster and firmer integration into the surrounding bone tissue. 
However, the majority of bacterial studies indicate a positive correlation between 
increased surface roughness and the quantity of adhering bacteria [110, 111].

Generally, bacteria prefer to grow on available surfaces rather than in the sur-
rounding aqueous phase. Motility is central to a number of bacterial behaviors such 
as biofilm formation, virulence, and host colonization. Bacteria are able to move 
and colonize surfaces using energy-dependent cellular mechanisms whereby the 
bacteria can directly and actively control where they move to using flagella, for 
example (motile) or passive movement, which relies on the environment and the 
associated forces resulting in random and limited motion (nonmotile). Active motil-
ity includes swimming, swarming, twitching, and gliding, although the mechanism 
of movement differs and remains to be fully elucidated in many bacterial species. 
Swimming is dependent on flagella, swarming occurs when groups of 

Fig. 2.2 Bacterial adhesion is an extremely complex process involving environmental, bacterial, 
and material surface factors; all are interconnected
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hyper- flagellated bacteria move together across surfaces, twitching is dependent on 
the extension and retraction of type IV pili, and gliding is the continuous, smooth 
movement of the bacteria, either individually or in groups either in a linear fashion 
or in whirls. P. aeruginosa is flagellated and a motile organism, while S. aureus has 
historically been regarded as nonmotile organism, but recently was shown to move 
over soft agar through spreading dendrites and aided by the production of 
PSMs [112].

Bacterial adhesion begins through the initial attraction of cells to the surface fol-
lowed by their adsorption and subsequent attachment. Adhesion can be described as 
a two-phase process including an initial, instantaneous, unspecific, and reversible 
physical phase (phase one) and a time-dependent, specific, and irreversible molecu-
lar and cellular phase (phase two) [2, 4]. In phase one, and from an overall physico-
chemical viewpoint, bacterial adhesion can be mediated by both long-range 
(>50 nm) and nonspecific interaction forces, as well as specific forces that act in 
highly localized regions of the surface, and over distances <5 nm. The fluidic behav-
ior of many bacteria during interactions and adhesion to abiotic and biotic surfaces 
are regarded as colloids because the bacterial cell-surface properties, e.g., size of 
0.5–2 μm and shape, typically resemble those of colloids [113]. The planktonic 
bacteria in bulk fluid are freely suspended before attaching to the surface, and long- 
range interactions consist of bacteria moving to or are moved to a material surface 
through the effects of physical forces, such as flow of the fluid (Brownian motion) 
and mass transport processes such as fluid convection, diffusion, and sedimentation 
or via van der Waals attraction forces, gravitational forces, surface electrostatic 
charge, and hydrophobic interactions. Bacterial movement can also be directed by 
concentration gradients of diffusible (“chemotaxis”) or surface-bound (“hapto-
taxis”) chemical factors referred to as chemoattractants (e.g., amino acids, sugars, 
oligopeptides). These short-range interactions consist of establishing chemical 
bonds, ionic, dipole, and hydrophobic interactions. Chemotaxis occurs in almost all 
microbes and can modulate bacterial growth on surfaces by regulating cellular 
adhesion components and preparing cells for cell-cell and cell-surface interactions 
[4]. Bacteria are transported to the surface via long-range interactions, and when in 
closer contact, short-range interactions become more influential. Both specific and 
nonspecific interactions may play an important role in the ability of the cell to attach 
to (or to resist detachment from) the biomaterial surface [2, 4, 114]. In phase two, 
molecular-specific reactions between bacterial surface structures and the material 
become predominant. Once microorganisms reach the proximity of a surface, 
attachment is determined by physical and chemical interactions, which may be 
attractive or repulsive, depending upon the complex interplay of the chemistries of 
the bacterial and biomaterial surfaces, and the aqueous phase [4]. Initial adhesion to 
abiotic biomaterial surfaces is generally unspecific. Adhesions are the surface recep-
tors responsible for bacterial adhesion, and bacteria may possess multiple and dif-
ferent adhesins that are applicable for different surfaces [114, 115]. In addition to 
adhesins, adhesion also occurs through bacterial surface polymeric filamentous cell 
appendages, including capsules, fimbriae, pili, and pilus-like adhesive structures 
[116]. Beyond phase two, irreversible attachment is facilitated in bacterial strains 
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able to secrete EPS and form biofilm, if provided with an appropriate supply of 
nutrients (Fig. 2.3).

In contrast, bacterial adhesion to host tissues can be highly specific in the initial 
phase. S. aureus carries a wealth of pathogenic factors, which include not only the 
secreted exoenzymes and toxins that promote tissue damage and distant diseases as 
described in the sections above but also surface adhesins that promote cell and tis-
sue colonization. Bacterial adhesion to extracellular matrix (ECM) molecules has 
been thoroughly reviewed [117], and S. aureus possesses a rich repertoire of adhes-
ins, including cell wall-anchored (CWA) microbial surface components that recog-
nize adhesive matrix molecules, as well as a secretable expanded repertoire of 
adhesive molecules that further mediate adhesion to ECM proteins [118]. Cell wall- 
anchored surface proteins are multifunctional, and their activities include not only 
adhesion to host cells and tissues but also in the invasion of non-phagocytic cells, 
biofilm formation, and evasion of host immune responses. S. aureus can express up 
to 24 distinct CWA proteins, which are covalently bound to the cell wall peptidogly-
can, by transpeptidases known as sortases [97, 119]. CWA proteins are known to be 
of crucial importance in the interaction of S. aureus with its host both in the com-
mensal state and during infection; however, for the most part, there is a lack of 
understanding of how these CWA proteins interact with immune pathways, and 
their capacity to activate T cells also remains to be fully established. Based on 
molecular structure and its arrangement, the CWA proteins of S. aureus have been 
classified into four families, the microbial surface components recognizing adhesive 
matrix molecule (MSCRAMM) family, the near iron transport (NEAT) motif fam-
ily, the three-helical bundle family, and the G5-E repeat family. S. epidermidis and 
S. aureus express dozens of MSCRAMMs that have the capacity to bind to human 
matrix proteins such as collagen, fibronectin, vitronectin, elastin, prothrombin, von 
Willebrand factor, and fibrinogen (Fg) [120]. Bacteria also possess modular adhes-
ins that engage multiple surface receptors, often in a cooperative manner, giving rise 
to extremely high binding avidity. Examples include fibronectin-binding protein A, 
which binds to fibronectin by forming a ß-zipper [121]. This zipper-like mechanism 
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guarantees a productive interaction between bacterium and host cell and often initi-
ates bacterial uptake by non-phagocytic cells. Another even more immediate way to 
trigger uptake by using a zipper-like mechanism is exemplified by the Pseudomonas 
aeruginosa surface lectin LecA, which forms a direct zipper with the host lipid 
membrane by binding the glycosphingolipid Gb3, thereby triggering membrane 
bending and facilitating invasion [109, 122]. The contribution of Fg and fibronectin 
binding in disease progression is thought to be critical. S. aureus clumping factor A 
(ClfA) is a major staphylococcal adhesin and a major Fg binding protein. As such, 
ClfA mediates staphylococcal binding to immobilized Fg- or fibrin-coated surfaces, 
promoting bacterial adherence to tissues, blood clots, as well as abiotic biomaterial 
surfaces [123, 124]. Of note, CWA proteins also play a role in immune cell evasion. 
S. aureus produces three proteins that interfere with immunoglobulin (Ig) deposi-
tion. The best known is CWA protein A (Spa). Protein A binds to the Fc fragment of 
IgG and to the Fab portion of VH3-type B cell receptors, producing a “camouflage 
coat” of nonspecific Igs on the S. aureus surface, preventing receptor-mediated 
phagocytosis and resulting in bacterial evasion of the host immune response [125, 
126]. These examples of CWA proteins are by far not exhaustive, but should serve 
to demonstrate that although bacterial adhesins are uniquely adapted to accomplish 
colonization of a specific niche, the mechanisms underpinning their function are 
also well conserved across bacterial species. Of note, CWA proteins have been pro-
posed as therapeutic targets for the generation of vaccines.

2.5.1  Environmental Factors

Environmental factors including fluid flow conditions, temperature, exposure time, 
bacterial concentration, chemical treatment, and the presence of antibiotics affect 
bacterial adhesion [2, 4, 114]. A primary factor that determines adhesion is fluid 
flow adjacent to the surface. Taking the simplest case of ligand-/receptor-mediated 
attachment, the number of bonds that can form will be a function of ligand and 
receptor densities. If each bond requires a specific force to break it, the number of 
bonds between bacterium and surface will determine the shear stress that the 
attached bacterium will be able to resist. As such, decreased bacterial adhesion at 
higher flow rates has been clearly established, where a higher shear force correlates 
with a higher bacterial detachment rate. Katsikogianni et al. [127] investigated bac-
terial adhesion to several substrate compositions and showed a correlation as the 
number of adherent bacteria significantly decreased with an increasing shear force 
from 150 s−1 to 1500 s−1. However, it is also important to note that there is an opti-
mal flow rate that encourages bacterial adhesion to a surface, and therefore, there is 
a balance between the rate of delivery and the force acting on the bacteria [128]. For 
example, Mohamed et  al. [129] reported that in the case of a higher number of 
receptors/cells, S. aureus adhesion to collagen-coated coverslips increased at shear 
rates between 50 and 300 s−1 and only decreased at rates above 500 s−1. On the con-
trary, a low level of bacterial concentration on a surface can also initiate a host 
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immunomodulatory response, thus preventing the infection. This has been termed 
the “implant infection paradox,” where a competent immune system in addition to 
the ability of local tissue to adhere, spread, and grow in the presence of a low con-
centration of bacteria is able to prevent bacterial colonization. In contrast, an intol-
erant immune system with an inability to form a robust local tissue response renders 
the implant surface more susceptible to invasion [130]. For example, Staphylococcus 
spp. have been shown to adhere to medical implants in vitro at an inoculum size of 
<10 bacteria; however, this was likely to be insufficient for robust biofilm establish-
ment in vivo due to the “race for the surface” theory of competitive colonization in 
immunocompetent individuals [131–133]. However, when in higher numbers, bac-
terial concentration is positively correlated with surface adhesion, with higher con-
centrations of bacteria being associated with a greater degree of implant surface 
coverage [131, 132].

In addition to the role of hydrophobic interactions on a surface, Lewis acid-base 
interactions also facilitate bacterial adhesion. As such, the optimum pH of both 
P. aeruginosa and S. aureus is weakly acidic, falling in the range of pH 4–6, with 
deviations from these values resulting in decreased adhesion to substrata [134, 135]. 
Pseudomonas spp. showed optimal adhesion to medical-grade titanium at pH 6, the 
point of zero charge, due to the overall lack of both attractive and repulsive electro-
static forces [134]. A growing body of evidence suggests that eDNA contributes to 
bacterial adhesion to substrata, in addition to decreasing the environmental pH of 
bacterial biofilms, including in P. aeruginosa [136]. Increases in environmental pH 
are associated with decreased adhesion, and therefore the acidic environment cre-
ated by eDNA within the biofilm is highly conducive to bacterial adhesion [134, 
136]. Furthermore, acidic pH is associated with an increase in eDNA production 
and subsequent bacterial adhesion to substrata [137] as well as promoting the 
P. aeruginosa antibiotic resistance phenotype [136].

Khelissa et al. [138] demonstrated that both temperature and exposure time had 
a significant effect on the adhesion of S. aureus to both stainless steel and polycar-
bonate substrata, with an increase in either factor eliciting an increase in adherence. 
For example, an increase in the environmental growth temperature from 20 °C to 
37 °C was associated with increased bacterial hydrophobicity, and thus the promo-
tion of adhesion due to hydrophobic interactions in both S. aureus and P. aeruginosa 
[138, 139]. Proximity to the human core body temperature of 37 °C consistently 
facilitates bacterial adhesion to abiotic substrata; however, increases in temperature 
beyond this optimum are associated with a reduction in adhesion, hypothesized to 
be attributed to a decrease in bacterial viability. Pavlovsky et al. [140] demonstrated 
that heat treatment at 45  °C and 60  °C inhibited cell reproduction and viability 
respectively in Staphylococcus epidermidis, with the latter decreasing biofilm yield 
by an order of magnitude when compared with cultures at 37 °C. Prolonged expo-
sure times coupled with an increase in temperature also affected acid-base interac-
tions by decreasing the electron donor properties of S. aureus, thus attenuating the 
effect of the repulsive acid-base interaction between bacteria and the substratum 
and subsequently increasing adhesion [138]. The Derjaguin, Verwey, Landau, and 
Overbeek (DLVO) theory quantitatively describes the force between charged 
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surfaces interacting through a liquid medium and combines the effects of the van 
der Waals attraction and the electrostatic repulsion due to the so-called layer of 
counterions. However, due to the profound effect of Lewis acid-base interactions on 
S. aureus adhesion, its properties cannot be accurately predicted using this theory as 
is the case with P. aeruginosa [139]. Finally, the presence of antibiotics decreases 
bacterial adhesion according to bacterial susceptibility and antibiotic concentration 
[2, 141].

2.5.2  Biomaterial Surface Properties and Surface Modification

Once in contact with a material, the bacterium is able to engage in interactions 
dependent on the surface characteristics of both the bacterium and the material sur-
face. The contemporary medical devices used clinically consist of a broad range of 
biomaterials including naturally derived, synthetic, semisynthetic, and composite 
materials composed of many forms of metals, ceramics, and polymers. Surface 
properties such as surface chemistry, roughness, surface energy, and surface charge 
are known to be the major factors that influence initial bacterial adhesion and bio-
film formation on implant surfaces [142]. In order to improve their biocompatibility, 
surface modification of polymers via plasma-processing techniques usually pro-
duces numerous functional groups and chemical cross-links, and treatments often 
cause severe degradation of the surface, leading to increased roughness as well as to 
surface heterogeneity. However, other surface modification techniques, such as the 
application of a polymer coating [143] or metal ion-mediated coatings [144], have 
been used to modify the polymeric surface and showed significant bactericidal 
effect. Additionally, time-dependent conformational rearrangements of these sur-
faces may also be observed, where all will influence the bacterial response. Oh et al. 
[145] investigated the combined effects of substrate hydrophobicity and zeta poten-
tial on the dynamics and kinetics of the initial stages of bacterial pathogens S. aureus 
and E. coli, and found that bacterial adhesion was greatest on hydrophilic substrates 
with positive surface charge characteristics, followed by hydrophobic substrates 
with a negative surface charge, and the least adhesion on hydrophilic substrates with 
negative surface charge characteristics. A study by Katsikogianni et al. [146] inves-
tigated the response of S. epidermidis to materials with specific chemical function-
alities under controlled flow conditions, and demonstrated that an increase in the 
material surface free energy significantly reduced the adhesion of this hydrophilic 
bacterial strain. Therefore, modification of surface chemistry via changing the sur-
face charge and hydrophobicity significantly influences the outcomes of bacterial 
adhesion and aggregation [147].

Generally characterized as average surface roughness (Ra) and root-mean-
square surface roughness (Rq), the influence of surface roughness on the host 
cellular response, especially in dental and orthopedic implants, has been 
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extensively investigated. It is generally considered that implant surface rough-
ness modulates the immune cell response and regulates bone cell prolifera-
tion, differentiation, and extracellular matrix protein deposition, with a 
rougher surface promoting increased bone integration [148]. Therefore, sur-
face roughness and the “race for the surface” represent another important 
influencer for bacterial adhesion and subsequent biofilm formation. To date, 
contradictory results involving the degree of surface roughness that either pro-
motes or discourages bacterial adhesion have been reported by various schol-
ars. For example, Lucas et  al. investigated the surface roughness of 
polymethylmethacrylate and S. sanguinis adhesion and found that a reduction 
in surface roughness was directly related to a decrease in bacterial adhesion 
[149]. Additionally, Li et al. [150] also found that an increased surface rough-
ness had a positive effect and promoted Streptococcus spp. adhesion when 
compared to smooth and polished surfaces. However, other researchers have 
found either none or the opposite correlation of surface roughness and bacte-
rial adhesion [151].

In nature, biological organisms such as plants, insects, and marine animals 
have dynamically adapted to survive the harsh natural environment, by evolving 
various micro- and nano-textured surfaces, which offer self-cleaning, antifoul-
ing, and antibacterial properties [152]. Therefore, investigating the surface 
topography of natural surfaces such as leaves, wings, eyes, legs, and skins has 
enlightened scientists into developing some of the most fascinating biomedical 
implant surfaces that are able to regulate initial bacterial adhesion, and micro-
bial accumulation and proliferation. A pioneering study by Ivanova et al. [153] 
investigated the nanostructure of cicada wings and the adhesion of Pseudomonas 
aeruginosa on the wing surface. This study identified the presence of nanopillar 
arrays over the wing surface and showed its bactericidal effect via direct pene-
tration of the bacteria. In a subsequent study by Keheller et al. [154], the authors 
revealed that the bactericidal properties of cicada wings were strongly corre-
lated with the scale of the nanotopography present on the surface. Encouraged 
by this discovery, attempts to mimic the nanoprotrusions found in nature have in 
recent years led to the development of novel synthetic materials such as titanium 
dioxide (TiO2) nanopillars to control bacterial infection [155]. This study found 
that mimetic TiO2 nanopillars induced deformation and penetration of the Gram-
positive and Gram-negative envelope, and suggested that the nanopillar efficacy 
was mediated by oxidative stress and did not necessarily require bacterial lysis 
to induce cell death. Other nature-inspired surface modifications of polymeric 
biomaterials have also shown promising results against bacterial colonization. 
For example, a photocatalytic shark-skin-patterned polymeric surface with TiO2 
nanoparticles resulted in a significant reduction in Escherichia coli attachment 
and inactivation when compared with smooth counterparts [156]. Therefore, 
furthering our understanding of how biological organisms control bacterial 
adhesion will undoubtedly continue to inspire the development of novel bioma-
terials with anti-adhesion and bactericidal characteristics.
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2.6  Biofilm Formation

A biofilm is a functional multilayered community of microorganisms, adhering to an 
abiotic or biotic surface and organized within a self-produced exopolymeric matrix. 
Of note, biofilms can also exist as non-surface aggregates. The formation of biofilm 
is the main pathogenetic mechanism leading to the chronicity and irreducibility of 
infections. Biofilms are complex mixtures of proteins, eDNA released by bacterial 
autolysis, lipids, and polysaccharides surrounding bacterial communities as protec-
tive barriers that are biochemically modified during the bacterial life cycle. Within 
biofilms, bacterial cells develop into organized and complex communities with 
structural and functional heterogeneity resembling multicellular organisms in which 
water channels serve as a rudimentary circulatory system. Additionally, release of 
cell-to-cell signaling molecules (quorum sensing) induces bacteria within a popula-
tion to respond in concert by changing patterns of gene expression involved in bio-
film differentiation [2, 4]. Cells near the liquid-biofilm interphase are metabolically 
very active due to the abundance of oxygen and nutrients while also being suscepti-
ble to antibiotics and other antibacterial therapeutics. However, cells within the bio-
film barrier experience a diffusion gradient of nutrients and oxygen. For example, the 
diffusion rate of oxygen through a biofilm is only 60% of the diffusion rate through 
water, and oxygen and nutrients are also actively consumed while diffusing through 
the biofilm [157, 158]. Additionally, oxygen is consumed by the polymorphonuclear 
leukocytes that attack the biofilm [159]. A pH gradient is also established, and in 
P. aeruginosa, this gradient is reported to range from 5.5 at the center of the micro-
colony to 7 near the bulk fluid [160]. Therefore, in the deeper layers, bacteria experi-
ence starvation-induced dormancy and form persister cells, which are metabolically 
inactive and, as a result, can survive very high levels of antibiotic exposure. 
Furthermore, the diffusion-limited transport results in a gradient of antibiotic expo-
sure to the biofilm resulting in suboptimal killing which has been demonstrated to 
enhance antibiotic tolerance through increased biofilm formation.

Research performed in many biofilm-forming organisms has revealed that the 
development of a biofilm is a two-step process involving an initial attachment (in 
which bacteria adhere to a surface) and a subsequent maturation phase (when a 3D 
structure evolves), both being physiologically different and requiring phase-specific 
factors. The life cycle of a typical biofilm contains an early planktonic phase, where 
cells irreversibly adhere to the biomaterial and/or tissue surface. The maturation 
phase requires intercellular aggregation, during which bacteria divide and accumu-
late [161]. The cells within mature biofilms produce compounds that can induce 
shift from biofilm back to a planktonic mode of life; thus, a final detachment (or 
dispersal) phase involves the detachment of single cells or cell clusters by various 
mechanisms and is believed to be crucial for the dissemination of the bacteria to 
new infection sites in the human body. Biofilm dispersion is promoted by dispersant 
factors, such as proteases, DNAses, and surfactant molecules, for example, PSM 
peptides released by S. aureus from within the biofilm contribute to bacterial cell 
dissemination and the settlement of new biofilms at a distant site [162]. Biofilm 
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formation can be altered via changes in environmental conditions, e.g., phosphate 
starvation, nitrogen starvation, increased NaCl concentration, dehydration, pH, 
temperature, bacterial motility, and host-derived factors, leading to production of 
exopolysaccharides and consolidated adhesion [163].

2.6.1  Staphylococcus aureus Biofilm Formation

Staphylococcus aureus and Staphylococcus epidermidis are the leading etiologic 
agents of implant-related infections. S. aureus strains have been shown to regulate 
the production of different types of matrices depending on environmental condi-
tions, thus enabling them to readily switch between polysaccharide- and protein- 
based biofilms [164]. Sugar and protein surface structures of the bacterium play a 
significant role in their persistence at the infection site. These components act as key 
agents in cell viability, virulence, and evasion of host defenses. The EPS of staphy-
lococcal biofilms also contains eDNA, proteins (released from lysed cells as well as 
host proteins), and amyloid fibrils [165]. The major polysaccharides of staphylococ-
cal biofilms include capsular polysaccharide (CP), cell wall teichoic acid (WTA), 
and polysaccharide intercellular adhesin/poly-ß (1–6)-N-acetylglucosamine (PIA/
PNAG) [166]. They each play distinct roles in colonization, pathogenesis, and the 
evasion of the host immune defenses, and each is being explored as targets for anti-
microbial interventions and therapeutics.

2.6.1.1  Capsular Polysaccharides

Polysaccharide capsules are structures found on the cell surface of a broad range of 
bacterial species. The EPS is often involved in mediating direct interactions between 
bacteria and its environment and therefore plays a key role in the important mecha-
nisms of bacterial pathogenicity, most notably biofilm formation and immune eva-
sion. The EPS may be classified either as CPs, where the polysaccharide is intimately 
associated with the cell surface, or as slime polysaccharides, where the polysaccha-
ride is loosely associated with the cell. Differentiation between these forms is often 
difficult. CPs are highly hydrated molecules and can be either homo- or heteropoly-
mers composed of repeating monosaccharides joined by glycosidic linkages [167]. 
They are considered to function in the prevention of desiccation, adherence, resis-
tance to nonspecific host immunity, and resistance to specific host immunity and in 
mediating the diffusion of molecules through the cell surface. Bacteria causing 
invasive diseases produce CPs that serve as essential virulence factors, and in the 
case of human pathogens, a large number of different capsule serotypes have been 
identified, and certain CPs or K antigens have been associated with specific infec-
tions [168]. CPs are produced by the majority of clinical isolates of S. aureus. For 
example, the S. aureus CPs (CP5 and CP8) have been shown to possess antiphago-
cytic properties, allowing the bacterium to persist in the blood and tissues of infected 
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hosts [91]. Production of CPs on the bacterial surface effectively masks the patho-
gen and its surface-associated proteins, such as opsonins, from recognition by 
phagocytic cells. Additionally, secretion of the extracellular fibrinogen-binding pro-
tein (Efb) potently blocks phagocytic uptake of the pathogen. Efb creates a fibrino-
gen shield surrounding the bacteria by simultaneously binding complement C3b 
and fibrinogen at the bacterial surface. CP5 O-acetylation rendered S. aureus more 
resistant to opsonophagocytic killing by human neutrophils [169]. Purified CP8 was 
shown to activate CD4+ T cells in vitro, and purified CP5 and CP8 facilitated intra- 
abdominal abscess formation when administered to rats with an adjuvant [170]. As 
described above, host TLRs are critical in innate and adaptive immune responses 
because they sense invading pathogens and signal the production of proinflamma-
tory cytokine responses and prime Th1 and Th17 responses. CPs mask TLR2 activ-
ity in S. aureus by interfering with lipoprotein recognition by TLR2. Due to their 
activity, CP5 and CP8 conjugate vaccines are believed to be important components 
for a multivalent staphylococcal vaccine, and there are many ongoing trials that 
include multicomponent vaccines that have reached early clinical trials [171].

2.6.1.2  Polysaccharide Intercellular Adhesin/Poly-N-Acetylglucosamine

Following attachment to a surface, bacteria multiply and form multicellular aggre-
gates as the cells begin to adhere to each other. Staphylococci mediate cell-to-cell 
adhesion using two types of exopolymers: PIA and surface proteins. During biofilm 
formation, the cationic PIA within the EPS forms an extracellular matrix that con-
nects the cells together within a fibrous net, building up biofilm mass and its resis-
tance to mechanical force [172] (Fig. 2.4). The exposed positively charged NH3+ 
groups of PIA, introduced by the deacetylation of N-acetylglucosamine residues, 
are essential for this to happen, as it allows for the molecules within the matrix to 
attach to the negatively charged bacterial cell surface via electrostatic interactions 
[173, 174]. As such, PIA is crucial for biofilm formation. PIA/PNAG is now recog-
nized as a highly conserved polysaccharide antigen produced by many microbes 
and is known to play a key role in adherence to a biomaterial surface [164]. PIA is 
a PNAG that is partially deacetylated and positively charged, and whose synthesis 
is mediated by the icaADBC locus. The icaADBC genes play an important role in 
biofilm formation where the N-acetylglucosaminyltransferase enzyme is encoded 
by the icaA gene and is responsible for PIA production, while icaD is involved in 
enhancing the activity of the enzyme for complete phenotypic expression of PIA 
[175]. The EPS is also partially (15–20%) deacylated by the IcaD protein [176]. 
Poly-N-acetyl-d-glucosamine (GlcNAc) is a core polysaccharide unit with con-
nected by β1–6-glycosidic linkages that is not found in mammals; however, it is 
expressed by many microbes, including both Gram-negative and Gram-positive 
bacteria, fungi, and protozoan parasites [177]. As mentioned, bacterial surface pro-
tein activity is also critical for biofilm development alongside PIA. Surface proteins, 
such as biofilm-associated protein, surface protein G (SasG), extracellular adher-
ence protein, and fibronectin-binding proteins, can contribute to intercellular 
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adhesion. S. aureus SasG is closely related to the accumulation-associated protein 
(Aap), which is needed for biofilm formation. The G5-E domains of SasG become 
exposed by proteolytic removal of the N-terminal A domain of Aap or by the limited 
cleavage within the G5-E domain of SasG [166, 178]. This allows a specific homo-
philic interaction to occur between proteins located on adjacent cells, which pro-
motes cell aggregation and biofilm accumulation [179].

2.6.1.3  Wall Teichoic Acid

One of the major differences between Gram-negative and Gram-positive organisms 
is the presence or absence of an outer membrane. Gram-negative bacteria contain an 
outer membrane that protects the organism by filtering out toxic molecules while 
also serving as a scaffold to which proteins and polysaccharides that mediate inter-
action between the pathogen and its environment are anchored. In contrast, Gram- 
positive bacteria lack an outer membrane but instead consists of thick layers that 
envelope the bacteria within a complex cell casing. This casing varies in structure, 
but all contain layers of peptidoglycan (PG), a cross-linked matrix of linear carbo-
hydrate (glycan) chains linked to one another via covalent bonds between attached 
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peptides [180]. This PG matrix is essential for survival, and the PG layers of many 
Gram-positive bacteria are densely functionalized with anionic glycopolymers 
called WTA, a ribitol-phosphate surface polymer modified with GlcNAc. Teichoic 
acids (TAs) are the most abundant of PG-linked polymers and are produced by all 
strains of S. aureus; however, WTA structures are highly diverse among Gram- 
positive bacteria and are often strain- or species-specific. There are two types of 
TAs: the lipo-TAs, which are anchored to the plasma membrane and extend from the 
cell surface into the PG layer, and the WTAs, which are covalently attached to PG 
and extend through and beyond the cell wall. Together they create a “continuum of 
negative charge” on the cell surface. Owing to their location, abundance, and poly-
anionic nature, WTA plays numerous and varied roles, including cell wall mainte-
nance and shape, cell division, PG synthesis, ion homeostasis, autolysis, colonization, 
and resistance to antimicrobial agents [181]. Additionally, WTA and its attached 
substituents contribute to bacterial cell surface-charge and hydrophobicity, which 
affects the binding of extracellular molecules, thus playing a role in protecting bac-
teria from adverse threats, such as from antimicrobial surfactants to bacteriolytic 
enzymes [182]. Wall teichoic acids are polymers of sugars and alcohol phosphates 
and, which similar to EPS, have been implicated in colonization and biofilm forma-
tion. However, due to their ubiquitous presence and covalent surface linkage, they 
are generally not considered EPS. Wall teichoic acids are not required for the growth 
of S. aureus in vitro; however, the presence of their d-alanyl esters mediates bacte-
rial interaction to tissue and biomaterial surfaces, as it has been shown that bacteria 
deficient in WTAs demonstrate a reduced ability to form biofilms [183]. Moreover, 
several animal studies have established that WTA-deficient bacteria attenuated host 
colonization and infection [180, 184]. d-alanyl esters are considered virulence fac-
tors, since their deletion attenuates pathogenicity but does not cause major cellular 
defects and their overexpression increases S. aureus virulence [185]. It has also 
been suggested that WTAs can act as an “immunological cloak” for S. aureus, pre-
venting antibodies from recognizing and opsonizing the cell wall [181]. This may 
be of high importance for the cell as PG is absent in mammalian tissues, however, 
is found in high abundance on the bacterial surface, and so represents an ideal target 
for the immune system. A recent study by Gautam et  al. reported a previously 
unrecognized immunoevasive role for WTAs in that they contributed to the repul-
sion of PG-targeted antibodies. Human immune receptors from multiple classes 
recognize glycan modifications on S. aureus WTAs and have been shown to have 
important immunostimulatory activities, and a large percentage of human antibod-
ies against S. aureus is directed against WTA [182]. It is currently unknown whether 
the immune evasion capacities of MRSA are due to variation of dominant surface 
epitopes such as those associated with WTA. For example, d-ala residues on WTA 
(and LTA) contribute to resistance to cationic antimicrobial peptides such as defen-
sins or cathelicidins as well as to glycopeptide antibiotics such as vancomycin and 
teicoplanin. Due to their importance in pathogenesis, WTAs are targets for new 
therapeutics to overcome resistant bacterial infections. Indeed, the first WTA-active 
antibiotic has been reported.
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2.6.1.4  Quorum Sensing

Bacterial to bacterial communication relies on versatile chemical signaling oligo-
peptides called autoinducers, which regulate bacterial gene expression in a process 
known as quorum sensing. Quorum sensing allows groups of bacteria to synchro-
nously alter behavior in response to changes in the population density and species 
composition. Coordinated behaviors include bioluminescence, virulence factor pro-
duction, secondary metabolite production, competence for DNA uptake, and bio-
film formation [186]. These processes are futile when undertaken by a single 
bacterium acting alone. Quorum-sensing-mediated communication is now under-
stood to be the norm in the bacterial world, and like languages between humans, 
these signals vary between species. During their reproductive cycle, individual bac-
terium synthesizes autoinducers. Gram-positive autoinducers are made of peptide 
and must be actively transported through the PG cell wall using the ATP-binding 
cassette (ABC) transporter system. Autoinducers move out of individual cells as 
they are produced, and as cell density increases, the autoinducer concentration rises 
in the extracellular environment until a threshold intracellular concentration is 
exceeded. At this “critical mass” concentration, the threshold produced makes it 
energetically unfavorable for the intracellular autoinducers to leave the cell, result-
ing in the autoinducer binding to their receptors, and this complex then acts to 
induce or repress the expression of target genes. This cell density-dependent regula-
tion of virulence factor production has been suggested as a protective means to 
prevent the host response to invading bacteria before sufficient bacterial numbers 
have accumulated.

Quorum sensing is essential to ensure the progress of the three stages of biofilm 
formation. The S. aureus quorum-sensing system involves two regulatory systems, 
the accessory gene regulator (Agr) system and the LuxS system. The Agr locus con-
sists of two divergent transcripts, RNAII and RNAIII, initiated from two distinct 
promoters, P2 and P3, respectively, and produces a communication molecule called 
autoinducing peptide (AIP) [187]. Once AIP reaches a critical concentration, a regu-
latory cascade is initiated, and a myriad of virulence factors are expressed. As such, 
the upregulation of virulence factors by Agr is necessary for disease progression, 
with α-toxin being one of the most prominent. The P2 operon contains agrBDCA and 
codes for the RNAII transcript, while P3 drives transcription of the effector molecule 
of the agr locus (RNAIII). An increase in the transcription of P2 and P3 appears to 
result in a rise of the intracellular concentrations of RNAIII, which, in turn, also 
increases the expression of secreted virulence factors such as α-hemolysin. 
Conversely, downregulation by Agr of PSMs and microbial surface components has 
been implicated in enhanced biofilm formation and bacterial colonization of indwell-
ing medical devices. Moreover, Agr dysfunction is correlated with persistent 
S. aureus bacteremia [188]. At the beginning of an infection, low cell density and 
subsequently the low expression of Agr result in an increase in the production of the 
surface proteins required for the initial colonization of tissues. Once this is estab-
lished, bacteria grow to higher cell densities, requiring additional food sources and 
increased protection from host defenses, which is accomplished by Agr-dependent 
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upregulation of degradative exoenzymes, leukocidins, and exotoxins [188]. Of inter-
est, subinhibitory concentrations of antibiotics have been shown to increase Agr 
expression imposing an energy-consuming cost, which has been speculated to drive 
the observed formation of Agr-dysfunctional mutants in strains isolated from hospi-
tal infections. The impact of Agr on biofilm-associated infection is divergent: Agr is 
necessary for biofilm structuring and the dissemination of biofilm infection, but dys-
function of Agr leads to enhanced biofilm formation, which may be advantageous for 
the bacteria under those conditions. Accordingly, strains with a dysfunctional Agr 
system are often isolated from infections on implanted devices [189]. Recently sali-
cylic acid has been shown to impact the quorum-sensing system via the agr locus, 
limiting the bacterial cell escape from within the biofilm while maintaining high 
biomass in the mature biofilm, which can promote tolerance to antibiotics and make 
the infection refractory to the recommended antibiotic therapy [162].

The regulatory effect of luxS was discovered in the context of bioluminescence 
regulation, and since has been recognized as a widely utilized quorum-sensing sys-
tem among bacteria. The LuxS system employs an autoinducer called AI-2, which 
is a furanosyl borate diester molecule. Several phenotypes, such as capsule synthe-
sis, biofilm formation, antibiotic susceptibility, and virulence, have been linked to 
AI-2 regulation in S. aureus [188, 190, 191].

2.6.2  Pseudomonas aeruginosa Biofilm Formation

Due to their clinical importance, P. aeruginosa biofilms are one of the most studied 
single-species biofilms, and over the years, certain themes regarding P. aeruginosa 
biofilms have emerged and been considered dogmatic. P. aeruginosa attaches to 
catheters, drains, implants, or lenses, for example, causing serious infections despite 
rigorous cleaning and disinfection procedures [192]. As such, colonization of 
P. aeruginosa in device-related and tissue infections in patients, along with the 
emergence of alginate-producing mucoid variants, is considered a poor prognostic 
indicator, as these infections can be highly challenging to eradicate using current 
therapeutic strategies [193].

P. aeruginosa swims rapidly in liquid by means of flagella, and during biofilm 
formation this motility is involved in initial location and adherence to solid surfaces 
[194]. Biofilm development progresses in five stages: (i) reversible attachment, in 
which motile (planktonic) cells attach to a surface using the flagellum; (ii) irrevers-
ible attachment, where cells become more firmly connected to the surface via the 
long axis of the cell; (iii) microcolony formation, in which cells aggregate and 
secrete matrix components; (iv) mature biofilm, characterized by macrocolony and 
fluid channel formation; and (v) dispersal. Prior to P. aeruginosa adhering to a sur-
face, the organism can be seen to swim along the surface, almost as if it is scanning 
for an appropriate location for initial contact. Once attached, prokaryotes have the 
ability to walk on surfaces using a flagellum-independent motility known as twitch-
ing, and powered by the extension and retraction of type IV pili. When twitching, 
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P. aeruginosa moves linearly along their axis and is motile only in large groups 
(swarming), suggesting this is a community behavior. Pili retraction motors can 
generate up to 100pN; however, how such large forces power cell body displace-
ments or how any surface motile organism is able to direct movement is poorly 
understood [195]. Wild-type, non-mucoid P. aeruginosa biofilm formation pro-
gresses via distinct steps. Following the adhesion of single cells to the surface and 
cell twitching to form clumps or microcolonies, they continue to proliferate to form 
a mature biofilm consisting of several layers of stacked cells. The cells account for 
10% of the biomass and produce EPS, which makes up 90% of the biofilm. eDNA 
is another important structural component for P. aeruginosa biofilm development 
through providing multifaceted roles such as contributing to forming cation gradi-
ents in the matrix via the chelating interaction of highly anionic DNA with cations 
such as Mg2+, Ca2+, Mn2+, and Zn2+ [196], as a nutrient source during starvation, in 
facilitating twitching motility, coordinating cell movements, and conferring antibi-
otic resistance [197].

P. aeruginosa is capable of producing multiple EPSs, including Psl, Pel, and 
alginate, which are considered to be involved in the surface attachment, formation, 
and the stability of P. aeruginosa biofilm architecture. These polysaccharides differ 
in chemical structure and in their biosynthetic mechanisms. Pel is an 
N-acetylglucosamine and N-acetyl galactosamine-rich polysaccharide that is cat-
ionic under slightly acidic pH and interacts with eDNA in the matrix. Psl is com-
posed of a neutral pentasaccharide subunit containing mannose, rhamnose, and 
glucose, and alginate is a negatively charged acetylated polymer of guluronic and 
mannuronic acid. The ability to produce three EPSs, each with a different charge at 
physiological pH, may afford P. aeruginosa biofilms increased flexibility to main-
tain biofilm structure and/or protect cells from antimicrobials under different condi-
tions [198]. The amount of these polysaccharides within biofilm varies across 
P. aeruginosa strains, with Pel and Psl predominating in the non-mucoid phenotype 
and where alginate overproduction is characterized by the mucoid phenotype [199]. 
Since Psl and Pel were discovered fairly recently, the biosynthetic mechanisms of 
these two EPSs are not well established, and many aspects of alginate biosynthesis 
still remain unclear. The Psl EPS is necessary for the initial steps of biofilm forma-
tion in both non-mucoid and mucoid strains. It is anchored around cells in a helical 
arrangement such that it enhances cell migration, cell-cell interaction, and cell- 
surface adhesion. In mature biofilms it is located to the periphery of mushroom- 
shaped microcolonies [74]. Psl provides an immediate protective role against 
anti-biofilm agents and a broad spectrum of antibiotics particularly during the early 
stage of biofilm development [200]. Therefore, Psl provides a survival advantage 
during pathogenesis. Presently, much remains unknown regarding Pel’s spatial 
organization and role in microcolony formation. Pel has been shown to promote 
biofilm tolerance to aminoglycoside antibiotics [201], while the positive charge 
imparts important functional characteristics such as cross-linking eDNA within the 
biofilm stalk region via ionic interactions [198]. It is possible that the cross-linking 
of eDNA to other cationic exopolysaccharides (e.g., PNAG) may be a general 
mechanism important for the structural integrity of biofilms, while the cross-linking 
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and binding of Pel to host polymers such as hyaluronan and mucin, both abundant 
at sites of infection, have implications in terms of enhancing disease pathogenesis. 
However, the importance of Pel/eDNA interaction is currently unknown and an 
active area of research. The important functions of alginate include biofilm matura-
tion, protection from phagocytosis and opsonization, and decreasing the diffusion 
of antibiotics through the biofilm matrix [202]. Additionally, alginate can greatly 
influence biofilm characteristics such as its viscoelastic properties, bio-volume, cell 
density, and architecture as well as cell-to-cell interaction, cell aggregation, and 
surface attachment [203].

Less is known about the identity and function of P. aeruginosa biofilm matrix 
proteins. The most studied is the extracellular adhesin CdrA, which promotes aggre-
gate formation through Psl interactions when under planktonic conditions, and 
helps stabilize and maintain biofilm structural integrity. It has been shown to pro-
mote bacterial aggregation in the absence EPS [204, 205]. No other matrix proteins 
that play a role in the structural stability of P. aeruginosa biofilm have been found. 
The protein ecotin is reported to contribute to bacterial defense against neutrophil 
elastase [206] and the Fap amyloid proteins, in biofilm stiffness [207]. P. aerugi-
nosa produces two small soluble lectins, galactophilic lectin (LecA) and LecB (also 
named PAI-L and PAII-L, respectively) that bind galactose and fucose, respectively, 
as well as oligo- and polysaccharides containing these sugars. Their primary func-
tional role is to mediate attachment to the host during infection. For example, LecA 
is involved in host cell invasion and cytotoxicity, while LecB reduces ciliary beating 
of airway epithelium [208, 209]. LecA induces an increased permeability of intesti-
nal and respiratory epithelial cells enabling cytotoxic exoproducts such as ExoA to 
enter host cells [210]. The lectins are mostly localized within the cell cytoplasm, 
and both are also linked to biofilm formation on abiotic surfaces, although the 
underlying mechanisms are presently unknown. More recently, multiple proteomic 
analyses of the soluble P. aeruginosa biofilm matrix identified the outer membrane 
(OM) porin OprF, as an abundant matrix protein [211]. Porins are integral OM pro-
teins that form hydrophilic channels through which charged solutes can pass; how-
ever, the role of OprF has been relatively understudied. Song et al. recently reported 
that OprF is necessary for P. aeruginosa to sense surface stiffness during the attach-
ment stage of biofilm formation [212]. Additionally, and during the immune 
response to P. aeruginosa infection, OprF is bound by C3b of the complement sys-
tem, which tags the bacteria for phagocytosis by host macrophages and neutrophils. 
Interferon-γ (IFN-γ) produced by T cells was shown to bind directly to P. aerugi-
nosa OprF, and upon formation of IFN-γ-OprF complexes, the rhl QS system was 
activated and resulted in upregulation of the expression of lecA and the synthesis of 
the toxin pyocyanin [213]. The production of Pel polysaccharide and eDNA and 
QS-controlled production of pyocyanin are critical for biofilm maturation. 
Furthermore, pyocyanin molecules can promote eDNA release by inducing bacte-
rial cell lysis. Pyocyanin binds to eDNA increasing its solution viscosity which 
influences the physicochemical interactions of the biofilm matrix with environment 
as well as facilitates cellular aggregations [214]. Collectively, such molecular and 
cellular interactions in combination with other polymeric substances lead to the 
establishment of a robust and mature biofilm.
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2.6.2.1  Bacterial Detachment and Dispersion

Bacterial biofilm dispersal can be divided into three distinct phases: (i) detachment 
of cells from the biofilm colony; (ii) translocation of the cells to a new location; and 
(iii) attachment of the cells to a substrate in the new location. Bacterial detachment 
and dispersion, or effectively their escape from the biofilm, is a complex process 
that involves numerous environmental signals, signal transduction pathways, and 
effectors [215]. The environmental signals that may induce detachment of cells are 
nutrient starvation, oxygen tension, temperature, osmolarity, and pH, as well as pro-
teins, including integration host factors. Additionally, interspecific AMPs, quorum- 
sensing signals, or matrix-degrading enzymes are examples of effectors involved in 
this process [216]. Dispersed cells move along the solid surface via a convection 
current before reattaching to the surface at a new location, where they form a new 
biofilm colony. This can result in the appearance of streamers of satellite colonies 
emanating from the dispersed biofilm colony. Mechanisms of biofilm dispersion 
can basically be divided into two groups, active and passive dispersion. Active dis-
persion depends on a decrease in the intracellular cyclic diguanylate (c-di-GMP) 
levels, leading to the production of enzymes that degrade the biofilm matrix and 
promote dispersion. This response is normally triggered by an environmental 
change through the activation of phosphodiesterases (PDEs), which decrease the 
c-di-GMP level, resulting in the production of matrix-degrading enzymes, causing 
dispersal [158]. Interestingly, low intracellular c-di-GMP concentrations promote 
the planktonic lifestyle, while high concentrations stimulate life as a biofilm [217]. 
In contrast, passive dispersion results from either physical disruption or through 
enzymatic degradation, which relies on triggers that are directly released from cells. 
Both mechanisms can lead to the release of single cells or clumps of biofilm [218]. 
Passive dispersion occurs independently of c-di-GMP concentration, and the physi-
cal detachment of biofilm from a surface occurs via four mechanisms: (i) abrasion 
(collision of solid particles with the biofilm); (ii) grazing, which involves the 
removal of cells by active eukaryotic predators; (iii) erosion due to fluid shear; and 
(iv) the sloughing off of larger pieces of biofilm by fluid shear [219]. Seeding dis-
persal, also known as central hollowing, refers to the rapid release of a large number 
of single cells or small clusters of cells from hollow cavities that form inside the 
biofilm colony [220].

During both active and passive dispersions, biofilm cells produce matrix- 
degrading enzymes, such as glycosidases, proteases, and deoxyribonucleases [209]. 
In particular, the biofilm matrix-degrading enzyme dispersin B, a ß- hexosaminidase, 
has proven effective in many Gram-negative pathogens, via hydrolyzing the (ß-1,6)-
glycosidic linkages of PNAG, resulting in an 85% reduction in biofilm mass when 
administered in vitro [221]. Although mainly studied in A. actinomycetemcomitans, 
homologous genes are present in the genomes of several other bacteria. The P. aeru-
ginosa glycoside hydrolase PelA is produced when dispersion is induced, and the 
exogenous administration of PelA and PslG induces biofilm dispersion and prevents 
biofilm formation [222]. In mucoid strains of P. aeruginosa, alginate lyase degrades 
endogenous matrix components and mediates biofilm cell detachment, while its 
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overexpression has been reported to accelerate detachment and cell sloughing from 
biofilms [223].

A potential approach to combat biofilm-related infections is to induce biofilm 
dispersion and thereby enhancing the susceptibility of cells to antibiotics, for exam-
ple. Lowering the concentration of c-di-GMP by itself does not necessarily result in 
biofilm dispersion, nor through upregulation of PDEs [158, 224]. One of the first 
molecules identified as a P. aeruginosa biofilm-dispersing agent was nitric oxide, 
and although toxic, it can induce dispersion at low concentrations, leaving the cells 
susceptible to antibiotic treatment [225]. Heavy metals such as iron, mercury chlo-
ride, silver nitrate, and sodium arsenate disperse P. aeruginosa biofilms. While the 
use of mercury chloride and sodium arsenate is questionable due to their high toxic-
ity, silver nitrate and silver nanoparticles are areas of current active research. In 
addition to a sudden increase of nutrients, nutrient depletion also induces biofilm 
dispersion in vitro, with a 60% reduction in P. aeruginosa biofilm biomass reported 
after 24 h of glucose depletion [158, 226]. As described above, dispersin B is highly 
effective at causing biofilm dispersion, and studies have shown that combining dis-
persin B with cefamandole nafate or triclosan improved biofilm eradication 
(S. aureus and S. epidermidis) when compared with either antibiotic alone [227, 
228]. A combined treatment of dispersin B with tobramycin reduced the number of 
bacteria in a S. aureus biofilm by 7500-fold in comparison with tobramycin alone, 
which reduced the cell number by only 40-fold [229]. Additionally, and in vivo, a 
DispersinB-based wound spray was able to eradicate a MRSA biofilm by 80% when 
compared with a silver wound dressing (14%) [230].

2.6.2.2  Quorum Sensing

Similar to S. aureus, P. aeruginosa enters into the QS mode in response to changes 
in cell density or due to environmental cues or stresses and involves the production, 
secretion, and accumulation of autoinducers. As described for S. aureus, once a 
critical concentration of autoinducer is achieved, it binds to the regulatory protein, 
and this complex acts to induce or repress the expression of target genes. Also, and 
as with S. aureus, QS has been linked to the regulation of virulence factor produc-
tion, stress tolerance, metabolic adjustment, and host-microbe interactions [231]. In 
brief, there are four distinct P. aeruginosa QS pathways, namely, Las, Rhl, PQS, and 
IQS. Each produces their respective intracellular cognate autoinducers, i.e., N-3- 
oxo-dodecanoyl-L-homoserine lactone (3O-C12-HSL), N-butyryl-L-homoserine 
lactone (C4-HSL), 2-heptyl-3-hydroxy-4-quinolone (HHQ), and 
2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde (IQS), respectively. These systems 
function interdependently, and all have been shown to be important in its pathogen-
esis as well as in the production of the fundamental elements involved in biofilm 
formation [232]. For example, 3O-C12-HSL and C4-HSL bind to and activate their 
cognate transcription factors LasR and RhlR, respectively, inducing biofilm forma-
tion and expression of various virulence factors including elastase, proteases, pyo-
cyanin, lectins, rhamnolipids, and toxins [233]. The QPS system is able to regulate 
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biofilm formation and induce exogenous dispersal through the proteins PqsA and 
PqsD [234]. Finally, the QS-dependent production of rhamnolipids has a crucial 
role in neutralizing the attack of neutrophils due to their necrotic property [235]. 
This description is by no means exhaustive, but only briefly summarizes the highly 
complex OS system of P. aeruginosa (Fig. 2.5).
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Chapter 3
Prevention of Infection: Best Practice 
and Novel Strategies

Aaron Jackson, Steven Yacovelli, and Javad Parvizi

Abstract Musculoskeletal infections are a devastating complication that can occur 
after total joint arthroplasty (TJA) procedures and are associated with increased 
patient mortality, increased length of stay, and healthcare costs (Whitehouse et al., 
Infect Control Hosp Epidemiol 23(04):183–189, 2002). With increased utilization 
of TJA as the treatment of choice for degenerative joint pathologies, an increase in 
periprosthetic joint infection (PJI) is expected in the future (Whitehouse et  al., 
Infect Control Hosp Epidemiol 23(04):183–189, 2002). Annual costs associated 
with infections related to TJA are expected to be approximately $1.62 billion by 
2020 (Kurtz et al., J Arthroplasty 27(8):61.e1–65.e1, 2012). In addition to infection 
prevention, an abundance of research is underway with hopes of improving the abil-
ity to accurately diagnose and manage periprosthetic joint infections. Treating peri-
prosthetic joint infections is a challenging process due to the complex nature of 
biofilms and microbial resistance. This chapter delves into various novel technolo-
gies that are currently in development, as well as developments in operating room 
etiquette, enhanced surgical techniques, implant surface modifications, and proper 
antibiotic use. Due to the inherent complexity of infectious disease, further partner-
ship between clinicians and scientists is necessary to continue toward improved 
prevention and management of musculoskeletal infections.

Keywords Surgery · Risk · Infection · Prevention · Cleansing · Antimicrobials · 
Prophylaxis · Dressings · Biomaterials · Laminar flow

3.1  Introduction

Musculoskeletal infections are a devastating and potentially life- 
threateningcomplication associated with total joint arthroplasties (TJAs). 
Approximately 1–2% of TJAs will ultimately progress to peripheral joint infections 
(PJIs), with the most common cause of hospital readmissions being PJI [3]. PJIs 

A. Jackson · S. Yacovelli · J. Parvizi (*) 
Rothman Orthopaedic Institute at Thomas Jefferson University, Philadelphia, PA, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-83251-3_3&domain=pdf
https://doi.org/10.1007/978-3-030-83251-3_3#DOI


66

lead to increased length of stay, risk of increased mortality, and increased healthcare 
costs. One study reported an average cost of $116,382 for total joint revisions due 
to infection, compared to $28,249 for primary TJAs [4]. To improve patient out-
comes and prevent infections, it is imperative to take all measures necessary to 
identify any modifiable patient risk factors and utilize current evidence in order to 
make the best decisions for the patients. In the event of inevitable PJI, proper man-
agement begins with an accurate diagnosis, followed by successful treatment. 
Unfortunately, a gold standard diagnostic tool has yet to be identified.

There has been an abundance of research developed in an attempt to identify 
preventative measures for reducing the prevalence of musculoskeletal infections, 
such as using novel technologies to inhibit biofilm formation, proper operating 
room etiquette, enhanced surgical techniques, and proper antibiotic use. Despite the 
advancements in research and clinical practice, musculoskeletal infections remain a 
significant burden on the healthcare system.

3.2  Host Factors/Risk Mitigation

It is imperative to identify and manage any host risk factors, both modifiable and 
non-modifiable, as this may help in the prevention of future perioperative infec-
tions. Some modifiable risk factors that have been shown to increase risk of PJI and 
surgical site infections (SSIs) include smoking and alcohol use, elevated BMI (>40), 
and a history of diabetes mellitus. Non-modifiable risk factors, including male gen-
der, increased age, and black ethnicity, have also been shown to increase risk of PJI/
SSI [5].

Smoking has been known to be associated with a significantly increased risk of 
PJI and SSI [6]. Sørensen et al. found that smoking reduced the oxidative burst from 
neutrophils and monocytes by half when comparing smokers to nonsmokers and 
never smokers [7]. Oxidative burst is an effective mechanism used by these innate 
immune cells to eliminate phagocytized surgical bacteria, such as Staphylococcus 
aureus [8, 9]. They also noted a significant increase in neutrophilic and monocytic 
oxidative burst after 20 days of abstinence from smoking. Additionally, one system-
atic review showed smoking cessation 4–8  weeks prior to surgery significantly 
reduced SSIs by 50% [10].

When performing elective orthopedic procedures, pertinent host risk factors 
should be addressed to ensure the risk to the patient does not outweigh the benefits 
of the procedure. The following are absolute contraindications to surgery and must 
be managed prior to elective surgery [11]:

 1. Serum glucose ≥200 mg/dl, active sepsis
 2. Intra-articular injections within 3 months
 3. Active intravenous drug use
 4. Super obesity (BMI ≥50 kg/m2)
 5. Active joint infection
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 6. Untreated HIV

When assessing preoperative risk, it may be beneficial to utilize risk stratification 
tools, such as the Readmission Risk Assessment Tool (RRAT). The RRAT is used to 
predict the probability of readmission by calculating a value based on patient risk 
factors, for example, MRSA colonization, 3 points; BMI ≥40–3 points; and smok-
ing, 1 point. A study by Boraiah et  al. analyzed the relationship between RRAT 
scores and readmission after primary total hip and knee arthroplasty [12]. 45% of 
readmissions were found to be associated with surgical site infections, and the study 
found a significant association between RRAT score and readmission [11].

3.3  Surgical Technique and Surgical Site Preparation

3.3.1  Skin Cleansing

The CDC currently recommends preoperative skin cleansing at least one night prior 
to surgery to decrease skin cultures [13]. There are multiple skin cleansing agents 
that can be utilized including 2% or 4% chlorhexidine-gluconate (CHG)-coated 
products, isopropyl alcohol, bar soap, and povidone-iodine (PI). An additional study 
has demonstrated the benefit of using CHG and its ability to decrease skin flora 
preoperatively [14].

Although there is evidence to show a decrease in skin cultures after using 
chlorhexidine, there does not appear to be a significant reduction in SSI [15, 16]. 
Colling et al. found a decrease in SSI from Staphylococcus aureus and methicillin- 
resistant Staphylococcus aureus (MRSA) after preoperative shower and bath, but 
found there was no significant decrease in the total incidence of SSI [17]. Despite 
the inconsistent evidence on the effectiveness of preoperative skin cleansing, there 
are no studies to date that indicate a negative outcome of using an antiseptic proto-
col prior to surgery. The lack of consistent outcomes between studies may be a 
result of varying skin cleansing protocols between institutions and a patient non-
compliance rate of approximately 78%, noted in a study by Kapadia et al. [18]. To 
improve patient compliance, it may be important to consider implementing a com-
prehensible skin cleansing protocol with thorough, clear instructions.

3.3.2  Hair Removal

In addition to preoperative skin cleansing, hair removal at the incision site is an 
additional procedure that is widely practiced in an attempt to further decrease risk 
of SSI. The intended reason for this procedure is to prevent hair from entering the 
incision site and possibly causing SSI. Despite this rationale, there is inconsistent 
evidence to show a reduction in SSI after preoperative hair removal when compared 
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to no hair removal [19]. There are three routine methods of hair removal which 
include electric clippers, shaving, and depilatory creams. Of these three methods, 
electric clippers and depilatory creams were found to have lower rates of SSI, when 
compared to shaving [20]. Shaving with a razorblade was found to be less effica-
cious secondary to the microabrasions on the skin caused by the razorblade, which 
can harbor infectious bacteria [21], and was shown to increase rates of SSI in some 
studies [18]. Although depilatory creams have been shown to have lower risk of SSI 
than clipping and shaving, depilatory creams may not be the most pragmatic 
approach for hair removal due to the increased wait times for depilation, cost, and 
the potential for a skin hypersensitivity reaction [20]. Timing of removal may be 
important as some evidence suggests removing hair as close to the operation as 
practically possible, ideally outside of the operating room, could limit unnecessary 
risk of wound contamination [22, 23]. Due to the lack of consistent evidence, it is 
recommended that preoperative hair removal be performed only when the presence 
of the hair will interfere with operation.

3.4  Operating Room Environment (Laminar Flow)/
Personnel

3.4.1  Laminar Flow

The operating room environment is an important factor to consider when attempting 
to minimize SSIs, particularly airborne bacteria, which can potentially land on the 
surgical site or sterile instruments and gowns, ultimately causing infection of the 
wound. Laminar air flow (LAF) systems have been utilized for decades to prevent 
the threat of airborne bacteria. LAFs provide highly filtered, continuous air flow 
moving at the same velocity in a uniform direction over the surface of surgical sites 
and sterile instruments in an attempt to prevent airborne bacterial contamination. 
Despite the promising mechanism behind LAF systems, there is continued debate 
on the efficacy of LAF systems in the operating room, which brings into question 
their cost-effectiveness. Evidence shows a significant increase in the building and 
operating costs of LAF systems, at 24% and 34%, respectively, compared to con-
ventional operating rooms [24].

The lack of consistent conclusions in the current literature may be secondary to 
the variability of use between LAF systems. There are many different LAF systems 
available for use in the operating room (OR), all of which have varying configura-
tions, such as air velocity, horizontal or vertical flow, etc. It is also known that the 
LAF systems only affect the area directly in the path of the laminar air flow and do 
not protect areas outside of this zone within the operating room [25]. In addition to 
variability in system configurations, some evidence suggests that poorly positioned 
operating room staff can create turbulence within the laminar air flow, potentially 
disrupting the removal of airborne bacteria over the sterile field [26]. To date, there 
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lack any large, well-controlled clinical trials to determine the efficacy of LAF sys-
tems. Current data suggests that patients may undergo surgical procedures in either 
conventional ORs or ORs containing state-of-the-art LAF systems without any 
increase risk of SSI [27].

3.4.2  Operating Room Traffic

Minimizing unnecessary personnel in the OR should be a priority, as increased foot 
traffic has been shown to increase the rate of SSI [28]. Bacterial shedding is another 
concern in the operating room environment. Evidence has demonstrated a rate of 
greater than 400 bacteria colony-forming units per square foot per hour in an operat-
ing room during surgery compared to 13 colony-forming units per square foot per 
hour in an empty operating room [29]. Door opening, associated with personnel 
entering and exiting the OR, has been linked to disturbing the laminar air flow, 
which may also increase risk of contamination of the wound from airborne patho-
gens [25]. Bedard et al. found, on average, 0.64 door openings per minute, during 
100 observed total joint arthroplasty surgeries [30]. Overall, it is recommended that 
the leadership in the OR make it a priority to educate their staff on this modifiable 
risk and to only allow for critical staff to be present during operations.

3.4.3  Gowns

Wearing surgical gowns is known to reduce the amount of bacterial shedding from 
OR personnel during procedures. Throughout decades of research on the topic, 
there has yet to be a consensus on the type of gown that is the most efficacious at 
preventing bacterial contamination [10]. Ward et al. found disposable paper gowns 
to have less bacterial contamination on the surgeon’s sleeves compared to using 
reusable cloth gowns [31]. It is believed that bacterial strike-through can occur at a 
much greater rate in the more porous reusable cloth gowns, especially when the 
gown becomes wet [30, 32]. On the contrary, Garibaldi et al. performed a prospec-
tive randomized controlled trial on nearly 500 patients and found that, regardless of 
wearing cotton poplin gowns or disposable gowns, there was no difference in intra-
operative infection rates [33]. To date, there is no evidence to suggest that changing 
surgical gowns during prolonged surgical procedures will reduce SSIs.

Skin-borne pathogens on the hands of surgical staff are of great concern for 
potentially contaminating surgical sites. Wearing sterile gloves is common practice 
during surgical procedures and has been known to reduce intraoperative infections, 
as well as protect the surgical staff from potential disease exposure from the patient. 
However, the use of surgical gloves does not equate to impunity; glove perforation 
is a concern for surgeons in all subspecialties, and preventative measures should be 
taken to reduce such occurrences in the operating room. One study noted a glove 
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perforation rate as high as 26% in elective orthopedic surgery procedures [34]. 
Additionally, Mistelli et  al. noted a significant increase in the occurrence of SSI 
after glove perforation when in the absence of surgical prophylaxis [35]. In a ran-
domized controlled trial, assessing whether changing gloves at regular 20-minute 
intervals would decrease the rate of glove perforations and contamination during 
total hip arthroplasty procedures, this study found a significant decrease (p < 0.05) 
in both glove perforations and glove contamination when compared to the control 
group, whose gloves were only changed prior to cementation [36].

During sterile procedures, it is important that surgical staff wear double, high- 
quality, sterile gloves and closely monitor the integrity of the gloves throughout the 
entirety of the procedures. Additionally, regularly changing the surgeon’s outer 
gloves may improve sterility and decrease the likelihood of perforation.

3.5  Anesthesia and Blood Conservation/Tranexamic Acid

General anesthesia and neuraxial anesthesia (epidural or spinal anesthesia) are com-
mon anesthetic practices performed during total hip and total knee arthroplasties. 
The techniques utilized are typically based on surgeon and the anesthesia team’s 
preference. Anesthesia can have significant systemic effects on the patient’s organ 
systems during and after the surgical procedure, potentially inhibiting the immune 
system’s ability to ward off infection [37]; therefore, anesthesia should always be 
considered a risk factor for SSI.

Chang et al. performed a retrospective study of 3081 patients who received total 
hip and total knee arthroplasties over 4 years. Via multivariate regression analysis 
and propensity score matching, they compared the rates of SSI in patients who 
received either general anesthesia or neuraxial anesthesia. This study found that 
patients who received general anesthesia during total hip or total knee arthroplasties 
had a significantly greater risk of SSI within 30 days of surgery (p = 0.002) [38]. 
Additionally, a meta-analysis of 13 studies was performed and found neuraxial 
anesthesia, compared to general anesthesia, was associated with a significant reduc-
tion in postoperative SSI in patients receiving total hip or knee arthroplasties [39].

The current evidence suggests that neuraxial anesthesia is superior to general 
anesthesia at preventing SSIs in patients undergoing total hip and knee arthroplasty 
surgeries [37, 38] and should be the anesthesia of choice, if possible. Along with 
choosing the correct anesthesia technique, managing adequate blood volume may 
be beneficial to prevent SSIs. Significant intraoperative blood loss may lead to post-
operative anemia, increasing the likelihood of the patient needing allogenic blood 
transfusions. Unfortunately, to date, there has yet to be any study demonstrating a 
direct link between allogenic blood transfusions and SSI in patient status-post TJA; 
however, it is believed that allogenic blood transfusions have an immune- modulating 
effect, which could decrease the immune system’s ability to perform its normal 
protective functions, thus increasing the risk of infection [40].
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Tranexamic acid (TXA) is commonly used in the realm of orthopedic surgery to 
prevent intraoperative blood loss, especially during TJA, where blood loss can be 
significant. TXA is a synthetic lysine analogue, which blocks the lysine binding 
sites on plasminogen. This mechanism gives TXA its marked anti-fibrinolytic prop-
erties, which have been shown to prevent the breakdown of clots [41]. In 2010, a 
randomized, placebo-controlled trial was performed assessing the effects of TXA 
on death, vascular occlusive events, and blood transfusions in over 20,000 trauma 
patients in 274 hospitals, across 40 countries [42]. This study was impressive in that 
it found a significant reduction in all-cause mortality from bleeding compared to 
placebo (p  =  0.0035). They noted a significant decrease in the amount of blood 
transfusions required after TXA, and there was no difference in vascular occlusive 
events between groups. Although this study was focused on patients who fell victim 
to trauma, it parallels patients undergoing significant surgical procedures, such as 
TJA. Recent evidence has supported its use in reducing the rate of PJI after TJA as 
well. A retrospective study by Yazdi et al. on over 6000 patients who underwent 
primary TJA found that the administration of TXA significantly reduced the rate of 
PJI after TJA, even after controlling for known confounding variables via multivari-
ate regression analysis [43].

TXA can be administered intravenously, orally, or topically. Current guidelines 
suggest all routes of administration are superior to placebo and are all equal at pre-
venting blood loss [44]. It is strongly recommended that TXA is utilized during TJA 
procedures to minimize significant intraoperative blood loss and prevent the need 
for allogenic blood transfusions.

3.6  Intraoperative Measures (Irrigation Solutions, 
Antimicrobial Powder, Operative Time)

3.6.1  Irrigation Solutions

Utilizing solutions to irrigate surgical sites in an attempt to prevent SSI is common 
practice among surgeons of all subspecialties, with 97% of surgeons reporting using 
intraoperative irrigation [45]. Flowing solution over a wound can help rid the surgi-
cal site of harmful bacteria and residual debris. There are multiple options for irriga-
tion solutions, including povidone-iodine (Betadine), normal saline, and antibiotics. 
Based on the current evidence, the CDC currently suggests the use of aqueous 
povidone- iodine solution over saline solution as the ideal agent to irrigate incisional 
wounds for the purposes of preventing SSI during clean and clean-contaminated 
procedures [46]. Antibiotic solutions have also been utilized to potentially decrease 
the risk of SSI. However, a meta-analysis consisting of five randomized controlled 
trials found no significant difference between antibiotic irrigation, normal saline, 
and no irrigation [44].
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It is important to be mindful that the current evidence is considered low-quality 
and would benefit from well-designed randomized controlled trials to definitively 
identify the ideal irrigation agent and procedures for preventing SSI.

3.6.2  Antimicrobial Powder

Antimicrobial powders have been used by surgeons to provide large, local bacteri-
cidal effects to the surgical incision site with minimal systemic exposure to the 
patient. One of the most widely utilized antimicrobial powders is intrawound van-
comycin [47]. Vancomycin has bactericidal effects, particularly against gram- 
positive bacteria, by way of inhibiting bacterial cell wall synthesis [48]. Currently, 
there is conflicting evidence on the efficacy of using intrawound vancomycin pow-
der to prevent SSI and PJI. Bakhsheshian et al. performed a systematic review of 18 
studies that compared intrawound vancomycin during spine surgery versus their 
standard practice without intrawound vancomycin [45]. Their results concluded 
vancomycin powder is effective at decreasing SSI in spine surgery patients; how-
ever, the majority of the studies in this review were class III level evidence, with 
only one randomized controlled trial included in the analysis. The use of vancomy-
cin powder during TJA procedures has yet to be well established. One study per-
formed a retrospective cohort analysis, which noted a significant decrease in rates of 
PJI after using intrawound vancomycin powder, but only in TJA revisions, not in 
primary TJA procedures [49].

On a systemic level, vancomycin typically has relatively only mild adverse 
reactions including tissue irritation, phlebitis, fevers, chills, and, on a rare occa-
sion, ototoxicity. However, nephrotoxicity is a known and potentially devastat-
ing complication; therefore, administering additional medications with known 
nephrotoxic effects should be avoided, and systemic drug levels should be rou-
tinely monitored [46]. Johnson et al. performed a study on 34 TJA patients who 
received 2 g of intrawound vancomycin powder and assessed serum and wound 
vancomycin levels over 24 hours. The study found that vancomycin levels in the 
wound remained at highly therapeutic levels averaging greater than 900 μg/mL 
at 3 hours and greater than 200 μg/mL at 24 hours. They extrapolate, with an 
intrawound vancomycin half-life of 7.2  hours, it would take approximately 
64 hours for wound levels to fall below the 2 μg/mL minimal therapeutic level 
to inhibit S. aureus. Additionally, serum levels remained well below the minimal 
therapeutic dose [50]. Although this study demonstrated minimal systemic 
exposure with intrawound vancomycin, they did not assess vancomycin’s ability 
to prevent PJI.

In conclusion, outside of spinal surgery, the use of vancomycin powder in the 
prevention of PJI cannot be recommended due to the current conflicting data and 
poor-quality studies.
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3.6.3  Operative Time

Multiple studies have demonstrated and increased cumulative risk of intraoperative 
infection associated with prolonged operative time. Extended surgical times may 
result in increased foot traffic from OR staff and increased exposure of the surgical 
site and sterile operative equipment to potentially harmful airborne pathogens, 
among other secondary consequences. Increased OR foot traffic leads to an increased 
number of door openings which has been shown to increase the rates of SSI and can 
also potentially disrupt the efficacy of laminar air flow systems [25, 27].

It is also important to consider the effects of prolonged operative times on per-
sonal protective equipment (PPE), as well as the sterile operative equipment. Glove 
perforation is a well-known complication of surgical procedures. The incidence of 
glove perforation and contamination has been shown to increase with prolonged 
surgical times [51, 52]. One study showed a significant reduction in glove perfora-
tion when changing the surgeon’s gloves in 20-minute intervals [35]. Additional 
evidence shows an increased rate of glove perforations after 90 minutes [34, 53]; 
therefore, surgeons are encouraged to routinely exchange outer gloves within this 
timeframe. Despite the promising literature in regard to preventing glove perfora-
tion, to date, there is no data to suggest that changing an intact, impermeable, surgi-
cal gown will reduce the incidence of SSI, regardless of operative time. Finally, it is 
imperative to minimize the amount of time sterile trays are open by keeping them 
closed until they are specifically needed for that procedure. A study by Dalstrom 
et al. noted a direct correlation between the duration of open, uncovered, exposure 
of sterile trays to increased contamination [54]. Additionally, they found that simply 
covering the open trays with a sterile towel could significantly decrease the con-
tamination risk [52].

3.7  Antibiotic Prophylaxis

3.7.1  Current Recommendation

Prophylactic antibiotics are a critical modality that should be utilized in all surgical 
patients to prevent SSIs. In accordance with the CDC, the American Academy of 
Orthopaedic Surgeons (AAOS) recommends, in the absence of allergies, first- or 
second-generation cephalosporins (cefazolin and cefuroxime) to be administered 
via single intravenous dose within 60 minutes prior to surgical incisions (Table 3.1) 
[55]. Additionally, they recommend terminating antibiotics postoperatively within 
24 hours. The antibiotic chosen to be administered during surgery should be effec-
tive at specifically eliminating the most common infectious pathogens. These patho-
gens include Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, 
and Proteus [56]. It is imperative to refrain from using broad-spectrum antibiotics, 
if possible, to avoid creating resistant escape mutants. Exposing patients to 
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vancomycin may be linked to be an increase in outbreaks of vancomycin-resistant 
Enterococcus (VRE) and methicillin-resistant Staphylococcus aureus (MRSA) [54]. 
However, in cases of known cephalosporin allergies, vancomycin and clindamycin 
are recommended. Additionally, vancomycin can be used in patients who are known 
carriers of MRSA or are at high risk of MRSA infections, such as those living in a 
nursing home or healthcare workers. Due to the prolonged infusion time, vancomy-
cin is recommended to be administered 2 hours before incision, and for extended 
surgical operations, again in 6–12 hours [57].

Proper antibiotic dosing is critical for effective prophylaxis. An adequate dose is 
required to maintain the minimum inhibitory concentration (MIC) throughout the 
entirety of procedure to prevent the growth of harmful pathogens. Failure to main-
tain MIC has been found to increase the risk of wound infection [58]. See Table 3.2 
for specific dosing recommendations.

3.7.2  Routes of Administration

Intravenous (IV) administration has been considered to be the ideal route of admin-
istration for maintaining the minimum inhibitory concentration (MIC) [10]. The 
infusions of antibiotics should be administered 30–60  minutes prior to incision 
time, and MIC should be maintained throughout the procedure. Additional routes 
such as intraosseous administration have been studied. However, high-quality evi-
dence to support its efficacy is lacking and should be further explored. Thus far, one 
study on 2293 patients who underwent spinal and arthroplasty surgeries and received 
irrigation solution with vancomycin and IV polymyxin found no readmission for 
primary joint infections [59]. Additional high-level evidence is still lacking, and, 
due to the absence of strong evidence to the contrary, IV administration remains the 
most effective to deliver antibiotics in surgical practice.

Table 3.1 American Academy of Orthopaedic Surgeons’ recommendations for prophylactic 
antibiotics [53]

• Utilize cefazolin or cefuroxime, if there are no allergies present
• If allergy exists, vancomycin and clindamycin are recommended for prophylaxis
• Receive prophylactic antibiotics within 1 hour prior to surgical incision
• Vancomycin should be administered 2 hours prior to surgical incision, and administered again 
between 6 and 12 hours if necessary
• Have prophylactic antibiotics discontinued within 24 hours following surgery

Table 3.2 Dosing recommendations [10]

Cefazolin • Patient weight > 60–80 kg = 2.0 g
• Patient weight > 120 kg = 3.0 g

Vancomycin • 15 mg/kg IV
Clindamycin • 600–800 mg

• Klk
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3.8  Antimicrobial Resistance

The use of antimicrobial drugs has saved countless lives from infections that were 
once considered life-threatening since their widespread inception in the early twen-
tieth century after Sir Alexander Fleming discovered modern-day penicillin. Despite 
their effectiveness at ridding sick patients of various infectious organisms, their 
extensive utilization has resulted in the inevitable creation, selection, and survival of 
drug-resistant organisms across all medical specialties throughout the world. 
Although microbes have an innate ability to mutate to form resistance, the recent 
widespread resistance can be contributed mostly to the improper use of antibiotics. 
For example, prescribing antibiotics to patients with upper respiratory symptoms 
consistent with a viral, not bacterial, pathogen is all but common in practice. 
Additionally, the prolonged use of broad-spectrum antimicrobials is believed to 
have contributed to drug resistance organisms as well. In 2010, the World Health 
Organization (WHO) estimated that roughly 23,000 patients die every year related 
to infections from resistant organisms [46].

Unfortunately, the research and production of effective antimicrobial agents has 
been declining over the past few decades, despite the increased need [60]. The large 
number of existing antimicrobials and push for medical providers to limit the 
administration of these drugs have significantly limited drug sales. In fact, several 
large pharmaceutical companies no longer perform infection prevention research or 
produce antimicrobials altogether due to lack of profits [58]. To combat the current 
crisis involving drug-resistant organisms, proper use of antimicrobials by the pre-
scribing healthcare professional is paramount. Providers should be always inti-
mately familiar with the drugs they are prescribing. It is important, if plausible, to 
identify the pathogen associated with the infections and utilize the specific antimi-
crobial drug that can neutralize the infection in the quickest and safest way possible. 
Prolonged use of broad-spectrum antimicrobials should be avoided unless clinically 
necessary. Also, prescribing certain drugs simply because the patient requests them 
could result in undesired outcomes.

3.9  Wound Dressings and Topical Antimicrobial Products

3.9.1  Occlusive vs. Silver Impregnated vs. Dry Gauze

Proper wound dressing is a critical step in minimizing postoperative SSI and 
PJI. Surgical wounds from TJI can be considered unique from other surgeries in that 
they can present with significant drainage [61], requiring a dressing that is highly 
absorptive. Additionally, TJA surgical incision sites are located over joint spaces 
and therefore should be durable enough to withstand the forces from the early 
mobility that is likely to occur with rehabilitation, but also pliable enough to allow 
for changes in joint edema [59]. There are multiple dressings available including 
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occlusive dressings; gauze impregnated with antimicrobial agents, such as silver; 
and simple dry gauze. Dry gauze simply provides a protective layer over the surgi-
cal wound and provides no additional antimicrobial properties or moistening effects. 
Dry gauze may have favorable fluid handling capacity, which can decrease the fre-
quency of dressing changes and maceration; however, they do not facilitate quicker 
wound healing by maintaining a moist environment. Occlusive dressings provide 
airtight and water-resistant protection of the surgical site via an outer wax coating; 
however, they do not have the fluid handling capacity of dry gauze. A recent system-
atic review found there are significantly fewer wound complications when using 
occlusive dressings compared to dry gauze [59]. Dressings have been impregnated 
with metals such as silver for its bactericidal effects. The rationale being that the 
silver ions will disrupt any local bacteria growth in the surgical wound and further 
prevent SSI. Unfortunately, there have yet to be any high-quality studies that dem-
onstrate a significant decrease in SSIs when using silver-impregnated gauze com-
pared to standard dressings. Therefore, the additional cost of these advanced 
dressings cannot be justified.

3.9.2  Antimicrobial-Coated Sutures

Triclosan is a broad-spectrum antimicrobial agent that has been used in many medi-
cal and consumer products since the 1960s [62]. In the last two decades, triclosan- 
coated sutures have been utilized to further prevent SSIs. To date, triclosan-coated 
sutures have been shown to decrease SSI in numerous surgical disciplines. 
Unfortunately, there are few studies specific to orthopedic surgery. One randomized 
controlled trial conducted by Sprowson et al. compared rates of SSI when using 
triclosan-coated sutures vs. standard sutures in patients who received elective total 
hip arthroplasty (THA) and total knee arthroplasty (TKA) [63]. While the results of 
this study found there was no difference in SSI rates between the two groups, the 
study had a number of limitations including the use of a quasi-randomized selection 
technique and lack of control for surgeon skill and incision type. In contrast, a meta- 
analysis of multiple surgical disciplines showed a significant decrease in SSIs when 
using triclosan-coated sutures when compared to standard sutures [64]. Due to an 
abundance of high-quality evidence across multiple surgical disciplines that demon-
strates the positive antimicrobial effects of triclosan-coated sutures, its use is recom-
mended as an additional measure to reduce the risk of SSIs.

3.9.3  Vacuum-Assisted Dressings

Vacuum-assisted dressings, also known as negative pressure wound therapy 
(NPWT), have been utilized across several surgical specialties for decades. These 
dressings utilize suction over the wound to create a negative pressure environment. 
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The negative pressure is thought to accelerate the wound healing process by remov-
ing excess exudate, increasing granulation tissue, promoting angiogenesis, and 
causing wound contraction [65, 66]. There does appear to be some benefit to using 
vacuum-assisted dressings for patients who are considered high risk for developing 
infections, for example, in cases of orthopedic trauma. Stannard et al. performed a 
prospective randomized controlled trial to investigate NPWT’s ability to prevent 
wound dehiscence and infections in high-risk orthopedic trauma patients. They 
found a decrease in infection rates and wound dehiscence in patients who had 
NPWT applied to their surgical wound after closure [67]. Another study found a 
reduction in infection rates in patients who suffered open tibial fractures [68].

Despite promising evidence for high-risk patients, the use of vacuum-assisted 
dressings in low-risk cases has not been shown to reduce rates of deep infections, 
reoperation, and wound dehiscence [69, 70]. Therefore, the prophylactic use of 
NPWT in low-risk, uncomplicated cases cannot be recommended over standard 
dressings due to the lack of efficacy and increased cost burden.

3.9.4  Topical Incisional Sealants

Topical incisional sealants, such as Integuseal, Dermabond, etc., are popular among 
many surgical disciplines. The attractiveness of topical sealants stems from its abil-
ity to easily create a barrier over the surgical incision site allowing for little to no use 
of suturing material or staples and, in theory, reducing rates of infection and wound 
drainage. Despite the promising rationale behind topical sealants, a recent random-
ized controlled trial found no difference in scar outcome and infections rates after 
using topical sealants vs. staples in patients who underwent THA procedures [71]. 
Two additional randomized controlled trials also found there is no difference in the 
rates of surgical site infections when using topical sealants in patients who received 
THA and TKA [72, 73]. In fact, utilizing topical sealants over the joints with high 
tensile forces, such as the knee, may be inappropriate due to increased rates of 
wound dehiscence compared to sutures and staples [74].

Due to the lack of data supporting the use of topical incisional sealants in ortho-
pedic surgical cases, it is not recommended as an effective adjunct to prevent surgi-
cal site infections.

3.9.5  Biofilm Mapping: Detection and Localization

The complex structures consisting of both cellular and acellular components, 
formed via the symbiotic cooperation of microorganisms on surfaces such as total 
joint prosthesis, are known as a biofilm. Specifically, bacterial biofilms contain an 
aggregation of pathogens surrounded by a network of extracellular matrix that aids 
in creating a physical defense against the body’s natural immune system [75]. 
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Biofilm formation on various surfaces has been thoroughly documented in the past 
[76, 77]. It is also known that mature biofilms have limited permeability to neutro-
phils [10]. These biofilms can generate critical problems for orthopedic surgeons 
performing total joint arthroplasties, due to their difficulty to detect, prevent, and 
treat. Biofilm mapping is an attempt to identify and localize biofilms on various 
surfaces. One study was able to successfully grow and identify Pseudomonas aeru-
ginosa biofilm on 316  L stainless steel orthopedic screws in a lab setting using 
confocal microscopy. The mapping noted patchy film deposits on the shaft and 
within the threads of the screws; however, there was no specific pattern to the depo-
sition of the film [78]. Unfortunately, Pseudomonas aeruginosa strains are not typi-
cally encountered on orthopedic prostheses, in contrast to strains of Staphylococcus 
epidermidis and Staphylococcus aureus.

Additionally, Kobayashi et al. examined the utility of ultrasonication and real- 
time polymerase chain reaction (RT-PCR) to detect Staphylococcus aureus biofilm 
[79]. They found an exposure of ultrasound between 1 and 5 minutes to the struc-
tural surface disrupted the biofilm and allowed for its detection. Additionally, they 
found ultrasonication exposure greater than 5 minutes lysed the bacterial cells mak-
ing them unable to be detected. However, there are limitations to this study. The 
biofilm was only detected on stainless steel surfaces, so the results cannot be extrap-
olated to the various structural surfaces on encountered in total joint arthroplasties.

Although there is some promising literature on the topic of biofilm mapping, the 
evidence is primarily based on the laboratory setting. To date there are no high- 
quality studies that have demonstrated a practical approach to identifying the detec-
tion and location of biofilms in the clinical setting. Thus, the clinical relevance of 
biofilm mapping is unknown at this time.

3.10  Biomaterials, Carriers, Coatings, 
and Novel Technologies

3.10.1  Material Composition of Orthopedic Components

In the realm of orthopedic surgery, there are a host of components with varying 
material compositions including bone cement, titanium, and stainless steel. The dif-
ferent material compositions could allow for varying degrees of biofilm deposition 
on their surfaces. In rabbit models, Sheehan et  al. found an increased ability of 
Staphylococcus epidermidis species to adhere biofilms to stainless steel surfaces of 
femoral intramedullary components compared to titanium surfaces by a rate of 
nearly 150% [80]. One theory is that stainless steel has a higher surface free energy 
(> 40 mN/m) compared to titanium, thus allowing for increased pathogen binding. 
They also examined silver-coated implants and found there to be no difference in 
the development of biofilms when compared to control metals. The main limitation 
of this study was that the animal model does not directly correlate to clinical 

A. Jackson et al.



79

practice. An additional study examined the ability of Staphylococcal species (spp.) 
to adhere to varying structural surfaces which included bone cement, stainless steel, 
and titanium [81]. They noted bone cement to have a significantly higher rate of 
bacterial biofilm adherence (p < 0.05) followed by stainless steel and then titanium. 
Also, Lauderdale et  al. found Staphylococcus aureus biofilm on titanium to be 
increasingly susceptible to rifampin and levofloxacin treatment [82], which further 
indicates that titanium may currently be the ideal metal of choice for orthopedic 
components.

Research has demonstrated particular material properties that increase biofilm 
production including porosity, hydrophobicity/hydrophilicity, and roughness. Put 
simply, bacteria can form biofilm on essentially any component [10]. As a result, to 
date there is no material composition that is known to be immune to biofilm 
growth [10].

3.10.2  Intrinsically Bioactive Materials

Bioactive materials have been used for decades due to their known intrinsic antimi-
crobial effects. One of the most commonly used metal coatings is silver. Rather 
recently, silver nanoparticles have been used as coatings on orthopedic implants due 
to their significant bactericidal effects against both gram-positive and gram-negative 
organisms [83]. The mechanism of action behind silver’s bactericidal effects is 
believed to be secondary to disruption of the bacterial cell membrane as well as the 
inhibition of bacterial enzymes, thus making it an ideal coating substance for pre-
venting peripheral joint infections [81]. One study found a decrease in biofilm for-
mation on the surface of silver-coated implants with antimicrobial potency which 
was positively correlated to the concentration of silver coating [84]. Although the 
antimicrobial effects of silver-coated prosthesis appear to have a promising future, 
it is possible, albeit rare, for resistant bacterial strains to develop [85].

3.10.3  Bioactive Antibacterial Coatings 
and Surface Modification

Implant-related infections are both costly and potentially fatal postoperative com-
plications associated with TJA. Surface modifications such as nanotubes within 
orthopedic implants and antibacterial coatings are currently being evaluated to 
improve antibiotic capabilities and prevent biofilm adhesion on implant surfaces in 
patients undergoing TJA. One study performed in a sheep model evaluated the effi-
cacy of vancomycin-coated orthopedic prosthesis in its ability to inhibit biofilm 
formation [86]. The results of the study demonstrated an inhibition of biofilm for-
mation from strains of Staphylococcus aureus as well as increased osseointegration, 
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compared to controls with no antibiotic coating. Other implant coatings, such as 
iodine, have also been a topic of interest in clinical research. A clinical trial was 
performed and examined the use of iodine-coated implants in the prevention and 
treatment of postoperative infections in 222 patients following TJA [87]. The results 
of the study found that all implant-associated infections were prevented or cured by 
the 18-month follow-up. There were also no reported cytotoxic or adverse effects 
[85]. Additional research supports the antibacterial efficacy of iodine coatings on 
surfaces of insertion pins for the purposes of external fixation [88].

Silver has long been known to have excellent antimicrobial abilities with low 
cytotoxicity toward the host [89, 90]. Slane et al. performed a study to assess the 
antibiofilm properties of commercial bone cement loaded with silver nanoparticles. 
Although the cement did not have any antimicrobial effects against planktonic bac-
teria, there was a significant reduction in the formation of biofilm [91]. Further sup-
porting evidence demonstrated silver nanoparticles significantly reduced biofilm 
formation from strains of Pseudomonas aeruginosa and Staphylococcus epidermi-
dis [92].

Additionally, an implant coating known as human ß-3 defensin has shown prom-
ising antibiofilm effects. Human ß-3 defensin is a 45-amino acid peptide that is a 
subclass of mammalian defensins that can be found in human bone tissue and bone 
cells [93]. Huang et al. performed a study and reported human ß-3 defensin to have 
significant antibiofilm effects against methicillin-resistant Staphylococcus aureus 
(MRSA) compared to clindamycin and vancomycin [91]. An additional study noted 
human ß-3 defensin was also effective at inhibiting biofilm formation from strains 
of methicillin-resistant Staphylococcus epidermidis (MRSE) [94].

3.10.4  Antibiotic Carriers

Antibiotic carriers, such as antibiotic-loaded cements and beads, have been used to 
provide locally delivered antimicrobial effects in patients with PJI. The infections 
caused from biofilm-forming bacteria on the surfaces of orthopedic implants are 
notoriously difficult to eliminate due to the innate antibiotic resistance provided by 
the matrix of the film [95]. Calcium sulfate and calcium phosphate are two com-
monly used antibiotic carrier compounds currently being used. An in vitro study 
found that gentamicin-loaded beads containing calcium sulfate were able to prevent 
and eradicate biofilm of gram-positive bacteria [96]. Although this is an in vitro 
study, this may demonstrate some clinical relevance to using gentamicin-loaded 
beads to eliminate biofilm-related infections. Also, Stravinskas et al. reported local 
antibiotic levels, after using a single dose, to be between 100 and 1000 times the 
minimal inhibitory concentration within the first few days of treatment, which lasted 
up to 4 weeks in elderly patients with chronic osteomyelitis [97]. On the contrary, a 
long-term retrospective study was performed that compared the efficacy of debride-
ment vs. debridement plus calcium-sulfate pellets in 65 patients with adult chronic 
osteomyelitis [98]. This study found there was no difference in the healing rates 
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between the two groups. Additionally, a study was performed to examine the use of 
calcium sulfate beads in 33 patients who were undergoing irrigation and debride-
ment procedures secondary to total hip and knee arthroplasty infections [99]. The 
author did not find significant improvements in outcomes when utilizing the cal-
cium sulfate beads in addition to the irrigation debridement. Therefore, the author 
did not recommend their use due to lack of efficacy and increased costs associated.

Overall, there is a current lack of consistent high-quality evidence to suggest the 
use of antibiotic carriers to locally manage PJIs. Providers are encouraged to use 
their clinical judgment when discerning whether to incorporate antibiotic carriers 
into their treatment plan.

3.11  Novel Technologies

PJIs continue to be one of the most common causes of total hip and knee arthro-
plasty revisions [100]. These patients are typically subject to multiple surgical revi-
sion procedures, prolonged hospital stays, and increased healthcare costs [101]. On 
a systemic level, healthcare costs secondary to PJI are estimated to be $771 million 
per year, as of 2011 [102]. Despite the devastating effects of PJI on patients and the 
healthcare system alike, a “gold standard” test for accurately diagnosing PJIs 
remains unidentified. Future technologies are currently being researched to improve 
our PJI diagnostic abilities. These technologies include interleukin-6 (IL-6), serum 
D-dimer, synovial alpha-defensin, and next-generation sequencing (NGS).

Interleukin-6 (IL-6) is a peptide released from the body’s immune cells, known 
as a cytokine. This cytokine can be released in response to injury and inflammation 
as an acute phase reactant [103]. In addition to inflammation, IL-6 can also induce 
plasma cell development and stimulate osteoclastic activity [104]. Due to the 
increase in serum IL-6 levels during an inflammatory reaction, it is proposed that 
this can be a potential marker to diagnose PJI. In 2010, a meta-analysis was per-
formed to assess the sensitivity and specificity of specific biomarkers in PJI diagno-
sis, namely, C-reactive protein (CRP) and IL-6 [101]. The results of the study found 
IL-6 to be the most accurate with a sensitivity of 0.97 (95% CI 0.93–0.99) and a 
specificity of 0.91 (95% CI 0.87–0.94). Second to IL-6 was CRP with a sensitivity 
of 0.88 (95% CI 0.86–0.90) and a specificity of 0.74 (95% CI 0.71–0.76). However, 
on the contrary, a prospective study by Randau et  al. demonstrated IL-6 to have 
sensitivity ranging from 0.49 to 0.79 and a specificity ranging from 0.58 to 0.88 
[105]. Unfortunately, due to the lack of consistent evidence supporting the accuracy 
of IL-6 and the increased cost associated with measuring serum and synovial IL-6 
levels, this biomarker has not been widely accepted as a diagnostic tool in clinical 
practice.

Additional diagnostic technologies include next-generation sequencing (NGS), 
which is a collection of genetic sequencing techniques that can be used to identify 
pathogens quickly, compared to traditional cultures [106]. NGS searches genomic 
databases containing specific genetic information for various pathogens and matches 
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this data with the pathogen in question. NGS is typically utilized via two methods, 
shotgun metagenomics and 16S amplicon. Shotgun metagenomics involves 
sequencing all of the DNA in a sample and identifying which organism the DNA 
came from [107]. This method was studied by Thoendel et al., and found they were 
able to detect 43.9% of pathogens in PJI patients who were previously culture- 
negative [105]. 16S amplicon uses polymerase chain reaction (PCR) to amplify 16S 
ribosomal DNA which is specific to the pathogen. One study was able to demon-
strate clinical utility of 16S amplicon by successfully identifying Streptococcus 
canis from a patient who had been previously diagnosed with a culture-negative PJI 
[108]. Two additional studies were also able to successfully detect pathogens in 
culture-negative PJIs [109, 110]. Although there may be future clinical utility for 
NGS, additional high-level data collection is required to further validate and refine 
NGS techniques for consistently accurate PJI diagnoses.

D-dimers are protein products that become elevated in the serum when plasmin 
causes the degradation of fibrin clots. Serum D-dimer levels can become elevated 
from multiple pathologies including venous thromboembolism, recent surgery, 
increased age, and pregnancy [111]. In addition, a prospective study was performed 
demonstrating elevated serum D-dimer to have a sensitivity of 0.89 and a specificity 
of 0.93, which was found to be superior at diagnosing PJI in 245 primary and revi-
sion arthroplasty patients, compared to ESR and CRP [112]. Obtaining serum 
D-dimer levels is both cost-effective and readily accessible in the clinical setting. 
However, more research is required to confirm its use as a PJI diagnostic test.

Alpha-defensin is a microbicidal mammalian defensin peptide that is released 
from activated neutrophils in the presence of infection and is active against many 
gram-positive and gram-negative bacteria, enveloped viruses, and fungi [113]. 
Alpha-defensins act by binding to the pathogen’s cell membrane and creating pores 
within the membrane, thus increasing cellular permeability and destruction [114]. 
Due to the apparent specificity to infections, serum alpha-defensin levels have been 
studied to attempt to use this biomarker as a tool to diagnose PJI in patients. 
Currently, there are two methods of to measure serum alpha-defensin levels, which 
include the alpha-defensin immunoassay and the lateral flow assay technique. A 
systematic review was performed to evaluate the diagnostic accuracy of the lateral 
flow technique compared to the immunoassay technique [115]. The immunoassay 
technique was identified as being the superior diagnostic test when compared to the 
lateral flow technique. Their respective sensitivities were found to be 0.96 (95% CI 
0.90–0.98) vs. 0.71 (95% CI 0.55–0.83). There was no statistically significant dif-
ference in their specificities at 0.96 (95% CI 0.93–0.97) and 0.90 (95% CI 0.81–0.95), 
respectively; thus, both techniques could potentially be used to accurately rule in 
PJI in patients [113]. Additional studies have found similar results in regard to the 
immunoassay’s superior diagnostic capabilities compared to the lateral flow tech-
nique, although both tests are extremely specific for PJI [116, 117]. Due to the high 
specificity of both tests, measuring alpha-defensin levels would be an ideal test for 
diagnosing PJI. However, there are negative aspects to these tests. The cost of a 
single alpha-defensin test was estimated to be approximately $760 [118], and the 
immunoassay technique requires the samples to be shipped off to a specialized lab 
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for testing, although results are obtained within 24 hours [114]. The lateral flow 
technique is cheaper and can be performed in-house typically within 20 minutes. 
However some studies show that lab results may be dependent on the skill of the lab 
technician [114, 116].

3.11.1  Nanotubes

Nanotubes are hollow, cylindrical structures with diameters typically from 1 to 
800 nm. These nanotubes can be incorporated into orthopedic implants, which pro-
vide clinical advantages such as delivering local antimicrobial effects and improved 
osseointegration [119]. Research has demonstrated a reduced blood flow around the 
area of prosthesis, therefore potentially impeding a local immune response should 
an infection arise [120]. The utilization of antibiotic-loaded nanotubes could com-
bat infections from within the implant and could potentially decrease the need for 
traditional systemic antibiotic treatment. Titanium dioxide nanotubes within ortho-
pedic implants are produced via surface modification and are inherently antibacte-
rial with the capability of successfully loading antibacterial drugs [121]. Li et al. 
performed an in vitro study to assess the antibacterial effects of zinc-loaded tita-
nium nanotubules compared to titanium nanotubules. The results of the study 
showed zinc-coated titanium to have a significant reduction in bacterial growth 
compared to titanium nanotubules alone. Additionally, nanotube diameters between 
70 and 100  nm have been found to increase osteoblast differentiation, therefore 
improving osseous integration [122]. Zinc is required for osteoblastic activity, alka-
line phosphate (ALP) activity, and collagen synthesis [123]. Li et  al. also noted 
zinc-loaded titanium nanotubules to have increased ALP activity. Another support-
ing study by Popat et  al. examined Staphylococcus epidermidis adhesion on the 
surface of gentamicin-loaded titanium nanotubes [124]. The results of the study 
indicate loading nanotubes with gentamicin will significantly reduce initial surface 
adhesions from S. epidermidis. Additionally, they reported increased osteoblastic 
activity in nanotubes with and without gentamicin.

Although the antimicrobial effectiveness of nanotubes appears promising, due to 
the current lack of high-level evidence, the clinical applicability of nanotubule tech-
nology remains unclear. Further research in animal and human subjects is required.

3.11.2  Bacteriophages

Bacteriophages are natural viruses that can target specific bacteria strains to inject 
their DNA and lyse the prokaryotic bacterial cell. After bacterial cell lysing, the 
newly produced phages are released into the extracellular space where they again 
target remaining bacterial cells. The specificity of the bacteriophages allows for 
adequate antibacterial effects without compromising host eukaryotic cells and gut 
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flora. One recent clinical trial evaluated bacteriophage therapy in the treatment of 
Staphylococcus aureus in two patients who had refractory peripheral joint infec-
tions [125]. They performed a salvage procedure which consisted of debridement, 
antibiotics, and implant retention. In addition to the salvage procedure, the patient 
was injected locally with a bacteriophage mix. The results of this trial were signifi-
cant in that both patients had favorable clinical outcomes at follow-up and had no 
adverse reactions. Additionally, a double-blinded, randomized controlled trial, con-
ducted by Wright et  al., used an injectable mix of six bacteriophages specific to 
targeting antibiotic-resistant Pseudomonas aeruginosa, in an attempt to treat chronic 
otitis media infections [126]. The authors were able to successfully treat the chronic 
infections, indicating a possible role for phage therapy in antibiotic-resistant 
infections.

Overall, phage therapy appears to be a promising treatment option for eliminat-
ing the bacteria associated with peripheral joint infections. Still, additional research 
is needed to determine appropriate treatment parameters, such as route of adminis-
tration, dose, duration, and timing.

3.11.3  Vaccines

The use of vaccinations to immunize patients against common strains of infectious 
bacteria is currently a popular topic in the field of orthopedics. The basis for prophy-
lactically vaccinating patients prior to elective orthopedic procedures would be to 
prevent infections and biofilm formation. This would also help prevent the need for 
antibiotic medications that could potentially create resistant strains. One of the most 
commonly researched pathogen vaccines is for Staphylococcus aureus as it is fre-
quently associated with peripheral joint infections [127]. Several in vitro studies 
have been performed, and they demonstrated the effectiveness of vaccinations pre-
venting the formation of biofilm. One study investigated the use of recombinant 
S. aureus binding proteins as potential vaccine antigens [128]. The study found a 
significant reduction in S. aureus surface adhesion when preexposed to anti-surface 
binding protein antigens.

One of the most advanced vaccinations currently in development is the four- 
antigen S. aureus vaccine (S4Ag). The vaccine targets key virulence factors that are 
necessary for S. aureus to initiate and maintain infection [129]. A double-blinded, 
placebo-controlled phase 2 clinical trial, known as the STaphylococcus aureus suR-
gical Inpatient Vaccine Efficacy (STRIVE) study, was performed to assess the safety 
and efficacy of S4Ag vaccination in adults undergoing elective open posterior spinal 
fusion procedures with multilevel instrumentation. Subjects received either a pla-
cebo injection or the S4Ag vaccine 10–60 days prior to surgical intervention and 
were monitored for infection up until 180 days after surgery. The results of the study 
indicated that the S4Ag vaccine may be a safe and efficacious method to preventing 
S. aureus infections in elective orthopedic procedures. Currently, the STRIVE study 
remains in phase 3 clinical trials.

A. Jackson et al.



85

Unfortunately, there are currently no vaccinations that have been approved for 
orthopedic use by the Food and Drug Administration (FDA). However, prophylactic 
immunization against infectious pathogens may be a promising method for prevent-
ing surgical site infections should future high-quality trials support their clinical use.

3.11.4  Bioactive Enzymes

Bioactive enzymes are proteins that can be used to eliminate the biofilm matrix that 
forms on the surfaces of orthopedic implants. These proteins include proteases, 
deoxyribonucleases, and glycosidases [130]. One advantage of using bioactive 
enzymes is that, compared to antimicrobials, there is a reduction in the risk of creat-
ing resistant strains of bacteria [131]. A biofilm-degrading glycoside hydrolase, 
known as dispersin B (DsP), has been found to have some antibiofilm effects. One 
study reported that when coating DsP on surfaces, there was over a 98% decrease in 
biofilm production in two strains of S. epidermidis [132]. It is believed that DsP is 
effective against biofilms because of its ability to cleave poly-N-acetylglucosamine 
(PNAG). PNAG is a component of the three-dimensional extracellular matrix of 
biofilm. Additionally, Kaplan et al. studied the effects of recombinant human DNase 
I (rhDNase) on biofilm inhibition [133]. They reported that rhDNase significantly 
inhibited the formation of biofilm from Staphylococcus epidermidis and 
Staphylococcus aureus. Also, the study noted rhDNase was able to detach pre-
formed biofilm produced by Staphylococcus aureus.

3.11.5  Shockwave Treatment, Electromagnetic Fields, 
and Electrical Stimulation

Bacterial biofilm adhesion on orthopedic implants creates a significant risk for 
developing PJI. Bacteria within the biofilm have an increased resistance to antibi-
otic medications, creating infections that are notoriously difficult to manage. Non- 
pharmaceutical modalities have been researched to assist traditional antibiotics in 
biofilm eradication. One in vitro study investigated the effect of pulsed electromag-
netic field (PEMF) on the efficacy of antibiotics in the treatment of infection of 
implants [134]. Staphylococcus epidermidis biofilm was grown for 5 days on stain-
less steel surgical screws. Two groups were established in the study. The experimen-
tal group was exposed to PEMF, as well as treatment with gentamicin. The control 
group only received treatment with gentamicin, without PEMF exposure. The 
results of the study showed a significant reduction of biofilm of at least 50% in the 
experimental group compared to the control group. This study demonstrates that the 
use of PEMF may be an effective modality to disrupt biofilm architecture, allowing 
for improved antibiotic infiltration.
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Laser-generated shockwave treatment is an additional biofilm eradicating method 
that has been researched. A study by Kizhner et al. evaluated the effects of laser- 
generated shockwaves to interrupt biofilm formation on common metallic and plas-
tic medical devices [135]. The results of the study demonstrated a 98% reduction in 
Pseudomonas aeruginosa biofilm formation when applying laser-generated shock-
waves for 4–10 seconds [133]. 24-hour ultrasound-generated shockwaves were also 
examined in an in  vivo study and were found to be effective at eliminating 
Escherichia coli biofilms, when combined with gentamicin treatment [136]. 
Cathodic-voltage-controlled electrical stimulation (CVCES) was recently evaluated 
in a study by Canty et al. [137]. The study found that CVCES alone, at −1.8 V, 
completely eradicated biofilm-associated colony-forming units (CFU) for both 
P. aeruginosa and MRSA. This study shows potentially promising future applica-
tions of CVEC for the eradication of bacterial biofilms.

3.12  Conclusion

Despite the abundance of literature and promising novel technologies on the hori-
zon, periprosthetic joint infections continue to be a devastating healthcare burden 
and impair patient quality of life. This chapter discussed many of the relevant clini-
cal topics in the field of infection prevention. Although progress is being made, 
further collaboration between clinicians and scientists is necessary to continue pro-
gressing toward better prevention and management of musculoskeletal infections.
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Chapter 4
Prosthetic Infection: Colonization 
and Diagnosis

Mark Wu and Thorsten M. Seyler

Abstract Joint replacement procedures improve quality of life, function, and 
mobility, for over a million individuals annually. With the aging population, along 
with increased rates of diagnosis and treatment of arthritis, the number of these 
procedures continues to rise. Prosthetic joint infections (PJIs) are one of the most 
serious complications of joint replacement surgery both from a patient and health-
care perspective. Those with PJI report poor satisfaction with their surgery and have 
an overall lower health-related quality of life. There is also an immense cost to the 
healthcare system. PJI costs in the USA exceeded $900 million in 2012 and have 
been projected to exceed $1.6 billion over the following decade. The heavy burden 
of these complications has sparked interest in gaining a better understanding of the 
mechanism, diagnosis, prevention, and treatment of PJI. This chapter covers the 
topics of defining and classifying a prosthetic infection and biofilm formation as 
well as describes the tests and tools used for diagnosing a PJI.

Keywords Prosthetic infection · Biofilm · Diagnosis · Morbidity · Pathogenesis · 
Colonization · Resistance

4.1  What Is a Prosthetic Joint Infection (PJI) and How Is 
It Classified?

4.1.1  Implant Use in the USA

Joint replacement procedures improve quality of life, function, and mobility, for 
over a million individuals annually [1, 2]. With the aging population, along with 
increased rates of diagnosis and treatment of arthritis, the number of these proce-
dures continues to rise. In 2010, the prevalence of patients living with a total hip 
replacement was 2.5 million and 4.7 million living with a total knee replacement 
[3]. Another study projected that the need for total hip arthroplasty (THA) would 
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reach over 500,000, and over 3 million for total knee arthroplasty (TKA) by 2030 
[4]. In addition to knee and hip arthroplasty, many patients now undergo shoulder, 
elbow, and ankle arthroplasty as well [5]. Prosthetic joint infections (PJIs) are one 
of the most serious complications of joint replacement surgery both from a patient 
and healthcare perspective.

4.1.2  Morbidity and Mortality of Prosthetic Joint 
Infection (PJI)

PJI is an infection involving the joint prosthesis and adjacent tissue [5]. The inci-
dence of PJI after primary hip or knee arthroplasty ranges from 0.5% to 2.5% [5–8] 
and accounts for up to 25% of the revision surgeries performed [9, 10]. PJI contrib-
utes significantly to patient morbidity and mortality [6]. Prior studies have reported 
up to 25.8% rate of all-cause mortality within 2 years and as high as 45% at 5 years 
and 50% mortality rate for those with recurrent infections [11–13]. Additionally, 
those with PJI report poor satisfaction with their surgery and have an overall lower 
health-related quality of life [13]. There is also an immense cost to the healthcare 
system. PJI costs in the USA exceeded $900 million in 2012 and have been pro-
jected to exceed $1.6 billion over the following decade [6]. The heavy burden of 
these complications has sparked interest in gaining a better understanding of the 
mechanism, diagnosis, prevention, and treatment of PJI. This primary focus chapter 
will focus on understanding how PJI is classified, the role of biofilm in infection, 
and how to clinically diagnose PJI, along with advances in this area.

4.1.3  Classification of PJI

There are multiple classification schemes that have been proposed, though the clini-
cal classification used most frequently is based on the timing of infection since 
surgery [14–18]. These categories are acute, chronic/delayed, and late/acute hema-
togenous. The distinction between categories can differ between studies. For 
instance, some literature defines an acute infection as less than a month from the 
procedure, while others define it as less than 3 months [16, 17]. In practice, most 
clinicians and literature will consider acute PJI as infection occurring within 
3 months. Delayed or chronic PJI occurs after 3 months, but before 12–24 months. 
Finally, late-onset infection will occur after 12 or 24 months and is most frequently 
caused by hematogenous infection [17]. However, it may also be due to very indo-
lent infection initiated at the time of the procedure [5]. Classifying PJI based on 
time of onset is useful, because it provides insight into the potential causative 
organism(s) and clinical management. Acute infections are generally due to virulent 
pathogens, such as Gram-negative bacilli, streptococci, and Staphylococcus aureus, 
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acquired at the index procedure or due to wound dehiscence [19]. Delayed or 
chronic PJI is often due to less virulent organisms such as coagulase-negative staph-
ylococci or Cutibacterium species acquired at the time of index surgery [19, 20].

Another classification scheme described by Tsukayama in the 1990s categorized 
PJI into four different categories [16]. The first category had positive intraoperative 
cultures in the setting of suspected initial suspected aseptic loosening. The second 
category was early postoperative infection that developed less than a month after the 
procedure. Late-chronic infection was one that developed 1 month or more after the 
index procedure, and the last category was defined as acute hematogenous infection, 
associated with a documented or suspected antecedent bacteremia [16]. Additional 
classification schemes exist incorporating factors such as host type, microorganism, 
clinical presentation, and other factors [21, 22]. In 2002, McPherson and colleagues 
proposed a classification system for PJI (Table 4.1) that classifies infection type as 
early postoperative (<4 weeks), acute hematogenous (< 4-week duration), and late- 
chronic infection (>4-week duration. In addition to timing of infection, it also clas-
sifies the host into uncompromised, compromised, or significant compromise based 
on different factors depicted in Table 4.1.

Lastly, it grades the extremity based on the number of compromising factors 
present. In this germinal paper, the authors reported significant correlations with a 
patient’s stage of disease and whether they were more likely to die or have their legs 
amputated (i.e., those with later stage disease had worse prognosis) [22]. Another 
classification that has been used to stage prosthetic joint infections is the Cierny and 
DiPasquale classification for osteomyelitis. In their study, they prospectively staged 
patients with PJI according to a previously described classification system for 

Table 4.1 McPherson classification for prosthetic joint infection. (Adapted from McPherson et al. 
Clin Orthop Relat Res. 2002 [22])
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osteomyelitis in adult patients [23]. Specifically, PJIs were entered as anatomic 
types of the disease: early and superficial osteomyelitis (Type II) or late and refrac-
tory osteomyelitis (Type IV of the initial osteomyelitis staging system). Cierny et al. 
also described local and systemic host factors that affect treatment and prognosis 
(Table 4.2) that were used to stage patients. Both the host classification (A, healthy; 
B, compromised by one or more local and/or systemic parameters; or C, hosts have 
morbidity that surpasses their capacity to withstand curative treatment) and ana-
tomic type of disease (Type II or IV) were combined to direct the selection of patient 
for surgery. They reported that all of the treatment failures, deaths, and amputations 
occurred in high-risk patients that were prospectively identified according to their 
staging system [24]. Both of these studies emphasized the importance of infection 
duration and the condition of the patient (host) in determining patient prognosis and 
guiding treatment.

4.2  PJI Pathogenesis, the “Golden Period,” and the Role 
of Biofilm

4.2.1  Pathogenesis of Infection

The majority of PJI occur through inoculation of microorganisms intraoperatively, 
either through direct contact or aerosolized contamination of the prosthesis [5, 17]. 
As previously mentioned, more virulent microorganisms will typically cause earlier 
manifestation of PJI. After inoculation, the microorganism will adhere to the pros-
thesis and/or periprosthetic tissue. Studies have demonstrated that a much lower 
inoculum of bacteria is needed to initiate infection in the presence of a prosthesis 
due to the formation of a biofilm [25]. Another mechanism of colonization is 
through direct spread of infection. This can occur if a nearby infection such as cel-
lulitis or osteomyelitis spreads into the joint. An open periprosthetic fracture result-
ing in direct contact with the outer world would be another possible mechanism of 
inoculation [20].

Table 4.2 Local and systemic host factors affect treatment and prognosis adapted from Cierny 
and DiPasquale. Clin Orthop Relat Res. 2002 [24]

B(L)-host (local compromise) B(S)-host (systemic compromise)

Chronic lymphedema
Venous stasis
Major vessel disease
Arteritis
Extensive scarring
Radiation fibrosis
Retained foreign bodies
(suture, buckshot)

Malnutrition
Immune deficiencies
Chronic hypoxia
Malignancies
Diabetes mellitus
Extremes of age (<2 years, >70 years
Chronic tobacco abuse (>40 pack years)
Current tobacco abuse
Major organ failure
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The third mechanism of infection is hematogenous seeding of the prosthesis 
from a distant primary focus. While susceptible to hematogenous seeding through-
out their lifetime, literature suggests that implants are more susceptible in the first 
years postoperatively possibly due to the increased vascularity about the implant 
during this time period [5, 26]. The reported frequency of hematogenous seeding of 
prostheses is varied in the literature, and also varies depending on the infecting 
microorganism. One study reported a 30–40% rate of PJI in S. aureus bacteremia 
[27]. A recent report investigated microbiological patterns in prosthetic joint infec-
tions [28]. In 926 patients who developed 997 PJIs, 35% were classified as hema-
togenous infectious. Ninety-nine percent of these infections were monomicrobial, 
with S. aureus (28%) being the most frequently isolated species. Overall, strepto-
cocci species (39%), most commonly group B streptococci, and staphylococci spe-
cies (36%) were the most commonly isolated. Gram-negative rods (12%) were the 
third most common group. Only 1% of hematogenous PJI were polymicrobial. 
Skin, teeth, and gastrointestinal tract infections were the most common primary 
sites of infection [28]. These findings are overall consistent with prior reports [29–
31]. Table 4.3 demonstrates the common species causing PJI.

4.2.2  The “Golden Period”

When microorganisms first contact with the prosthesis intraoperatively, they imme-
diately adhere to the implant surface and begin the process of forming a biofilm. 
Studies have demonstrated that prevalence of infection during these initial hours 
depends on the number of bacteria present and the immune status of the host. In the 
first 2 hours, the host defenses will decrease the overall number of pathologic micro-
organisms, and in the following 4 hours, the number of microorganisms will remain 
fairly constant since the rate of bacterial proliferation is about equal to the rate at 
which host defenses kill the bacteria. After these first 6 hours, bacteria will multiply 

Table 4.3 Common microorganisms causing hip and knee prosthetic joint infection modified 
from Tande et al. Clinical Microbiology Reviews 2014 [5]

Infection
All time periods 
(%)

Early infection 
(%)

Staphylococcus aureus 27 38
Coagulase-negative Staphylococcus 27 22
Streptococcus species 8 4
Enterococcus species 3 10
Aerobic Gram-negative bacilli 9 24
Anaerobic bacteria 4 3
Culture negative 14 10
Polymicrobial 15 31
Other 3
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exponentially [32, 33]. The first 6 hours are often referred to as the “Golden Period.” 
The administration of prophylactic antibiotics (discussed further in Chap. 5) extends 
this “Golden Period,” and decreases bacterial growth, thus decreasing the probabil-
ity of postoperative infection and success of biofilm formation and maturation 
[33, 34].

4.2.3  Role of Biofilm and Mechanisms of Resistance

The majority of all human infections are thought to be related to biofilm formation, 
and central to the pathogenesis of implant-related infection. Additionally, in the set-
ting of PJI, when implants are retained, failure of treatment is often attributable to 
biofilm formation [35]. Biofilms are complex, well-structured communities of 
microorganisms that are encased in a self-produced extracellular matrix of poly-
meric substances [35]. This extracellular matrix consists of polysaccharides, pro-
teins, and/or extracellular DNA.  They can be monomicrobial or polymicrobial. 
Some species of bacteria will grow better together than others, and in these polymi-
crobial biofilms, these species may be present in varying proportions, with a differ-
ent genetic makeup, even within the same species [5]. This can make them different 
to detect and target with antimicrobial therapy. Biofilms can be present in different 
forms: they can be adherent to host tissue, adherent to implant or biomaterial sur-
faces, present as floating aggregates, and have even been shown to persist intracel-
lularly [5, 35].

In the setting of PJI, biofilms form when microorganisms attach to a protein- 
conditioned implant surface. All orthopedic implants are susceptible to biofilm 
attachment, which can occur either intraoperatively or at any time point postopera-
tively. Biofilm growth occurs in stages. The first involves attachment to the implant 
surface. Next, accumulation occurs, which involves interactions between bacterial 
cells including multilayer cellular proliferation and cell-to-cell adhesion leading to 
the formation of microcolonies and to the initial growth of the biofilm [20]. The next 
stage is maturation, where a viable three-dimensional structure is formed, eventu-
ally leading to infection. The final stage is biofilm dispersion/detachment. Notably, 
the life cycle of the biofilm can vary depending on the organism(s) involved, and 
there is no clinical research available investigating how the timing of biofilm forma-
tion differs between bacterial species [35].

Biofilms protect microorganisms from the host immune system and are up to 
1000 times more resistant to growth-dependent antimicrobials than free-float-
ing, or planktonic, microorganisms for a variety of reasons [36]. Biofilms pro-
tect invading bacteria against the host immune system through impairing the 
activity of phagocytes and the complement system. Specifically, the extracellu-
lar matrix is highly complex, and polar mixture of polysaccharides, nucleic 
acids, lipids, and proteins creates an environment that protects the bacteria from 
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various stresses, including the host immune system and antimicrobial exposure 
[37, 38]. One study investigated the potential mechanism of antibiotic resistance 
in Pseudomonas aeruginosa and found that while tobramycin and ciprofloxacin 
were able to penetrate the biofilm effectively, they were only effective in the 
oxic region of bacterial metabolic activity. Thus, oxygen limitation and 
decreased metabolic activity were correlated with antibiotic tolerance in this 
specific biofilm [39]. Other experimental studies have investigated the role of 
the metabolic state of biofilm and its contribution to their resistance. They found 
that cells in nutrient-depleted zones of the biofilm may enter into a stationary 
phase, where they replicate less frequently and thus are less affected by antibiot-
ics [40, 41]. Additionally, there are bacterial subpopulations present, known as 
“persisters,” which are resistant to antimicrobials. Experimental studies have 
shown that biofilm microorganisms undergo a higher rate of mutation than those 
in the planktonic state. This results in a tenfold increase in the efficiency of 
transferring plasmids with antibiotic resistance genes, when exposed to a con-
centration of antibiotic that is below the lethal concentration [38, 42]. Another 
challenge posed by biofilm formation is the difficulty in identifying the infec-
tious organism(s). Particularly in cases of delayed or late-onset infections, the 
microorganism may be concentrated on the surface of the prosthesis, diminish-
ing the sensitivity of conventional microbiologic culture methods such as joint 
aspiration. This can subsequently lead to failure in identifying the infecting 
organism and may cause challenges with antibiotic management, and efficacy in 
ultimately eliminating the infection [35].

Given the clinical challenges posed by biofilm formation, specifically the 
substantial burden on the patient and healthcare system, significant effort has 
been put into better understanding the many clinical aspects of biofilms, with 
regard to prevention and treatment. To this end, in 2018, the Biofilm Workgroup 
met at the International Consensus Meeting on Musculoskeletal Infection and 
published a consensus of the best available data on management of patients 
afflicted with implant-related bone and joint infections. Recent areas of 
research interest have been biofilm prevention and eradication in PJI.  Some 
studies have investigated whether surfaces could be modified to inhibit biofilm 
formation. Properties of materials and implants that are known to affect the 
timing and robustness of established biofilms include surface charge, chemis-
try, hydrophilicity, microtopography, and porosity. However, studies investi-
gating surface modification found to have a positive effect in  vitro have not 
been translated to the clinical setting. To date, there is no known surface that 
cannot be colonized by biofilm-forming bacteria. In effect, bacteria can form 
biofilm on almost all prosthetic and biological surfaces [43–46]. There are also 
ongoing investigations on disrupting bacterial communication to inhibit bio-
film formation, and the use of bacteriophages for the treatment of multidrug- 
resistant PJI [47, 48].
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4.3  How to Diagnose PJI

4.3.1  Definition Criteria in Diagnosing PJI

Clinical signs of infection include systemic symptoms, such as fevers or chills, and 
local symptoms, such as pain, erythema, edema, prolonged joint effusion, and 
wound dehiscence. Chronic infections may be difficult to distinguish from aseptic 
failure, as patients may be less symptomatic in these cases. More definitive clinical 
signs of infection include a sinus tract or visible purulence about the prosthesis [20]. 
The diagnosis of PJI and how it is defined is based on a combination of clinical find-
ings, laboratory results, culture data, histopathology evaluation, radiographic 
results, and intraoperative findings. There is no single test available that can defini-
tively diagnose PJI with sufficient accuracy. Over the past years, various organiza-
tions and societies, including the American Academy of Orthopaedic Surgeons 
(AAOS), Musculoskeletal Infection Society (MSIS) [49], International Consensus 
Meeting (ICM) [50, 51], European Bone and Joint Infection Society (EBJIS) [52], 
PRO-IMPLANT Foundation, and Infectious Diseases Society of America (IDSA) 
[53], have published definition criteria and/or clinical recommendations for diag-
nosing PJI. In general, the steps of PJI diagnosis involve determining whether or not 
the joint is infected, identifying the infecting microorganism(s), and then determin-
ing an antimicrobial treatment plan [5].

The first widely adopted, standardized definition of PJI was published in 2011 by 
MSIS. According to these criteria, if one of the two major criteria were met (a sinus 
tract communicating with the prosthesis is present, or if a pathogen is isolated by 
culture from at least two separate tissue or fluid samples obtained from the affected 
prosthetic joint), or four of the six minor criteria are met, then PJI could be defini-
tively diagnosed (Table  4.4) [49]. Of note, the authors acknowledged that these 
criteria may not be met in cases of low-grade infections such as those caused by 
Cutibacterium species. Additionally, these criteria did not include cutoffs for serum 
or synovial lab markers [49]. In 2013, these criteria were modified as part of the 
ICM on PJI to include acceptable thresholds for minor criteria based on the acuity 
of the infection. Additionally, this group added leukocyte esterase as a minor crite-
rion (Table 4.5) [50].

These aforementioned widely used guidelines were largely generated based on 
previously existing data and expert opinions, but were not validated. Additionally, 
in recent years, numerous additional markers and molecular techniques have been 
evaluated and become more available for widespread use. These include serum 
D-dimer, synovial C-reactive protein (CRP), synovial leukocyte esterase (LE), 
synovial alpha-defensin, and next-generation sequencing [54–61]. For these rea-
sons, in 2018, Parvizi et  al. performed a multi-institutional study to generate an 
evidence-based, weight-adjusted scoring system (Table 4.6) for the definition of PJI 
of the hip and knee, and to validate it on an external cohort of patients [51]. This was 
also based on current AAOS guidelines for the diagnosis of PJI (Appendix 1) [62]. 
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In these updated criteria, two positive cultures of the same organism or the presence 
of a sinus tract are considered as major criteria, and diagnostic of PJI.

Serum D-dimer, synovial alpha-defensin, and synovial CRP were added to pre-
operative minor criteria. These guidelines also identified criteria for intraoperative 
diagnosis in the case of inconclusive pre-op scores or a dry tap, which includes the 
preoperative score, positive histology, purulence, and a single positive culture 
(Table 4.6). Minor criteria were assigned relative weights. These criteria were used 
validated on an external cohort of 222 patients with PJI who subsequently failed 
with reinfection and 200 aseptic patients. This new definition was compared to the 
2011 MSIS criteria and 2013 ICM criteria and demonstrated improved sensitivity 
(97.7%) and similar specificity (99.5%) (Table 4.7). While these criteria have since 
been validated in literature in additional cohorts of patients, it is not without limita-
tions, as noted by the authors [63]. These new criteria were developed and validated 
on a cohort of patients with chronic PJI, not acute PJI. Conventional culture tech-
niques were used, which did not include sonication or next-generation sequencing. 
The same criteria were applied to both knees and hips, despite some studies noting 
differences in thresholds for synovial markers between the PJI of the hip and knee, 
and these criteria may be inaccurate in patients with special conditions such as 
inflammatory arthropathy flares, local tissue reactions, and crystalline deposition 
arthropathy and those under antibiotic treatment [63].

.
The European Bone and Joint Infection Society (EBJIS) proposed diagnostic PJI 

criteria with positive infection in the presence of greater than or equal to one of the 
following criteria: purulence around the prosthesis or sinus tract, increased synovial 
fluid leukocyte count, positive histopathology, or confirmatory microbial growth in 
synovial fluid, periprosthetic tissue, or sonication culture [64]. More recently the 
EBJIS published a consensus document in 2019 in collaboration with a number of 
other European societies [52]. The 2019 guidelines are notable for an increased 
focus on using imaging to assist in the diagnosis of PJI. In their proposed diagnostic 

Table 4.4 2011 MSIS criteria for diagnosing PJI

2011 Musculoskeletal Infection Society (MSIS) criteria for diagnosing PJI

(1) There is a sinus tract communicating with the prosthesis; or
(2) A pathogen is isolated by culture from at least two separate tissue or fluid samples obtained 
from the affected prosthetic joint; or
(3) Four of the following six criteria exist:
   (a) Elevated serum erythrocyte sedimentation rate (ESR) and serum C-reactive protein (CRP) 

concentration
   (b) Elevated synovial leukocyte count
   (c) Elevated synovial neutrophil percentage (PMN%)
   (d) Presence of purulence in the affected joint
   (e) Isolation of a microorganism in one culture of periprosthetic tissue or fluid
   (f) Greater than five neutrophils per high-power field in five high-power fields observed from 

histologic analysis of periprosthetic tissue at x400 magnification
PJI may be present if fewer than four of these “minor” criteria are met

Adapted from Parvizi et al. Clin Orthop Relat Res 2011 [49]
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flowchart for suspected PJI, they first recommend a workup with blood cultures, 
standard labs, and radiographic imaging. If suspicion persists, then they recommend 
bone or soft tissue biopsy or aspiration under imaging guidance, followed by 
advanced imaging, which may consist of MRI or different nuclear medicine exami-
nations. While these guidelines do not provide specific diagnostic criteria, they 
bring attention to the potential role of different advanced imaging techniques and 
nuclear medicine procedures in diagnosing PJI (Table 4.8). This group proposes a 
specific clinical path to undertake when using nuclear medicine procedures to diag-
nose suspected PJI, in particular, to use WBC scans with or without bone marrow 
scans (within 2 years of surgery), and three-phase bone scans or FDG-PET scans 

Table 4.5 2013 ICM criteria for diagnosing PJI. (Adapted from Parvizi et  al. Journal of 
Arthroplasty 2014 [50])
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(>2 years from surgery) to assist in diagnosing PJI (Fig. 4.1) [52]. The authors do 
recognize the limitations of these tests, particularly with regard to their availability 
and cost.

Table 4.6 2018 ICM criteria for diagnosing PJI and lab value thresholds. (Adapted from Parvizi 
et al. Journal of Arthroplasty 2018 [51])
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4.4  Tests and Tools for Diagnosing PJI

4.4.1  Serum-Based Markers

4.4.1.1  ESR and CRP

Currently, inflammatory markers including C-reactive protein (CRP) and erythro-
cyte sedimentation rate (ESR) are routinely collected during the initial PJI workup 
[65]. While white blood cell count is also often collected as part of routine complete 
blood count (CBC) collection, studies have shown that elevated WBC has poor sen-
sitivity (45%) and specificity (87%) for diagnosing PJI and is not currently recom-
mended for PJI diagnosis [51, 66]. CRP and ESR are currently recommended as 
first-line tests for PJI workup and are included in multiple widely used diagnostic 
criteria and consensus guidelines including the most recent ICM guidelines and 
AAOS Clinical Practice Guidelines. Both tests are widely available and inexpen-
sive. However, neither of these tests is very sensitive or specific, with CRP having 
slightly higher sensitivity and specificity compared to ESR. Sensitivities for ESR 
and CRP have been reported to be 75% and 88%, respectively. Specificities for ESR 
and CRP have been reported to be 70% and 74%, respectively [66]. However, used 
in combination, these lab tests can be useful in ruling out PJI if both values are 
within normal limits (30 mm/h for ESR and 10 mg/liter for CRP) [67]. Unfortunately, 
studies have shown that the specificity of these tests in combination, where one or 
both values is positive, is low [5, 67]. Additionally, these values can vary signifi-
cantly depending on the presence of concomitant systemic inflammatory diseases, 
and depending on the time of infection since surgery. A study by Alijanipour et al. 
investigated threshold values for infection for ESR and CRP in early postoperative 
compared to late-chronic PJI. They found that optimal thresholds were higher than 
conventional thresholds for both early and late PJIs and that in late infections, opti-
mal thresholds for ESR and CRP differed between hips and knees [68]. Given the 
limitations of these commonly used tests, recent studies have looked into develop-
ing alternative serum biomarkers that may offer improved sensitivity and specificity.

Table 4.7 Performance of new ICM definition (2018) compared to 2011 MSIS and 2013 ICM 
definitions of PJI

Performance of the new International Consensus Meeting (ICM) definition compared to MSIS 
and 2013 ICM criteria
Criteria Sensitivity Specificity

MSIS (2011) 79.3% 99.5%
ICM (2013) 86.9% 99.5%
New definition (2018) 97.7% 99.5%

Adapted from Parvizi et al. Journal of Arthroplasty 2018 [51]
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4.4.1.2  D-dimer and Fibrinogen

One serum biomarker that has shown promise is D-dimer. The increased fibrinolytic 
activity and generation of by-products such as D-dimer in systemic and local infec-
tions are thought to localize the infecting organisms or inflammatory cells and thus 
prevent them from causing systemic damage. During this process D-dimer “leaks” 
into the circulation and can thus be measured. Historically, D-dimer was used as a 
screening test for detecting venous thromboembolism (VTE), but was largely aban-
doned due to its poor accuracy. In more recent years, D-dimer has gained attention 
for its role in predicting poor outcomes in sepsis and bacteremia [69–71]. The first 

Table 4.8 Use of advanced imaging and nuclear medicine techniques in the diagnosis of PJI

Pros and cons of advanced imaging techniques

Pros Cons
Computed tomography 
(CT)

 – Widely available with medium 
cost
 – Can be used for guided 
aspiration and bone biopsy

 – Striking artifacts due to 
prosthesis
 – Lower diagnostic accuracy 
than MRI
 – Radiation exposure

Magnetic resonance 
imaging (MRI)

 – High diagnostic accuracy with 
new sequences without prosthesis 
interference
 – Widely available with medium 
cost
 – Radiation-free

Peri-implant edema may result in 
false-positive findings

Advanced nuclear medicine techniques
Pros Cons

99mTc-MDP/HDP bone 
scan

 – High sensitivity
 – Useful as screening method in 
chronic infections
 – Widely available and low cost

 – Low specificity
 – Moderate radiation exposure

99mTc-anti-granulocyte 
scan (IgG/Fab AGA)

 – High sensitivity and specificity
 – Widely available and medium 
cost
 – Often coupled with bone 
marrow scan and/or bone scan

 – Possible contraindications for 
IgG and HAMA induction
 – Moderate radiation exposure

99mTc-HMPAO/111In- 
oxine- WBC scan

 – High sensitivity and specificity
 – Poor availability and medium 
cost
 – Often coupled with bone 
marrow scan SPECT/CT images 
improve accuracy

 – Moderate radiation exposure
 – Always requires a late 
acquisition
 – Blood manipulation
 – Needs an approved laboratory 
and method and trained 
personnel

[18F] FDG-PET/CT  – High sensitivity  – Low specificity
 – High radiation exposure
 – Difficult interpretation of 
images
 – Poor availability and high cost

Adapted from Signor et al. Eur J Nucl Med Mol Imaging 2019
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study to show its promise as a marker for diagnosing PJI was reported by Shahi 
et al. in 2017 who found that serum D-dimer outperformed both ESR and serum 
CRP in detecting PJI. D-dimer specificity was 93% and sensitivity was 89%. In 
comparison ESR and CRP had a specificity of 78% and 80% and a sensitivity of 
73% and 79%, respectively. A prospective study of 122 patients (67 patients with 
aseptic failure and 55 with chronic PJI) who underwent revision TKA or THA and 
diagnosed with PJI per MSIS criteria was analyzed to investigate the sensitivity and 
specificity of D-dimer in combination with CRP or ESR to detect PJI [72]. They 
reported that the optimal threshold value for D-dimer in diagnosing chronic PJI was 
1170  ng/mL with a sensitivity of 92% and specificity of 75%, greater than the 
reported sensitivities and specificities for ESR and CRP in this study. Additionally, 
the combination of D-dimer and CRP tests demonstrated a sensitivity of 98% and 
negative predictive value of 96% for diagnosing chronic PJI, though had a low spec-
ificity of 42%. Elevation of all three biomarkers yielded similar results [72]. Studies 
such as this suggest a role for D-dimer in confidently ruling out PJI when used in 
combination with other serum biomarkers.

Fibrinogen is another coagulation-related indicator in plasma that has recently 
gained attention as a potential biomarker for PJI diagnosis. Fibrinogen is a glyco-
protein which functions to stop excessive bleeding through the formation of a 
fibrin- based blood clot after its conversion by thrombin to fibrin. It is also a type 
of acute-phase protein [73]. A recent study by Li and colleagues retrospectively 
reviewed a total of 439 revision total hip and knee arthroplasty cases (76 PJI and 
363 non-PJI) and found that the optimal threshold for plasma fibrinogen in diag-
nosing PJI was 4.01 g/L, which showed a sensitivity of 76% and a specificity of 
86%, which were similar to the diagnostic values of ESR and CRP in this study. 

Fig. 4.1 Proposed path when nuclear medicine procedures are used to aid in diagnosis of 
PJI. (Adapted from Signore et al. Eur J Nucl Med Mol Imaging 2019)
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However, they also examined plasma D-dimer and reported a fairly low sensitivity 
and specificity of only 64% and 65%, respectively, at a threshold level of 1.25 
micrograms/mL. They theorize that this discrepancy in reported D-dimer reliabil-
ity may be related to differences in the demographics of the patient populations 
[74]. Another recent meta-analysis of 7 studies with 1374 patients total compared 
D-dimer versus fibrinogen in the diagnosis of PJI and reported a pooled sensitivity 
of 84% and pooled specificity of 80% for fibrinogen. This group concluded that 
plasma fibrinogen is comparable to CRP and ESR in diagnosing PJI, and all are 
better than serum D-dimer. Once again, literature has shown that D-dimer levels 
have been shown to be different in different races, and it is unknown if this is also 
the case for fibrinogen [75]. Regardless, fibrinogen has shown promise in these 
early studies, and warrants further investigation for its potential for a routine role 
in the diagnosis of PJI.

4.4.1.3  Procalcitonin

Another serum biomarker that has recently been investigated for its diagnostic 
potential is procalcitonin (PCT). PCT is produced by neuroendocrine cells and thy-
roid parafollicular cells, and is typically extremely low in patients without infection. 
A study by Bottner et al. found that a procalcitonin level > 0.3 ng/ml, determined by 
receiver operating characteristic curve analysis, was 98% specific, but only 33% 
sensitive [76]. Another recent study performed a meta-analysis of 18 studies encom-
passing 1835 patients and found that the pooled sensitivity was 58% for procalcito-
nin and specificity of 95% for infection [77]. However more, studies need to be 
conducted on the utility PCT specifically for diagnosing PJI compared to other 
infections.

4.4.1.4  Interleukin-6 (Serum and Synovial)

Interleukin-6 (IL-6) is another serum biomarker of interest and is produced by stim-
ulated monocytes and macrophages. Serum IL-6 can increase in the setting of infec-
tion, surgery, and trauma. In the setting of aseptic prosthetic loosening, serum IL-6 
has been shown to decrease to normal levels within 48 hours after surgery. Serum 
IL-6 stimulates the release of CRP. Given the early rise of IL-6 and quick return to 
normal levels IL-6, this serum biomarker may be more sensitive in detecting an 
inflammatory response than other serum biomarkers [78, 79]. A recent meta- analysis 
that included 17 studies (Table 4.9) found that the pooled sensitivity and specificity 
for serum IL-6 were 72% and 89%, respectively. Synovial IL-6 has been shown to 
have a slightly higher diagnostic value for PJI, with a pooled sensitivity of 76%% 
and specificity of 91% (Table  4.10) [80]. IL-6, either from synovium or serum, 
shows promise based on existing studies, but is not yet widely used given its reported 
variability and lack of consistency in literature [81, 82].
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4.4.2  Synovial Fluid-Based Markers

4.4.2.1  White Blood Cell Count and Neutrophil Differential

Assessment of synovial fluid white blood cell (WBC) count and neutrophil differ-
ential (PMN%) both has an important role in the diagnosis of PJI. Both of these 
parameters are included in the minor criteria of the ICM criteria, and many studies 
have demonstrated their usefulness in diagnosing PJI [83–86]. Depending on the 
timing of infection, there are variable thresholds that have been identified. For the 
acute period, which is generally considered less than 6 weeks postoperatively, a 
threshold of greater than 10,000 cells per microliter for synovial WBC count and a 
threshold >90% for synovial PMN% have been recommended to diagnose PJI. For 
chronic PJI, considered greater than 6 weeks from surgery, a threshold of >3000 
cells per microliter for synovial WBC count and threshold of >80% for PMN% are 
recommended for diagnosis [87, 88]. These are the cutoffs that are included in the 
most recent ICM criteria for PJI diagnosis. Using these thresholds, sensitivities of 
86% and 86% for WBC count and PMN%, respectively, and specificities of 83% 
and 81% for WBC count and PMN%, respectively, have been reported [60].

Some studies have suggested that there should be different thresholds for knee 
arthroplasties versus hip arthroplasties, with hips possibly having higher thresholds. 
A study of 201 THA with 55 PJIs found that a synovial WBC count of 4200 cells 
per microliter provided a sensitivity and specificity of 84% and 93%, respectively, 
and a PMN% of 80% had a sensitivity and specificity of 84% and 82%, respectively 
[89]. Another study reported an optimal threshold 1715 cells per microliter for PJI 
in THA, but only had 27 patients [83]. For PJI in TKA, one of the largest studies to 
date analyzed 429 knees with 161 PJIs and found that the optimal threshold for 
infection was 1100 cells per microliter and > 64% for the PMN%. This resulted in 
a negative predictive value of 98.2% when both were below cutoff values, and con-
firmed infection in 98.6% of cases when both were greater than their cutoff values 
[86]. Given some of these conflicting results, further investigation is warranted to 

Table 4.9 Serum IL-6 sensitivities and specificities in diagnosing prosthetic joint infection

Author Year # Patients Sensitivity Specificity

Di Cesare et al. [120] 2005 58 100% 95%
Bottner et al. [76] 2007 78 95% 88%
Buttaro et al. [121] 2010 69 36% 94%
Worthington et al. [122] 2010 46 81% 77%
Abou El-Khier et al. [123] 2013 40 100% 90%
Glehr et al. [124] 2013 84 81% 67%
Gollwitzer et al. [125] 2013 35 47% 95%
Randau et al. [82] 2014 120 79% 58%
Ettinger et al. [126] 2015 98 80% 88%
Gallo et al. [127] 2018 240 87% 89%
Total 868 79% 84%
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determine if different cutoffs for PJI in knees and hips are warranted. Additionally, 
there are certain clinical scenarios that will alter synovial WBC count and PMN 
differential that clinicians should be aware of. The use of antibiotics, traumatic aspi-
rations, and failed metal on metal bearing or corrosion reactions can all influence 
synovial WBC count and PMN%, and these results should be interpreted with cau-
tion [90–92]. In cases of failed metal on metal bearing or corrosion reactions, a 
manual synovial fluid WBC is recommended to obtain more accurate results. In 
patients with inflammatory arthritis, optimal cutoffs for PJI were found to be similar 
to those without inflammatory arthritis [93].

4.4.2.2  Synovial CRP

Synovial CRP enhances complete activation and phagocytosis, and may also have a 
role in diagnosis of PJI (Table 4.11). It is currently included as a minor criterion in 
the most recent ICM criteria for PJI diagnosis. Pooled data show a sensitivity of 
86% and specificity of 90% [80]. Some studies have suggested that synovial CRP is 
superior to serum CRP [94], but a study by Tetreault reported that serum and syno-
vial CRP were not significantly different with regard to sensitivity and specificity 
[95]. A recent study by Stone et al. found that synovial alpha-defensin in combina-
tion with synovial CRP, where a positive result was defined as a positive CRP or a 
positive alpha-defensin, demonstrated very high sensitivity of 91% and a specificity 
of 79% [96].

4.4.2.3  Alpha-Defensin

Alpha-defensin is a synovial biomarker that has shown promise in diagnosing PJI in 
recent studies (Table 4.12). Alpha-defensin is an antimicrobial peptide secreted by 
human neutrophils in response to the presence of a pathogen. It acts via permeabili-
zation of microbial membranes and is unaffected by prior administration of 

Table 4.10 Synovial IL-6 sensitivities and specificities in diagnosing prosthetic joint infection

Author Year # Patients Sensitivity Specificity

Deirmengian et al. [128] 2010 51 50% 100%
Deirmengian et al. [98] 2014 95 90% 97%
Frangiamore et al. [129] 2016 90 81% 97%
Gollwitzer et al. [125] 2013 35 60% 95%
Jacovides et al. [130] 2011 74 87% 100%
Lenski et al. [131] 2014 40 90% 95%
Nilsdotter-Augustinsson et al. [132] 2007 131 68% 93%
Randau et al. [82] 2014 120 63% 86%
Gallo et al. [127] 2018 240 68% 95%
Total 876 73% 95%
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antibiotics and has been shown to rise even in response to low-virulence organisms 
[58, 97, 98]. Alpha-defensin is detected either with an alpha-defensin test kit or 
laboratory-based alpha-defensin enzyme-linked immunosorbent assay (ELISA). A 
meta-analysis by Ahmad et al. in 2018 analyzed the reliability for various synovial 
biomarkers including alpha-defensin ELISA testing and reported a pooled sensitiv-
ity and specificity of 97% and 97%, respectively, with some earlier studies reporting 
up to 100% sensitivity and specificity with alpha-defensin ELISA testing. More 
recent studies, however, suggest that alpha-defensin ELISA may not be as sensitive 
as initial studies suggested, with reports ranging between 78.2% and 97% in recently 
published literature [96, 99–101]. In a study by Kleiss et al., 22% of alpha-defensin 
ELISA tests were false-negative, mostly in cases of coagulase-negative staphylo-
coccus [99]. Further work is warranted on how different types of bacteria may affect 
the accuracy of alpha-defensin testing. As previously mentioned, another method of 
evaluating alpha-defensin levels is the alpha-defensin lateral flow test. This type of 
testing enables the detection of alpha-defensin in synovial fluid “in situ,” and the 
response is available in 10 minutes, which is much quicker than the ELISA test. 
Sensitivities reported in literature range from 65% to 98%, with a pooled value of 
80%, and specificities range from 93% to 100%, with a pooled value of 89% 
(Table 4.13) [80, 102]. Comparative studies have demonstrated that these alpha- 
defensin lateral flow tests are not as reliable as ELISA tests. Nonetheless, the lateral 
flow tests are specific, and allow for quick result turnaround time. One of the main 
challenges with alpha-defensin tests is the associated expense. Further cost- 
effectiveness studies will examine whether these associated costs are justifiable.

Table 4.11 Synovial CRP sensitivities and specificities in diagnosing prosthetic joint infection

Author Year # Patients Sensitivity Specificity

Buttaro et al. [133] 2015 76 89% 94%
Deirmengian et al. [58] 2014 95 95% 89%
Jacovides et al. [130] 2011 74 86% 97%
Omar et al. [61] 2015 89 93% 92%
Parvizi et al. [94] 2012 66 70% 100%
Parvizi et al. [94] 2012 66 84% 97%
Parvizi et al. [134] 2012 63 83% 94%
Ronde-Oustau et al. [135] 2014 30 100% 82%
Ronde-Oustau et al. [135] 2014 30 90% 91%
Tetreault et al. [95] 2014 150 88% 85%
Vanderstappen et al. [136] 2013 44 96% 82%
Vanderstappen et al. [136] 2013 44 88% 89%
De Vecchi et al. [137] 2016 129 81% 94%
De Vecchi et al. [138] 2018 66 87% 97%
Kim et al. [139] 2017 197 100% 90%
Sousa et al. [140] 2017 55 78% 94%
Plate et al. [141] 2019 192 88% 82%
Total 1466 88% 91%
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4.4.2.4  Leukocyte Esterase

Another synovial biomarker that has gained widespread usage is leukocyte esterase. 
This is an enzyme produced by activated neutrophils at the site of infection. It has 
traditionally been used to help diagnose urinary tract infections and is convenient, 
cheap (about 20 cents), and rapid (1–2-minute turnaround time). It is also included 
as a minor criterion in the ICM criteria for PJI. It is easily measured with a colori-
metric strip (urinalysis dipstick). A meta-analysis by Wyatt et al. reported a pooled 
sensitivity and specificity of 81% and 97%, respectively. Reported sensitivities 
range from 69% to 100%, with some authors reporting increased sensitivity com-
pared to frozen section histology and advocating for its use over frozen section 
histology [103]. Its ability to provide almost immediate test results is surely appeal-
ing, and its role in diagnosing PJI may continue to increase over time. One disad-
vantage to this technique is the possibility that blood within synovial fluid may 
interfere with the color change on the urinalysis test strip [104]. For this reason, it is 
important for surgeons to remove all blood contamination from the sample, ideally 
with the use of a centrifuge [88].

The aforementioned synovial fluid markers have all shown promise in assisting 
with diagnosis of PJI in recent literature. Lee et al. conducted a systematic review 
and meta-analysis with the goal of evaluating the diagnostic accuracy of synovial 
fluid biomarkers and to determine which has the highest diagnostic odds ratio for 
the diagnosis of PJI. The study compared leukocyte count, PMN%, CRP, alpha- 
defensin, leukocyte esterase, IL-6, IL-8, and culture and found that these all demon-
strated sensitivity >80% with the exception of culture, and specificity >90%, but 
alpha-defensin had the high log diagnostic odds ratio compared to all other tests 
[54]. As was previously described, alpha-defensin, while a powerful diagnostic tool, 
may not be adequate to diagnose PJI alone. We support the use of a combination of 
these markers for the diagnosis of PJI to increase overall sensitivity and specificity.

Table 4.12 Alpha-defensin ELISA sensitivities and specificities in diagnosing prosthetic joint 
infection

Author Year # Patients Sensitivity Specificity

Deirmengian et al. [98] 2014 149 97% 96%
Deirmengian et al. [58] 2014 95 100% 100%
Frangiamore et al. [129] 2016 90 100% 98%
Bingham et al. [142] 2014 55 100% 95%
Deirmengian et al. [143] 2015 46 100% 100%
Shahi et al. [92] 2016 106 100%
Bonanzinga et al. [100] 2017 156 97% 97%
Sigmund et al. [101] 2018 73 85% 98%
Stone et al. [96] 2018 183 81% 96%
Kleiss et al. [99] 2019 202 78% 96%
Total 1155 94% 97%
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4.4.3  Culture Diagnosis

Obtaining culture data is an essential part of the infectious workup in PJI.  The 
AAOS Clinical Practice Guidelines states that moderate strength evidence supports 
the collection of synovial fluid aerobic and anaerobic cultures to aid in the diagnosis 
of PJI. Additionally, two positive cultures of the same bacteria are one of the two 
major criteria to diagnose PJI according to the most recent MSIS criteria. The infor-
mation gained from these tests can inform perioperative antibiotic management, and 
may also impact surgical treatment, particularly in a resistant microorganism, such 
as methicillin-resistant Staphylococcus aureus (MRSA).

Typically, preoperative aspirated synovial fluid can be either directly inoculated 
into blood culture bottles (BCBs) at the time of collection or transported to the 
microbiology laboratory and placed onto liquid or solid media [5]. A meta-analysis 
in 2013 reported that preoperative aspiration culture for PJI has a pooled sensitivity 
and specificity of 72% and 95%, respectively [105]. Prior studies have investigated 
the improved ability of BCBs in detecting pathogens and having decreased contami-
nants compared to conventional placement of synovial fluid onto agar media [106–
108]. One study compared the frequency of positive cultures with synovial fluid 
inoculated in blood culture flasks with those of intraoperative swabs or peripros-
thetic tissues in traditional cultures. They found that synovial fluid samples in BCBs 
were more sensitive (91%) and specific (100%) than standard periprosthetic tissue 
and swab samples cultured in standard media. BCBs are self-sustaining media, 
which may be more ideal for bacterial growth, and have been shown to detect the 
presence of infectious organisms with smaller quantities of fluid [108]. Additionally, 
BCBs for synovial fluid have been reported to have improved detection of infection 
in acute infection compared to chronic infection, likely secondary to more 

Table 4.13 Alpha-defensin lateral flow test specificities and sensitivities in diagnosing prosthetic 
joint infection

Author Year # Patients Sensitivity Specificity

Kasparek et al. [144] 2016 40 67% 93%
Sigmund et al. [145] 2017 50 69% 94%
Suda et al. [146] 2017 28 77% 82%
Berger et al. [147] 2017 121 97% 96%
Balato et al. [148] 2017 51 87% 97%
Gehrke et al. [149] 2018 223 92% 100%
Sigmund et al. [150] 2019 101 69% 94%
Riccio et al. [151] 2018 73 85% 97%
De Saint Vincent et al. [152] 2018 42 88% 87%
Renz et al. [64] 2018 212 84% 96%
Tahta et al. [153] 2018 38 94% 100%
Plate et al. [154] 2018 109 90% 92%
Total 1088 83% 94%
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planktonic bacteria present in acute infection [107]. The primary disadvantage of 
using BCBs compared to traditional cultures is the associated cost.

Intraoperative periprosthetic tissue cultures are another useful diagnostic tool in 
the workup of PJI.  It is well known that it is important to obtain multiple tissue 
cultures intraoperatively, but the appropriate number of cultures has been an area of 
debate [109, 110]. A highly cited study by Atkins et al. published in 1998 recom-
mended five to six specimens be obtained, with a cutoff of two or more yielding the 
same microorganism to diagnose infection. Most studies, however, used different 
types of culture media to periprosthetic tissue samples, which would have an impact 
on culture yield and accuracy. A more recent study by Peel et al. compared conven-
tional culture techniques (aerobic and anaerobic agars and thioglycolate broth) to 
inoculation in BCBs and also performed statistical analyses with conventional, fre-
quentist receiver-operating characteristic curve analysis to determine the optimal 
number of intraoperative tissue samples to obtain. They found that the greatest 
accuracy was obtained when three periprosthetic tissue specimens were obtained 
and collected into BCBs (92%) or four periprosthetic tissue specimens were 
obtained and cultured using standard plate and broth cultures (91%) [109]. This 
study also reports improved sensitivity with using BCBs (92%) compared to con-
ventional agar and broth cultures (63%). The specificity between the two was simi-
lar [109]. In addition to periprosthetic cultures to aid in the diagnosis of PJI, 
histologic analysis intraoperatively is also a useful diagnostic tool. Histologic evalu-
ation demonstrating acute inflammation, which is defined as neutrophilic infiltrate 
on fixed or frozen tissue, is suggestive of PJI. A meta-analysis involving over 3000 
patients found that the presence of acute inflammation had a positive likelihood 
ratio of 12, and a negative likelihood ratio of 0.12, which suggests that histology 
may not be as useful in cases with an intermediate pretest probability for PJI [5, 
111]. Another recent study investigated the MSIS microbiological and histologic 
criteria for PJI in 60 septic knees and 78 aseptic knees that underwent revision sur-
gery, and found that the sensitivity and specificity of MSIS histologic criteria for PJI 
were 96.7% and 100% [112]. While histology may be useful in diagnosis of PJI, it 
is predicated on the availability of a pathologist, and is more likely limited to larger 
academic centers. Preoperative biopsy has also been discussed and investigated, but 
given the lack of superiority of preoperative biopsy cultures compared to synovial 
aspirate, and the additional cost, invasiveness, and associated complications, it is 
not usually recommended [5, 113].

4.4.4  Molecular Diagnosis Techniques: PCR 
and Gene Sequencing

Studies have recently investigated the role of molecular diagnostic techniques in 
diagnosing PJI. Different assays exist, including broad-range PCR assays, multiplex 
PCR, and sequencing assays. Broad-range PCR assays can detect nucleic acid 
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sequences conserved across many species, while multiplex PCR can detect targeted 
microorganisms and may include up to several dozen species. PCR, compared to 
intraoperative tissue culture, has potential advantages including faster result turn-
around time of 4–5 hours, and ability to identify antibiotic resistance markers [114]. 
Most studies that have been performed have focused on broad-range PCR assays, 
which have shown concern for poor sensitivity [114]. Bemer et al. in 2014 pub-
lished a prospective, multicenter, cross-sectional study on 264 suspected PJI cases 
and 35 controls and reported a sensitivity of 73% and specificity of 95%, and rec-
ommended the use of multiplex PCR or pathogen-specific PCR assays over broad- 
range PCR assays [114]. A recent meta-analysis of PCR using sonication prosthetic 
fluid included 9 studies with 1340 patients and also reported a relatively low sensi-
tivity of 75% and specificity of 96% [115]. The majority of studies in this meta- 
analysis included broad-range PCR.  However, even recent studies that were 
performed using multiplex PCR have demonstrated relatively low sensitivity, but 
excellent specificity (Table 4.14). Authors have hypothesized that administration of 
pre-sampling antibiotics, with too many genomic targets, having software with high 
thresholds for detecting bacterial DNA may be reasons for the poor sensitivities 
reported.

Despite these challenges with molecular diagnostic methods, they may have a 
role in culture-negative PJI (CN PJI). CN PJI has been reported to range from 27% 
to 55% [59, 116]. Without knowledge of the infecting organism, it becomes more 
difficult to treat patients, and monitor the efficacy of treatment. This is where 
molecular diagnostics may have a role, particularly in cases where rare bacteria that 
are difficult to culture are the cause of disease. A small number of studies have 
investigated the role of next-generation sequencing (NGS) in identifying CN 
PJI. NGS is a non-Sanger-based high-throughput DNA sequencing method. Unlike 
PCR it does not rely on a panel of PCR primer targets, but rather amplifies and 
characterizes all microbial DNA present within a sample. A recent study by 
Tarabichi et al. demonstrated that NGS was able to detect 82% (9 out of 11) of CN 
PJI [59]. Another study reported a 44% detection rate of potential pathogens in 
culture-negative PJI [117]. The primary challenges that exist with NGS are host 
DNA contamination and the cost of using this method. Given the associated cost of 
molecular methods of diagnosis, and literature that has not shown a significant dif-
ference in reliability between conventional culture methods and PCR or gene 
sequencing, we do not currently recommend routine use of these methods, particu-
larly as the sole means to diagnosing PJI. As discussed, PCR and gene sequencing 
may be useful in selected cases of PJI where diagnosis and identification of infect-
ing organisms remains undetermined by conventional culture methods [118], but 
further research and advances in this technology are needed.

A recent systematic review was conducted by Carli et al. that aimed to compare 
the diagnostic accuracy of serum, synovial, and tissue-based tests for chronic 
PJI. Overall, 83 unique PJI tests were identified, and 17 underwent meta-analysis. 
These included serum CRP, ESR, IL-6, PCT, WBC count, synovial alpha-defensin, 
leukocyte esterase strips, PMN% joint aspiration culture, tissue culture, PCR, Gram 
stain, swab culture, and histologic analysis. This study reports that the literature on 
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chronic PJI tests is highly heterogeneous and at risk for bias. They did report, how-
ever, that laboratory-based alpha-defensin studies and leukocyte esterase strips (2+) 
outperformed all other tests with regard to test sensitivities and specificities. Other 
high-performing diagnostic tests included synovial CRP, WBC count, and 
PMN% [119].

4.5  Conclusions

The incidence of PJI after primary hip or knee arthroplasty ranges from 0.5% to 
2.5% [5–8] and accounts for up to 25% of the revision surgeries performed [9, 10]. 
There are multiple classification schemes that have been proposed, though the clini-
cal classification used most frequently is based on the timing of infection since 
surgery and includes acute, chronic/delayed, and late/acute hematogenous infection 
[14–18]. It is also important to consider the condition of the patient (host) when 
classifying PJI which will help guide patient treatment and provide insight into 
patient prognosis. The majority of PJI occur through inoculation of microorganisms 
intraoperatively [5, 17]. Another mechanism of colonization is through direct spread 
of infection, and a third mechanism is hematogenous seeding of the prosthesis from 
a distant primary focus. When microorganisms first contact with the prosthesis 
intraoperatively, they immediately adhere to the implant surface and begin forming 
a biofilm. Studies have demonstrated that prevalence of infection during these initial 
hours depends on the number of bacteria present and the immune status of the host. 
The first 6 hours postoperatively are often referred to as the “Golden Period.” The 
administration of prophylactic antibiotics extends this “Golden Period,” and 
decreases the probability of postoperative infection and success of biofilm forma-
tion [33, 34]. Biofilms are complex, well-structured communities of microorgan-
isms that are encased in a self-produced extracellular matrix of polymeric substances 
[35]. In the setting of PJI, biofilms form when microorganisms attach to a protein- 
conditioned implant surface. Biofilms protect invading bacteria against the host 
immune system through impairing the activity of phagocytes and the complement 
system. Biofilm may also enter into a stationary phase, where they replicate less 

Table 4.14 Point-of-care multiplex PCR sensitivities and specificities in diagnosing prosthetic 
joint infection

Author Year # Patients Sensitivity Specificity

Hischebeth et al. [155] 2016 31 67% 100%
Prieto-Borja et al. [156] 2017 68 61% 98%
Lausmann et al. [157] 2017 60 79% 100%
Portillo et al. [158] 2012 86 96% 100%
Suren et al. [159] 2020 26 67% 91%
Morgenstern et al. [160] 2018 142 60% 89%
Total 413 72% 89%
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frequently and thus are less affected by antibiotics [40, 41]. Another challenge 
posed by biofilm formation is the difficulty in identifying the infectious organism(s). 
Particularly in cases of delayed or late-onset infections, the micro-(s) may be con-
centrated on the prosthesis, diminishing the sensitivity of culture methods such as 
joint aspiration [20].

The diagnosis of PJI and how it is defined is based on a combination of clinical 
findings, laboratory results, culture data, histopathology evaluation, radiographic 
results, and intraoperative findings. There is no single test available that can defini-
tively diagnose PJI with sufficient accuracy. Over the past years, various organiza-
tions and societies have created definition criteria to help determine whether or not 
a joint is infected. The ICM criteria and MSIS criteria are the most commonly cited, 
and take multiple clinical and laboratory factors into consideration. A large number 
of serum, synovial, tissue, and molecular-based diagnostic tests are available to cli-
nicians to aid in diagnosing PJI, all with varying levels of reliability. ESR and CRP 
are less sensitive and specific tests that are often obtained as first-line serum-based 
tests given their availability and quick turnaround time. Other serum biomarkers 
have shown promise in recent years including D-dimer, fibrinogen, IL-6, and pro-
calcitonin, particularly when used in combination to diagnose PJI. Synovial fluid 
biomarkers are also frequently obtained – WBC count and PMN% play an impor-
tant role in the workup of PJI, with significant research performed on these bio-
markers. Other newer synovial biomarkers such as alpha-defensin, IL-6, and 
leukocyte esterase have also shown high sensitivity and specificity in diagnosing 
PJI. Synovial alpha-defensin and leukocyte esterase, in particular, have shown very 
high sensitivities and specificities across many studies. Culture diagnosis is an 
important part of the PJI workup – preoperative aspirates should be collected in 
blood culture bottles and intraoperative tissue cultures collected for eventual deter-
mination of infecting microorganism to help guide antibiotic treatment. More 
recently, research has been done on molecular diagnostic techniques including PCR 
and gene sequencing to diagnose PJI, with mixed results. However, one area that 
research suggests is diagnosing culture-begative PJI.

 Appendix 1: AAOS Clinical Practice Guidelines 
for Diagnosing Prosthetic Joint Infection (Adapted 
from AAOS Clinical Practice Guidelines)

 1. In the absence of reliable evidence about risk stratification of patients with a 
potential periprosthetic joint infection, testing strategies should be planned 
according to whether there is a higher or lower probability that a patient has a 
hip or knee periprosthetic infection.

 2. We recommend erythrocyte sedimentation rate AND C-reactive protein testing 
for patients assessed for periprosthetic joint infection.
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 3. We recommend joint aspiration of patients being assessed for periprosthetic 
knee infections who have abnormal erythrocyte sedimentation rate AND/OR 
C-reactive protein results. We recommend that the aspirated fluid be sent for 
microbiologic culture and synovial fluid white blood cell count and 
differential.

 4. We recommend a selective approach to aspiration of the hip based on the 
patient’s probability of periprosthetic joint infection and the results of the eryth-
rocyte sedimentation rate (ESR) AND C-reactive protein (CRP). We recom-
mend that the aspirated fluid be sent for microbiologic culture and synovial 
fluid white blood cell count and differential.

 5. We suggest a repeat hip aspiration when there is a discrepancy between the 
probability of periprosthetic joint infection and the initial aspiration cul-
ture result.

 6. In the absence of reliable evidence, patients judged to be at lower probability 
for periprosthetic hip infection and without planned reoperation who have 
abnormal erythrocyte sedimentation rates OR abnormal C-reactive protein lev-
els should be re-evaluated within 3 months. We are unable to recommend spe-
cific diagnostic tests at the time of this follow-up.

 7. In the absence of reliable evidence, a repeat knee aspiration should be per-
formed when there is a discrepancy between the probability of periprosthetic 
joint infection and the initial aspiration culture result.

 8. We suggest patients be off of antibiotics for a minimum of 2 weeks prior to 
obtaining intra-articular culture.

 9. Nuclear imaging (labeled leukocyte imaging combined with bone or bone mar-
row imaging, FDG-PET imaging, gallium imaging, or labeled leukocyte imag-
ing) is an option in patients in whom diagnosis of periprosthetic joint infection 
has not been established and who are not scheduled for reoperation.

 10. We are unable to recommend for or against computed tomography (CT) or 
magnetic resonance imaging (MRI) as a diagnostic test for periprosthetic joint 
infection.

 11. We recommend against the use of intraoperative Gram stain to rule out peri-
prosthetic joint infection.

 12. We recommend the use of frozen sections of peri-implant tissues in patients 
who are undergoing reoperation for whom the diagnosis of periprosthetic joint 
infection has not been established or excluded.

 13. We recommend that multiple cultures be obtained at the time of reoperation in 
patients being assessed for periprosthetic joint infection.

 14. We recommend against initiating antibiotic treatment in patients with suspected 
periprosthetic joint infection until after cultures from the joint have been 
obtained.

 15. We suggest that prophylactic preoperative antibiotics not be withheld in patients 
at lower probability for periprosthetic joint infection and those with an estab-
lished diagnosis of periprosthetic joint infection who are undergoing reoperation.
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Chapter 5
Soft Tissue Infections

Rajendra Sawh-Martinez and Sabrina N. Pavri

Abstract Infections of the skin, subcutaneous fat, muscle, and connective tissues 
include cellulitis, soft tissue abscesses, tenosynovitis, myositis and necrotizing fas-
ciitis. This chapter aims to provide a broad overview of the presentation of these 
clinical entities in a progressive manner, with a special focus on the management, 
reconstruction and novel therapies aimed at ameliorating the ravages of soft tissue 
infections. Despite the significant promise of an emerging panoply of naturally 
occurring and synthetic materials aimed at improving wound healing, new tech-
nologies and advances face the challenges of completing randomized controlled 
clinical trials to demonstrate efficacy in wound healing. As such, mainstay princi-
ples of controlling comorbidities (diabetes, vascular disease, nicotine avoidance, 
nutrition, etc.) and wound management principles (debridement, infectious control, 
surgical management of abscesses/necrosis) remain the keystone of wound care.

Keywords Soft tissue · Infection · Cellulitis · Abscess · Tenosynovitis · Myositis · 
Wounds · Management · Necrotizing fasciitis · Wound care · Novel therapies

5.1  Overview

Infections of the skin, subcutaneous fat, muscle, and connective tissues (fascia) that 
envelop our deeper structures encompass a wide spectrum of clinical entities thought 
of as “soft tissue infections.” These tissues surround and envelop our skeleton and 
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may all be prone to the ravaging effects of contaminants (viral and bacterial) with a 
wide spectrum of presentation from the mild to the life threatening.

This chapter aims to provide a broad overview of the presentation of these clini-
cal entities in a progressive manner, with a special focus on the management, recon-
struction, and novel therapies aimed at ameliorating the ravages of soft tissue 
infections.

5.2  Cellulitis

Cellulitis, from the Latin cellula (diminutive of cella: cell) and “itis” (a suffix denot-
ing inflammation), is defined as a diffuse bacterial infection of the skin and underly-
ing subcutaneous tissue. It is characterized by a well-demarcated, superficially 
spreading area of erythema with irregular borders, typically unilateral, and without 
an underlying collection of purulent fluid (abscess). There is typically a causal event 
involving entry of bacteria through the skin barrier, although this may or may not 
have been noticed by the patient. As a non-reportable condition, the precise inci-
dence remains unknown; however, it is one of the most common reasons for urgent 
care/emergency department (ED) visits and acute hospitalization, leading to signifi-
cant morbidity and cost to the healthcare system.

5.2.1  A Diagnostic Challenge?

The traditionally taught characteristics of cellulitis, “rubor, tumor, calor, dolor” 
(erythema, swelling, heat, and pain), are neither sensitive nor specific, and a broad 
differential must often be entertained when considering the diagnosis as a wide 
range of conditions share a similar clinical presentation. A recent study reported that 
almost one-third of patients hospitalized with a diagnosis of cellulitis are found to 
be misdiagnosed, leading to an estimated 50,000–130,000 unnecessary hospitaliza-
tions and $195 million–$515 million in avoidable healthcare spending annually in 
the United States [1]. Conditions frequently misdiagnosed as cellulitis include stasis 
dermatitis, deep vein thrombosis, thrombophlebitis, gout, lymphedema, hematoma, 
and contact dermatitis (Table 5.1) [2].

Cellulitis remains a predominantly clinical diagnosis, and while adjuncts such as 
labs and imaging can often help to identify an alternative diagnosis, there is no 
single sensitive and specific test for cellulitis. The history remains a crucial part of 
diagnosis, with key points including the onset, pattern, and speed of symptom pro-
gression; age and medical comorbidities (diabetes, chronic kidney or liver disease, 
heart failure, vascular disease, malignancy, and immunosuppression); recent anti-
microbial treatment; history of previous cellulitis; travel history; animal or human 
bites; exposure to salt or freshwater (including pools/spas); exposure to animals, 
fish, or reptiles; and history of IV drug use. Lab abnormalities seen may include a 
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leukocytosis with a left shift indicating bacterial infection (seen in 35–50% of 
patients), and an elevated CRP (C-reactive protein), seen in 60–95% of patients [3]. 
Fever and systemic signs and symptoms of infection are not typically seen as the 
infection is localized to a specific area of soft tissue (Fig. 5.1). Testing modalities 
used to diagnose other infections such as culture swabs are not helpful, as a skin 
swab over an area of cellulitis will merely grow the normal bacteria colonizing the 
skin and not the cause of the deeper infection. Tissue culture using a punch biopsy 
of the skin is usually considered an excessively invasive procedure as it further cre-
ates a break in the skin’s protective barrier, and final culture and bacterial sensitivity 
results take several days – too long to be helpful in guiding antibiotic treatment of 
mild to moderate cases. As such, tissue culture is usually limited to the rare cases 

Table 5.1 Causes of pseudocellulitis and how to differentiate them

Stasis dermatitis Bilateral in nature, typically on the lower extremities between the knees 
and ankles, gradual symptom onset, red to brown hyperpigmentation, 
history of peripheral vascular disease/insufficiency

Gout Focal warmth, erythema, tenderness, and edema typically limited to a 
single joint (usually the knee or first metatarsal-phalangeal joint), history of 
gout, tophi

Deep vein 
thrombosis

History of recent trauma, surgery, immobilization, or cancer; thrombosis on 
ultrasound

Contact dermatitis Erythema limited to areas in contact with irritant, may be pruritic
Thrombophlebitis Inflammation of superficial veins, often with palpable, tender, erythematous 

cords
Lymphedema Edema of the extremities (unilateral > bilateral), positive Kaposi-Stemmer’s 

sign
Hematoma Red to purplish discoloration of the skin, firm or fluctuant subcutaneous 

mass depending on time course, often with a history of trauma/
anticoagulation

Necrotizing 
fasciitis

Pain out of proportion to clinical findings, rapid onset, systemic illness, 
bullae, purple or blue discoloration of the skin, cutaneous crepitation

Fig. 5.1 Cellulitis of the dorsal hand with lymphangitis (erythematous streaking along dermal 
lymphatics)
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where an uncommon infectious agent is suspected to be present (typically when 
exposure history is positive for animal bites or water exposure), or in cases resistant 
to broad-spectrum empiric treatment. According to recommendations published by 
the Infectious Diseases Society of America (IDSA), blood cultures are not routinely 
recommended unless the patient has a malignancy on chemotherapy, neutropenia, 
severe cell-mediated immunodeficiency, or a history of immersion injuries, or ani-
mal bites [4]. However, these recommendations are rarely followed, and data sug-
gest that approximately a third of patients presenting with cellulitis receive blood 
cultures (only 10% of which are indicated according to guidelines), and over two-
thirds of patients received at least one modality of imaging (almost all of which is 
contraindicated by the IDSA guidelines and which changed management in less 
than 10% of cases) – leading to an estimated $226.9 million dollars annually spent 
on largely clinically useless diagnostic studies [5]. Ultrasound is a fast, cost- 
effective, and widely available modality helpful to assess for complicating factors 
such as underlying fluid collections (abscesses or hematomas), vascular thrombo-
ses, or the presence of foreign bodies. Findings of cellulitis on ultrasound include 
increased echogenicity and thickness of the skin and a “cobblestoning pattern” 
caused by anechoic strands intersected by inflamed subcutaneous fat, both of which 
indicate nonspecific tissue edema. If CT or MRI is used, findings include thickening 
of the skin and underlying fascia and infiltration of subcutaneous fat [6].

5.2.2  Risk Factors

As the body’s largest organ, the skin has innate immunoprotective mechanisms that 
are compromised in trauma, old age, and a variety of comorbid chronic conditions 
such as diabetes, vascular disease, and obesity. In a prospective study involving over 
600 patients admitted with cellulitis, 54.8% had wounds that are predisposed to the 
development of cellulitis (most commonly skin ulcers in 18.2% and nonsurgical 
trauma in 17.8%). A quarter of the patients reported a previous episode of cellulitis, 
and among other risk factors, diabetes was reported in 25.2% of the patients, venous 
insufficiency in 20.5%, edema or lymphedema in 27.7%, obesity in 37.8%, immu-
nosuppression in 11.6%, and diverse other comorbidities in 74.6% (Fig. 5.2) [7].

5.2.3  Etiology

The causative organism in cellulitis is identified in only about one-quarter of cases 
due to the diffuse nature of the infection; however when isolated, Staphylococcus 
aureus and Streptococcus species are the most common [7]. A history of a human or 
animal bite wound in the cellulitic area should raise concerns for atypical organ-
isms, most commonly Pasteurella multocida (cats), Eikenella corrodens (dogs), and 
Streptococcus viridans (human bites). Exposure to fresh or salt water must raise 
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concerns for atypical mycobacterial infections (Mycobacterium marinum) and 
Vibrio vulnificus, and envenomation from aquatic animal species should be ruled 
out (Table 5.2) [9].

5.2.4  Treatment

According to guidelines updated in 2014 by the IDSA [4], mild cases of cellulitis 
(without systemic symptoms or a purulent focus) should receive a 5-day course of 
an oral agent effective against Streptococci, although most clinicians will also 
include coverage for Staph. aureus. Options for treatment include cephalexin, 
clindamycin, or amoxicillin-clavulanate. Serological studies suggest that group A 
Streptococcus is the most common cause of culture-negative cellulitis, while cellu-
litis with purulence is strongly associated with Staph. aureus infection [10].

For patients whose cellulitis is associated with penetrating trauma, evidence of 
methicillin-resistant S. aureus (MRSA) infection elsewhere, nasal colonization with 
MRSA, and injection drug use, an antimicrobial effective against both MRSA and 
streptococci is recommended (doxycycline, clindamycin, 
trimethoprim-sulfamethoxazole).

Fig. 5.2 Local and systemic factors predisposing to and protecting against cellulitis [8]
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Antibiotics recommended for MRSA infections include [11]:

Oral options:
• Minocycline 100 mg q12h
Trimethoprim and sulfamethoxazole 160/800 mg q12h
Doxycycline 100 mg q12h
Clindamycin 300–600 mg q8h (high resistance rate
Linezolid 600 mg q12h
Tedizolid 200 mg q24 h

Intravenous options:
• Vancomycin 15 mg/kg IV q12h
Teicoplanin LD 12 mg/kg IV q12h for three doses and then 6 mg/kg q12h
Tigecycline 100 mg IV as a single dose, then 50 mg IV q12h
Linezolid 600 mg q12h
Daptomycin 4–6 mg/kg q24h
Ceftaroline 600 mg q12h
Dalbavancin 1000 mg once followed by 500 mg after 1 week or 1500 mg one dose
Tedizolid 200 mg q24h

For patients with systemic symptoms, IV (rather than PO) therapy is recom-
mended, and in high-risk patients (malignancy on chemotherapy, neutropenia, 
severe cell-mediated immunodeficiency, immersion injuries, and animal bites), IV 
vancomycin plus either piperacillin-tazobactam or imipenem/meropenem is 

Table 5.2 Atypical pathogens in cellulitis

Cranendonk DR, Lavrijsen APM, Prins JM, Wiersinga WJ. Cellulitis: current insights into 
pathophysiology and clinical management. Neth J Med. 2017;75(9):366–378

R. Sawh-Martinez and S. N. Pavri



137

recommended as an empiric regimen. Duration of antibiotic therapy recommended 
is typically 5 days, although this can be extended if the infection has not improved 
within this time frame (Fig. 5.3). However, without noted improvement one must 
harbor suspicions for an underlying abscess, atypical pathogen, or other complicat-
ing factor. For patients started on IV antibiotic therapy, conversion to oral therapy is 
usually undertaken after approximately 1–3  days, provided there is clinical 
improvement.

Outpatient therapy is recommended for patients who do not have systemic 
inflammatory response syndrome (SIRS), altered mental status, or hemodynamic 
instability. Inpatient hospitalization is recommended if there is concern for a deeper 
or necrotizing infection, for patients with poor adherence to therapy, for infection in 
a severely immunocompromised patient, or if outpatient treatment is failing. Risk 
factors for poor outcomes include three or more episodes of prior cellulitis, lower 
rates of nonsurgical trauma, and presence of venous insufficiency, immunosuppres-
sion, and sepsis [7].

Fig. 5.3 Improvement of dorsal hand cellulitis after 48 h of IV antibiotics, immobilization (splint-
ing), and elevation
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5.3  Soft Tissue Abscess

A soft tissue abscess is a walled-off collection of infected fluid (pus) within the skin 
and subcutaneous tissue. Soft tissue abscesses often develop and are seen in con-
junction with a cellulitis, and an untreated or undertreated cellulitis may often prog-
ress to an abscess as the body attempts to wall off the bacteria. While Streptococcus 
species are more commonly responsible for non-purulent cellulitis, Staph. aureus 
(either methicillin-sensitive (MSSA) or MRSA) is typically seen in purulent cellu-
litis and abscesses.

Clinical evaluation is often enough to diagnose a soft tissue abscess, with char-
acteristics of a fluctuant subcutaneous mass, and (if superficial enough) discolor-
ation/thinning of the overlying skin, occasionally with purulent drainage through 
the skin surface. However, when the clinical picture is uncertain, ultrasound is a 
low-cost imaging modality widely available at the point of care that is approxi-
mately 91% sensitive, 77% specific, and changes management in 10% of cases 
when it comes to differentiating soft tissue abscesses from cellulitis [12].

The primary treatment for a soft tissue abscess is incision and drainage. This 
must be performed in such a way that:

 1. The purulent fluid collection is completely evacuated, with all loculations 
broken up.

 2. The purulent fluid must be sent for Gram stain and aerobic and anaerobic culture.
 3. Any purulent fluid that could recollect has a way to drain.

As such, needle aspiration of an abscess is not an appropriate treatment as it does 
not allow persistent ongoing drainage and the abscess is almost guaranteed to recur. 
The dead space left after the incision and drainage of an abscess heals by secondary 
intention, which refers to healing of an open wound from the base upwards, by 
granulation, contraction, and epithelialization. There are multiple techniques for 
incision and drainage, the choice of which is often dictated by the location, size, and 
depth of the abscess, the patient’s socioeconomic situation and willingness/ability 
to perform wound care, and the healthcare provider’s familiarity with the various 
techniques.

If the abscess is very superficial, often the overlying skin will be discolored 
(white or purple) and devitalized. In these cases, it is best to debride the devitalized 
skin and allow the open wound to heal. In deeper abscesses, the subdermal vascular 
plexus maintains the viability of the skin, and if after an incision and drainage the 
skin edges are allowed to come into apposition, they will heal faster than the abscess 
cavity fills in by secondary intention, and the abscess will recollect. Because of this, 
when linear incisions are made, they should extend the length of the fluid collection, 
and packing of the wound should be performed daily to prevent fluid accumulation 
and wound edge apposition. Cruciate incisions can be performed instead, but are 
significantly more morbid in the amount of scarring created.

The choice of packing material can vary, but needs to be absorbent and not able 
to break down in the wound, thereby leaving foreign particulate matter behind. 
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Typically, saline-moistened gauze is recommended, but common packing materials 
also include plain or iodoform-impregnated cotton strips, or a hydrofiber like 
Aquacel (sodium carboxymethylcellulose).

An alternative technique called the loop drainage technique (LDT) was com-
pared to conventional incision and drainage (CID) and demonstrated a lower abscess 
recollection rate (4.1% versus 9.4%). This technique is primarily used in the pediat-
ric patient population where compliance with packing is often limited due to the 
patient’s age, but should be considered in the adult population for deep abscesses 
given the potential for decreased pain/scarring, fewer follow-up visits, and lower 
healthcare costs [13]. The LDT involves making a small incision at each end of the 
abscess, performing blunt dissection to break down loculations, and inserting a ves-
sel loop through the incisions that is tied on the skin surface. This allows for contin-
ued drainage of the abscess cavity with a smaller incision and no need to repack 
the wound.

While the primary treatment of soft tissue abscesses consists of incision and 
drainage, a meta-analysis of 4 randomized placebo-controlled trials involving over 
2000 participants found that concurrent antibiotic treatment with drugs that cover 
MRSA (clindamycin or trimethoprim-sulfamethoxazole) was associated with a sig-
nificantly increased primary lesion cure rate (risk reduction of 7.4%) and reduced 
new lesion development rate (10%), with a slightly increased rate of minor adverse 
events (4.4%) [14].

5.4  Tenosynovitis and Myositis

Myositis and tenosynovitis represent two distinct clinical entities along the spec-
trum of progressing depth of invasion of bacterial contamination. We will treat these 
separately for the purposes of this chapter, but clinically they may present simulta-
neously or in series with evolving disease burden [15].

5.4.1  Tenosynovitis

Tendons are strong, fibrous connective tissues that are ropelike extensions of mus-
cles which generally attach to bones. In the skeletal system, tendons act as connec-
tive bands and pulleys that allow for complex translation of muscle contractions. 
Tendons are covered by a peritenon layer and often pass through synovial sheaths 
which are osseofibrous tunnels that reduce friction between tendons and the sur-
rounding structures. Tenosynovitis refers to inflammation of the tendon and its 
synovial sheath. There are three main mechanisms by which this infection may 
occur, and they are all associated with bacterial contamination. Most commonly a 
direct trauma with inoculation of a large bacterial burden leads to the inflammatory 
reaction. Infections of the synovial sheaths may also occur from either 
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hematogenous spread (least common) or contiguous spread from adjacent compro-
mised soft tissues. Although this can occur and affect any tendon, it is most associ-
ated with hand and wrist involvement and can severely affect tendon gliding and 
mobility. When found in the lower extremity tendons, the infection limits the 
patient’s ability to bear weight [16, 17].

Classically, tenosynovitis occurs on the flexor tendons of the hand. In this set-
ting, there are five cardinal clinical signs of infection, often referred to as Kanavel 
signs. These include fusiform enlargement of the affected digit (most common), 
finger held in flexion, tenderness along the course of the flexor sheath, and pain 
along the tendon with passive extension (earliest) [18, 19]. Like most infections, 
there is a progression from initial exposure and mild irritation to widespread and 
tissue destruction. Severe disease states are often encountered as the initial inciting 
events in tenosynovitis are mild and sometimes unrecognized. Bites from animals 
or slight punctures can deliver high bacterial loads into deep spaces with little 
appreciation for the potential sequela. Intermittent swelling or symptoms may be 
mild or incompletely addressed which allows for a deep space infection along the 
tendon sheath to promulgate.

Based on the anatomy of the tendon sheaths and wrist, these infections may 
progress into surrounding deep spaces leading to involvement of separate tendons 
via contiguous bursa or connections in the hand and wrist. For example, a “ horse-
shoe abscess” may form when an infection in either the thumb or small finger 
spreads into the radial or ulnar bursa, respectively, which are often connected in the 
wrist via the space of Parona. Similar spread may occur from the extensor tendons 
on the dorsum of the hand to the flexor tendons on the palmar surface. Proximal 
spreading along deep tissue planes may also affect the contiguous carpal tunnel and 
forearm [20, 21]. This further spread if left untreated may lead to compartment 
syndrome, tissue necrosis, and hematogenous spread.

The stages of progression in tenosynovitis include [18, 22]:

Stage 1: Accumulation of exudative fluid and distention of the potential space in the 
tendon sheath

Stage 2: Purulent fluid accumulation and distention of the tendon sheath
Stage 3: Necrosis and destruction of the tendon sheath, surrounding retinacular sup-

port structures (Fig. 5.4)

A full review of all the potentially involved pathogens is beyond the scope of this 
section; however, the most involved pathogens are listed below [23, 24].

Most common pathogens in tenosynovitis:

• Staphylococcus aureus
• Streptococcus spp.
• Pasteurella multocida
• Eikenella corrodens
• Mycobacterium marinum

The timing and severity of each stage can vary based on the inciting pathogen 
and the degree of bacterial burden. Generally, infections due to Staphylococcus 
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aureus or group A Streptococcus present within days, whereas infections due to 
Pasteurella multocida or Mycobacterium marinum may present within days or 
weeks of the original infection. In settings of bites, lacerations, and diabetes, poly-
microbial infections, including gram-negative organisms, are most common includ-
ing combinations of the above noted pathogens [24]. Punctures or thorn-based 
injuries may also lead to fungal tenosynovitis.

Fig. 5.4 (a) Stage 1: Accumulation of exudative fluid and distention of the potential space in the 
tendon sheath. (b) Stage 2: Purulent fluid accumulation and distention of the tendon sheath. (c) 
Stage 3: Necrosis and destruction of the tendon sheath, surrounding retinacular support structures. 
All include the Kanavel signs which include fusiform swelling of affected digit, finger held in 
flexion, tenderness along course of the flexor sheath, and pain along the tendon with passive 
extension
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A wide variety of clinical entities may mimic tenosynovitis, and distinguishing 
between them is critical for timely intervention.

Differential diagnosis:
• Gout
• Herpes zoster
• Psoriatic arthritis
• Rheumatoid arthritis (RA)
• Pseudogout
• de Quervain stenosing tenosynovitis
• Trigger finger
• Trauma
• Soft tissue infection

Early diagnosis is imperative and establishing the infectious source key to help 
guide management. Understanding and evaluating for the Kanavel signs aids in 
diagnosis, and the need for intervention in tenosynovitis should be suspected in 
patients with findings resembling soft tissue infection that do not improve with anti-
microbial therapy. Definitive diagnosis may be established by tendon sheath aspira-
tion, with fluid culture (including bacteria, mycobacteria, and fungal culture) and 
histopathologic examination. Although diagnostic imaging cannot evaluate for 
infection, plain radiographs may evaluate for bony involvement and demonstrate 
opaque foreign bodies, the degree of soft tissue swelling, and potential radiographic 
changes consistent with osteomyelitis. While ultrasound, CT scan, and MRI are 
potentially useful adjuncts to define the anatomical involvement, they are not rou-
tinely needed as the diagnosis of tenosynovitis should be based on the clinical con-
stellation of symptoms.

Early management of infections suspicious for tenosynovitis can vary based on 
the presentation; however, once the diagnosis of tenosynovitis is made, the mainstay 
of treatment is IV antibiotics and surgical release of the deep space infection (Sect. 
5.6). Early treatment of infections consists of oral broad-spectrum antibiotics target-
ing the presumed inciting microbe (skin flora, oral flora, fungal). Common presenta-
tions of tenosynovitis have failed prior attempts of oral antibiotics, which present 
with worsening symptoms while on antibiotics or acutely with fusiform swelling 
and pain with lack of treatment. Patients with delayed presentations may also have 
lymphatic or hematogenous spread, and a sepsis workup and/or blood cultures 
should be considered. Tenosynovitis may also occur from hematogenous spread and 
is associated with N. gonorrhoeae and Mycobacteria.

IV antibiotics should be started immediately upon suspicion of tenosynovitis, 
and a timely surgical evaluation is needed to treat the acute infection to avoid dev-
astating complications from stage 3 disease (necrosis and destruction of the tendon 
sheath). Patients with mild symptoms that are being managed conservatively should 
also have their extremity elevated, in a protective splint with restricted activity. If 
tenosynovitis is suspected, and the clinical infection does not clear with antibiotics, 
it should be presumed that the tendon sheath is involved, and early surgical explora-
tion is warranted. The tendon sheath should be irrigated and drained, with 
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appropriate debridement of necrotic tissue if needed. Classically, the tendon sheath 
is irrigated continuously postoperatively to ensure adequate clearance of infectious 
material, often with need for repeat surgical exploration and wound irrigation.

Given the closed space infection, if there isn’t early, adequate treatment tenosy-
novitis can lead to significant destruction of the tendon sheath and surrounding sup-
port structures, potentially leading to irrevocable damage in terms of finger range of 
motion and function. Finger stiffness, tendon adhesions/scars, tendon necrosis, and 
boutonniere deformity may all occur in cases with delayed treatment or stage 3 
presentation and may even require amputation [25].

5.4.2  Myositis

Infections of skeletal muscle may lead to significant swelling and necrosis of 
affected muscles. Myositis is a broad term that encompasses various clinical entities 
that result in inflammation of muscles. These may include dermatomyositis, poly-
myositis, necrotizing myopathy, and inclusion body myositis. Myositis in the set-
ting of infectious myositis or necrotizing myopathy as a clinical entity may have 
common symptoms including fever, malaise, and muscle pain.

Differentiating between mild forms of myositis can be challenging, and muscle 
biopsies are the mainstay for diagnosis. Imaging modalities such as MRI may also 
help elucidate the extent of affected swelling and localized infections. In the setting 
of soft tissue infections, the involvement of deeper structures is usually progressive, 
and overlying skin infections, drug injections, infected insect bites, and diabetic 
patients should raise suspicion for muscle involvement. Myositis may be caused by 
any infectious agent, including viruses (HIV), mycobacteria, fungi, and parasites.

Common infectious causes of myositis:
• Staphylococcus aureus (psoas abscess)
Streptococcus groups A, B, C, and G
Enterobacteriaceae
Yersinia enterocolitica
Pseudomonas spp.
Aeromonas spp.
Clostridium spp. (especially perfringens)
Peptostreptococcus spp.
Bacteroides spp.

Contiguous spread from skin/subcutaneous abscess, penetrating wounds, osteo-
myelitis, trauma, and pressure ulcers are the most common causes of clinical myo-
sitis [26]. A primary muscle abscess can occur in the absence of surrounding 
infection and may occur from hematogenous spread and/or in the setting of vascular 
insufficiency [27]. Historically, myositis has been thought of as a “tropical” infec-
tion from infectious agents such as filariasis and malaria in settings of predisposi-
tion from diabetes, steroid therapy, or immunosuppressive states. However, myositis 
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may result from involvement of muscle in infections in any setting with uncon-
trolled, spreading infections and is the natural next step of tissue compromise in a 
variety of settings.

Similarly to soft tissue abscesses, diagnosis and early treatment are cornerstones 
of treatment to avoid progression of involved tissues and systematic effects. In the 
absence of obvious surrounding infection, muscle biopsy may be indicated when 
there is high clinical suspicion or imaging identified muscle involvement to evaluate 
for idiopathic inflammatory myopathy. These clinical entities are often derived from 
a variety of autoimmune or rheumatic diseases and are listed below. A complete 
discussion of each of these entities is beyond the scope of this chapter, but these are 
important entities to be aware of in the differential diagnosis of myositis.

Idiopathic inflammatory myopathies:
• Dermatomyositis
Polymyositis
Myositis of the antisynthetase syndrome
Immune-mediated necrotizing myopathy
Inclusion body myositis
Systemic lupus erythematosus
Systemic sclerosis/scleroderma
Mixed connective tissue disease (MCTD)
Rheumatoid arthritis
Sjögren’s syndrome

Treatments of infections involving muscle tissue are critical for they portend 
progressive spread into critical structures and deep tissue necrosis. Wound debride-
ment, drainage of infection, and clearance of necrotic tissue are critical to allow for 
improvement of muscle infection and prevent spread (Sect. 5.6). Differentiating 
between localized infection and spreading fascial involvement is a clinical diagno-
sis that differentiates between a potentially life-threatening infection (necrotizing 
fasciitis – Section 5.5). Laboratory markers such as creatinine kinase and lactate 
acid dehydrogenase are useful markers to track the degree and progress of infection 
with surgical intervention. Increasing levels may mark progression of infection or 
unidentified muscle necrosis/involvement. It is important to remember that creati-
nine kinase levels do not correlate to disease severity.

The diagnosis and clinical evaluation of myositis should coincide with an evalu-
ation for compartment syndrome as the deep space swelling and inflammation may 
have significant deleterious effect on overall function. Compartment syndrome is a 
clinical diagnosis involving “the five Ps” which include pain, poikilothermia, pares-
thesias, paralysis, and pulselessness. Measurement of compartment pressure should 
also reveal elevated pressures (> 30 mmHg) that indicate compression of the mus-
cular blood supply and compromise of associated neurovascular structures. The 
presence of compartment syndrome represents a surgical emergency and often goes 
along with or leads to myositis. Emergent fascial release should be performed to 
preserve function and limit progression of functional compromise of severe 
myositis.
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5.5  Necrotizing Fasciitis (RSM)

Necrotizing fasciitis is a life-threatening form of soft tissue infections which can 
encompass necrotizing myositis and cellulitis [28, 29]. Early, aggressive interven-
tion is critical when a necrotizing infection is suspected and is key to improve mor-
tality and limit morbidity. Necrotizing infections are characterized by rampant 
tissue destruction with systemic signs of sepsis/toxicity including destabilization of 
vital signs (fever, low blood pressure, tachycardia, tachypnea).

Although the term “necrotizing fasciitis” refers to infection of a specific ana-
tomic structure, tissue destruction may occur at several levels simultaneously, 
including the skin (cellulitis), soft tissue, muscle (myositis), and bone (osteomyeli-
tis). Necrotizing fasciitis occurs predominantly in the fascial layer and includes 
several key distinct features which indicate a deep space, spreading infection involv-
ing the presence of gas in the tissues (crepitus on physical exam). It is often pre-
sumed that necrotizing fasciitis involves surrounding structures, making the specific 
diagnosis (i.e., necrotizing fasciitis vs. necrotizing myositis) somewhat indistin-
guishable on clinical exam.

Key features that produce life-threatening infectious spread include the limited 
blood supply of muscle fascia and the longitudinal structure of the anatomy which 
allows for rapid spread along tissues [28–30]. Isolated deep space infections which 
progress to necrotizing infections can often progress without full appreciation of the 
extent of infection as overlying tissue can appear unaffected, with only pain and 
underlying swelling as the early signs. Delayed presentation and diagnosis are nota-
ble causes of increased morbidity, and the high mortality is associated with necro-
tizing fasciitis (Fig. 5.5).

Necrotizing fasciitis category and common causes [29, 31–33]:

Type I – polymicrobial (anaerobic and aerobic bacteria)
• Anaerobic bacteria (at least one):
• Bacteroides fragilis, Clostridium difficile, and Peptostreptococcus sp.
• Aerobic:

Escherichia coli, Enterobacter, Klebsiella, and Proteus

• Facultative anaerobic other than group A Streptococcus
• Rarely Pseudomonas aeruginosa (obligate aerobe) and fungi (candida)
• Clinical entities: Fournier’s gangrene and head and neck

Type II – Monomicrobial
• Group A Streptococci (GAS) w/ M protein:
• M protein types 1 and 3 associated w/ streptococcal toxic shock syndrome
• Beta-hemolytic streptococci
• Staphylococcus aureus
• Unknown sources – hematogenous translocation (GAS)
• Less commonly (water-based trauma): Vibrio vulnificus and Aeromonas 

hydrophila
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Type II, monomicrobial infections with group A Strep are most associated with 
toxic shock syndrome due to the production of pyrogenic exotoxins. These proteins 
are associated with tissue destruction, shock, and organ failure [34].

Most necrotizing infections commonly involve the lower extremities given their 
involvement in common comorbidities including diabetic neuropathy and periph-
eral vascular disease. This follows these sites of common infections secondary to 
decreased blood flow and loss of protective sensation. Critically, necrotizing infec-
tions often present acutely with severe, progressive symptoms that worsen in hours. 
This critical clinical hallmark is a cornerstone of the high morbidity and mortality 
of necrotizing infections that spread quickly, prior to an appreciation for the full 
extent of clinical involvement. Rapid progression of disease and delayed presenta-
tions lead to progressive systemic toxicity, potential limb loss, and death, making 
early recognition of necrotizing infections critical to patient outcomes.

Unfortunately, laboratory abnormalities are nonspecific, but are useful clinical 
markers. Inflammatory and metabolic serum markers are often elevated, and may 
add detail to the physical exam and history. Elevation of serum creatinine, lactic 
acid, aspartate aminotransferase (AST) are suggestive of deep infections as 
opposed to cellulitis. Although blood cultures are often positive (~ 60% in type II 
necrotizing fasciitis), their utility is limited in polymicrobial disease. Imaging 
modalities may also demonstrate air and abscess collection in subcutaneous 
pockets, with tracking inflammation. As surgical exploration and debridement are 
critical, they should not be delayed when there is high clinical suspicion of a 

Fig. 5.5 Sequelae of necrotizing infections. (a) Fournier’s gangrene after removal of infected tis-
sues down to healthy, bleeding tissue. (b) Lower extremity necrotizing infection requiring full- 
thickness debridement of involved tissues. (c) Amputation of nonviable upper extremity
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necrotizing infection. Diagnosis is confirmed during surgical exploration with the 
identification of swollen, dull-gray appearance with exudate and tracking infec-
tion along tissue planes.

Mortality of necrotizing infections:
• Type I necrotizing fasciitis – 20%
• Type II necrotizing fasciitis – up to 30%
• Fournier’s gangrene – up to 40%

5.6  Wound Management and Reconstruction

Wounds have multiple etiologies, including surgery, trauma, radiation, infection, 
and chronic conditions such as diabetes and vascular disease. Considerations and 
techniques for wound management vary according to the type of wound, and are 
outside the scope of this text. As such, this section will review wound management 
and reconstruction of wounds caused specifically by soft tissue infections. The pri-
mary objective in wound management is debridement of any infected or devitalized 
tissue to obtain a clean wound. Control of the debrided wound is obtained by avoid-
ing gross contamination and starting local antiseptic wound care, and optimizing the 
overall health and nutritional status of the patient. After these steps have been taken, 
reconstructive techniques will be dictated by the size and location of the wound, as 
well as any exposed structures.

In order for a wound to heal, it must be free of infection, necrotic tissue, and any 
foreign material. Surgical debridement remains the gold standard to obtain this 
goal. Surgical principles of adequate debridement include wide opening of the 
affected area, evacuation/removal of all purulent and necrotic tissue (with cultures 
sent to microbiology as appropriate), excision back to healthy bleeding tissue, and 
copious irrigation to dilute any remaining contamination. In severe necrotizing soft 
tissue infections, often multiple debridements are necessary, as the ultimate extent 
of the damage may not be immediately evident at the initial procedure.

Special considerations must be taken when wounds are at high likelihood of hav-
ing a biofilm, which is defined as a surface-attached, structured microbial commu-
nity containing sessile bacterial cells embedded in a self-produced matrix of 
extracellular polymeric substances (EPS). A biofilm has the ability to concentrate 
environmental nutrients in its extracellular matrix, facilitates resistance to antimi-
crobial factors, and allows slow bacterial dispersion into the wound by detachment, 
supplying a persistent bacterial source population leading to chronic infection [35]. 
Mechanical disruption of a suspected biofilm during surgical wound debridement 
can be undertaken using a variety of techniques, including curettage of the cavity, or 
painting the cavity with methylene blue followed by excision of all colored tissue. 
Repopulation of a biofilm within 24 hours of debridement is common, so if defini-
tive closure of a wound is planned, it should be appropriately timed with debride-
ment [36]. Antibiotics with a high bioavailability should be used in conjunction 
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with mechanical debridement to appropriately treat biofilm-related infections. Oral 
options include clindamycin, rifampin, fluoroquinolones, and trimethoprim- 
sulfamethoxazole, all of which have bioavailability comparable to parenteral antibi-
otic therapy.

Another important factor in obtaining control over a wound secondary to soft 
tissue infection is prevention of continued wound contamination. For wounds in the 
perineal region (commonly secondary to Fournier’s gangrene), one must consider 
fecal and/or urinary diversion as needed. While this can be done through nonsurgi-
cal means such as a Foley catheter or rectal tube, patients will often require more 
durable long-term diversion through means of a suprapubic catheter or divert-
ing ostomy.

Antiseptic local wound care is also critical for maintaining a clean wound bed to 
optimize healing. Available topical antimicrobials for reducing bioburden and sur-
face contamination include Dakin’s solution (0.5% sodium hypochlorite), poly-
hexamethylene biguanide (PHMB)/betaine (Prontosan), povidone-iodine, acetic 
acid, mafenide acetate, and various silver-containing dressings. Full-strength 
Dakin’s solution can be significantly cytotoxic, and we recommend diluting it to a 
concentration of 0.025% (1:20 Dakin’s solution diluted in sterile water or saline). 
For the initial stages of wound control when still dealing with infection/exudate, 
packing material will often be soaked in these antiseptic solutions, while silver 
dressings and negative pressure wound therapy (NPWT) may be used during the 
later stages as the wound becomes cleaner and dressing frequency decreases [35].

The patient’s overall health must also be optimized for wound healing to be suc-
cessful. Caloric needs increase during the wound healing process and are estimated 
at 30–35 kcal/kg, but may vary based on age, medical comorbidities, BMI, stage of 
the healing process, and the severity, size, and number of wounds [37]. Lab values 
such as prealbumin and albumin levels are often tracked over time to ensure ade-
quate nutrition, with albumin being a general reflection of the patient’s nutritional 
status over the preceding 3  months, and prealbumin being an indication of the 
patient’s more recent nutritional status over the preceding 2–3 weeks. The patient’s 
medical comorbidities also play an important role in optimizing wound healing, 
such as glucose control in diabetics, cessation of all nicotine-containing products, 
and ensuring optimal blood flow by correction of peripheral arterial disease.

Negative pressure wound therapy (NPWT), otherwise known as wound vacuum- 
assisted closure (VAC), is another adjunct that can be used to manage and decrease 
the size of extensive wounds. The technology involves the controlled application of 
constant or intermittent subatmospheric pressure to the local wound environment, 
using a sealed foam dressing connected to a vacuum pump. NPWT enhances wound 
healing by removing excess extracellular fluid and decreasing tissue edema, leading 
to increased vascularity and stabilization of the wound environment. It also reduces 
systemic and local mediators of inflammation in experimental models, and decreases 
matrix metalloproteinase activity and bacterial burden clinically. NPWT has been 
shown to increase fibroblast proliferation and migration, collagen organization, and 
the expression of vascular endothelial growth factor (VEGF) and fibroblast growth 
factor-2 (FGF-2), thereby enhancing wound healing [38].
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Surgical options for reconstruction of a wound are myriad and will depend on the 
wound size and location, as well as any critical exposed structures (vessels, tendon, 
nerves, bone, intra-abdominal contents, etc.) and the overall clinical status of the 
patient. The reconstructive ladder is a concept from the field of plastic surgery that 
teaches a stepwise approach to treating wounds, progressing from the most basic to 
the most complex. This concept is now considered to be outdated, with the “recon-
structive elevator” as a more appropriate analogy, as a patient may be best served by 
a more complex option for their initial attempt at reconstruction (Fig. 5.6).

Wounds secondary to soft tissue infections are often limited to the subcutaneous 
tissue (without exposure of vital nerves/vessels or bone), and therefore can typically 
be left to heal by secondary intention or can be skin grafted to speed up the healing 
process in an extensive wound. Integra Bilayer Matrix Wound Dressing is a dermal 
substitute comprised of a porous matrix of cross-linked bovine tendon collagen and 
glycosaminoglycan, with an overlying semipermeable polysiloxane (silicone) layer. 
It can be applied over a clean, well-vascularized wound bed and will revascularize 
over 3–4 weeks, thereby forming a neodermis which can be re-epithelialized with a 
thin split thickness skin graft. This increases the durability of the graft and overall 
reconstruction, and reduces the depth of the wound and the thickness of the skin 
graft needed, and is especially useful over high-mobility areas where wound con-
tractures and extensive scar tissue would be problematic (Figs. 5.7 and 5.8).

Occasionally a severe necrotizing soft tissue infection will leave exposed major 
blood vessels or nerves, tendon without paratenon, or bone without periosteum. In 
such situations a plastic surgeon is needed to consider either a local or pedicled flap 
or a microvascular free tissue transfer to obtain wound coverage, although these 
cases remain a small percentage of overall wounds from soft tissue infections.

In the case detailed below, the patient presented with a necrotizing fasciitis of the 
left neck secondary to a locally advanced perforated esophageal cancer. Debridement 
resulted in ligation of the left common carotid artery and internal jugular vein and 
exposure of those large vessel stumps as well as the vagus nerve. A plastic surgery 
consult for wound coverage was obtained due to the exposure of vital structure (and 
risk of vessel rupture from prolonged exposure), as well as due to the need to obtain 
expedient wound closure so the patient could progress to chemoradiation therapy 
for his newly diagnosed cancer. He underwent wound coverage with a left pedicled 
pectoralis muscle flap and split thickness skin graft and went on to heal uneventfully 
(Fig. 5.9). Other examples are shown in Figs. 5.10 and 5.11.

5.7  Novel Therapies for Wound Care

In 2019, the wound care market was a 19.8 billion dollar industry, and is projected 
to reach 24.8B in 2024. Management and adjunctive therapies for problematic and 
nonhealing wounds run the gamut from specialized dressings, particulate derived 
from embryologic sources, and experimental, novel therapeutics aimed at improv-
ing tissue regeneration while ameliorating deleterious effects from comorbidities. 
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The following is an overview of some promising technological advances beyond the 
mainstay of clinical use, however as this field is rapidly evolving and new advances 
are continuously occurring.

Advanced therapies are focused on the fundamental aspects of wound control, 
namely, control of infection, establishing hydrated, clean wound bed free of devital-
ized tissue, and protection against future breakdown. A working understanding of 
wound healing biology is important to understand the effect of novel technologies. 
Wounds heal via three phases that interact with one another – inflammation where 

Fig. 5.6 Reconstructive ladder

Fig. 5.7 Application of bilayered Integra over a forehead defect (left) with subsequent application 
of a split thickness skin graft (right)
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neutrophils predominate and remove debris, proliferation where fibroblasts form 
and breakdown the extracellular matrix, and remodeling when closed wounds 
develop into mature scars with decreased cell content and blood flow. Management 
of comorbid medical and social conditions is the base of wound care management 
and cellular function. Adjunctive therapies and technologies’ performance is bal-
anced against the background milieu of the patient’s condition (Fig. 5.12).

Novel therapies aim to provide improved wound management (infection control, 
removal of devitalized tissue), recruitment (directly or indirectly) of cytokines and 
cell-mediated responses, and management of mature wounds.

5.7.1  Dressings

The ideal wound management should allow for oxygen permeability, clearance of 
exudate, protection against infection, and desiccation while providing structural and 
biological characteristics of the extracellular matrix (ECM) [39, 40]. Naturally 
occurring polymers (chitosan, alginic acid, cellulose, hyaluronic acid) are often 
used. Formulations of these polymers are made into dressings with nanoparticles, 
microparticles, films, foams, hydrogels, and nanofibers, or combinations thereof [40].

Hydrocolloids made from gelatin, pectin, or cellulose offer carbohydrate-based 
hydrating gels which prevent excess desiccation. These can be shaped as they 
adhere/mold to the specific wound. They should be used in wounds with excess or 
heavy exudate as excess fluid may disrupt the gel composition and lead to migra-
tion [41].

Fig. 5.8 Application of bilayered Integra to a large anterior thigh wound (top left), removal of the 
silicone layer at 4 weeks (top right), and further wound healing at 6 weeks prior to skin grafting 
with increased vascularity and healthy granulation tissue (bottom right)
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Hydrogels are water-based cross-linked hydrophilic polymers of carboxymeth-
ylcellulose and propylene glycol that “donate water” to the application sites while 
preventing water loss. This is thought to assist with autolytic debridement of nonvi-
able tissue [41, 42]. Notably these may lead to maceration and may require pro-
longed placement for clinical effect.

Foam dressings share a spongelike architecture that allows for the absorption of 
exudate while being moldable to fit into irregularly shaped wounds. Importantly 

Fig. 5.9 Patient with necrotizing fasciitis of the left neck secondary to a locally advanced perfo-
rated esophageal cancer. Urgent reconstruction was required due to the exposure of vital structures 
and risk of vessel rupture from prolonged exposure. Patient underwent wound coverage with a left 
pedicled pectoralis muscle flap and split thickness skin graft
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Fig. 5.10 Lower extremity full-thickness wound. Key surgical principles of wound debridement, 
management of infection, and appropriate reconstruction, in this case with a free flap from the 
thigh for limb salvage

Fig. 5.11 Lower extremity wound with exposed, contaminated hardware. Key principles are 
removal of infected hardware with wide debridement. Temporizing measures may be taken with 
antibiotic beads. Once the wound is cleared of contaminated hardware, robust vascularized tissue 
is used for wound coverage and secondary reconstruction may proceed as needed
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they must be changed when saturated as they may lead to maceration if left 
unchecked.

Alginate gels are viscous, hydrophilic derivatives of brown algae that are useful 
in high exudative wounds as they absorb water. These can be overly absorptive if not 
monitored.

Chitosan is a naturally occurring polymer with antimicrobial properties that pro-
motes gas exchange and promotes wound drainage. Dressings incorporating chito-
san include nano-/microparticle delivery systems and incorporation into hydrogels. 
Ongoing studies aim to improve the mechanical properties and antimicrobial effects 
of chitosan-based dressings [40, 43]. Further work is also aimed at developing 3D 
printed chitosan-pectin biopolymeric hydrogels [44].

Hyaluronic acid is a ubiquitous protein found in the skin and several connective 
tissues in the human body. It plays a vital role in wound healing and embryonic 
development, and is thought to maintain tissue integrity, facilitating adhesion and 
differentiation of cells during inflammation [45]. Several experimental hydrogels 
and tissue-engineered constructs are currently under study with the promise of 
improved wound healing, biocompatibility, and biodegradability [40, 46].

Fig. 5.12 Harding KG, Morris HL, Patel GK. Science, medicine and the future: healing chronic 
wounds. BMJ. 2002;324(7330):160–163. doi:https://doi.org/10.1136/bmj.324.7330.160
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Combination polymers are another area of active study. The combination of 
bacterial cellulose is modifiable and allows for the introduction of drug delivery [47, 
48]. Alginate and collagen backgrounds are often used for their porous properties 
which mimic human extracellular matrix [46, 49, 50]. Collagen-based biomaterials 
have been shown to elicit cytokine responses which recruit macrophages and fibro-
blasts [40, 51, 52].

5.7.2  Placental-Derived Membranes

The human placenta is comprised of placental membranes, amnion and chorion, 
which enclose the amniotic fluid and fetus. The basement membrane of the amnion 
is composed of type I/III collagen and fibronectin. The chorion is separated from the 
amnion by a thin spongy layer. Interestingly, these structures contain no blood ves-
sels or nerves, and instead nutrients are attained by diffusion from the amniotic 
fluid. When used clinically, these tissues are employed either in isolation or com-
bined, and are treated by cryopreservation, devitalized and dehydrated, or decellu-
larized and dehydrated [53, 54]. In contrast to drugs and devices, tissue allografts do 
not require premarket approval, and as such, there are a growing number of 
placental- derived allografts in the marketplace. Although there are no randomized 
controlled trials, in vitro data and limited clinical studies purport improved aggrega-
tion of inflammatory and vasculogenic growth factors, and improved times to wound 
healing [54, 55].

Despite the significant promise of these, and a great panoply of naturally occur-
ring and synthetic materials aimed at improving wound healing, new technologies 
and advances face the challenges of completing randomized controlled clinical tri-
als to demonstrate efficacy in wound healing. Mainstay principles of controlling 
comorbidities (diabetes, vascular disease, nicotine avoidance, nutrition, etc.) and 
wound management principles (debridement, infectious control, surgical manage-
ment of abscesses/necrosis) remain the keystone of wound care.
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Chapter 6
Incidence, Complications, and Novel 
Treatment Strategies: Diabetic Ulcer 
of the Limb

Leila Yazdanpanah

Abstract Diabetes mellitus (DM) is one of the major problems in healthcare sys-
tems and a global pandemic that has increased dramatically over the past few 
decades (Zhang et al., J Diabetes Investig 11: 241–249, 2020; Ramachandran et al., 
World J Diabetes 3: 110–117, 2012). According to epidemiological studies, the 
number of patients with DM increased from approximately 30 million cases in 1985 
to 422 million in 2014 (Whiting et al., Diabetes Res Clin Pract 94: 311–321, 2011; 
Shahbazian et al., Pak J Med Sci 29: 730–734, 2013). This chapter describes at-risk 
patients and the complications associated with diabetes in the limb including diabetic 
neuropathy, infection, foot deformity, and ischemia. Diabetic foot management is a 
multidisciplinary approach and needs a well-functioning teamwork of general physi-
cians, and endocrinologists, as well as specialists in infectious disease, vascular sur-
gery, orthopedics, intervention, orthotics, and prosthetics and educated nurses. This 
chapter discusses the basic treatment strategies as well as highlights novel and emerg-
ing treatment approaches that may improve clinical outcome in the future.

Keywords Diabetes · Infection · Diabetic neuropathy · Diabetic foot infection · 
Inflammation · Osteomyelitis · Charcot foot · Diabetic ischemia · Treatment · 
Novel strategies

6.1  At-Risk Patients

Diabetes mellitus (DM) is one of the major problems in healthcare systems and a 
global pandemic that has increased dramatically over the past few decades [1, 2]. 
According to epidemiological studies, the number of patients with DM increased 
from approximately 30 million cases in 1985 to 422 million in 2014 [3, 4]. These 
figures are alarming because an increase in diabetes prevalence will increase the 
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number of acute and chronic complications in the general population, bringing 
about enormous effects on quality of life and economic burdens [5].

As far as complications associated with diabetes are concerned, diabetic foot 
management remains a major challenge for healthcare professionals. The diabetic 
foot is still the most frequent cause of hospitalization of patients with diabetes, and 
diabetes accounts for 70% (more than half) of nontraumatic amputations in the 
world [6–8]. A few years ago, a lower limb was amputated worldwide due to diabe-
tes every 30 seconds, but unfortunately today this figure has become 20 seconds as 
a result of the rapid prevalence of diabetes [6, 9, 10]. A diabetic foot ulcer (DFU) 
imposes significant financial burdens on public and private paymasters, ranging 
from $9 to $13 billion, in addition to the costs associated with diabetes itself. 
Healing of a single DFU is estimated to cost $17,500 USD, and if it leads to amputa-
tion, the cost will go as high as $30,000–33,500 USD. Additionally, there are indi-
rect costs including disability, rehabilitation, home care, etc. Therefore, nearly 
7–20% of diabetes-related expenditure in North America and Europe is due to DFU 
costs. The global DFU market expects a positive 6.6% compound annual growth 
rate between 2016 and 2024. At this pace, the market’s estimation may reach $4.9 
billion by the end of 2024 [10, 11].

The global DFU prevalence is about 1.3–12% in different studies with an aver-
age of 6.3% [10, 12]. About 15–25% of patients with diabetes may develop a foot 
ulcer in their lifetime. The annual risk of developing a diabetic foot ulcer in patients 
with diabetes is appraised to be about 2%, but this risk in patients with a previous 
history of foot ulceration is expected to increase to 17–60% over the subsequent 
3-year period [10, 13, 14]. Recent studies have shown multiple risk factors related 
to DFU development [13–15]. These risk factors are (i) duration of diabetes 
>10 years, (ii) gender (male), (iii) high body mass index (BMI), (iv) age, and (v) 
comorbidities such as diabetic peripheral neuropathy, peripheral arterial disease 
(PAD), foot deformity, diabetic retinopathy, metabolic control (e.g., hemoglobin, 
HbA1C), infections, unsuitable footwear, and reduced self-care behaviors [4, 14–16].

While the literature has recognized a number of diabetes-related risk factors that 
lead to lower-extremity ulceration and amputation, most DFUs have been caused by 
neuropathy, ischemia, or foot deformities. Pure ischemic ulcers probably represent 
only 10% of DFUs, while 90% are caused by neuropathy, alone or with ischemia. 
Neuro-ischemic ulcers are the most common type of ulcers seen in diabetic foot 
clinics today [6, 17, 18].

Today, various investigations have shown that elevated plantar pressures are 
associated with foot ulceration. Moreover, it has been proven that foot deformities 
and gait instability increase plantar pressure, which can result in foot ulceration [19, 
20] (Fig. 6.1). Unfortunately, frequently patients with diabetes tend to deny their 
disease and fail to take part in the self-management of their disease. However, sev-
eral studies have shown that appropriate management of a DFU can significantly 
reduce, delay, or prevent complications such as infection, gangrene, amputation, 
and even death [17, 20, 21].

As diabetes is a multi-organ systemic disease, all comorbidities that influence 
wound healing must be managed by a multidisciplinary team for ideal outcomes for 
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the DFU. Currently, several studies have shown that a multidisciplinary team can 
decrease amputation rates, lower costs, and lead to better quality of life for patients 
with a DFU.  A preventive care team, defined as a multidisciplinary team, can 
decrease the risks associated with DFU and amputation by 50–85% [21–26].

6.2  Diabetic Neuropathy

Neuropathy is the most common complication of DM, affecting up to 50% of 
patients. Its prevalence is different in terms of the two types of diabetes. Previous 
studies have reported prevalence rates for polyneuropathy to vary from 8% to 54% 
in type 1 diabetic patients and from 13% to 46% in type 2 patients with diabetes [27, 
28]. It may present at the beginning of a diabetes diagnosis in about 10% of patients, 
and it may even present in prediabetes patients. Peripheral neuropathy is the most 
common risk factor for DFUs, promoting more than 80% of these ulcers [29–31]. 
The most common type of neuropathy in patients with diabetes is sensory-motor 
distal symmetric neuropathy. Sensory neuropathy illustrates a stocking-and-glove 
distribution in the distal limbs. Sensory symptoms may be positive or negative, and 
focal or diffuse. Negative sensory symptoms manifest loss of sensation due to axon/
neuron loss, which consists of feelings of numbness and loss of balance. Positive 
symptoms reflect abnormal excitability of the nervous system and may be described 
as tingling, burning, pricking pain, tightness, or hypersensitivity to touch. Absent or 

Fig. 6.1 Areas of the foot at highest risk for ulceration (from IWGDF guideline 2019 [21])
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decreased ankle reflexes happen early in the disease, though more extensive loss of 
reflexes and motor weakness are late findings [27, 31]. Besides, motor neuropathy 
can lead to foot deformity (see Sect. 6.4).

Diabetic neuropathy is known to affect injury to both large-diameter, myelinated 
nerve fibers and small-diameter, unmyelinated nerve fibers. Small-diameter nerve 
fibers correspond to 70–90% of all peripheral nerve fibers and are supposed to be 
the earliest fibers to be impaired in diabetes, causing temperature, pain, and pressure 
sensation disorder. Large fiber involvement is seen in vibration perception disorder 
[30, 32, 33]. Thus, neurologic examination should be taken into account as the first 
and the most important screening tool in patients at risk of developing a foot ulcer 
because diabetic neuropathy can lead to DFU, lower limb infections, and amputa-
tion [31]. The most important issue in this regard is identifying at-risk patients by 
screening loss of protective sensation (LOPS). LOPS assessment is suggested with 
one of the following techniques:

 1. Pressure perception: use of the 10 gram monofilament.

The Nylon 10 g Semmes-Weinstein monofilament is applied perpendicular on 
the three different sites as shown in Fig. 6.2. To this aim, the filament is pressed onto 
the skin, and the patient is asked whether they feel the pressure applied (“yes”/“no”). 
The total interval of the test should be approximately 2 seconds. Areas of ulcer, cal-
luses, necrotic tissues, and scars are avoided during the test. Protective sensation is 
present at each site if the patient accurately answers on two out of three applica-
tions, and it is absent when two out of the three answers are inaccurate [21].

 2. Vibration perception: 128 Hz tuning fork

In this test, the tuning fork is applied onto a bony part on the dorsal side of the 
distal phalanx of the first toe (or another toe if the hallux is absent). The tuning fork 
is applied perpendicularly, with persistent pressure (Fig.  6.3). It is necessary to 
make sure that the patient cannot see whether or where the examiner applies the 
tuning fork. The test is positive if the patient accurately answers at least two out of 
three applications and negative if two out of three answers are inaccurate [21].

Fig. 6.2 10g monofilament test and its examination sites
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All patients with diabetes (type 2 at the time of diagnosis and type 1 5 years after 
diagnosis) have to be examined through neurologic screening every year using a 
10 g monofilament sensation, vibration perception, and pain and temperature sensa-
tion test. After examination, we can stratify patients in different risk groups to man-
age their follow-ups according to Table 6.1.

6.3  Diabetic Foot Infection

Diabetic foot infections (DFIs) are associated with considerable morbidities, requir-
ing daily wound care, antimicrobial therapy, repeated healthcare provider visits, and 
surgical procedures, all of which imposing high healthcare costs [34]. DFIs con-
tinue to be the most common cause of hospitalization in patients with diabetes and 
the most common reason for lower-extremity amputation [35, 36]. Approximately 
more than half of DFU patients (nearly 60%) develop infection [37, 38]. In more 
than two-thirds of the cases, infection is the principal reason for major lower limb 
amputation in patients with a DFU. The prevalence of DFI has been reported to be 
about 25–60%. It is reported that patients who have a DFI are 155 times more likely 
to experience amputation compared with those who do not have infection. Nearly 

Fig. 6.3 128 Hz tuning 
fork test

Table 6.1 The IWGDF 2019 risk stratification system [21]

Category Ulcer risk Characteristics Frequency

0 Very low No LOPS and no PAD Once a year
1 Low LOPS or PAD Once every 

6–12 months
2 Moderate LOPS + PAD, or

LOPS + foot deformity or
PAD + foot deformity

Once every 3–6 months

3 High LOPS or PAD, and one or more of the 
following:
   – History of a foot ulcer
   – A lower-extremity amputation (minor or 

major)
   – End-stage renal disease

Once every 1–3 months
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20% of moderate and severe DFIs result in amputation [38, 39]. Infections may 
complicate DFUs not only those of the neuropathic type but also ischemic ulcers. 
Outcomes in patients with an infected diabetic foot ulcer are poor. For example, in 
one large prospective study at the end of the first year, ulcers healed in only 46% of 
patients, while 15% expired and 17% required a lower-extremity amputation. 
Hence, global research on diabetic foot ulcers shows that DFI is the most frequent 
topic in this respect [36, 40, and 41].

6.3.1  Identification of a DFI

Even though a wide variety of bacteria may colonize foot ulcers, infection is taken 
into consideration just as an inflammatory reaction occurs, because of the interface 
between bacteria and host tissues. Colonization is usually restricted to the skin sur-
face, while infection is characterized by the involvement of subcutaneous or the 
deeper tissue layers. DFI management requires carefully diagnosing the condition, 
obtaining proper specimens for culture, thoughtfully choosing antimicrobial ther-
apy, rapidly determining when surgical interventions are needed, and providing 
wound and overall patient care. A systematic, evidence-based approach to manag-
ing DFIs improves outcomes and avoids complications such as lower-extremity 
amputation. Multidisciplinary teams would better include an infectious diseases or 
medical microbiology specialist. Such teams should try to ensure optimal local 
wound care (e.g., cleansing and debridement), pressure offloading, vascular assess-
ment, and metabolic (predominantly glycemic) control. Numerous guidelines are 
available to assist clinicians in managing DFIs [42].

Infection is best defined as an invasion and multiplication of microorganisms in 
host tissues that induces a host inflammatory response, usually followed by tissue 
destruction [21, 43]. In patients with a DFU, deep tissues are exposed to bacterial 
colonization, and immediately the protective layer of the skin is ruptured. Infection 
in a diabetic foot cannot be described merely in terms of wound culture results. 
Therefore, the presence of inflammatory signs in any type of foot tissue in a patient 
with diabetes is considered a DFI.  Nevertheless, in patients with diabetes, some 
inflammation symptoms or signs may be masked because of diabetic neuropathy, 
immunity dysfunction, or presence of PAD. Limb ischemia and diabetic neuropathy 
increase the risk of an ulcer becoming infected and more complicated [35, 44–47]. 
Some of the predisposing factors of foot infection in these patients include deep, 
recurrent, or long-standing ulcers, chronic renal failure, and persistent hyperglyce-
mia [46, 48]. Because of the nature of foot anatomy which includes separate but 
intercommunicating compartments, infection may lead to compartmental pressure, 
ischemic tissue necrosis, and progressive infection [49, 50].

According to one classification, DFIs are classified into non-limb-threatening, 
limb-threatening, and life-threatening infections. Non-limb-threatening infections 
are superficial without ischemia and osteomyelitis. In this type of infection, the cel-
lulitis around the ulcer is ≤2 cm, and the patient is clinically stable so they can be 
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supervised in outpatient service. Limb-threatening infections in patients with diabe-
tes may present along with fever, limb edema, lymphangitis, hyperglycemia, leuko-
cytosis, and ischemia. Cellulitis in these patients is ≥2 cm, and the probe test may 
be positive, and osteomyelitis may be present. Consequently, if there is any gan-
grene, abscess, osteomyelitis, or necrotizing fasciitis, the patient has to be admitted 
for inpatient services [43, 51, 52]. If not treated properly, DFIs have a tendency to 
progress, causing osteomyelitis and limb- or life-threatening infections. For their 
convenience, healthcare providers are recommended to use the SINBAD classifica-
tion [Table 6.2]. To categorize DF infections, IWGDF suggests this classification 
[Table 6.3].

6.3.2  Osteomyelitis

Osteomyelitis (OM) is a common consequence of a DFU infection. It presents in 
10–15% of moderate and in 50% of severe infections, and may underlay any DFU, 
particularly those that are chronic for many weeks, causing an erythematous, swol-
len (“sausage”) toe. OM is principally the outcome of a soft tissue infection that 
extends to the bone, involving first the cortex and afterward the marrow [38, 40].

Osteomyelitis can involve any bone, but largely involvement is in the forefoot 
(90%), followed by the midfoot (5%) and the hindfoot (5%). Prognosis in forefoot 
OM is better than midfoot and hindfoot osteomyelitis. Above-the-ankle amputation 
risk is considerably greater for hindfoot (50%) than midfoot (18.5%) and forefoot 
(0.33%) [53, 54].

Table 6.2 SINBAD classification of DFU [21]

Category Definition Score

Site Forefoot 0
Midfoot and hindfoot 1

Ischemia Pedal blood flow intact: At least one palpable 
pulse

0

Clinical evidence of reduced pedal flow 1
Neuropathy Protective sensation intact 0

Protective sensation lost 1
Bacterial infection None 0

Present 1
Area Ulcer <1 cm2 0

Ulcer ≥1 cm2 1
Depth Ulcer confined to the skin and subcutaneous 

tissue
0

Ulcer reaching the muscle, tendon, or deeper 1
Total possible score 6

6 Incidence, Complications, and Novel Treatment Strategies: Diabetic Ulcer of the Limb
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OM diagnosis is difficult because there is no uniquely identified description all 
over the world [55, 56]. At least two signs of inflammation have to be present; how-
ever, diabetic foot OM can appear without any local sign of inflammation. Two 
certain clinical signs are used to predict osteomyelitis. The first is the foot ulcer size 
(width and depth). Ulcers larger than 2 cm have a sensitivity of 56% and a specific-
ity of 92%. Deep ulcers (> 3 mm) are more correlated with a fundamental OM than 
superficial ulcers (82% vs. 33%). The probe-to-bone (PTB) test is the second way 
that is the most helpful test to diagnose OM. However, its reliability depends on the 
clinician’s skill and the ulcer’s location and etiology. The test requires just a sterile 
blunt metal probe mildly inserted into the wound, with a positive test expressed by 
sensation of a hard structure. PTB has demonstrated a sensitivity of 66–87%, a 
specificity of 85–91%, a positive predictive value of 57–89%, and a negative 

Table 6.3 The classification system to define the presence and severity of DFIs [21]

Clinical classification of infection, with definitions
Uninfected

IWGDF 
classification

No systemic or local symptoms or signs of infection I (uninfected)
Infected
At least two of these items are present:
   • Local swelling or induration
   • Erythema >0.5 cm* around the wound
   • Local tenderness or pain
   • Local increased warmth
   • Purulent discharge
And no other cause(s) of an inflammatory response of the skin (e.g., trauma, 
gout, acute Charcot neuro-osteoarthropathy, fracture, thrombosis, or venous 
stasis)
Infection with no systemic manifestations (see below) involving:
   • Only the skin or subcutaneous tissue (not any deeper tissues)
   • Any erythema present does not extend >2 cm** around the wound

2 (mild infection)

Infection with no systemic symptoms, and involving:
   • Erythema extending ≥2 cm* from the wound margin
   • Tissue deeper than the skin and subcutaneous tissues (e.g., tendon, 

muscle, joint, bone)

3 (moderate 
infection)

Any foot infection with associated systemic manifestations (of the systemic 
inflammatory response syndrome [SIRS]), as manifested by ≥2 of the 
following:
   • Temperature > 38 °C or <36 °C
   • Heart rate > 90 beats/minute
   • Respiratory rate > 20 breaths/minute or PaCO2 <4.3 kPa (32 mmHg)
   • White blood cell count >12,000/mm3, or > 10% immature (band) forms

4 (severe 
infection)

Infection involving the bone (osteomyelitis) Add “(O)” after 3 
or 4***

Note: * Infection refers to any part of the foot not just of a wound or an ulcer, ** in any direction, 
from the rim of the wound. The presence of clinically significant foot ischemia makes both diag-
nosis and treatment of infection considerably more difficult. *** If osteomyelitis is demonstrated 
in the absence of ≥2 signs/symptoms of local or systemic inflammation, classify the foot as either 
grade 3(O) (if <2 SIRS catena) or grade 4(O) if ≥2 SIRS catena)
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predictive value of about 98% in different studies [38, 40, 57, 58]. If the PTB test is 
positive in a high-risk patient and negative in a low-risk patient, it is reliable to 
diagnose DFIs. Therefore, in the infected ulcer, a positive PTB test is greatly sug-
gestive of OM, but a negative test does not exclude it. As an alternative, in an ulcer 
without infection, a positive test may not be specific to OM. However, a negative 
PBT test should exclude a bone infection [37, 59, 60]. (Table 6.4)

6.3.3  Serum Inflammatory Indicators

Serum inflammatory indicators such as white blood cells (WBC), C-reactive protein 
(CRP), erythrocyte sedimentation rate (ESR), and procalcitonin (PCT) are usually 
higher in OM than soft tissue infections. WBC count has been reported to have a 
slight correlation with infection severity in many studies. About half of the cases of 
DFI have normal WBC [52, 61]. Another indicator, ESR, in most studies, has been 
higher in patients with DFIs in comparison with diabetic foot ulcers without infec-
tion. Nevertheless, ESR values may be affected by a number of conditions such as 
anemia and azotemia, and they may not rise in the acute phase of infection. In case 
of the presence of OM, and when ESR > 60 mm/h and/or CRP > 3.2 mg/dL, WBC 
and procalcitonin may be within normal limits. However, an ESR ≥ 70 mm/h is 
more common in bone infections in comparison with soft tissue infections. 
Procalcitonin is a peptide precursor of the calcitonin hormone which is often unde-
tectable or has low concentrations in healthy populations. Several tissues (kidney, 
adipose tissue, lung, and liver) produce PCT in the presence of infection, and the 
blood concentration can rise. PCT is considered positive if ≥0.5 ng/ml [38, 62–65].

WBC, CRP, and PCT values return to their normal range approximately 3 weeks 
after treatment in both soft tissue and bone infections. However, ESR frequently 
stays high and only in the presence of osteomyelitis. CRP levels are predisposed to 

Table 6.4 IWGDF/IDSA system

Clinical manifestations
Infection 
severity

PEDIS 
grade

Wound lacking purulence or any manifestations of inflammation Uninfected 1
Presence of ≥2 manifestations of inflammation (purulence, or erythema, 
tenderness, warmth, or induration), but any cellulitis/erythema extends 
≤2 cm around the ulcer, and infection is limited to the skin or superficial 
subcutaneous tissues; no other local complications or systemic illness

Mild 2

Infection (as above) in a patient who is systemically well and 
metabolically stable but which has ≥1 of the following characteristics: 
cellulitis extending >2 cm, lymphangitic streaking, spread beneath the 
superficial fascia, deep-tissue abscess, gangrene, and involvement of 
muscle, tendon, joint, or bone

Moderate 3

Infection in a patient with systemic toxicity or metabolic instability 
(e.g., fever, chills, tachycardia, hypotension, confusion, vomiting, 
leukocytosis, acidosis, severe hyperglycemia, or azotemia)

Severe 4
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increase more rapidly with infection and decrease faster in resolving infection. 
Serum levels of CRP are constantly higher in DFIs than those in diabetic foot ulcers 
without infection, and its levels increase notably with the severity of infection. 
Among the inflammatory markers, CRP has shown higher diagnostic accuracy than 
WBC and ESR [38, 63, 66, 67].

6.3.4  Imaging in the Diagnosis of DFI and Osteomyelitis

All patients suspected of having osteomyelitis should undergo plain X-rays of the 
foot. Plain X-rays are usually available, which are comparatively inexpensive and 
cause fewer side effects [68, 69]. Characteristic findings of bone infection in plain 
X-rays, as shown in Table 6.5, are greatly indicative for osteomyelitis, but X-rays 
are often negative in the first few weeks of infection because clear signs associated 
with osteomyelitis are mostly not apparent until 30–50% of the bone is involved, 
which typically occurs after 2–3 weeks. In this period, magnetic resonance imaging 
(MRI) with gadolinium has very great sensitivity (90%) and specificity (85%) in the 
diagnosis of OM. Gadolinium uptake is superior when discriminating between soft 
tissues and bone when compared with CT and scintigraphic methods. MRI is a test 
available for most patients and provides information about both soft tissue and bone 
infections in the foot. The main changes within the bone marrow which contribute 
to the diagnosis of osteomyelitis are low signal intensity on T1-weighted sequences 
and high signal intensity on T2-weighted sequences [37, 38].

Scintigraphic examinations are more sensitive than X-ray during the primary 
stage of bone infection and the follow-up. Nevertheless, their limitation is the low 
specificity in the contrast between soft tissues and bone infection. Labeled leuko-
cyte imaging is more valuable than a bone scan as far as diagnosis, bone assessment, 

Table 6.5 Features characteristic of diabetic foot osteomyelitis on plain X-rays [21]

New or evolving radiographic features* on serial radiographs**, including:
   • Loss of bone cortex, with bony erosion or demineralization
   • Focal loss of trabecular pattern or marrow radiolucency (demineralization)
   • Periosteal reaction or elevation
   • Bone sclerosis, with or without erosion
Abnormal soft tissue density in the subcutaneous fat, or gas density, extending from the skin 
toward the underlying bone, suggesting a deep ulcer or sinus tract
Presence of sequestrum: Devitalized bone with radiodense appearance separated from normal 
bone
Presence of involucrum*: Layer of new bone growth outside previously existing bone resulting 
and originating from stripping off the periosteum
Presence of cloacae*: Opening in the involucrum or cortex through which sequestrum or 
granulation tissue may discharge

Note: *Some features (e.g., sequestrum, involucrum, and cloacae) are seen less frequently in dia-
betic foot osteomyelitis than in younger patients with osteomyelitis of larger bones. **Usually 
spaced several weeks apart
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and follow-up are concerned. It has been demonstrated that combined 99mTc white 
blood cell-labeled single-photon emission computed tomography and computed 
tomography (99mTc WBC-labeled SPECT/CT) imaging give good spatial resolu-
tion with the three-dimensional CT-scan images and WBC uptake intensity produc-
ing more evidence with respect to the site and expansion of the infection. The role 
of 99mTc WBC-labeled SPECT/CT has been positively appraised in distinguishing 
the entire resolution of infection in the course of following up patients treated by 
antibiotics. The positron emission tomography-computed tomography (PET/CT) 
with fluorine-18-fluorodeoxyglucose (18F-FDG) is an outstanding hybrid imaging 
that can be used in OM diagnosis and in differentiating bone from soft tissue infec-
tions. For the diagnosis of OM, it is recommended to use a combination of various 
diagnostic tests such as PTB, serum inflammatory markers, X-ray, MRI, and radio-
nuclide scanning. The first type of imaging should always be X-ray evaluation, but 
when more detailed imaging is needed, MRI is the first alternative. A white blood 
cell-labeled radionuclide scan, SPECT/CT, and 18F-FDG PET/CT are used in the 
cases where MRI is contraindicated [37, 38, 70, 71].

It should be noted that if a diabetic patient is suspected of osteomyelitis, and 
plain X-rays and laboratory results with clinical judgment are strongly suggestive of 
osteomyelitis, no additional imaging is recommended [72–75].

6.3.5  Microbiology in DFIs

It may be difficult to identify when DFIs have been successfully treated. Some 
inflammatory markers and plain X-rays can be helpful in the diagnosis of DFIs, but 
it should be noted that DFIs are not cured until at least 1 year after their healing and 
when there is no evidence of infection recurrence. However, if these tests show 
improvement and not resolution, then this should be considered solely as remission 
because infection recurrence at a similar location is not uncommon [76, 77].

In a diabetic patient with suspected osteomyelitis of the foot, if it is possible, 
gathering a sample of bone (percutaneously or surgically) for culture is helpful. The 
gold standard for the diagnosis of osteomyelitis is bone biopsy based on which his-
tological findings can be obtained. This approach is a standard method used to 
establish the causative pathogen. It does not matter to receive antibiotic therapy 
before a bone culture, because in many studies this does not seem to diminish the 
positive cultures ratio. Obtaining a bone biopsy from all cases is ideal; however, this 
is of course not always possible as the procedure requires experience, time, and 
added cost. Nevertheless, it is essential to perform a bone biopsy when it is chal-
lenging to predict the causative pathogen. A biopsy may not be required if a deep- 
tissue sample collected aseptically from a soft tissue infection develops only a 
definite virulent pathogen, especially Staphylococcus aureus [38, 78, 79].

Wound swabs provide less clinically useful information on pathogen growth than 
a wound tissue sample (obtained by curettage or biopsy after cleansing and debride-
ment) in DFIs. Interestingly, the identification of corresponding bacteria isolated 
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from both a bone biopsy and swab culture is approximately 38%. However, molecu-
lar microbiology techniques are not recommended as a first-line measure for patho-
gen identification. In low-income countries without structured access to culture, a 
Gram-stain smear of material from a DFI is a low-cost method used to identify the 
class of the probable causative pathogens, therefore aiding when choosing a suitable 
empiric therapy [37, 80, 81].

Wound recovery outcome significantly depends on qualitative and quantitative 
characteristics of the wound microbiology which are critical contributing factors. 
Wound culture results of a DFI are often polymicrobial (involving both aerobes 
and anaerobes). Among these microbes, isolated virulent pathogens (e.g., 
Staphylococcus aureus or beta-hemolytic streptococci) have to be treated, whereas 
some less virulent germs (e.g., corynebacteria or coagulase-negative staphylo-
cocci) are frequently colonized and may not necessarily need to be treated with 
antibiotics [21, 82]. The most commonly detected bacteria in diabetic foot OM are 
Staphylococcus aureus (up to 50% of cases), Staphylococcus epidermidis (about 
25%), streptococci (about 30%), and Enterobacteriaceae (up to 40%), all of which 
acutely infect skin ruptures. Among the common Gram-negative bacteria, 
Escherichia coli, Klebsiella pneumoniae, Proteus, and Pseudomonas aeruginosa 
are the most common microorganisms. Anaerobes are often present in mixed infec-
tions particularly in cases of deep-tissue infection with aerobes, and their rate is 
usually low. These mixed infections can result in microbial synergy and additional 
increased severity of infection. It is usually supposed that acute infections that have 
not been previously treated with antibiotics are monomicrobial whereas chronic 
infections previously treated with antibiotics are polymicrobial. Hospitalization, 
surgical procedures, and long antibiotic therapy have contributed to the develop-
ment of multiresistant organisms or methicillin-resistant Staphylococcus aureus 
(MRSA). Diabetes itself is one of the most predisposing factors of MRSA infec-
tions [37, 82–84].

6.3.6  Antibiotic Therapy and Treatment in DFIs

Antibiotics used for treating a DFI should be selected based on the following crite-
ria: the probable or confirmed causative pathogen(s) and their antibiotic sensitivi-
ties; issued evidence of effectiveness of the agent for DFIs; the severity of the 
infection; risk of side effects including damage to the flora; possibility of drug inter-
actions; agent availability; and economic costs. In all cases, treatment of an infected 
diabetic foot wound should be focused on a narrow spectrum of pathogen cover, 
preferably ordered by culture results. Agents to consider include cephalosporins, 
clindamycin, co-amoxiclav, quinolones, piperacillin/tazobactam, carbapenems, 
penicillin, metronidazole (in combination with other antibiotics), linezolid, and 
vancomycin [21, 40].

Any patient with a severe DFI must be treated primarily using a parenteral 
method. If the patient is clinically recovering and there is no contraindication to the 
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use of suitable and available oral agents, the treatment can be switched to the oral 
route. Patients with a mild and often moderate DFI can be treated orally initially. It 
is not recommended to use any topical antimicrobial agent only when treating a 
mild DFI [21, 85].

When treating a diabetic foot infection, it is recommended to maintain antibiotic 
therapy for 1–2  weeks. In some conditions such as widespread infection, slow 
resolving of infection, and severe peripheral artery disease, treatment may need to 
continue for up to 3–4 weeks. If the infection resolving lasts more than 4 weeks, it 
is suggested to re-evaluate the patient to decide on a treatment change or undertak-
ing more diagnostic tests. Antibiotic therapy in diabetic foot osteomyelitis should 
be no longer than 6 weeks. Of course, the optimal duration of antibiotic therapy has 
not been absolutely determined. According to recommendation by the Infectious 
Diseases Society of America (IDSA), 4–6  weeks is sufficient when the infected 
bone is not totally removed by surgery, whereas in case of antibiotic therapy alone, 
at least 3 months may be needed. The up-to-date report from the International work-
ing Group on the Diabetic Foot (IWGDF) suggests 6 weeks of antibiotic therapy if 
the infected bone is not removed by surgery and no more than a week if the infected 
bone is resected. Both the 2012 IDSA and the 2016 IWGDF guidelines recommend 
that at least 4 weeks of antibiotic therapy is needed if infected or necrotic bone is 
present. The aim is to restrict the antibiotic therapy period to reduce undesirable 
outcomes. In addition, the following questions should be taken into account: Were 
all probable pathogens covered by taking antibiotics? Was the antibiotic taken 
according to prescription? Is the perfusion of peripheral arteries and intestinal 
absorption of antibiotic agent sufficient or impaired? Could there be any indication 
for surgery (e.g., an abscess, a foreign body, osteomyelitis, etc.) [21, 40, 86–89]? In 
most patients with DFI, empiric antibiotic therapy is considered to cover probable 
pathogens. The most common pathogens in DFIs are aerobic Gram- positive cocci, 
specifically S. aureus, and less significant ones are streptococci and coagulase-neg-
ative staphylococci. For patients who live in a mild to moderate climate area, empiric 
antibiotic therapy has to cover aerobic Gram-positive pathogens (beta-hemolytic 
streptococci and Staphylococcus aureus) in a mild diabetic foot infection without 
any recent usage of antibiotic therapy. Meanwhile, for patients living in a hot or 
humid climate, receiving antibiotic therapy in a few weeks, or having a severe isch-
emic limb or a moderate or severe infection, it is recommended to use empiric 
antibiotic regimen that covers Gram-positive pathogens, the usual isolated Gram-
negative pathogens, and the probable obligate anaerobes in moderate to severe dia-
betic foot infections. Pseudomonas aeruginosa must be treated with an appropriate 
antibiotic if it has been identified in a previous culture or if the foot is in repeated 
contact with water. Meanwhile, obligate anaerobes must be considered in abscesses 
and ischemic limbs. These pathogens can be treated with an imidazole (metronida-
zole), or β-lactam with beta-lactamase inhibitor as empiric therapy (see Table 6.5). 
Subsequently, according to clinical response and culture result, empiric antibiotic 
therapy can be changed to a suitable treatment [91–94].

A 20–30% prevalence of MRSA in some countries has given currency to the use 
of non-β-lactam antimicrobial agents such as rifampicin, fusidic acid, trimethoprim, 
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and sulfamethoxazole, despite their many side effects (e.g., affecting cellular insulin 
sensitivity which increases the risk of hypoglycemia, peripheral neuropathy, and 
serotonin syndrome by co-prescription with SSRIs, etc.). Linezolid can be pre-
scribed with caution for outpatient management. The novel cephalosporin agent 
ceftaroline fosamil has been demonstrated to be effective in intravenous treatment 
of Gram-positive infections, including MRSA, and has been valuable in the treat-
ment of diabetic foot infections. Quinolone antibiotics, including ciprofloxacin, rep-
resent a suitable oral choice for Gram-negative cover and, in combination (e.g., 
rifampicin) for treatment of S. aureus, show good tissue penetration within the skin 
and soft tissue including bone. Levofloxacin has parallel bone penetration with cip-
rofloxacin and can be used in some Gram-positive bone infections. Fluoroquinolone 
antibiotics should be used carefully in patients with risk factors for QT interval 
prolongation (e.g., co-prescription of some antidepressants), and ECGs are pre-
scribed in these conditions before and after treatment [37, 40].

Chronic kidney disease (CKD) is a usual comorbidity in people with DFU that 
increases foot ulceration risk. Nephrotoxicity of some agents such as gentamicin 
needs close monitoring. Several side effects such as hyperkalemia can occur more 
frequently in CKD patients. Therefore, renal function tests have to be considered in 
empiric antibiotic therapy. Sometimes it is challenging to distinguish whether a 
diabetic foot ulcer is infected, in particular in peripheral neuropathy or peripheral 
artery disease. Hence, some secondary signs or symptoms (e.g., ulcer undermining, 
high odor, or quantity of exudate) may be helpful. It is recommended not to treat 
clinically uninfected foot ulcers with systemic or even local antibiotic therapy since 
about half of all DFUs are uninfected at the beginning. Unnecessary antibiotic ther-
apy can be destructive for the patient, the healthcare system, and the population 
overall [21, 40, 94]. (Table 6.6)

Many patients with DFIs do not need to be hospitalized, but according to the fol-
lowing reasons, some may need to be hospitalized: 

• Need to obtain diagnostic procedures (vascular assessment, etc.)
• Complex foot infection requiring intensive assessment (such as urgent surgery, 

widespread gangrene, compartment syndrome, or deep abscess)
• Parenteral antibiotic therapy
• Fluid resuscitation
• Multidisciplinary approach and consultation
• Metabolic control
• Presence of comorbidities such as renal failure, immunosuppression situa-

tion, etc.
• Psychological, social, or physical disabilities

Fortunately, most of mild and moderate DFIs can be treated in the outpatient 
setting, and involvement of the bone does not inevitably require hospitalization 
except for significant associated soft tissue infection or for surgical treatment 
[21, 88, 95–97]. Indications for hospitalization in DFIs are shown in 
Table 6.7 [21].
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Currently, there are no tests able to determine the long-term resolution of 
osteomyelitis. The IWGDF proposes that a reduction in serum inflammatory 
markers, particularly ESR, and positive healing progression and radiological 
assessment can be useful when determining when to stop antibiotic therapy. 
Healthcare providers managing a DFU should consult with a surgical specialist 
in some situations such as severe infection or of moderate complicated infection, 
infection alongside widespread gangrene, necrotizing infection, suspicion of a 
deep abscess, compartment syndrome, or severe lower limb ischemia. If the bone 
is resected during surgery, a specimen of bone should be taken for culture to 

Table 6.6 How to select an empiric antibiotic regimen for diabetic foot infections [21]

Infection 
severity Additional factors

Usual 
pathogen(s)* Potential empirical regimens**

Mild No complicating 
features

GPC S-S pen; first-gen ceph

β-lactam allergy 
or intolerance

GPC Clindamycin; FQ; T/S; macrolide; doxy

Recent antibiotic 
exposure

GPC + GNR β-L-ase-l T/S; FQ

High risk for 
MRSA

MRSA Linezolid; T/S; doxy; macrolide

Moderate or 
severe*

No complicating 
features

GPC±GNR β-L-ase 1; second-/third-gen ceph

Recent antibiotics GPC±GNR β-L-ase 2; third-gen ceph; group l 
carbapenem (depends on prior therapy; 
seek advice)

Macerated ulcer 
or warm climate

GNR, including 
Pseudomonas

β-L-ase 2; S-S pen + ceftazidime; S-S pen 
+ cipro; group 2 carbapenem

Ischemic
Limb/necrosis/gas

GPC±GNR± 
anaerobes

β-L-ase 1 or 2; group 1 or 2 carbapenem; 
second-/third-gen ceph + clindamycin or 
metronidazole

MRSA risk 
factors

MRSA Consider adding, or substituting with, 
glycopeptides; linezolid; daptomycin; 
fusidic acid T/S (±rif); doxycycline

Risk factors for 
resistant GNR

ESBL Carbapenems; FQ; aminoglycoside and 
colistin

Note: * Abbreviations: GPC, Gram-positive cocci (staphylococci and streptococci); GNR, Gram- 
negative rod; MRSA, methicillin-resistant Staphylococcus aureus; ESBL, extended-spectrum 
ß-lactamase-producing organism; S-S pen, semisynthetic penicillinase-resistant penicillin; ß-L- 
ase, ß-lactam, ß-lactamase inhibitor; ß-L-ase 1, amoxicillin/clavulanate, ampicillin/sulbactam; 
ß-L-ase 2, ticarcillin/clavulanate, piperacillin/tazobactam; doxy, doxycycline; group 1 carbape-
nem, ertapenem; group 2 carbapenem, imipenem, meropenem, doripenem; ceph, cephalosporin; 
gen, generation; Pip/tazo, piperacillin/tazobactam; FQ, fluoroquinolone with good activity against 
aerobic Gram-positive cocci (e.g., levofloxacin or moxifloxacin); cipro, antipseudomonal fluoro-
quinolone, e.g., ciprofloxacin, T/S, trimethoprim/sulfamethoxazole; rif, rifamp(ic)in. ** If some 
comorbidities such as azotemia, liver dysfunction, and obesity are present, adjusting the doses 
chosen for the patients should be considered
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detect remaining bone infection at the stump of the resected bone. It is reported 
that an aggressive surgical method with minor amputation reduces the risk of 
major amputation above the ankle as well as the length of hospitalization and 
associated costs [37, 98, 99]. Chronic osteomyelitis is correlated with a high rate 
of recurrence regardless of a long antibiotic therapy. The rate of infection recur-
rence is nearly 30%. Recurrence might be related to the partial resection of an 
infected bone or to resistant microorganisms remaining within their biofilm. 
Biofilms may shield pathogens from detection, and this is the reason for deep-
tissue sampling. The recurrence of OM has to be taken into consideration in case 
of ulcer reappearance within 12  months after the first healing [38, 40, 100]. 
Infectious features of the diabetic foot are still uncertain because managing 
infectious characteristics of the diabetic foot is an extensive and challenging 
field, and the treatment of OM remains a highly debated topic of interest.

Table 6.7 Characteristics indicative of serious diabetic foot infection and probable indications for 
hospitalization

A – Findings suggesting a more serious diabetic foot infection

Wound Penetrates to subcutaneous tissues (e.g., fascia, tendon, muscle, joint, or bone)
Cellulitis Extensive (> 2 cm), distant from ulceration or rapidly progressive (including 

lymphangitis)
Local signs/
symptoms

Severe inflammation or induration, crepitus, bullae, discoloration, necrosis or 
gangrene, ecchymosis or petechia, and new anesthesia or localized pain

General
Presentation Acute onset/worsening or rapidly progressive
Systemic signs Fever, chills, hypotension, confusion, and volume depletion
Laboratory tests Leukocytosis, highly elevated C-reactive protein or erythrocyte sedimentation 

rate, severe or worsening hyperglycemia, acidosis, new/worsening azotemia, 
and electrolyte abnormalities

Complicating 
features

Presence of a foreign body (accidentally or surgically implanted), puncture 
wound, deep abscess, arterial or venous insufficiency, lymphedema, 
immunosuppressive illness or treatment, acute kidney injury

Failing 
treatment

Progression while on apparently appropriate antibiotic and supportive therapy

B – Some factors suggesting hospitalization may be necessary
Severe infection (see findings suggesting a more serious diabetic foot infection above)
Metabolic or hemodynamic instability
Intravenous therapy needed (and not available/appropriate as an outpatient)
Diagnostic tests needed that are not available as an outpatient
Foot ischemia is present
Surgical procedures (more than minor) required
Failure of outpatient management
Patient unable or unwilling to comply with outpatient-based treatment
Need for more complex dressing changes than patient/caregivers can provide
Need for careful, continuous observation
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6.4  Diabetic Foot Deformity

Motor neuropathy results in weakness in the intrinsic muscles of the foot, conse-
quently disturbing the balance between flexors and extensors of the toes. As a result, 
small muscle atrophy leads to metatarsophalangeal plantar flexion and the develop-
ment of claw toes, hammer toes, prominent metatarsal heads, and pes cavus 
(Fig. 6.4). Repetitive pressure at the site of these deformities may result in tissue 
breakdown, callus formation, subsurface hemorrhage, and ulceration. Foot deformi-
ties (toe deformities and prominent metatarsal heads) are important contributing 
factors due to increased pressure and exposing the patient to increased risk of ulcer-
ation [101, 102].

6.4.1  Charcot Foot

Charcot foot or Charcot neuropathic arthropathy (CN) is an advanced, denervation- 
induced degeneration of the weight-bearing joints of the foot [103]. It is a severely 
difficult and a devastating complication for patients with peripheral neuropathy. 
Whereas it is most commonly correlated with diabetes, it may occur in any patient 

Fig. 6.4 Diabetic foot deformities
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with loss of afferent proprioceptive fibers. CN is present in nearly 10% of patients 
with diabetes, and diabetes is the most common factor of CN in the western world 
[104, 105].

Early identification and treatment former to the establishment of deformity is 
critical to improve outcomes. Clinical assessment and the radiographic appearance 
of the bones in the foot are the main issues to take into account during diagnosis. CN 
usually presents as a unilateral, localized, inflammatory reaction in a focal area of 
the foot or ankle with erythema, warmth, and swelling, possibly initiated by a 
trauma or repetitive microtrauma [106–108]. The involved bone undergoes changes 
during the stages of destruction including fragmentation and coalescence followed 
by consolidation, a process that may take months or even years to entirely resolve. 
CN is repeatedly misdiagnosed as cellulitis or osteomyelitis, which postpones the 
diagnosis and consequently leads to additional bony destruction. CN usually 
involves the tarsometatarsal (Lisfranc) joint, which is affected in about 50% of 
cases, but any joint in the foot or ankle can be involved. This leads to several frag-
mented bones, dislocations, and distorted anatomy [109–111].

After clinical examination, radiographs are obtained. Radiographs confirm the 
anatomic area affected (e.g., midfoot, ankle, etc.), but they also offer data about 
whether there is an urgent surgical indication (e.g., significant dislocation) that may 
need urgent consideration. If a neuropathic patient presents with foot erythema and 
edema after a recent injury, but with no wounds or remarkable radiographic changes, 
MR can demonstrate early stage disease. MR can also be beneficial for detecting 
infection or abscess formation [112, 113].

6.5  Diabetic Foot Ischemia

It is estimated that up to 50% of patients with diabetic foot ulceration have periph-
eral artery disease (PAD) in middle- and high-income countries [114, 115], while 
neuropathic ulcers are more prevalent in low-income countries [116, 117]. It is 
important to diagnose PAD in patients with DFU at the primary stage, because the 
existence of PAD is correlated with elevated risk of nonhealing ulcers, infection, 
amputation, and overall mortality. The prognosis of a patient with DFU, PAD, and 
amputation is worse than many common cancers, and the survival of up to 50% of 
these patients is less than 5 years [115, 118–120].

The risk factors of PAD include age ≥ 70 years, age 50–69 years with a history 
of diabetes and smoking, age 40–49 years with diabetes and another atherosclerosis 
risk factor, intermittent claudication or rest pain in feet, diminished pedal pulses, or 
atherosclerosis in another location (coronary, carotid, renal arteries, etc.). It is rec-
ommended to screen all diabetic patients for PAD annually [121–123]. Clinical 
examination such as pedal pulse palpitation does not exclude PAD in the majority 
of patients with diabetes and DFU. Therefore, evaluation of pedal Doppler arterial 
waveforms in combination with systolic ankle-brachial index (ABI) or toe-brachial 
index (TBI) measurement is necessary (Fig. 6.5). Of course, no definite modality 
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has been shown to be ideal; however, PAD is less probable in the presence of an ABI 
0.9–1.3, toe-brachial index ≥0.75, and triphasic pedal Doppler waveforms; but 
there is no exact value to exclude PAD reliably [21, 124, 125].

Vascular imaging in patients with a DFU should be taken into account, regardless 
of the bedside test findings, when the ulcer is not healed within 4–6 weeks even with 
standard care. Urgent vascular imaging and revascularization should always be con-
sidered an option in patients with a DFU and an ankle pressure  <  50  mmHg, 
ABI  <  0.5, a toe pressure  <  30  mmHg, or a transcutaneous oxygen pressure 
(TcPO2) < 25 mmHg [126, 127] [Table 6.8]. It should be noted that reduced perfu-
sion in a lower extremity is not just due to PAD because edema and infection can 

Fig. 6.5 Ankle-brachial index (ABI) measurement. [DP dorsalis pedis, PT posterior tibialis]

Table 6.8 Ischemia grading in PAD

Ischemia

Grade Ankle-brachial 
index

Ankle systolic 
pressure
(mmHg)

Toe pressure, transcutaneous oxygen 
pressure
(mmHg)

0 ≥0.80 >100 ≥60
1 0.6–0.79 70–100 40–59
2 0.4–0.59 50–70 30–39
3 ≤0.39 <50 <30
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cause a reduction in tissue oxygenation in the same way, and these should all be 
handled suitably [128, 129].

Any revascularization procedure should be part of a multidisciplinary care. 
Patients with a foot infection have a high risk of limb loss, and are considered a 
medical emergency. The 1-year major amputation rate for these patients is 44%, and 
postponing treatment can cause life-threatening sepsis [130]. When treating deep 
infections, such as a foot abscess that needs drainage to control the infection, imme-
diate drainage should be undertaken first, followed by aggressive antibiotic therapy 
with the purpose of controlling sepsis because “time is tissue” in these patients. 
When the infection is controlled, arterial tree assessment should be considered. 
After blood flow has improved and the infection treated, a final operation may be 
needed with the aim of constructing a functional foot. In patients with severely 
impaired perfusion and severe tissue loss, but without infection, comprehensive 
debridement or amputation should not be performed until perfusion is repaired 
[131–133].

6.6  Basic Treatment

Diabetic foot ulcer treatment is based on the following items: revascularization, 
infection control, debridement, offloading, and dressing in addition to good glyce-
mic control. Revascularization and infection control have already been discussed, 
and here we discuss these additional factors.

6.6.1  Debridement

Debridement is the removal of necrotic tissues or foreign-infected bodies from a 
wound, which is noted as the most important therapeutic step resulting in wound 
healing in DFU treatment. Debridement decreases bacterial counts, promotes pro-
duction of local growth factors, and accelerates wound drainage. There are different 
types of debridement including surgical, enzymatic, autolytic, mechanical, and bio-
logical (Table 6.9). It is recommended to remove slough, necrotic tissue, and inclos-
ing callus of a DFU with sharp debridement in preference to other methods 
[134–142].

The most important purpose of debridement is to change a chronic ulcer 
into an acute one. Furthermore, the more the debridement is repeated, the bet-
ter the healing process. More than 90% of chronic wounds are complicated by 
biofilm. A biofilm can reform even after sharp debridement and can also post-
pone healing and recovery. Cadexomer iodine, a new-generation iodine for-
mulation with microbead technology, can effectively handle biofilm along 
with exudate and has a de-sloughing function. An older debridement type that 
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is classified as biological debridement is maggot debridement therapy (MDT) 
or larval therapy.

In this approach, sterile and live forms of the Lucilia sericata larvae are placed 
on the wound to produce a powerful autolytic enzyme that dissolves necrotic tis-
sues, intensifies the healing procedures, and devastates bacterial biofilms. A number 
of studies have reported that MDT can significantly reduce wound odor and bacte-
rial count, including MRSA [38, 143–148].

Table 6.9 Different types of debridement in diabetic foot ulcer

Method Explanation Advantages Disadvantages

Surgical or 
sharp

Callus and all nonviable soft tissues 
and bone remove from the open 
wound with a scalpel, tissue rippers, 
curettes, and curved scissors. Excision 
of necrotic tissues should extend as 
deeply and proximally as necessary 
until healthy, bleeding soft tissues and 
bone are encountered

Only requires 
sterile scissors or 
a scalpel, so is 
cost-effective

Requires a certain 
amount of skill to 
prevent enlarging the 
wound

Mechanical This method includes wet to dry 
dressings, high pressure irrigation, 
pulsed lavage and hydrotherapy, and 
commonly used to clean wounds prior 
to surgical or sharp debridement

Allows removal 
of hardened 
necrosis

It is not discriminating 
and may remove 
granulating tissue; it 
may be painful for the 
patients

Autolytic This method occurs naturally in a 
healthy, moist wound environment 
when arterial perfusion and venous 
drainage are maintained

It is 
cost-effective
It is suitable for 
an extremely 
painful wound

It is time-consuming 
and may require an 
equivocal time for 
treatment

Enzymatic The only formulation available in the 
United Kingdom contains 
Streptokinase and Streptodornase 
(Varidase Topical Wyeth 
Laboratories). This enzyme 
aggressively digests the proteins 
fibrin. Collagen and elastin, which are 
commonly found in the necrotic 
exudate of a wound

They can be 
applied directly 
into the necrotic 
area

Streptokinase can be 
systemically absorbed 
and is therefore 
contraindicated in 
patients at risk of an 
MI
It is expensive

Biological Sterile maggots of the green bottle fly 
(Lucilia sericata) are placed directly 
into the affected area and held in place 
by a close net dressing. The larvae 
have a ferocious appetite for necrotic 
material while actively avoiding newly 
formed healthy tissue

They 
discriminate 
between the 
necrotic and the 
granulating 
tissues

There may be a 
reluctance to use this 
treatment by patients 
and clinicians
It is expensive

6 Incidence, Complications, and Novel Treatment Strategies: Diabetic Ulcer of the Limb



180

6.6.2  Offloading

Offloading techniques are known as pressure modulation and are believed as the 
most important part of neuropathic ulcer management in patients with diabetes. 
These devices spread plantar pressure and handle extreme plantar tissue stress with 
the aim of healing and preventing. DFU offloading has to be accompanied with 
revascularization, infection control, dressing, debridement, and metabolic control, 
for each of these components to be effective. If the patient is not off-loaded, none of 
these components will result in wound healing, or the period of healing may increase 
[33, 149, 150]. Various offloading modalities are in use at present [Table 6.10]. The 
choice of these approaches is defined by the patient’s physical characteristics and 
abilities to adhere to the treatment in conjunction with the location and severity of 
the ulcer. Gait function worsening with no opportune intervention among patients 
with a DFU may lead to severe undesirable outcomes, including a deteriorating 
DFU, amputation, early weakness, risk of falling, and deficiency of independency, 
which may exacerbate their conditions more [33, 150].

The most applicable offloading technique for the treatment of a neuropathic 
DFU is a total contact cast (TCC) [150–152]. The TCC is padded and formed care-
fully to the contour of the foot with a heel included for walking (Fig. 6.6). The cast 
is designed to reduce pressure from the ulcer and disseminate pressure over the 
whole foot surface. Furthermore, the patient is incapable of removing the cast, 
which increases compliance, decreases activity levels, and as a result progresses 
wound healing [150, 153].

However, a TCC does not allow for daily assessment of the wound, which is 
frequently contraindicative in soft tissue or bone infections [137, 154, 155]. In par-
ticular cases, it is recommended to apply other types of offloading techniques for 
instance a removable cast walker (RCW) (Fig. 6.6) or instant TCC (iTCC). Forefoot 
and hindfoot offloading with half shoes is mainly practical in DFU management 

Table 6.10 Different types of offloading techniques [150]

Technique
Casting 
techniques

Footwear- 
related 
techniques

Surgical offloading 
techniques Other techniques

Examples TCC 
(Fig. 6.6)
iTCC
RCW 
(Fig. 6.6)
Scotch-cast 
boots
Windowed 
easts
Custom 
splints

Shoes or half 
shoes (Fig. 6.7)
Sandals
Insoles
In-shoe orthoses
Socks

ATL
Liquid silicone 
injections/tissue 
augmentation
Callus debridement
Metatarsal head 
resection osteotomy/
arthroplasty/
ostectomy/exostectomy
External fixation

Bed rest
Crutches/canes/
wheelchairs
Bracing (patella tendon 
bearing ankle-foot 
orthoses)
Walkers
Offloading dressings
Felted foam/padding
Plugs

Abbreviations: TCC total contact cast, iTCC instant TCC, RCW removable cast walkers, ATL 
Achilles tendon lengthening
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(Fig. 6.7). After healing, patients should wear any footwear or insole that does not 
cause ulcer formation, as footwear can play an important role. Additionally, there 
are modern methods such as foot scanners able to measure peak plantar pressure 
which is essential when making shoes designed according to the weight-bearing 
positions in the feet [156, 157].

6.6.3  Advanced Dressings

Novel dressings have been the main breakthrough for DFU management over the 
last decades [158, 159]. Preferably, dressings should allow moisture balance, growth 
factor stimulation, protease sequestration, oxygen permeability, antimicrobial activ-
ity, and promotion of autolytic debridement that accelerates granulation tissue for-
mation and the reepithelialization process. Moreover, they should have high 
effectiveness and persistent time of effect [158, 160]. However, there is no definite 
dressing type that satisfies all of the needs of a patient with a diabetic foot ulcer. The 
choice of the dressing is defined according to the DFU reasons, wound site, depth, 
exudates, wound margins, presence of infection or pain, and need for adhesiveness 
[159]. The most important types of dressings used for DFU are films, hydrogels, 
hydrocolloids, alginates, foams, and silver-impregnated dressings (Table  6.11). 
Selection of dressings should also be based on the exudate control, ease of using, 
and cost. Dressings are selected and applied in accordance with DFU features; nev-
ertheless, hydrogels are the most accepted kind of dressing for all DFU types. Some 
dressings have agents with antimicrobial materials (honey, iodine, silver, polyhexa-
methylene) and some materials to modify the biology of the chronic wound (affect-
ing surface protease activity). It is recommended to consider the use of 
placental-derived products as an adjunctive treatment besides the best standard of 
care because human placental membranes have growth factors, collagen-rich extra-
cellular matrix, and cells including mesenchymal stem cells, neonatal fibroblasts, 
and epithelial cells that prepare the essential procedures to manage wound healing 
[15, 139].

Fig. 6.6 (a) Total contact casts (TCC) and (b) removable cast walker (RCW)
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6.7  Novel Treatment Strategies

In this section, a number of novel treatment strategies for the management of DFUs 
and improvement of the healing process are presented.

6.7.1  Hyperbaric Oxygen Therapy (HBOT)

This technique has been demonstrated to be advantageous in DFU treatment. It is 
considered that intermittent administration of 100% oxygen usually in daily ses-
sions is useful. The patient breathes pure oxygen at 1.4–3.0 entire atmospheres dur-
ing 3 periods of 30  min (overall 90  min) intercalated by 5-min intervals in a 
hyperbaric chamber during each session [161–163] (Fig. 6.8). Some studies have 
demonstrated that HBOT improved wound tissue hypoxia, decreased edema, 

Fig. 6.7 Half shoe for 
forefoot offloading

Wounds
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Table 6.11 Selection of the type of dressing based on DFU features
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increased perfusion, downregulated inflammatory cytokines, and stimulated fibro-
blast proliferation, collagen construction, and angiogenesis [164–166]. However, 
adjuvant use of this technique in DFU has raised controversial concerns. HBOT 
does not replace the need for antibiotic therapy or surgical wound debridement. In 
addition, HBOT is offered in just a few societies because of its high cost and is a 
time-consuming method [17, 139, 167].

6.7.2  Negative Pressure Wound Therapy

Negative pressure wound therapy (NPWT) or vacuum therapy is a noninvasive 
wound resolution procedure that uses supervised and limited negative pressure to 
promote healing in chronic and acute wounds. This method applies a sterile and 
latex-free polyurethane or polyvinyl alcohol foam dressing prepared for each 
wound, protected with an impermeable adhesive cover. Often, 80–125 mmHg of 
negative pressure is utilized in cycles or constantly. Fluid is extracted from the 
wound using a pumping mechanism [139, 168, 169].

NPWT detaches edema and exudate, decreases bacterial colonization, develops 
reconstruction of blood vessels and granulation tissue formation, and increases 
wound oxygenation and contraction. Probable adverse effects have been reported 
and include wound maceration, retention of dressings, and possible wound infection 
[139, 170–172].

6.7.3  Bioengineered Skin

During the last decades, bioengineered skin (BES) has been used as a new therapeu-
tic technique to treat DFU. This method substitutes the damaged and deteriorating 
native extracellular matrix (ECM) with a new ground material matrix that initiates 
a new healing route with cellular elements. Currently, three kinds of BES products 
are approved in the United States for use with DFUs: Derma graft (Advanced 

Fig. 6.8 Hyperbaric 
chamber
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BioHealing Inc., La Jolla, CA), Apligraf (Organogenesis Inc., Canton, MA), and, 
more recently, Oasis (Cook Biotech, West Lafayette, IN) [172–175].

BES products contain cells that have been cultured in  vitro, expediting DFU 
healing by active secretion of growth factors. Additionally, BES may provide the 
cellular substrate and the necessary molecular factors that augment angiogenesis 
and subsequently improve wound healing. Peripheral ischemia, one of the challeng-
ing features of DFU, is a serious contributing factor that influences BES transplan-
tation. Consequently, surgical revascularization, decompression, and wound bed 
preparation are the known necessary components for BES therapy. Additionally, 
since this method requires infection control, all these requirements may cause high 
costs and require long-term care [175–178].

6.7.4  Platelet-Rich Plasma

The use of autologous platelet-rich plasma (PRP) has emerged as an adjunctive 
approach for DFU treatment in recent years. PRP is obtained from centrifugation of 
whole blood, which is divided into three layers: platelet-poor plasma, platelet-rich 
plasma, and red blood cells. These platelets contain a number of active proteins that 
aid in the biological route of wound healing [179, 180]. Platelet alpha-granules 
release molecules including platelet-derived growth factor (PDGF), transforming 
growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), epithelial 
growth factor (EGF), fibrinogen, fibronectin, and vitronectin. Among these, recom-
binant human PDGF (rhPDGF) (Becaplermin or Regranex), which is a hydrogel 
including 0.01% of PDGF-BB (rhPDGF-BB), has shown enhanced healing rates in 
comparison with controls in several clinical trials and earned Food and Drug 
Administration (FDA) approval [165, 181]. Even with FDA approval, the clinical 
application of Becaplermin is limited due to its high price and the possibility of 
carcinogenesis following its topical administration. Also, platelet delta-granules 
release serotonin, histamine, dopamine, calcium, and adenosine, which regulate 
wound healing. To date, small randomized controlled studies and case reports have 
evaluated the outcomes of topical autologous PRP on DFU healing. Many con-
founding variables are relevant to PRP use, so there is still a considerable challenge 
in making standardized protocols for patient use [180, 181].

6.7.5  Physical Therapy

Physical therapy includes shockwaves, ultrasound, laser therapy, magnetism, and 
electrical current stimulation. Electrical stimulation (ES) is an adjunctive therapy 
for DFU healing. At the present time, there is a substantial body of work that sup-
ports the effectiveness of ES for DFU healing. It is recommended that ES could 
recover reduced blood flow, infection, and inadequate cellular responses. This 
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method is a low-priced and uncomplicated intervention to improve the healing pro-
cess in DFU [182–183].

Low-level laser therapy (LLLT) or soft laser is known to provide direct light 
energy to body cells. The technology of low-energy laser was established more 
than three decades ago in medicine; however, it has not received much consid-
eration. The absorbed laser energy motivates molecules and atoms of cells but 
does not result in a large rise in tissue temperature. It has a stimulating influence 
on cell mitosis, keratinocyte passage and proliferation, and cytokine construc-
tion, and may result in elevated dermal angiogenesis [184–186]. Various laser 
wavelengths are able to penetrate human tissue to different depths. Low-energy 
laser radiation has been discovered to have a stimulating outcome on cells, 
while high-energy radiation has an inhibiting effect. It is recommended to apply 
lasers as adjuvant therapy to stimulate wound healing in nonhealing ulcers 
[185, 186].

6.7.6  Ozone Therapy

Ozone is a gas formulated of three atoms of oxygen within a cyclic arrangement. 
The use of ozone (O3) within medicine was initiated in the mid-nineteenth cen-
tury. This gas can be used to treat several diseases because of its antioxidant and 
antibacterial properties. For example, it is useful in the treatment of chronic 
infections caused predominantly by antibiotic-resistant pathogens [187, 188]. 
There is increasing evidence that O3 can be applied to treat DFU. Moreover, O2-
O3 treatment can increase VEGF, TGF-β, and PDGF levels and repair localized 
gangrene. Fibroblast proliferation promotion by O3 improves remodeling of the 
intercellular matrix and healing of the area around the DFU [188, 189]. Some 
studies report that the enhanced rate of wound closure may be as a result of O2 
tension by O3 in the enclosing wound area that operates as an antibacterial mate-
rial to reduce bacterial infection. A team of German scientists used O3 treatment 
for diabetic skin ulcers in the late twentieth century [190]. They used a poly-
thene bag for approximately 25 minutes with a concentration ranging from 10 to 
80 μg/mL. Offloading and debridement of the DFU is a basic stage in wound 
therapy for neuropathic ulceration. A combination of O2-O3 therapy can be help-
ful in nonhealing wounds. O2-O3 is known as an antiseptic as it deactivates 
bacteria by breaking their cover through oxidation of specific proteins and lip-
ids. In addition, interferon, TNF, and IL-2 stimulate the immune system, leading 
to a reduction of infection by O3 therapy in DFU treatment. Although O3 therapy 
is considered safe and without adverse effects, it may be toxic if used outside its 
therapeutic dose. Intralesional O3 injection for DFU treatment has not been used 
in any study because its safety has not yet been determined. Furthermore, O3 
therapy is not endorsed for deep, severely infected, or necrotic wounds 
[187, 189].
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6.7.7  Cold Atmospheric Plasma Therapy

Plasma is a shape of matter other than solids, liquids, or gases; hence, it is men-
tioned as the fourth state of matter. It can be industrially produced by using high 
voltages to narrow gas-filled gaps which cause strong electrical fields. A method of 
producing plasma at atmospheric pressure is through use of dielectric-barrier dis-
charge (DBD) that reduces current flow and gas warming. Charged fragments, 
chemically reactive species (O3, OH, H2O2, O, NxOy, etc.), ultraviolet radiation 
(UV-A and UV-B), and great fluctuating electric fields in addition to weak electric 
currents are produced by DBD in air. Regular plasmas used for sterilizing medical 
devices or for tissue cauterization are both thermal plasmas [191, 192]. As an alter-
native to thermal plasma, cold atmospheric plasma (CAP) is available, which is also 
known as atmospheric cold plasma (ACP), cold atmospheric pressure plasma (APP), 
or tissue-tolerable plasma (TTP). CAP has demonstrated its advantages in reducing 
many fungi and bacteria including antibiotic-resistant biofilm-forming strains not 
only in vitro but also through use of in vivo models. Wound healing was shown to 
increase through the upregulation of IL-6, IL-8, MCP-1, TGF-β 1/2, and collagen 
type I in vivo. Studies have reported that CAP treatment for 3 min daily increased 
diabetic wound healing through inflammation inhibition, oxidative stress reduction, 
and angiogenesis enhancement without toxicity to the liver and kidney. Nevertheless, 
the CAP effects on wound healing are still unclear [192, 193].

6.7.8  Stem Cells

Along with the arrival of regenerative medicine, stem cell-based therapies have 
become the focus of scholarly attention. Stem cell therapy, particularly mesenchy-
mal stem cell therapy, is considered as a therapeutic option for diabetic foot with 
ischemic arterial limb disease, administered via multiple intramuscular injections. 
Although there is no exact cure for diabetic ulcers to date, there is an immense pos-
sibility to discover a definite way for treating them using stem cells [194, 195].

6.8  Other Lower Limb Infections in Diabetes

Bedridden patients with a DFU may develop spreading of infection alongside the 
flexor tendons to the calf because pus transfers to the proximal end of the central 
plantar zone, in the direction of the region of the medial malleolus. Foot compart-
ments are known as medial, central, lateral, and the interosseous compartment, 
whereas the leg is divided into three compartments anterior, lateral, and posterior by 
intermuscular septa, jointly with the interosseous membrane. The compartments in 
the foot are connected to their matching parts in the leg within tunnellike spaces 
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around the tendons that pass through both the leg and the foot. The medial foot 
compartment is connected to the posterior leg compartment by means of flexor hal-
lucis longus tendon. The central foot compartment connects to the posterior leg 
compartment by means of the flexor hallucis longus tendon and flexor digitorum 
longus tendon. This facilitates the spread of infection from the foot to the leg. 
Diabetic foot infection expanding to the leg is a common clinical problem. Several 
risk factors related to the extension of infection to the leg were assessed in a retro-
spective case-control study; and each of these clinical factors can be evaluated eas-
ily on the patient’s first assessment. Toe amputation, wound localized on the heel, 
wound size more than 5  cm as well as advanced Wagner grade 3–5, and severe 
sepsis grade 4 may be regarded as risk factors for spreading of an infection to the leg 
in patients with a DFU. Nevertheless, this spread will not cause a poor prognosis to 
the final outcome if sufficient treatment is provided [196]. In accordance with some 
studies, no relationship exists between extension of infection to the leg and periph-
eral vascular disease (PVD), which, in view of this fact, the existence of ischemia 
and infection together will increase the risk of a major amputation before the exten-
sion of infection to the leg will happen. Admittedly, it is helpful to differentiate leg 
ulceration from ulcers restricted to the foot, in order to emphasize the differences in 
the prevalence of ulceration causing factors at these locations. Venous disease, arte-
rial disease, and diabetes are etiological factors in isolated ulceration of the foot as 
opposed to leg ulceration [197]. Moreover, numerous studies have shown that dia-
betes is an independent risk factor for poor postoperative outcomes such as mortal-
ity and surgical site infection, in patients undergoing a wide range of surgical 
interventions [198]. Diabetes is a routine comorbidity in patients experiencing joint 
replacement surgery. Because diabetes is associated with a number of micro- and 
macrovascular complications, and might have an impact on bone remodeling, total 
hip replacement (THR) in diabetic patients may incur severe medical complica-
tions. According to studies conducted on a large number of THR and total knee 
replacement patients, the risk of postoperative complications is increased in patients 
with diabetes. For example, after joint replacement surgery, a higher rate of compli-
cations including pneumonia and joint infection may occur in patients with diabetes 
[199–201]. The current evidence on the rate and extent of postoperative complica-
tions in diabetic patients following joint replacement surgery is inadequate. Any 
kind of tissue damage, such as surgery during THR, leads to insulin resistance and 
hyperglycemia, and postoperative hyperglycemia has been associated with an ele-
vated risk of surgical site infection. The same pathophysiology is also present after 
coronary artery bypass graft and healing in the leg [202]. Diabetic patients must 
take their vein health into special consideration. In fact, about one-third of diabetic 
patients with chronic venous insufficiency will also develop venous ulcerations 
before the age of 40 as a consequence of the loss of circulation and sensation in 
diabetes particularly in peripheral neuropathy [197, 203].

Chronic leg ulcers involve more than 1% of the population. It is advantageous to 
predict outcome by detecting the contributing factors in order to better manage their 
prognosis [203]. A survey that investigated the etiological factors that contribute to 
leg ulcers included obesity, diabetes, female gender, anemia, age, and peripheral 
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vascular disease. Also leg wound complications described as hematoma, cellulitis, 
necrosis, dehiscence, and abscess were reported more frequently in patients with 
diabetes than nondiabetics [204].

6.9  COVID-19 Pandemic and Diabetic Limb

At the time of writing this chapter, people are experiencing a new and widespread 
pandemic known as COVID-19 all over the world. Several studies have reported a 
greater risk of COVID-19 in patients with diabetes. Furthermore, as a DFU is the 
most common cause of hospitalization in diabetic individuals, it seems logical to 
make an effort to reduce hospital-related COVID-19 transmission. This requires 
reducing interaction between staff, patients, and equipment. In the course of the 
COVID-19 pandemic, inhibition and management of nosocomial infection is more 
critical [205, 206].

Patients with a DFU may have fever and usually present with local redness, 
swelling, pain, inflammatory secretions, and consequently increased inflammatory 
response markers [e.g., WBC, CRP, ESR, and/or procalcitonin], which largely over-
lap with signs and symptoms of COVID-19. If the patient has a confirmed or sus-
pected positive diagnostic criterion for COVID-19, they should be transferred to a 
designated hospital immediately. Glycemic control is critical in diabetic patients 
with COVID-19, as patients with poor glycemic control are more predisposed to 
complications, and increased mortality is expected. Blood glucose monitoring is 
necessary, and it is recommended to keep blood glucose levels under control by 
insulin therapy. Elective surgery (e.g., vacuum drainage, transverse tibial bone 
transport technique, and arterial revascularization) should be procrastinated in the 
short term. In partial surgery (such as interventional treatment, conservative treat-
ment, or amputation), procedures can be postponed if these delays do not influence 
the recent condition of the patient. For patients who need emergency surgery (e.g., 
debridement or local decompression), the procedure can be done after consultation 
with surgeons, anesthesiologists, and other related specialties by observing protec-
tive measures [206].

In patients with infected DFUs such as local abscesses, a severe inflammatory 
response, or septic shock, drainage and control of systemic infection is urgent. 
Patients with progressive infection, imposed to liver and kidney dysfunction, septic 
shock, and failure of nonsurgical treatment, who need emergency amputation sur-
gery as a lifesaving procedure, have to undergo surgery urgently. In patients with 
COVID-19, the severity of pneumonia has to be considered at the time of selecting 
treatment options. Percutaneous transluminal angioplasty (PCTA) is appropriate for 
patients with mild and moderate COVID-19. The risks and benefits of surgery need 
to be thoroughly assessed prior to selection of surgical treatment.

The diagnosis and treatment approaches explained above should be in accor-
dance with receiving timely and acceptable treatment in conjunction with efficient 
COVID-19 prevention measures in patients [206].
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Implementing a triage system for DFU, in-home visits, higher protected office 
visits, telemedicine, and remote patient monitoring can help healthcare providers 
deal with patients to reduce the COVID-19 risk. The aim within the pandemic is to 
decrease the burden on the healthcare system by means of preserving patients with 
a DFU, protecting them, and keeping them functional at home. Wound centers 
which undertake DFU care should shut down their services or reduce their work 
time during pandemics. DFU surgeries and interventions may be incorrectly catego-
rized as nonessential, so these patients are at risk of fast infection development, 
which may cause increased rate of amputations and deaths. Additionally, patients 
with diabetes are a population with high chance of mortality from COVID-19. The 
podiatrist’s proposed triage system for lower-extremity wounds and diabetic foot 
problems is demonstrated in Table 6.12.

Patients who need revascularization can be managed in office-based labs by a 
vascular surgeon, a cardiologist, or an interventional radiologist in outpatient 
service.

In telemedicine and remote approaches, some methods facilitate this process to 
screen for infection and wound progress assessment. These include FaceTime and 
Google Glass in wound-based assessment, combinations of “store and forward” 
photos, short message service (SMS) text, or text video chat [208]. Increased cyto-
kine levels (IL-6, IL-10, and tumor necrosis factor (TNF)-α) are key components in 
adverse COVID-19 outcomes. Simultaneously, cytokine variations and increases 

Table 6.12 The podiatrist’s proposed triage system for lower-extremity wounds and diabetic foot 
problems [207]

Conditions Site of care Urgency

Critical
(0.25% of patients with 
diabetes)

– IDSA severe and some moderate 
infections
– Gas gangrene
– SRS/sepsis
– Acute limb-threatening ischemia

Hospital Priority 1
Urgent

Serious
(0.75% of patients with 
diabetes)

– IDSA Mad and some moderate 
infections
(including osteomyelitis)
   – Chronic limb-threatening ischemia 

(CLTI)
   – Dry gangrene
   – Worsening foot ulcers
   – Active Charcot foot

Outpatient 
clinic
Office-based 
lab
Surgery center
Podiatrist 
office

Priority 2

Guarded
(3% of patients with 
diabetes)

   – Improving foot ulcer
   – Inactive Charcot foot (not yet in 

stable footwear)

Podiatrist 
office
Home
Telemedicine

Priority 3

Stable
(94% of patients with 
diabetes)

   – Uncomplicated venous foot ulcer
   – Recently healed foot ulcer
   – Inactive Charcot foot (in stable 

footwear)
   – Healed amputation

Home
Telemedicine

Priority 4
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are observed in patients with a DFU. An imbalance in pro-inflammatory cytokine 
release has been associated with the pathogenesis of Charcot osteoarthropathy 
[205]. Additionally, neuropathy principally contributes to DFU development, and at 
the same time, its severe form may decrease the inflammatory response to infections 
in patients with DFU and have some influence on the pro-inflammatory cytokine 
production in the event of a COVID-19 infection [118]. Also, ischemia as a result of 
PAD is another important contributing factor to a DFU [29]. In severe ischemia, 
clinicians are worried about intravenous antibiotics not reaching lower-extremity 
infections sites. Accordingly, there is some anxiety about how intravenous drugs 
used in COVID-19 infection may reach their target sites in DFU patients. In con-
trast, COVID-19 patients with dyspnea normally lessen their daily activities (or this 
may be due to quarantine), which is valuable in off-loading the DFU and may lead 
to advanced healing rates of neuropathic ulcers [205].

The question posed here is whether there is any potential relationship between 
COVID-19 and the diabetic foot regarding these points. It is just a hypothesis at this 
juncture, and more knowledge is required to prove or disprove it.

6.10  Conclusions

In conclusion, diabetic foot management is a multidisciplinary approach and needs 
a well-functioning teamwork of general physicians, and endocrinologists, as well as 
specialists in infectious disease, vascular surgery, orthopedics, interventionl radiol-
ogy, orthotics, prosthesis and educated nurses. The following issues need to be 
taken into account in order to improve the outcome and prognosis: patient education 
(not only in treatment but also in the prevention of a DFU is a key component), 
glycemic control (HbA1c ≤ 7% ideally), sufficient debridement, suitable offload-
ing, advanced selection of dressings, and appropriate footwear. Diabetic foot reha-
bilitation has to be utilized after amputation.
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Chapter 7
Incidence, Complications, and Novel 
Treatment Strategies: Osteomyelitis

Catherine G. Ambrose, James F. Kellam, Lindsay Crawford, 
and Timothy S. Achor

Abstract Osteomyelitis, or infection of the bone, is a relatively rare musculoskel-
etal condition. However, it can be difficult to diagnose and treat, resulting in signifi-
cant health-care expenditures and morbidity for the patient. Complications can be 
divided into two groups: general or systemic and specific. General complications 
are associated with the systemic effects of any disease process, while specific com-
plications are a result of the disease process itself. This chapter describes the general 
complications associated with osteomyelitis such as systemic sepsis and chronic 
disease manifestations, as well as specific complications including osteonecrosis, 
multifocal osteomyelitis, malignant transformation in osteomyelitis, amputation, 
deformity, and fracture. Early diagnosis of pediatric osteomyelitis is key to urgent 
initiation of appropriate treatment, and this chapter also highlights recent innova-
tions and emerging strategies that may be effective in treating osteomyelitis in both 
the pediatric and adult patient.

Keywords Osteomyelitis · Infection · Bone · Sepsis · Chronic · Acute · Pediatric · 
Adult · Novel treatment strategies

7.1  Introduction

Osteomyelitis, or infection of the bone, is a relatively rare musculoskeletal condi-
tion. However, it can be difficult to diagnose and treat, resulting in significant 
health-care expenditures and morbidity for the patient. The diagnosis of osteomyeli-
tis can be challenging as up to 47% of confirmed osteomyelitis cases can be culture 
negative [1, 2]. Negative cultures can result from improper sample collection, 
improper microbiological testing, biofilm bacteria, or antibiotic use prior to sample 
collection. Osteomyelitis can be difficult to treat as most antibiotics given 
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parenterally do not penetrate the bone well, bacteria with a biofilm are resistant to 
antibiotics and immune defenses, and bacteria can invade mammalian cells. Further 
complicating the treatment of osteomyelitis is the increasing incidence of infections 
due to antibiotic-resistant strains.

Waldvogel proposed a classification system for osteomyelitis [3–5] based on eti-
ology: infection that spreads through the blood or infection that spreads to the bone 
contiguously from a local contamination. The first type, osteomyelitis that results 
from hematogenous spread, usually occurs in prepubertal children or the elderly and 
usually affects the vertebral bodies or metaphyseal region of long bones. 
Osteomyelitis that results from contiguous spread can be further subdivided into 
cases where the host tissue is well vascularized (as in cases that arise from trauma 
or surgery in a healthy subject) versus tissue that suffers from vascular insufficiency, 
such as the case in diabetic foot ulcers. In all three cases, the infection can be further 
categorized as either acute or chronic. A more detailed classification system, the 
Cierny-Mader system [6], is based on anatomical, clinical, and radiologic features. 
This system, while more complicated than the one proposed by Waldvogel, is spe-
cific which allows for dictating treatment and dynamic which allows for changes in 
host status.

7.2  Incidence

The true incidence of osteomyelitis is difficult to assess since some cases are prob-
ably undiagnosed or misdiagnosed, and most published reports of musculoskeletal 
infections do not explicitly report osteomyelitis numbers (they only report superfi-
cial versus deep infection rates). As osteomyelitis is a subset of “deep infection,” we 
can presume that the incidence is not higher than that reported for deep infection, 
but we may not know the true rate.

There are however a few studies which report overall incidence of osteomyelitis. 
One such study investigated osteomyelitis cases over a 41-year period (1969–2009) 
in a single county in Minnesota [7]. Using the total population for the county over 
that period of time, the overall osteomyelitis incidence was calculated to be 21.8 
cases per 100,000 person-years. It was found that the annual incidence was higher 
for men than women regardless of the age group studied and the annual incidence 
increased over time (the incidence increased from 11.4 cases per 100,000 person- 
years in the first decade studied to 24.4 in the last). The average age of the patient 
with osteomyelitis increased over time, the proportion of infections caused by 
Staphylococcus species decreased over time, and the proportion of culture-negative 
cases increased over time. Overall, over half of the cases were caused by staphylo-
coccal species (44% S. aureus and 17% S. epidermis) with another 16% of the cases 
found to be caused by Streptococcus species. Thirteen percent of the osteomyelitis 
cases due to hematogenous spread were polymicrobial, whereas the percentage of 
polymicrobial cases increased to 35% and 40% in the cases of contiguous-spread 
infections without and with diabetes.
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A study by Rubin and coauthors [8] investigated the infections in 1995 New York 
City hospitals. Although they studied all infections and were specifically interested 
in those caused by S. aureus, total osteomyelitis incidence can be calculated from 
the data reported. This study found 4000 cases of osteomyelitis from a total of 
1,351,362 nonobstetrical discharges; thus, osteomyelitis accounted for about 0.3% 
of the nonobstetrical discharges. Using the annual population estimates for the year 
and the counties studied (data.ny.gov), the overall incidence rate was 32.4 cases per 
100,000 person-years.

Certain categories of osteomyelitis have received more investigative scrutiny. 
Incidence rates for acute hematogenous osteomyelitis in children have been pub-
lished by multiple authors [9–15]. The time frames and populations studied varied 
among these studies, but there are common trends. In number of cases per 100,000 
person-years, the incidence rates ranged from 1.31 in Norway (1990–1994) [11] to 
82.5 for a Western Australian Aboriginal population (1971–1982) [9]. The inci-
dence rate was found to be higher in males than females in all studies and was 
generally trending down over time. The incidence was lower for European popula-
tions (range 2–11.1 per 100,000 person-years) than for New Zealand Maori or 
Western Australian Aboriginal populations (range 29.1–82.5).

Incidence rates for prosthetic joint infections have also been reported by several 
groups, and, although covered in another chapter in this book, a few numbers are 
included here for reference. When calculated as rate of prosthetic joint infection 
(number of infections/total number of arthroplasty surgeries), the infection rate 
after primary knee arthroplasty ranges from 1% to 4%, and the rate after primary hip 
arthroplasty ranges from 1% to 2% [2, 16]. However, as these infection rates include 
all infections, not just cases of osteomyelitis, it is important to remember that the 
rate of osteomyelitis is likely much lower.

Open fractures represent a significant risk factor for osteomyelitis and infection 
rates after open tibia fractures have been reported from numerous studies. Incidence 
of infection can be estimated from the review of open fractures of the lower limb 
provided by Giannoudis and coauthors [17]. In this review, they report infection rate 
after open tibia fracture broken down by method of fracture fixation. The deep 
infection rates ranged from 35% for plate and screw fixation to 6.4% for reamed 
tibial nails. Not all studies reported cases of osteomyelitis, but from the ones that 
were reported, Giannoudis and coauthors determined that 4.2% of open tibia frac-
tures treated with external fixation developed chronic osteomyelitis, whereas only 
0.7% of the open tibia fractures treated with an undreamed tibial nail developed 
osteomyelitis. The annual incidence of open fractures has been estimated to be 30.7 
per 100,000 person-years [18], with about 14% of open fractures occurring in the 
tibia. Thus, the incidence of open tibia fracture is about 4.3 cases per 100,000 
person-years.

Finally, there are studies that report incidence rates for vertebral osteomy-
elitis. A study from Sweden [19] found an overall incidence of 2.2 per 100,000 
person- years. S. aureus was found to be the causative agent in 34% of the 
cases, with Mycobacterium tuberculosis identified in 27% of the cases. A 
study from France [20] found an overall incidence of vertebral osteomyelitis 
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of 2.4 cases per 100,000 person-years. They found a strong correlation with 
age: there were 0.3 cases per 100,000 person-years in subjects under the age 
of 20 compared to 6.5 cases for subjects older than 70 years of age. They also 
found S. aureus (38%) and M. tuberculosis (31%) to be the most common 
causative bacteria.

7.3  General Complications

Complications can be divided into two groups: general or systemic and spe-
cific. General complications are associated with the systemic effects of any 
disease process, while specific complications are a result of the disease 
process itself. With osteomyelitis, the general complications that occur are 
usually related to the systemic effects of the inflammatory process caused 
by the infection – osteomyelitis. As osteomyelitis may either be an acute or 
chronic inflammatory process, these effects are manifested in differ-
ent ways.

7.3.1  Systemic Sepsis

This condition usually occurs as a consequence of acute osteomyelitis which is 
untreated. Bacteremia occurs causing a septic state usually recognized by high 
temperature, increased pulse rate, and decreasing blood pressure. This is an 
emergency situation and demands rapid treatment for both the systemic condi-
tion and the local infective focus. Supportive treatment is the first response by 
providing intravenous fluids and pressors for hypotension as well as assess-
ment for the need of respiratory support such as supplement oxygen or intuba-
tion depending on the severity of the pulmonary response to the ongoing 
inflammation. Antipyretic therapy may be needed depending on the severity of 
the hyperpyrexia. Once the resuscitation phase has commenced, empiric broad-
spectrum intravenous antibiotics based on the likely organism causing the 
osteomyelitis are the first line of treatment. If a prior bacterial diagnosis has 
been made, then specific antibiotics may be used as determined by the sensitiv-
ity results. Once the acute septic process has been identified and the antibiotic 
treatment commenced, it is imperative that the nidus of infection, usually a 
bone abscess, be addressed surgically with drainage. This will provide material 
for culture of the infecting organism to allow directed antibiotic therapy as well 
debridement of the infection removing as much as possible of the causative 
organisms and nonviable bone.
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7.3.2  Chronic Disease Manifestations

Either untreated or under treated, acute osteomyelitis may progress to chronic 
osteomyelitis. As a result, the patient experiences a chronic inflammatory stimulus 
leading to a set of immune, physiological, metabolic, and behavioral responses for 
the patient. These responses usually lead to a state of fatigue or tiredness, malaise, 
occasionally nausea, and disinterest in life’s activities. Chronic pain may develop at 
the site of the osteomyelitis leading to narcotic or analgesic abuse. The treatment of 
this situation rests with identification of the chronic nidus of infection and eradica-
tion of it. This may be only intravenous or oral antibiotics or surgical drainage and 
excision with reconstruction of the bone or amputation.

7.4  Specific Complications

7.4.1  Osteonecrosis

This is a rare complication usually seen in infants in the proximal femur. It is sec-
ondary to an infection that occurs in the metaphyseal region of the femoral neck 
prior to the appearance of the secondary ossification center of the femoral epiphysis. 
The infection will spread proximally across what would have been the epiphyseal 
plate into the cartilage anlage of the femoral head leading to destruction and poten-
tially septic arthritis if it erupts into the hip joint. As the anlage for the femoral head 
is now deformed or destroyed, the child will have a deformity of the hip and sequent 
musculoskeletal disability as they grow. Treatment may be unpredictable due to the 
extent of damage to the epiphyseal analog.

7.4.2  Chronic Osteomyelitis

Chronic osteomyelitis is a situation that will develop with either untreated or under-
treated acute osteomyelitis. The hallmark of this disease is dead bone with puru-
lence surrounding it. The patient will usually present with a history of either acute 
osteomyelitis or some form of open bone injury or open fracture or prior operative 
manipulation of the bone with usually some form of implant placed. The patient 
will also complain of intermittent drainage from a sinus as well as fluctuating pain 
associated with swelling and erythema. While diagnosis is relatively straightfor-
ward, it is important to identify the necrotic dead bone or sequestrum that is per-
petuating the osteomyelitis. Investigations include inflammatory markers such 
erythrocyte sedimentation rate (ESR), C reactive protein (CRP), white blood cell 
count (WBC), and blood cultures if the patient demonstrates evidence of febrile or 
systemic symptoms. Radiographic investigations include x-rays, CT scan, and/or 
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MRI to determine the extent of the intraosseous portion of the osteomyelitis and the 
nidus or sequestrum. The evaluation of the involucrum that is the new bone that has 
formed around the chronic infection is important as this will be part of the recon-
structive process [6] (Fig. 7.1). Assessment of the patient’s physiologic status is also 
important, as the ability to heal is extremely important in determining treatment and 
prognosis. Cierny and Mader [6] have described three host classes: normal, compro-
mised, and prohibitive. A healthy host is not immunocompromised and has good 
vascularity around the site of infection. In a compromised host, there are local or 
systemic factors that compromise immunity and healing. Finally, a prohibitive host 
may have minimal disability but a poor prognosis for treatment and cure; in this 
case, the treatment is worse than the disease itself. The final aspect of the investiga-
tion and the first part of the treatment involves the harvesting of tissue for cultures 
from the involved area to identify the organism and its antibiotic sensitivities. Once 
the investigation is complete, surgical treatment is usually recommended. The surgi-
cal treatment involves eradication of the sequestrum by debridement, maintaining 
as much involucrum or living bone as possible to facilitate reconstruction and some 
method of skeletal support. Antibiotics based on the tissue culture sensitivities will 
be administered by the best route to achieve the maximum bone concentration [21]. 
Following eradication of the infection, bone reconstruction and deformity correc-
tion if needed can be undertaken. Amputation may also be recommended based on 
location, organisms, and chronicity [22].

Medullary Superficial

Localized Diffuse

Fig. 7.1 Anatomical 
classification of adult 
osteomyelitis. Type 1, 
intramedullary 
osteomyelitis; nidus is 
endosteal. Type II, 
superficial osteomyelitis; 
limited to bone surface. 
Type III, localized 
osteomyelitis; full 
thickness of cortex is 
involved. Type IV, diffuse 
osteomyelitis; entire 
circumference of the bone 
is involved [6]
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7.4.3  Subacute Osteomyelitis

This is an insidious condition with minimal symptoms of mild to moderate pain and 
a mildly elevated temperature. The etiology of this condition is poorly understood, 
but it may be related to increased host-pathogen relationship, administration of anti-
biotics before the onset of symptoms masking the full presentation, or decreased 
bacterial virulence. Delay in diagnosis is usually greater than 2 weeks. ESR is ele-
vated in only 50% of patients and a pathogen only identified in 60% of cases. X-rays 
and bone scanning techniques are usually positive. It normally occurs in the metaph-
yseal region of the bone and is recognized through a radiolucent area surrounded by 
sclerotic borders which may cross into the epiphysis or be metaphyseal or cortical 
in  location. It can have multiple cavities, but there will be no true destruction of 
cortical bone. The classic example of subacute osteomyelitis was described by 
Brodie in 1836 [23] as a localized abscess in a patient’s tibial metaphyseal region 
that had no prior history of any infection. Treatment usually involves surgical biopsy 
for culture and curettage followed by antibiotics.

7.4.4  Chronic Recurrent Multifocal Osteomyelitis

This is an unusual autoinflammatory condition in children and adolescence with an 
insidious onset of pain and signs of inflammation occurring at multiple bony sites 
usually localized to the metaphysis or epiphysis. The following have been proposed 
as criteria for the diagnosis of CRMO: two or more bone lesions mimicking osteo-
myelitis, radiographic and bone scan findings consistent with osteomyelitis, 
6 months or more of chronic and relapsing symptoms, failure of response to at least 
1 month of appropriate therapy, and a lack of other identifiable cause. There is no 
effective treatment, but bisphosphonates have been shown to be helpful [24].

7.4.5  Sclerosing Osteomyelitis of Garré

This chronic condition described by Garré in 1893 [25] in young children and ado-
lescences is noted to have thickened and distended cortical bone with no abscesses 
or sequestra. Its cause is unknown but could be a low-grade infection with an anaer-
obic bacterium such as Propionibacterium acnes or an infection such as actinomy-
cosis. The patient will have intermittent pain, swelling, and tenderness over the 
involved bone, and the bone itself will be expanded in its cortical regions with 
sclerosis. The ESR and CRP levels are mildly elevated, and a biopsy will demon-
strate chronic low-grade nonspecific infection. No treatment has been successful, 
but fenestration of the involved bone and broad-spectrum antibiotics have been 
helpful in some cases [26].
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7.4.6  Malignant Transformation in Chronic Osteomyelitis 
(Marjolin’s Ulcer)

Malignancy can arise from chronic osteomyelitis at a rate of 1.6–23% most com-
monly seen in areas with limited access to medical care [27–29]. This tumor is 
proposed to result from chronic inflammation stimulating stem cells resulting in 
cancer [30, 31]. It is seen most frequently in males 18–40 years with the malignant 
transformation occurring over a latent period of 18–72 years. The tibia is the most 
frequently affected bone [32]. Most of the tumors are aggressive squamous cell 
carcinomas arising from a sinus tract, but basal cell carcinomas, reticulum cell car-
cinoma, fibrosarcoma, and others have been reported. Clinical presentation is 
increased pain and foul-smelling drainage associated with erythema, bleeding, and 
an enlarging mass. Radiographs will demonstrate periosteal changes and progres-
sive bone destruction, while a CT scan will show bone extent and the MRI is used 
to assess soft tissue involvement. A high degree of clinical suspicion associated with 
biopsy of a chronic draining sinus or poorly healing ulcers associated with chronic 
osteomyelitis generally will be needed to make the diagnosis. These are aggressive 
malignancies with a tendency for local recurrence and lymph node metastases. 
Amputation is the most reliable means of treating osteomyelitis associated with 
malignant change although wide local resection (Mohs procedure) in patient with 
localized non-metastatic disease is possible [33].

7.4.7  Amputation

Amputation may be considered a major complication of osteomyelitis. In the acute 
stage associated with overwhelming sepsis, it may be a lifesaving procedure. In the 
chronic osteomyelitis, amputation may be a life-changing procedure ridding the 
patient of a site of chronic inflammation. This is indicated in situations in which 
there has been recalcitrant osteomyelitis with multiple different organisms, multiple 
surgeries, deformity, nonunion, or malignant transformation.

7.4.8  Deformity

Deformity can occur either through acute osteomyelitis in the growing child, sec-
ondary to chronic osteomyelitis, or osteomyelitis secondary to internal fixation or 
an operative bone procedure. The deformity may need to be corrected and maybe 
complicated by the fact that there is a chronic ongoing infection that requires eradi-
cation before corrective surgery.
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7.4.9  Fracture

Fracture is not an uncommon complication during the process of treating osteomy-
elitis. Bone strength and integrity maybe compromised as a result of the debride-
ment necessary to rid the patient of the infected nidus, leading to the fracture. 
Avoidance of this complication requires some form of protective treatment such as 
the use of casts, external fixation, or internal fixation depending on the circumstance 
and severity of the infection. If a fracture occurs, it becomes more difficult to treat 
because it coincides with the site of the infection. If the infection is still active, then 
usually some form of temporary fracture fixation (e.g., external fixation) will be 
required until the infection is eradicated, at which point internal fixation and bone 
grafting if necessary can be carried out. Should the fracture occur after the infection 
has been eradicated, standard operative or nonoperative fracture fixation can be car-
ried out as indicated [22].

7.5  Innovation in Osteomyelitis Treatments: Pediatric

Pediatric osteomyelitis develops in the metaphysis of long bones and is thought to 
be due to tortuous blood flow. Infection may involve intraosseous, subperiosteal, 
extraperiosteal abscesses or extend to a joint, particularly in joints where the cap-
sule is intra-articular. The three most common sites for osteomyelitis in children are 
femur, tibia, and humerus [34].

Early diagnosis of pediatric osteomyelitis is key to urgent initiation of appropri-
ate treatment. Conventional radiographs only show evidence of bone destruction 
1–2 weeks after infection begins in children with osteomyelitis. Therefore, utiliza-
tion of advanced imaging must be employed to achieve early identification of osteo-
myelitis. Treating physicians must consider cost, accuracy, and potential delay in 
treatment or diagnosis when selecting advanced imaging. Ultrasound is a low-cost 
method to evaluate for joint effusion, abscesses, and DVT but allows limited visual-
ization of osteomyelitis bone involvement. Though CT provides better imaging of 
the bone, particularly sequestration, it has limited use in pediatrics due to radiation 
exposure [34]. Bone scintigraphy, though highly sensitive for early diagnosis of 
osteomyelitis, has low specificity and cannot distinguish between soft tissue, joint, 
and bone infection. For these reasons, MRI has increasingly come into favor for 
evaluation of osteomyelitis. MRI can be utilized to identify soft issue abscess, myo-
sitis, joint effusion, and osteomyelitis including intraosseous and subperiosteal 
abscesses. The major limitations to MRI have been timely access to prevent delay 
in treatment and the possible need for general anesthesia. The creation of MRI pro-
tocols at institutions greatly decreases the length of time needed for the MRI and 
therefore may negate the need for anesthesia [34, 35]. Protocols use limited series 
(coronal STIR, coronal T1, axial T2 fat-suppressed, post-contrast coronal, and axial 
T1 fat-suppressed) to allow for quicker identification of location and extent of 
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involvement of infection (Fig. 7.2). Studies have also suggested adding MRI to the 
workup of septic arthritis in children given the high incidence of concomitant osteo-
myelitis. In evaluation for septic hip, the utilization of MRI identified osteomyelitis 
in 47.9% of patients with three or four positive Kocher criteria [36]. Institutions 
have also created clinical practice guidelines to expedite MRIs and create pathways 
to have daily availability of MRI for add-on patients under general anesthesia and 
facilitate the ability to go directly to the operating room from the MRI [35].

Antibiotic therapy is the gold standard with initial empiric therapy based on the 
patient’s age. Traditionally, intravenous antibiotic therapy for acute osteomyelitis 
was of 6 weeks’ duration. This was associated with prolonged hospital stays, high 
costs, and need for central venous access. These long courses of intravenous antibi-
otic therapy had reported complication rates of 25–38% and 19–27% rehospitaliza-
tion rate [34]. The current trend has shifted to a short course of intravenous 
antibiotics with early conversion to oral antibiotics. Several studies have shown 
efficacy of treating acute osteomyelitis with only a few days of intravenous antibiot-
ics followed by oral antibiotics for 3 to 4 weeks. Transition to oral antibiotics is 
guided by apyrexia, an improvement in the patient’s condition and reduction in 
CRP. Complicated cases of acute osteomyelitis involving neonates, immunocom-
promised patients, or bacteria such as methicillin-resistant S. aureus (MRSA) or 
Salmonella still require longer course of intravenous antibiotics [37]. In addition to 
shortened courses of intravenous antibiotics, measures including development of 
evidence-based clinical practice guidelines and a classification system for the sever-
ity of illness in acute hematogenous osteomyelitis have been associated with shorter 
hospital stay and decreased readmissions [35, 38].

Surgical management may be necessary as an adjunct to antibiotic therapy in 
children with acute hematogenous osteomyelitis. Specific techniques or extent of 
surgery for pediatric osteomyelitis have not been clearly defined. Surgical treatment 

Fig. 7.2 Coronal STIR 
image of a 12-month-old 
female presenting with left 
arm pain and swelling. 
MRI shows osteomyelitis 
of humeral shaft with 
lateral subperiosteal 
abscess
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can vary from minimally invasive needle bone biopsy or aspiration of abscess to 
extensive cortical bone window with debridement of cancellous bone [34] (Figs. 7.3a 
and 7.3b). Children with joint effusion and/or large abscess should be considered 
for immediate surgical intervention. Children with moderate subperiosteal or 
intraosseous abscesses that fail to respond to antibiotics after 48–72 hours are can-
didates for surgery. Any surgery for osteomyelitis should involve a bone biopsy to 
rule out malignant process and cultures. Decisions for repeat surgical intervention 
are based on child’s fever curve and CRP trend [34].

In children, it is recognized that there is a significant rate of osteomyelitis with 
concurrent adjacent septic arthritis of 17–33% [34, 39]. The cause of these concur-
rent joint infections is the spread of osteomyelitis into the joint, particularly in joints 
were the metaphysis is intracapsular. Risk factors for concurrent infections include 
age (newborns and adolescents), shoulder infections, increased duration of symp-
toms before presentation, and Staphylococcus aureus, both methicillin-susceptible 
S. aureus (MSSA) and MRSA, infection. Recognizing concurrent infection is 
important as these patients have more severe illness associated with increased hos-
pital stay, more surgeries, and more intensive care unit (ICU) admissions [39]. 
Complications of missed osteomyelitis include untreated infection, avascular necro-
sis of the bone, and pathologic fracture. Given the significant rate of concurrent 
osteomyelitis with hip septic arthritis, studies have purposed performing femoral 
neck aspiration during the incision and drainage (I&D) of the septic hip, which was 
noted to have increased sensitivity and specificity for identifying osteomyelitis, 
compared to MRI (Figs. 7.4a and 7.4b). Seeding of the bone and fracture at aspira-
tion site were not noted [40]. Humeral osteomyelitis has also been associated with 
both shoulder and elbow septic arthritis [41]. A high rate of osteomyelitis associated 
with shoulder septic arthritis in children has been noted with 75% of children 
obtaining an MRI for septic arthritis found to have osteomyelitis with 26% of those 
having a subperiosteal abscess. The MRI evaluation guided surgical treatment to 
include subperiosteal abscess drainage or corticotomy at the time of I&D of the 
shoulder [42]. As osteomyelitis typically requires a longer duration of antibiotics 
than septic arthritis alone and may require surgical intervention beyond I&D of the 
involved joint, it is key for the physician to evaluate for and identify possible bone 
involvement with septic joint.

Fig. 7.3a Sagittal STIR 
MRI of a 15-month-old 
male that presented with 
refusal to bear weight on 
the left foot and elevated 
ESR and CRP. MRI shows 
a Brodie’s abscess of the 
talar head
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The overall rate of complications from acute osteomyelitis in children is approxi-
mately 6%. Complications include chronic osteomyelitis rate of 1.7%, recurrent 
infection rate of 6.8%, deep vein thrombosis (DVT) rate of 0.4–6%, and pathologic 
fracture rate of 1.7% [34]. Early identification of osteomyelitis and appropriate, 
directed treatment can decrease these risks in the pediatric population.

7.6  Innovations in Osteomyelitis Treatments: Adults

The management of adult osteomyelitis remains based on the principle developed 
by Hiram Winnett Orr when he stated that all necrotic bone must be removed with 
saucerization of the resulting cavity followed by immobilization of the bone [43]. 
Recently this principle has included innovative advances in the diagnosis of necrotic 
bone, management of the dead space, and judicious appropriate use of antibiotics.

Fig. 7.3b Intraoperative 
image of percutaneous 
aspiration of Brodie’s 
abscess and bone biopsy

Fig. 7.4a Axial fat 
suppressed T2 image of a 
12-year-old with history of 
sickle cell anemia that 
presented with right hip 
pain and elevated WBC, 
ESR, and CRP. MRI 
showed large hip effusion 
and femoral head 
osteomyelitis
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Osteomyelitis may occur either as acute or chronic. Acute osteomyelitis in the 
adult is uncommon and is usually related to hematogenous spread from a remote 
infective nidus. It is associated with the classic signs and symptoms of an acute 
inflammatory process: rubor (redness), calor (heat), tumor (swelling), dolor (pain), 
and functio laesa (loss of function). Acute osteomyelitis is usually monomicrobial 
and most commonly caused by a coagulase-positive organism, specifically 
Staphylococcus aureus. The management consists of rapid identification and diag-
nosis, prompt surgical debridement, and antibiotics based upon cultures.

Chronic osteomyelitis, however, is more common in the adult and is usually non- 
hematogenous in spread occurring from some form of continuous contiguous focus 
either from surgical inoculation from the use of implants or secondary to vascular 
insufficiency or neuropathies which allows for skin breakdown and colonization. 
Chronic osteomyelitis is usually polymicrobial, again with Staphylococcus aureus 
being the most commonly identified organism, but strains of Streptococcus, 
Bacteroides, Klebsiella, Enterococcus, and Pseudomonas have also been identified.

As the most common etiology of adult osteomyelitis is secondary to some type 
of inoculation of bacteria through trauma, disease, or surgery, prevention becomes 
the most critical component of the management. Recognition of this fact has led to 
the better patient assessment prior to elective surgery particularly in arthroplasty. 
Recognition of the importance of rapid delivery of antibiotics in open fractures and 
appropriate debridement techniques as well as systems to improve the management 
of diseases such as diabetes and arteriosclerosis has decreased the incidence of 
osteomyelitis. Finally, the standardization and mandatory use of prophylactic pre-
operative antibiotics has also helped to decrease the incidence of infection in 
implant-related surgery, and hence the potential for osteomyelitis has decreased.

The recognition of the ability of an infecting bacterium to create its own protec-
tive environment – the biofilm – during the chronic process has been a stimulus to 
management innovations [44]. The body’s natural response to the implant is the 
formation of a film of adhesion factors such as fibronectin collagen binding proteins 
around the implant. The infecting bacteria modify this membrane and become 
encased in it, protecting the bacteria from phagocytosis by the white blood cells as 
well as secreting factors that decrease bone formation by increasing osteoblast 

Fig. 7.4b Intraoperative 
image of femoral neck 
needle aspiration 
performed during the right 
hip I&D
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apoptosis and the expression of receptor activator of nuclear kappa-B ligand 
(RANKL), leading to decreased bone formation. The biofilm is also hydrophobic 
which inhibits the penetration of antibiotics, and biofilm bacteria may become ses-
sile and dormant thus not susceptible to many antibiotics. Finally, due to the break-
down of cells and bacteria, biofilm bacteria are able change their genetic makeup 
and potentially become antibiotic resistant. This understanding of the presence of 
the biofilm has led to the understanding of why it is so difficult to clear the infection 
and the understanding in certain circumstances that a symbiotic relationship between 
the sessile bacteria, the biofilm, and the host may be acceptable.

7.6.1  Innovations in Diagnosis

Chronic osteomyelitis presents clinically as a chronic vague illness with a low- 
grade temperature, recurrent sinus tract and drainage, and some past history of 
either trauma, surgery, or an implant.

Laboratory investigation usually involves an assessment of the inflammatory 
process through the use of ESR and CRP levels in addition to white blood cell 
counts. These are not extremely helpful for a specific diagnosis as they are nonspe-
cific tests for inflammation but are needed for following the effect of therapy. As the 
CRP measures the digestion products of substances foreign to the host and hence 
will be elevated when bacteria are in the systematic circulation, the ESR only mea-
sures elevation of serum protein from any cause [45]. Newer blood tests involving 
interleukin 6 and procalcitonin have not been shown to any better diagnostically 
than the use of CRP [6].

7.6.2  Cultures and Culture-Independent Methods

It is now recognized that cultures should be tissue and obtained from the site of the 
inflammatory process. Swabs from a draining sinus or local superficial tissue are not 
predictive of the infecting organism(s) [46]. Recently, newer methods to better iden-
tify the presence of infection and organisms have been introduced. The polymerase 
chain reaction (PCR) test has improved the ability to identify bacteria that are dif-
ficult to isolate by traditional methods, particularly slow-growing bacteria, which 
may improve identification of causative organisms in culture-negative cases of 
osteomyelitis [47]. While there is concern that with breakdown of bacteria, bacterial 
DNA contamination can be taken as a false-positive test, it is not clear that DNA 
from dead bacteria remain detectable for longer than 24–48 hours [48]. The intro-
duction of pathogen-specific PCR is now faster and more specific allowing improved 
identification of an infection and the organism(s) causing it [49]. Fluorescence in 
situ hybridization (FISH) is another molecular biologic nucleic acid-based tech-
nique to assess DNA and RNA that has been recently applied to osteomyelitis in the 
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rabbit [50]. Matrix-assisted laser desorption-ionization coupled with time of flight 
analysis mass spectroscopy (MALDI-TOF/MS) uses a soft laser ionization of the 
intact bacteria or its extract to identify specific bacteria’s unique surface proteins 
and peptides. This test has the potential to provide a cheap reliable and efficient 
method for diagnosis [51, 52]. Finally, PCR electron spray ionization with mass 
spectrometry (PCR-ESI/MS) has been used to identify infection, the pathogen, and 
resistance markers in prosthetic joint infection [53].

7.6.3  Imaging

The simplest and cheapest way to diagnose osteomyelitis remains plain radiographs 
[45]. These show periosteal reaction, cortical erosions, focal osteopenia, osteolysis, 
and endosteal scalloping, as well as the involucrum which is new bone formation 
around the nidus of infection (the sequestrum) and the cloaca that is the opening 
through the involucrum to allow drainage of purulent material.

CT scan with coronal and sagittal reconstructions provides the most detailed 
knowledge of bony involvement best used for staging osteomyelitis. Implants will 
tend to distort the image to some degree, but recent improvements in the technique 
have minimized this problem. MRI will differentiate between soft tissue and bone 
marrow involvement as well as early detection of acute osteomyelitis. Intravenous 
gadolinium contrast enhances the differentiation between vascularized infected 
areas and nonvascular areas such as the sequestrum. Implants, recent surgery, and 
scar tissue can limit the ability of the MRI to detect infection.

The three-phase bone scan using 99m technetium methylene diphosphonate is 
used to determine bone perfusion and bone turnover; unfortunately tumors, fracture 
healing, as well as infection will give positive scans. The first phase between 0 and 
60 seconds assesses blood flow, the second phase from 2 to 5 minutes shows the 
blood pool, and the third phase from 2 to 4 hours demonstrates static bone metabo-
lism. If phase one and two indicate increased uptake of isotope with phase 3 show-
ing no uptake, soft tissue infection is likely while increased uptake in all three 
phases may be a nonspecific indicator of osteomyelitis. Indium-111-labeled white 
blood cells will infiltrate into an inflamed area such as osteomyelitis. In order to 
determine a positive test, it is necessary to perform two sets of images at 3 to 4 hours 
and 20 to 24 hours. If the uptake is increasing in both sets of images, then an inflam-
matory process such as osteomyelitis is likely, while a decrease or steady uptake at 
20 to 24 hours implies no infection. In chronic osteomyelitis, the sensitivity and 
specificity are low and hence are not indicated to use [54, 55].

More recent innovations have led to the combination of radiologic tests with 
nuclear medicine procedures to increase the diagnostic value. Single-photon emis-
sion computed tomography has been combined with the triphasic and WBC scan 
(SPECT-CT), while another more common combination is 18F-fluorodeoxyglucose 
positron emission tomography (FDG-PET/CT). Although FDG-PET/CT is not rou-
tine at the present time, this technique has shown a sensitivity of 86–94% and speci-
ficity of 76–100% [54].
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7.6.4  Treatment

As mentioned, the basis for treatment rests on eradication of all dead and infected 
bone based on the clinical situation. To determine if possible and how best to accom-
plish this, a plan must be developed. This is accomplished by assessment of the host 
patient and the location and extent of the infective process. A significant advance in 
the planning of treatment is a result of the classification of the host and boney extent 
provided by Mader and Cierny [6]. The host has three basic levels. A type A host is 
a healthy individual who is immunocompetent and has excellent local vascular and 
viable tissue. The type B host has conditions that will compromise their immune 
response and healing potential. These conditions may be local (type B-local) such 
as prior trauma or surgery, chronic sinus, or poor soft tissue coverage, all of which 
affect the local vascular and vitality of the infected site. The other type B host has 
systemic conditions (type B-systemic) that will make healing difficult such as 
immune compromise, malnutrition, or diabetes. It is evident that both the local and 
systemic condition will need to be corrected in order to maximize the treatment 
result. The type C host are those who are too compromised to basically undertake 
and consider surgical management for the treatment as it may be worse than the liv-
ing with the disease itself.

To improve the type B-local patient’s response to treatment, a thorough evalua-
tion of the local soft tissues is required followed by a plan to rectify these problems. 
The chronic draining sinus is usually associated with scarred skin and subcutaneous 
tissue which must be dealt with by excision. A sinus may directly communicate 
with the sequestrum or may have a circuitous route through fascial planes to the 
exterior. By excising the sequestrum the sinus will usually disappear. Scarred skin, 
subcutaneous tissue, and muscle that has been debrided must be replaced with via-
ble tissue. The aim is to achieve a clean, infection-free, and viable bed to allow 
regeneration of the bone and functional soft tissues if possible. Consultation with a 
plastic or microvascular surgeon in order to provide some form of viable soft cover-
age is usually required. Free vascularized musculocutaneous flaps are better than 
fasciocutaneous flaps as they provide a better blood flow to the area and better 
phagocytosis if any bacteria may be under the flap [56–59].

The management of the boney lesion begins with assessment of the radiographic 
investigations to determine the extent of the osteomyelitis. Usually the plain radio-
graphs and CT scan are all that are needed to determine the location of sequestrum 
and the extent of bone involvement particularly the involvement of the metaphysis 
and articular surfaces. The MRI tends to overestimate the bone involvement but is 
very helpful in assessing the presence of noncontiguous lesions known as “jump 
lesions” and intramedullary osteomyelitis [45]. The location and extent of bone 
involvement as defined by Cierny will guide the surgical planning [6]. A stage 1 
lesion involves only the medullary canal and will be adequately treated by intramed-
ullary debridement and removal of any implant if its function is impaired. The 
recent introduction of the reamer-irrigator-aspirator reaming system has greatly 
facilitated the ability to debride the intramedullary canal as the purulent material 
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can be removed by suction and not pushed forward by a reamer to be deposited in 
another location in the medullary canal [60, 61]. A stage 2 lesion is uncommon and 
involves only the superficial periosteal region of the cortex with no medullary 
spread. This is caused by local colonization secondary of a chronic wound. 
Management consists of removal of the infected bone until viable bleeding bone is 
seen, and then the chronic wound is managed by an appropriate soft tissue proce-
dure to enhance the vascularity. A stage 3 lesion involved the full thickness of the 
cortex and endosteum and implies intramedullary spread, but there is non-infected 
bone in the same region. This is a result of direct bone trauma causing devascular-
ization of the bone and invasion of the bone with bacteria. The management requires 
removal of the infected bone, but as there is healthy non-infected bone in the same 
area, skeletal stability is usually not affected. The final lesion is stage 4, which is a 
permeative lesion involving a segment of the bone. As this segment is completely 
devascularized and infected, a complete excision of the infected segmental region is 
necessary. This leads to axial skeletal instability which will need to be addressed as 
well as the created dead space.

As with understanding for the need for a viable soft tissue envelope, the manage-
ment of the infected bone follows a similar plan. All dead and nonviable bone must 
be removed. This will leave the surgeon with a bone defect that must be managed. 
Following excision of the infected region, the involved bone will either maintain its 
axial stability or there is a segmental defect leading to axial instability. The major 
innovations in the treatment of osteomyelitis are seen in the area of management – 
eradication of infection, dead space management, and bone reconstruction.

The initial surgical treatment involves the removal of all dead bone and obtaining 
a biopsy for pathology and culture. Many attempts to define viable bone have been 
tried, but to date the best is the surgeon’s estimate of the bone viability by observa-
tion of a punctate cortical bleeding site known as the paprika sign. After removal of 
the dead bone, the dead space remaining is managed so as to allow for the develop-
ment of a viable vascular bed and at the same time locally eradicate any remaining 
infective organisms. In stage 1, intramedullary osteomyelitis, the debrided medul-
lary canal may be sterilized with insertion of polymethylmethacrylate (PMMA) 
antibiotic-coated nail for 6 to 8 weeks [61] or the implantation of antibiotic impreg-
nated biodegradable substances such as calcium sulphate or calcium phosphates 
(Fig. 7.5). These compounds will deliver the antibiotics and at the same time be 
resorbed or incorporated into the bone avoiding a second operation for removal. 
There are no commercially available biodegradable antibiotic delivery systems 
approved in the USA, but the surgeon may mix the antibiotic with the biodegradable 
substances. Reported results show up to 86% healing with these compounds [62, 
63]. There is a problem of operative site drainage particularly with some preparation 
of calcium sulphate. Bioactive glass (BAG) S53P4 has been shown both in vitro and 
in vivo to be as effective as calcium-based substitutes with less drainage. A similar 
management plan for stage 2 lesion can be done. Following debridement and sau-
cerization of the bone, an antibiotic impregnated resorbable delivery device such as 
calcium sulfate can be applied and covered with viable soft tissue [64, 65].
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Stage 3 and 4 lesions will have local antibiotics placed in the created defect or 
dead space. As these stages will usually require several surgeries for bone recon-
struction, the antibiotic delivery agent has been PMMA impregnated with antibiot-
ics such as vancomycin or tobramycin in the form of beads or a block [61, 66]. As 
PMMA forms with an exothermic reaction, only heat-stable antibiotics may be 
mixed with it. These antibiotics are generally empirically chosen until the cultures 
reveal the specific bacteria. The PMMA has been found to stimulate a foreign body 
reaction in the dead space. After 6 weeks a membrane has formed that is highly 
vascularized and rich in bone-forming genes and cytokines. This is ideal for the 
placement of a bone graft to assist in the bone reconstruction [67] (Fig. 7.6).

In cases where there is no axial stability or that after debridement the surgeon is 
concerned that the remaining viable bone is not strong enough to withstand physi-
ological loads, some form of stability will be needed. This is dependent on the stage 
of treatment. If there is ongoing infection or during the initial phase of infection 
eradication, the usual device for obtaining stability is an external fixator as it assures 
no foreign material in the infected region. Once the infection is eradicated, then the 

Fig. 7.5 Radiographic 
appearance of antibiotic- 
eluting resorbable calcium 
sulfate beads

Fig. 7.6 (a) A 44-year-old male sustained this open tibial shaft fracture with significant soft 
tissue compromise. He underwent urgent irrigation and debridement, (b) intramedullary nail-
ing, and free flap soft tissue coverage. (c) He developed a wound infection 1 month later, 
with cultures that grew MRSA. He was treated with irrigation and debridement and IV anti-
biotics. (d) Due to inability to clear the infection, he underwent hardware removal with 
placement of an antibiotic cement rod. (e) Eight weeks later, inflammatory markers had 
returned to normal, and he was treated with removal of the antibiotic rod and exchange 

(continued)
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 nailing of the tibia. (f) Five months later, the patient returned with chronic drainage and 
radiographic signs of osteomyelitis. (g) A wide resection of involved tibial bone was per-
formed, (h) with placement of an antibiotic rod and a (i) antibiotic cement spacer. He was 
treated with IV antibiotics, and 8 weeks later, he returned to the operating room for removal 
of the cement spacer and rod and (j) repeat intramedullary nailing and (k) iliac crest bone 
grafting to the defect. (l) Immediate postoperative x-rays and (m) 6-month follow-up. The 
patient was healed with no pain and no issues referable to his leg
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use of internal fixation is appropriate. This is usually in the form of an intramedul-
lary nail for diaphyseal lesion and plate fixation metaphyseal or articular involve-
ment. The use of distraction osteogenesis is another technique that can be used to 
provide both stability and regeneration of the bone. This was original described by 
Ilizarov, but recent advances in computerized direct transport and deformity correc-
tion are available. Recently the introduction of a motorized intramedullary nail has 
offered a more patient acceptable device to achieve a similar result.

7.6.5  Antibiotics

Antibiotics should be used in an appropriate well-defined protocol agreed upon by 
both the treating surgeon and infectious disease specialist. Their long-term use is 
probably no longer expected in healthy hosts (type A and type B-local) [68, 69]. It 
is usually possible to give these patients a 3- to 5-day parenteral course of antibiot-
ics followed by oral antibiotics for 7 to 10 days [45].

Antibiotics have also been used long term to suppress infection long enough to 
allow for bony union in the setting of fractures, for example, in cases where you 
may need to leave the metal implant in place. Once the fracture is healed, the anti-
biotic therapy can be stopped and the implant can be removed. It should be realized 
that using antibiotic suppressant therapy is not a cure. It should be used on an 
interim basis to deal only with those situations where the infection flares up. It 
should be a non-broad spectrum and as specific as possible to treat the specific bac-
teria for 7 to 10 days. The idea is to be able to eliminate the planktonic systemic 
bacteria to allow the biofilm to stop releasing bacteria. Essentially the patient and 
the biofilm live in symbiosis and only when this relationship is disrupted are antibi-
otics needed. This avoids the complications of long-term antibiotic and the increas-
ing development of resistant organisms [45].
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Chapter 8
Incidence, Complications and Novel 
Treatment Strategies: Joint Arthroplasty

A. Hamish R. W. Simpson

Abstract There are ~1.5 million primary total joint arthroplasties (TJA) performed 
annually in North America, Australasia, and the United Kingdom. On average, the 
number of primary hip arthroplasty procedures increased by 30% between 2000 and 
2015 and the number of primary knee arthroplasty procedures increased by almost 
100%. The development of a prosthetic joint infection (PJI) has been shown to have 
major implications on patient-reported quality of life and function, healthcare costs, 
and risk of litigation. Cumulative treatment costs in the management of PJI in North 
America, Australasia, and the UK are estimated to be ~US$1.5 billion per annum. 
The ideal therapeutic goal in the management of PJI is generally accepted to be 
complete eradication of the pathogen and preservation of the joint function. This 
chapter reports on the contemporary incidence of PJI following knee, hip, ankle, 
shoulder and elbow arthroplasty as well as describes the general considerations and 
surgical strategies used to treat and manage PJI. This chapter also highlights the 
innovative approaches being developed to improve PJI on the organizational level as 
well as emerging treatment modalities targeted to inhibit transmission, bacterial 
adhesion, modulate metabolism, biofilm dispersion, novel antimicrobial agents, 
immunotherapy and methods designed to combat host intracellular penetration.

Keywords Prosthetic joint infection · Biofilm · Treatment · Surgery · Knee · Hip · 
Shoulder · Elbow · Novel treatment strategies

8.1  Introduction

There are ~1.5 million primary total joint arthroplasties (TJA) performed annually 
in North America, Australasia and the UK [1–7]. Over 90% are total hip arthroplas-
ties and total knee arthroplasties in approximately equal proportion [1–7]. In the 
most recent healthcare survey of countries participating in the Organisation for 
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Economic Co-operation and Development, the number of primary hip and knee 
arthroplasties has increased rapidly since 2000. On average, the number of primary 
hip arthroplasty procedures increased by 30% between 2000 and 2015, and the 
number of primary knee arthroplasty procedures increased by almost 100% [8]. The 
annual number of joint arthroplasty procedures in North America, Australasia and 
the UK is expected to increase to nearly six million by 2030 [5, 9–11].

National surveillance programmes estimate the prevalence of prosthetic joint 
infections (PJI) to range between 0.2 and 5% [12–15]. A review of international 
registry data reported a global deep infection incidence 0.76–1.28% following TJA 
[16]. The incidence of PJI following primary total hip arthroplasty has not changed 
whereas with the average incidence of PJI following total knee arthroplasty has 
increased slightly from 0.88 to 1.03% [17]. Regardless of the low incidence of PJI, 
the soaring growth in the annual number of primary joint arthroplasty procedures 
means that the overall burden of PJI is rapidly increasing. The Nationwide Inpatient 
Sample in the USA reported that the absolute number of PJIs following total joint 
arthroplasty has more than doubled between 2001 and 2011 [18]. However, it should 
be noted that even national surveillance programmes have been shown to underesti-
mate the true incidence of PJI due to under-reporting [19].

Gram-positive organisms account for the majority of PJI [15]. Coagulase- 
negative Staphylococcus (~40%), Staphylococcus aureus (S. aureus) (~20%), 
Streptococcus (~10%), Enterococcus (~5%), Gram-negative organisms (~5%) and 
anaerobes (~3%) account for the vast majority of monomicrobial infections [20]. In 
polymicrobial cases Gram-positive organisms are implicated in 70–80% of cases 
[15]. However, historic estimates of responsible pathogens are likely to be mislead-
ing, as some species, such as Cutibacterium acnes (C. acnes) (formerly 
Propionibacterium acnes), were previously considered to be non-pathogenic or 
‘weakly’ pathogenic and often dismissed as contaminants. The true prevalence of 
C. acnes infection has been demonstrated through the application of more robust 
sampling and detection methods [21–23]. There has been greater acknowledgement 
of ‘culture-negative’ PJI, in which the clinical parameters of diagnostic criteria are 
fulfilled but no organisms can be isolated [24]. Prevalence of culture-negative PJI 
ranges from 5 to 41%, with 10% being the generally accepted estimate [25–27]. 
Reported reasons for negative cultures include fastidious organisms with demand-
ing growth conditions, rare organisms not previously thought to be pathogenic or 
inadequate sampling [28]. However, the most important cause of culture-negative 
PJI is thought to be antibiotic administration prior to sampling [29, 30]. Sub- 
therapeutic antimicrobial therapy is known to induce a physiological state in many 
pathogens known as ‘viable but non-culturable’ [31–34], rendering cultures falsely 
negative [30, 35]. This is a cellular state characterised by low metabolic activity and 
failure to grow on routine bacteriological media [36]. A critical feature is that nutri-
tional stimulation can restore metabolic activity and culturability, known as resusci-
tation [37, 38].

The development of PJI has been shown to have major implications on patient- 
reported quality of life and function [39–41], healthcare costs [12, 42] and risk of 
litigation [39]. They are associated with a 2–4% 90-day mortality [43, 44], rising to 
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a 20–26% 5-year mortality [44, 45]. The 5-year mortality of PJI has been reported 
to be greater than four of the five most commonly diagnosed cancers in the USA 
[46]. According to economic estimates in the USA, the total hospital treatment costs 
for an individual patient with PJI range from US$30,000 to 120,000 [47–49], with 
similar estimates reported for the UK [12, 50]. Cumulative treatment costs in the 
management of PJI in North America, Australasia and the UK are estimated to be 
~US$1.5 billion per annum [9, 12, 51, 52].

8.2  Treatment

8.2.1  General Considerations

There are several management strategies for PJI, the choice of which is guided by 
an understanding of the pathogen, host and the local site of infection. The impor-
tance of these factors has been highlighted in the PJI staging system proposed by 
McPherson et al. [53] (Table 8.1) and the treatment algorithm from Zimmerli et al. 
[54] (Figs. 8.1 and 8.2). These have been adopted widely in clinical practice, which 
is thought to be a key driving force behind the improving outcomes of PJI in recent 
years [28, 55]. These systems and algorithms also place importance on the chronic-
ity of infection, with a threshold of under 4 weeks since onset of symptoms deemed 
to be critical in outcome. However, a recent systematic review and meta-analysis of 
cohort studies has reported that there is a more favourable outcome when debride-
ment and implant retention procedures are performed within 7 days of symptom 
onset [55]. Despite these studies there has been a recent movement to re-examine 
the traditional temporal classification of infection [56]. It is thought that the appar-
ent success with lower morbidity strategies seen with early infections may, in fact, 
be a reflection of related host and pathogen factors rather than the application of a 
binary decision-making process driven by ‘time from symptom onset’. It has been 
proposed that the chronicity of infection viewed as a continuum (early to late/estab-
lished) within a wider framework of host, pathogen and circumstantial factors 
would be more reflective of the current understanding in the pathophysiology of 
PJI [56].

The overall goal of treatment is the eradication of infection and preservation of 
patient function. A recent international consensus meeting has stratified the eradica-
tion of infection, moving away from the traditional dichotomous classification [57]. 
Functional outcomes have been reported using general health and joint-specific 
patient-reported questionnaires such as the EQ-5D and Oxford hip score [58–61], 
respectively, as well as qualitative methodologies [62].

Current attempts to combat biofilm infections are largely based on early and 
aggressive physical removal (debridement and irrigation +/− excision) with the 
administration of local [63] and systemic antimicrobial therapy [64]. Generally, 
developments have been limited to the modifications of systemic and local 
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antibiotic protocols [65–67] and revisiting formerly ‘last-resort’ antibiotics such as 
colistin [68]. The key component of current management is physical removal of the 
biofilm [69]. Debridement has been a central tenet in the management of musculo-
skeletal infections since the early twentieth century. The etymology of ‘debride-
ment’ derives from the French débrider meaning to unbridle, as the term originally 
referred to deliberate wound extension and fragment removal as described by 
Ambrose Paré in the sixteenth century [70]. The current use of the word debride-
ment refers to the excision of all devitalised and (macroscopically) contaminated 
tissue [71]. Debridement can be viewed as either superficial or deep. Superficial 
wound debridement can be further subcategorised: (1) autolytic, through the use of 
hydrogels and auto-enzymes; (2) enzymatic, using streptokinase and collagenase; 
and (3) biological, the most widely used being maggot therapy [72]. Deep wound 
debridement can also be subcategorised [69]: (1) surgical, which includes soft tissue 
dissection and excision +/− prosthesis explantation; (2) mechanical (e.g. bone 
curettage and reaming, power lavage and H2O2 [73]); and (3) chemical, which can 

Table 8.1 McPherson staging system

Category Grade Description

Infection I Prosthetic joint infection (PJI) < 4 weeks after 
implantation

II Acute haematogenous PJI < 4 weeks duration of 
symptoms

III Late and chronic PJI > 4 weeks duration of symptoms
Host (systemic) A No compromising factorsa

B Compromised (≤ 2 factors)
C Significant compromise (> 2 factors) or one of the 

following:
Neutrophil count <1000 cells/mm3

CD4+ T-cell count < 100 cells/mm3

Intravenous drug abuse
Chronic active infection (distant to joint)
Dysplasia/neoplasm of immune system

Local site 1 No compromising factorsb

2 Compromised (≤ 2 factors)
3 Significant compromise (> 2 factors)

aSystemic compromising factors include age > 80 years, alcoholism, chronic active dermatitis or 
cellulitis, chronic indwelling catheter, chronic malnutrition (albumin < 3.0 g/dl), current nicotine 
use (inhalation or oral), diabetes mellitus (non-diet controlled), hepatic insufficiency (cirrhosis), 
immunosuppressive medications, malignancy (history of or active), pulmonary insufficiency (arte-
rial saturation ≤ 60% on room air), renal dialysis, systemic inflammatory disease (rheumatoid 
arthritis, systemic lupus erythematosus) and systemic immune compromise from infection or dis-
ease (e.g. HIV or AIDS)
bLimb compromising factors include local active infection present > 3 months, multiple previous 
incisions creating skin bridges, soft tissue loss from prior trauma, subcutaneous abscess > 8 cm2, 
synovial cutaneous fistula, prior periarticular fracture or trauma (especially crush injury), prior 
local irradiation to wound area and vascular insufficiency (absent limb pulses, chronic venous 
stasis disease, significant calcific arterial disease).
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Fig. 8.1 Treatment algorithm for early and haematogenous prosthetic joint infections by Zimmerli 
et al. [54]

Fig. 8.2 Treatment algorithm for prosthetic joint infections not eligible for implant retention by 
Zimmerli et al. [54]
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include acetic acid [74, 75] and honey [76]. Given more recent developments in the 
understanding of the pathogenesis of PJI, debridement of intracellular pathogens 
[77, 78] should also be targeted [77–80]. A further advantage of open debridement 
is the opportunity to administer local antimicrobial therapy. The enhanced local soft 
tissue concentration associated with use of antimicrobial depots assists in the eradi-
cation the residual biofilm and prevents recolonisation. A local antimicrobial depot 
does not rely on the presence of vascularised tissues and achieves concentrations 
that are orders of magnitude higher than can be achieved safely using systemic 
administration. The local application of antibiotics in orthopaedic medicine was 
first described in the 1970s, when gentamicin-loaded bone cement was first tested 
in humans [63]. Bone cement was a convenient vehicle for antibiotic delivery, as it 
was routinely applied in cemented arthroplasties. Gentamicin was identified as a 
suitable antibiotic due to the fact that it was found to withstand the heat energy 
produced during the exothermic reaction involved in the curing process, as well as 
providing an acceptable susceptibility profile against the most common pathogens 
associated with PJI. There is evidence to show that bone cement is effective in mini-
mising the risk of PJI following primary hip and knee arthroplasty [81–83]. The use 
of locally delivered antibiotics in the management of PJI has been shown to be 
associated with effective eradication in 75–91% cases [54, 84]. Bone cement, how-
ever, was not primarily designed as an antibiotic delivery vehicle. Therefore, the 
usual pharmacodynamic principles which govern systemic antibiotic doses were not 
considered during the introduction of antibiotic-loaded bone cements. Unfortunately, 
despite the passage of more than four decades since the first use of antibiotic-loaded 
bone cements, optimal dosing has yet to be established for use in this role. Therefore, 
it is perhaps not surprising that reports have emerged of resistance against gentami-
cin when used in local delivery vehicles [85, 86]. The reason for the development of 
resistance is thought to be due to the prolonged release of antibiotics at subtherapeu-
tic levels from local delivery vehicles, which is in direct opposition to ideal release 
kinetics for a concentration-dependent antibiotic such as gentamicin [87]. There are 
antimicrobial-loaded device surfaces and coatings (e.g. antibiotic-coated nails and 
silver-coated endoprostheses), and biodegradable systems (e.g. collagen fleeces, 
calcium sulphate pellets and hydrogels) which have obtained regulatory approval 
and have shown potential in clinical studies [88–91]. Despite the availability of 
alternative systems, antibiotic-loaded bone cement remains the most commonly 
used antibiotic carrier in the management of orthopaedic device-related infections, 
including PJI [92, 93]. A further tenet of current management is the use of systemic 
antimicrobials. These are typically broad-spectrum agents with good connective tis-
sue penetration and delivered intravenously in the initial postoperative period, with 
rationalisation to pathogen-directed agents when isolates become available. 
Traditional dogma states that antimicrobials should be administered intravenously 
for a period of 2–6 weeks [94] in the postoperative period. However, there is grow-
ing evidence to suggest that shortening the duration of intravenous therapy does not 
result in inferior outcomes [95–97]. Previously it was felt that the evidence for this 
claim was weak due to the confounding factors and inherent biases within these 
non-randomised studies [98]. A recent randomised controlled trial found 
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non- inferiority in treatment failure at 1 year when 6 weeks of oral antimicrobials 
were compared with 6 weeks of intravenous agents in bone and joint infections [99]. 
Although it should be noted that 35% of patients enrolled did not have surgical 
implants or prostheses present at the site of infection [99]. A further consideration 
should be the interactions of antimicrobial agents that are being administered in 
combination. Recent in vitro biofilm studies have demonstrated unexpected syner-
gistic and antagonistic effects of antimicrobial combinations commonly used in 
staphylococcal PJI [65, 100]. These interactions have not been previously observed 
when using standard laboratory susceptibility testing models [101].

8.3  Current Surgical Strategies

The ideal therapeutic goal in the management of PJI is generally accepted to be 
complete eradication of the pathogen and preservation of the joint function. Current 
surgical management strategies can be broadly classified along the lines of prosthe-
sis retention and associated patient morbidity (Fig.  8.3). However, the choice of 
treatment for PJI generally depends on a number of factors, including local factors 
referring to the bone and tissue condition, fixation and stability of the prosthesis, the 
chronicity of infection, the type of organism and the host’s condition [54, 102–104]. 
For patients with multiple comorbidities, it may be appropriate to avoid surgical 
intervention and to pursue antibiotic suppression. In the case of early-onset infec-
tions, debridement, antibiotics and implant retention (DAIR) can be a first-line 
option [54, 102]. Revisions are an alternative treatment to DAIR and can be per-
formed as single- or two-stage procedures [105]. In single-stage revisions, the 

Fig. 8.3 Current management strategies in periprosthetic joint infection
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prosthesis is exchanged during the same surgery as the debridement. Two-stage 
revisions, on the other hand, involve removing the prosthesis and treating the patient 
with systemic antibiotic therapy (typically 6 to 8 weeks), before inserting a new 
prosthesis once the infection is controlled [106]. Salvage procedures include 
removal of the prosthesis permanently (excision arthroplasty) +/- arthrodesis and 
limb amputation [107].

8.3.1  Antibiotic Suppression

Antibiotic suppression is generally recommended only in (1) patients whose medi-
cal comorbidities preclude them from surgical intervention (i.e. the ‘type C’ host as 
per the Cierny-Mader staging system for osteomyelitis [108]), (2) patients who have 
experienced multiple failed surgical interventions and further surgery is unlikely to 
improve functional outcome and (3) patients who refuse surgery [109]. Ideally, the 
pathogen should be of low virulence and sensitive to an orally administered antimi-
crobial agent, there should be no evidence of sepsis and the prosthesis remains well 
fixed [110]. Successful eradication of infection with antibiotic suppression only is 
estimated to be ~ 20% [111]. The true objective of this strategy is not curative but 
instead to suppress bacterial replication and dissemination to minimise symptoms 
and systemic upset. Compliance with lifelong antimicrobials can be difficult for 
some patients to manage with adverse effects being commonly reported [28]. 
However, the lack of robust evidence evaluating the efficacy of antibiotic suppres-
sion in the management of PJI has been widely acknowledged [109, 112].

8.3.2  Debridement, Antibiotics and Implant Retention (DAIR)

DAIR is considered to be a low morbidity treatment strategy. It allows the primary 
prosthesis to be retained through a single surgery, limiting patient morbidity and 
functional impairments associated with implant excision [60, 113]. Prosthesis 
removal can lead to bone loss and soft tissue destruction, limiting reconstruction 
options. DAIR can be performed as an open or arthroscopic procedure. The basic 
principles of DAIR are to perform an open arthrotomy, explant all exchangeable 
components (to optimise access and visualisation) while leaving the fixed compo-
nents in situ, obtain multiple fluid and tissue samples for microbiology and histo-
logical investigation, excise all necrotic and/or infected soft tissue, irrigate the joint 
with large volumes of fluid and finally replace explanted modular components. 
Exchanged components are typically the polyethylene liner for knee replacements 
and the femoral head and acetabular liner for hip replacements [114]. Exchange of 
modular components has been shown to improve the likelihood of infection being 
eradicated [55]. Arthroscopic DAIR is theoretically associated with even lower 
morbidity, but several limitations have been identified, namely, an inability to assess 
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prosthesis stability and to exchange modular components, as well as a lack of access 
to perform a complete circumferential debridement of joint space and synovium 
[110]: it is, therefore, generally not recommended.

8.3.3  One- or Two-Stage Exchange

A single-stage exchange (and DAIR) offers certain advantages over two-stage pro-
cedures such as the need for only one operative procedure (if there is no recurrence 
of infection), reduced time of in-patient care and treatment costs and improved 
functional and patient-reported outcomes [60, 62, 104, 115–118]. Classically DAIR 
and single-stage revision was reserved for acute infections (≤ 3 weeks), when the 
pathogen and its sensitivities had been identified [54] and with no evidence of septic 
loosening of the prosthesis (in the case of DAIR). There has been a shift away from 
considering temporal factors in the decision-making process. A recent international 
consensus meeting on PJI concluded with 94% agreement amongst invited dele-
gates that cases of PJI where symptoms had been present > 2–4 weeks did not 
mandate two-stage revision, provided the other indications for DAIR or single-stage 
revision were met [119]. Single-stage revisions and DAIR were associated with bet-
ter functional and patient-reported outcomes but historically have reported lower 
eradication success [105, 120]. There is a very wide range of reported proportions 
of success for DAIR in the management PJI ranging from 14% [121] to 100% [122–
124]. However more recent cohort studies and a systematic review of cohort studies 
have demonstrated more favourable success with DAIR [55, 60, 125] and single- 
stage revisions [104]. Contraindications to one-stage revision include (1) the pres-
ence of antibiotic-resistant pathogens, (2) the presence of a sinus tract or (3) 
compromised soft tissue coverage. The presence of one or more of these features 
necessitates a two-stage revision strategy, which has been described by some to be 
the gold standard for PJI management [126, 127]. Series following this treatment 
rationale have reported infection eradication success > 90% [43, 54, 128, 129]. 
Given that better functional and patient-reported outcomes are associated with 
DAIR and single revision, there is a clinical need to optimise the lower morbidity 
treatment options.

8.3.4  Salvage

Salvage procedures such as resection arthroplasty +/− joint arthrodesis and limb 
amputation should only be considered after all other alternatives have been 
exhausted. Resection arthroplasty involves the surgical debridement and removal of 
all prosthetic material including acrylic bone cement from the bed of infection. It 
offers the advantages of a limited surgical time and removal of foreign material 
from the focus of infection, but at the cost of joint function [130, 131]. Joint 
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arthrodesis is generally reserved for knee PJI, with limited application in the context 
of prosthetic hip joint infection [131]. Knee arthrodesis may be accomplished in a 
variety of ways: (1) intramedullary fixation (modular and non-modular), (2) exter-
nal fixator (uni-/biplanar, hybrid and fine-wire frames) and (3) plating techniques 
[130]. No single technique has been shown to be superior to others regarding fusion 
rates, complications or postoperative function [130]. Limb amputation is a last- 
resort option for patient with infected ankle and knee prosthesis who have exhausted 
all treatment options but are not candidates for resection or arthrodesis, with removal 
of the lower extremity at the level of the tibia (below knee amputation) or femur 
(above knee amputation). Amputation may be indicated in patients who have had 
multiple procedures with failure to eradicate infection resulting in bone loss, incom-
petent soft tissue stabilisers and inadequate soft tissue coverage [132]. It is thought 
that the final surgical, functional and patient-reported outcomes of salvage proce-
dures can be improved with thorough preoperative counselling that explores the 
associated functional limitations, demands and expectations of the patient [132].

8.4  Knee Arthroplasty

The infection burden following primary TKA, estimated from international arthro-
plasty registries, is 1.03% (range, 0.88–1.28%) [16]. The burden of infection is even 
greater following revision TKA; for all-cause revision (including infection), it is 
estimated to be 8.25% [133]; for cases of aseptic revision only, it is estimated to be 
2.1% [134]. Data extracted from the Nationwide Inpatient Sample in the USA dem-
onstrated that the absolute number knee PJI increased from 7113 to 16798 between 
2001 and 2010, which represented 2.05% and 2.32% of annual primary total knee 
replacements performed, respectively [18]. PJI is the second most frequent compli-
cation following primary TKA (behind aseptic loosening) [135], with the average 
cost of revision in the USA estimated to be $49,360 and length of in-patient stay of 
5 days, representing a significant burden to healthcare institutions [48] and, more 
importantly, to physical and psychological well-being of patients and their families 
[62, 136]. However, up to 10% of failed TKA due to aseptic loosening are thought 
to represent clinically occult PJI [137].

Historically, the reported success with DAIR in the treatment of acute knee PJI 
was ~ 50% [138], with rates as low as 30% in some larger series [139, 140]. A recent 
systematic review of the literature reported > 65% overall success (range, 16–100%) 
in infection eradication following DAIR in acute TKA PJI [141]. The authors identi-
fied acute PJI (early postoperative and haematogenous), non-resistant pathogens, 
selection of appropriate antibiotics targeting the high virulence organisms and 
exchange of the modular components to be critical prognostic factors in their review 
[141]. It was concluded that in highly selected series of patients, DAIR for TKA PJI 
can have comparable success to those undergoing exchange procedures [141]. A 
further recommendation suggested by an international consensus meeting was the 
importance of performing a synovectomy during debridement in TKA PJI [119]. 
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Following initial failure of DAIR, further repeated attempts have been shown to 
have limited success and should be avoided [142].

In addition to the general indications, described by Zimmerli et  al. [54], for 
single- stage revision is the necessity for preoperative identification of causative 
pathogen and an antibiogram that facilitates local antibiotic delivery. The implanta-
tion of locally delivered pathogen-directed antibiotics prevents colonisation and 
biofilm formation of the newly implanted prosthesis [143]. The institute that origi-
nally described the technique (using antibiotic-loaded bone cement) reports 75–80% 
infection eradication when single-stage revision is used to treat TKA PJI [144]. A 
suggested technical point by Haasper and Gehrke is the importance of an aggressive 
approach to debridement with a mandatory total synovectomy (including the poste-
rior knee capsule) and at least a consideration to resect ligamentous structures. They 
go on to recommend that joint stability should be subsequently regained using an 
appropriately constrained implant such as a hinged prosthesis [143]. Although this 
advice appears appropriate for the purposes of infection eradication, the evidence 
for this claim is not robust.

Two-staged revision is considered by some to be the gold standard treatment for 
PJI of the knee [145] with eradication rates between 88 and 100% [127, 146–150]. 
Following debridement and explantation of the infected joint, a local antibiotic 
depot is implanted to prevent recolonisation of the joint space, preserve bone stock, 
maintain soft tissue tension and prevent joint contractures [145]. Early spacers did 
not articulate [151, 152], which led to quadriceps contracture, arthrofibrosis, exten-
sor mechanism disruption, spacer migration and bone loss [146]. Articulating spac-
ers, popularised almost 25 years ago [153], were developed to overcome these 
issues, resulting in greater patient comfort during the interim period and a techni-
cally easier reimplantation for the surgeon [146, 154, 155]. In the intervening years 
a number of different articulating spacers have been developed: cement-on-cement, 
cement-on- polyethylene and metal-on-polyethylene articulations [145]. The use of 
an articulating spacers in the management of PJI following TKA is dependent on 
the presence of adequate bone stock, an intact extensor mechanism and an adequate 
soft tissue envelope, with the loss of the extensor mechanism thought to be an abso-
lute contraindication [145].

The current role for knee arthrodesis in relation to TKA PJI remains a moot 
point, but an accepted indication is for the patient with an unsalvageable infected 
TKA on the background of recurrent infection, often following multiple revisions, 
in order to prevent progression to an above knee amputation [156]. Factors that are 
generally considered to favour arthrodesis over further reconstruction include the 
presence of multi-resistant pathogens, gross instability and a compromised soft tis-
sue envelope (including extensor mechanism deficiency and functionally limiting 
joint stiffness) [156]. The only absolute contraindication to arthrodesis would be in 
the case of life-threatening sepsis from PJI of the knee where amputation may be the 
only option [156]. Relative contraindications include patients with a contralateral 
amputation, and knee arthrodesis may be unsuitable due to the degree of energy 
expenditure during walking. Knee arthrodesis requires the exertion of 30% more 
energy compared to a normal gait, with amputation 25% greater than arthrodesis 
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[157], making knee arthrodesis also unsuitable in patients with limited cardiorespi-
ratory reserve [156]. Arthrodesis can be achieved using internal fixation (intramed-
ullary [158] and extramedullary [159]), external fixation [160] and vascularised 
strut grafts [161]. Above-knee amputations in the context of knee PJI is a last-resort 
treatment option, for those that have exhausted all other treatment strategies and are 
unsuitable for further two-stage revision and/or arthrodesis. Following amputation 
patients should be counselled about the risk of wound dehiscence, skin necrosis, 
bone erosion, heterotrophic ossification, haematoma, oedema, nociceptive pain and 
neuropathic pain (e.g. neuromas and phantom limb syndrome). Generally patient- 
reported outcomes following amputation secondary to knee PJI are poor, primarily 
due to the increased energy costs with ambulation [162], resulting in reduced walk-
ing speed and increased oxygen consumption [163]. The final surgical outcome and 
satisfaction following salvage procedures, such as knee arthrodesis or above-knee 
amputation, may be improved through preoperative discussion with the patient 
regarding functional limitations, demands and expectations in a multidisciplinary 
team environment [130–132].

8.5  Hip Arthroplasty

The infection burden following primary THA, estimated from international arthro-
plasty registries, is 0.97% (range, 0.76–1.24%) THA [16]. The burden of infection 
is even greater following revision THA; following revision for aseptic causes, there 
is an estimated 1.6% risk of subsequent PJI [164]. Data extracted from the 
Nationwide Inpatient Sample in the USA demonstrated that the absolute number of 
PJIs following THA grew from 4545 to 8858 between 2001 and 2011 [18]. The 
average total cost of treatment for PJI following THA in the USA has been esti-
mated to be $93,600, with the average length of in-patient stay ~10 days [49].

Treatment of acute THA infections with DAIR was first reported in 1974 by 
Müller [165] and then by Coventry [166] in 1975 with 80% and 20% infection 
eradication achieved, respectively. Burton and Schurman [167] reported their expe-
rience with the technique in 1977 with 75% of patients remaining infection-free at 
follow-up. The approach by Burton and Schurman was ‘radical debridement of all 
necrotic debris and removal of the prosthesis, where the prosthetic components 
were loose, or bone involvement was present. The patients were treated with wound 
irrigation with an appropriate antibiotic and were maintained on high doses of par-
enteral antibiotics for as long as possible’ [167]. Muller and Coventry described 
similar techniques with Coventry advocating ‘closure over tubes’ to encourage 
drainage of purulent material [166]. With further reports of experience with the 
technique, factors thought to improve treatment success included onset of PJI within 
the first 4 weeks following implantation [168], debridement initiated early after the 
onset of symptoms of infection [169], the absence of a sinus tract or radiographic 
signs of implant loosening at the time of debridement [170] and the type, duration 
and route of antimicrobial therapy [171–174]. The absolute contraindications for 
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DAIR include (1) the presence of a loose prosthesis, (2) poor soft tissue coverage 
and (3) bone cement mantle compromise [114]. Historically there has been a very 
wide range of reported proportions of PJI eradication following DAIR, ranging 
from 14% [121] to 100% [122–124]. A recent systematic review and pooled analy-
sis of case series found that outcomes had improved since 2004 and the publication 
of the treatment algorithm by Zimmerli et  al. [54], successful eradication being 
achieved in 72% of published cases [55]. Further improvement in outcomes was 
seen with debridement undertaken within 7 days on symptom onset and the exchange 
of modular components [55]. Patient-reported and functional outcomes following a 
single successful DAIR have been shown to be comparable to those of age- and sex- 
matched patients having undergone primary THA. In the same study DAIR was also 
found to have comparable rates of infection eradication to matched patients under-
going two-stage revision for hip PJI but with superior Oxford hip scores [60].

There is currently equipoise between revision strategies for cases of hip PJI 
where prosthesis retention is precluded [175]. Surgical revision for a hip PJI involves 
prosthesis removal, debridement, antibiotic treatment and re-implantation of a new 
prosthesis. The prosthesis is replaced in the same operation (single-stage) or 
replaced at a delayed interval (two-stage), ranging from 2 weeks to 12 months. In a 
two-stage revision, a temporary ‘spacer’ or temporary joint replacement may be fit-
ted, but the patient has no definitive prosthesis until it is replaced in the second 
operation. Two-stage revision has the potential for additional antimicrobial therapy, 
through the use of an antibiotic-eluting spacer, but at the expense of patient function 
and quality of life [176]. Single-stage revision is becoming increasingly popular as 
they are thought to be associated with superior functional outcomes [176], a more 
acceptable patient experience [136] and reduced healthcare costs [177]. Historically 
two-stage revision was associated with superior infection eradication rates (> 90%) 
[54] and was considered to be the treatment ‘gold standard’, particularly in North 
America [178]. However, a systematic review and meta-analysis of the literature 
found that there were now similar rates of eradication success between single-stage 
and two-stage strategies (91.8% vs 92.1%) [179]. It is hoped that an ongoing ran-
domised superiority trial in the UK, INFection ORthopaedic Management 
(INFORM), will provide evidence to break this equipoise [175].

Salvage options in hip PJI are resection arthroplasty and hip disarticulation. 
Generally, resection is indicated in ‘C-type’ hosts [108], those who refuse further 
surgery and in cases of severe bone loss and/or soft tissue compromise [180]. A 
cohort study of patients undergoing resection arthroplasty following hip PJI reported 
that 85% patients experienced either a minor or major complication, 42% requiring 
a secondary procedure and 50% mortality at ~ 4 years [181]. Hip disarticulation is 
typically reserved for patients who have had numerous failed attempts at revision or 
those with life-threatening soft tissue infections associated with their hip PJI [180]. 
There is a spectrum of outcomes reported in the literature following hip disarticula-
tion, ranging from successful prosthetic rehabilitation [182] to 63% affected by 
postoperative wound infection and 44% mortality [183]. However, it should be 
noted that these outcomes are based on small heterogenous case series (< 50).
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8.6  Ankle Arthroplasty

Ankle arthroplasties represented only 0.3% joint replacements recorded in the UK 
National Joint Registry in 2017 [6]; however, they have been found to be a higher 
risk of PJI compared with hip and knee arthroplasties (up to 13%) [184, 185]. Risk 
factors identified for ankle PJI include low body mass index, inflammatory arthritis, 
peripheral vascular disease and diabetes mellitus [186]. The literature reporting on 
the outcomes of ankle PJI is limited to small case series. A systematic review and 
pooled analysis of outcomes following surgical treatment of ankle PJI reported that 
DAIR successfully eradicated infection in 14/27 (52%) cases and in 57/72 (79%) 
cases undergoing revision arthroplasty [187]. Arthrodesis was reported to eradicate 
infection in 29/30 (97%) cases, 24/30 going on to successful fusion but of which 
only 12/30 obtained a ‘good’ functional outcome with a stable plantigrade foot with 
minimal or no limp [187]. A permanent antibiotic-eluting cement spacer, used in 
cases with tissue loss, recalcitrant infection, or ‘type C’ hosts, was complicated in 
4/12 cases (subluxation (n = 3) and symptomatic loosening (n = 1)). Amputation 
used as a primary treatment led to 9/9 (100%) cases remaining free from infection. 
Due to the paucity of available evidence, there is currently no universally agreed 
treatment algorithm for the management of ankle

8.7  Shoulder Arthroplasty

The combined mean incidence of shoulder arthroplasty procedures in a review of 
national registries in the USA, Australasia and Europe was a 20/100000 with 2.6- 
fold in the proceeding decade [188]. A sixfold variation of incidence was reported 
between the highest (Germany) and lowest (UK) countries [188]. In the UK, shoul-
der arthroplasty represented only 3.1% (95% confidence intervals (CI) 3.06–3.20) 
of all joint arthroplasties in 2017 [6], with 0.3% (95% CI 0.27–0.41) shoulder 
arthroplasties revised for infection [6]. In a systematic review of shoulder arthro-
plasty by Bohsali et al., it was reported that PJI complicated 0.7% of all procedures 
and that PJI made up 4.6% of all complications [189]. An analysis of the Nationwide 
Inpatient Sample in the USA between 2002 and 2011 reported a shoulder PJI preva-
lence of 0.98% [190] following primary procedures, with the prevalence following 
revision shoulder arthroplasty estimated to be between 4 and 15% [190, 191]. The 
estimated median cost of total care for shoulder PJI is $17,164 [190].

A scenario pertinent to shoulder arthroplasty is the relatively high prevalence of 
unexpected positive cultures following supposedly aseptic revisions. Unexpected 
positive cultures have been reported to be present in 15–29% revision cases where 
PJI was not clinically suspected [192–194]. In published case series, C. acnes was 
isolated in 57–83% of cases [193–195]. A pooled analysis of 1405 aseptic revision 
reverse shoulder arthroplasties estimated the prevalence of unexpected positive cul-
tures to be 17%, with C. acnes isolated in 63% of these cases [196]. C. acnes is an 
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anaerobic, Gram-positive bacillus that preferentially colonizes the shoulder com-
pared with the knee and hip joints [197, 198]. C. acnes was previously thought to be 
non-pathogenic, but it has been shown to be capable of forming biofilms [199] and 
is subsequently pathogenic [192, 200]. Because of the fastidious nature of C. acnes, 
prolonged culture time (2–4 weeks) is often required to isolate the organism; how-
ever, incubation times beyond 2 weeks increase the likelihood of contamination and 
therefore false-positive results [201]. It is unclear whether unexpected C. acnes cul-
tures represent true infection, inoculation of the deep tissues by skin commensals or 
laboratory contamination [202]. Using reoperation as the outcome measure for con-
firmed infection, two studies have reported that 1/28 (4%) [195] and 2/8 (25%) 
[193] unexpected positive cultures were true infections. An investigation to estimate 
the incidence of C. acnes colonisation in open shoulder surgery found that 24/117 
(21%) cases had at least one sample that was culture positive. However, in the same 
study 7/54 (13%) sterile swabs, sent as controls alongside the intraoperative peri-
capsular samples, were also culture positive [194], suggesting that a large propor-
tion of the unexpected positive cultures are due to contamination. Subsequently, an 
international consensus meeting recommended against mandatory therapeutic anti-
biotic therapy in cases of revision surgery that yield unexpected positive cultures of 
low virulence organisms, such as C. acnes [203].

The literature reporting the outcome following DAIR in both acute and subacute/
chronic cases of shoulder PJI is limited. For acute infections a pooled analysis of 
published case series (38 shoulder arthroplasties in 37 patients) found that only 
19/38 (50%) shoulders were infection-free at follow-up following DAIR [203]. In a 
pooled analysis of 51 cases of subacute/chronic case, DAIR eradicated PJI in only 
24/57 (47%) cases. Stone et al. described a case series of 79 patients with shoulder 
PJI treated with debridement and partial component exchange (n = 15) compared 
with patients with single-stage revision (n = 45) and two-stage revisions (n = 19). 
Single-stage revisions were found to eradicate infection in 43/45 (96%) cases com-
pared with only 11/15 (63%) eradication following debridement and partial 
exchange of components [204]. The study concluded that although there may be 
some circumstances in which retaining a prosthesis is preferable (e.g. well-fixed 
non-modular components), surgeons should be aware of the reduced likelihood of 
infection eradication [204]. A retrospective multicentre study from France described 
32 patients who underwent surgical treatment for infection after reverse shoulder 
arthroplasty. Within this cohort 13 patients underwent debridement, modular com-
ponent exchange and partial component retention, with only 7/13 (54%) patients 
successfully cleared of infection at follow-up. However, the 15% complication rate 
reported with debridement was lower than that reported for resection (33%), single- 
stage revision (20%) or two-stage revision (36%). In addition, those treated success-
fully with DAIR were also found to have superior Constant shoulder scores [205].

Once again, the literature examining the indications and outcomes of single- 
stage and two-stage revision in shoulder PJI is limited. A review of the literature 
identified 12 retrospective case series involving 161 patients undergoing single- 
stage revision and 27 retrospective case series with 325 patient undergoing two- 
stage revision [203]. Single-stage revisions were found to have a higher likelihood 
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of infection eradication (94.4% vs 88.6%), comparable functional outcomes and 
lower risk of complication (12.7% vs 21.9%). However, it should be noted that these 
retrospective studies are at risk of both selection and reporting bias with no pub-
lished comparative studies yet available.

A further consideration in the revision of infected shoulder arthroplasties is com-
ponent selection. Conversion to a reverse polarity shoulder arthroplasty may be pre-
ferred to an anatomic implant where there is evidence of rotator cuff incompetence 
and/or bone loss in the proximal humerus or glenoid following debridement [191, 
206, 207]. Infection and soft tissue loss have been found to be associated with poor 
functional outcomes after aseptic revision, with anatomic prostheses compromised 
further by rotator cuff dysfunction and instability [207–209]. Reverse polarity pros-
theses have been reported to better compensate for soft tissue loss or bone defi-
ciency [207, 210], improving improve pain control and overall functional recovery 
without a compromise in infection eradication [210–214]. In cases of shoulder PJI 
with an intact rotator cuff, revision to hemiarthroplasty is considered by some to be 
reasonable option with comparable results to reverse polarity implants in the revi-
sion for PJI [212, 215, 216]. Other scenarios where conversion to a hemiarthro-
plasty rather than reverse polarity prosthesis is preferable include cases of substantial 
glenoid bone loss, recurrent instability of a previous reverse polarity prosthesis and 
patient factors such as non-compliance precluding implantation of a reverse arthro-
plasty implant [217, 218]. Although better pain relief and functional scores can be 
obtained with anatomic shoulder arthroplasties compared with hemiarthroplasty in 
revision surgery [219], the rate of polyethylene glenoid component loosening is 
clinically significant [220]. In the context of shoulder PJI, conversion to an ana-
tomic prosthesis should be strictly limited to cases in which the rotator cuff is intact 
and fully functioning, glenoid bone stock is sufficient and bacterial burden is mini-
mal [203].

8.8  Elbow Arthroplasty

Elbow arthroplasties represented 1.4% (95% CI 1.33–1.43) of all joint arthroplas-
ties recorded in the UK National Joint Registry in 2017 [6]. The incidence of total 
elbow arthroplasty (TEA) grew 248% from 1993 to 2007, and the incidence of 
upper extremity revision arthroplasty grew 500% during the same time period [221]. 
This rise in surgical volume has led to a similar rise in volume of surgical complica-
tions, including infection. The risk of infection after TEA is substantially higher 
than the risk after shoulder arthroplasty or even hip and knee arthroplasty. Earlier 
studies reported risk of deep infection at approximately 10%, though larger more 
recent cohorts estimate it to be closer to 3% [222, 223].

PJI reported as a cause for revision within the UK National Joint Registry is 
1.13% for elbow arthroplasty [224]. The higher risk of infection in elbow arthro-
plasty as compared to hip, knee and shoulder prostheses is thought to be due to a 
number of confounding factors: (1) the main indication for hip or knee replacement 
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is degenerative osteoarthritis; in primary elbow arthroplasty rheumatoid arthritis 
and post-traumatic osteoarthritis are the most common indications (autoimmune 
inflammatory arthritides are known to confer a higher risk of infection due to the 
presence of a chronic inflammatory state and the use of immunomodulatory disease- 
modifying treatments to manage these conditions [225]); (2) the minimal soft tissue 
envelope around the elbow provides limited barrier protection against contiguous 
spread of infection following superficial infections (e.g. bursitis and superficial 
wound infections); and (3) the soft tissue envelope is more vulnerable and less 
effective as a barrier to infection in patients with post-traumatic or inflammatory 
arthritis due to traumatically damaged tissue, previous surgery or skin atrophy sec-
ondary to corticosteroid use [222]. This is evidenced with the higher prevalence of 
infection in patients with either rheumatoid arthritis (~ 5%) [226, 227] or in the 
revision setting (8%) [228].

The Yamaguchi classification system is a commonly used to aid decision-making 
in the management of infected elbow arthroplasties [223]: Group I infection with 
stable implant, Group II infection with unstable implants and adequate bone stock 
and Group III infection with poor stock that prevents reimplantation. According to 
a recent consensus guideline from the British Elbow and Shoulder Society, DAIR 
should only be considered in patients with a Yamaguchi type 1 infected elbow 
arthroplasty that has been in situ for ≤ 3 months, has had a duration of symptoms of 
< 3 weeks, has adequate soft tissue cover and the pathogen isolated preoperatively 
known to be sensitive to antibiotics active against biofilms [229]. The indications 
for DAIR detailed by the British Elbow and Shoulder Society were based on the risk 
factors identified in a cohort study of 27 infected elbow prostheses [230]. Two-stage 
revision should be considered in Yamaguchi type I infections that do not fulfil the 
criteria for DAIR or those with type II infections [229]. Resection arthroplasty 
should be reserved in patients with Yamaguchi type III infections. Improved func-
tional outcomes are thought to be associated following resection when both medial 
and lateral columns of the humerus are preserved [229]. Delayed reconstruction 
with bone allograft to allow reimplantation is an option, but there is currently insuf-
ficient evidence of its outcome to permit its recommendation. According to the 
recent consensus guideline, single-stage revision also does not have sufficient evi-
dence to warrant recommendation. A decision to perform a single-stage revision 
should be reached following multidisciplinary team discussion and should only be 
considered in the rare circumstance where a two-stage revision is thought to cause 
excessive morbidity to the host and the infection is known to be caused by a low 
virulence pathogen with a favourable antibiogram [229].

Although there has much been progress in the standardisation of current man-
agement strategies in PJI, there is potential for far greater improvement, particularly 
in the context of non-hip and knee PJI. It is hoped that national infection registries 
[231] and well-designed controlled trials [175] will address the collective shortcom-
ings in the current understanding of available treatment strategies. Furthermore, 
with demonstrably better functional and patient-reported outcomes following DAIR 
and single revision, it should be both a research and clinical priority to seek modali-
ties that will optimise the effectiveness of lower morbidity treatment options.
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8.9  Novel Treatment Strategies

8.9.1  Organisational Innovations

Hospital and surgeon volume have been shown to improve outcomes on primary 
arthroplasty, including decreased morbidity, mortality and length of in-patient stay 
[232–234]. The critical thresholds in primary arthroplasty are > 35 THA and > 20 
unicompartmental knee replacements per surgeon per year to see a fall in the risk of 
postoperative complications [232, 235]. Although there is no evidence in the litera-
ture to demonstrate similar effects in the context of PJI, a recent international con-
sensus meeting recommended with 97% agreement amongst delegates that surgeons 
should be performing > 25 cases of PJI per year [57]; estimates from the literature 
place the current number of PJI cases performed per surgeon to be between 3 and 50 
per annum [125, 236].

The effect of multidisciplinary or interdisciplinary teams (MDT) in prevention of 
PJI has been widely reported; however there are limited data on its impact on the 
outcomes of PJI management [57]. Nevertheless, there has been a growing enthusi-
asm for the implementation of MDT-led management in PJI. Centres such as the 
Oxford Bone Infection Unit in the UK and Oregon Health and Science University 
in the USA have successfully developed and implemented MDT models for the care 
of musculoskeletal infections, including PJIs. Reported outcomes from these cen-
tres suggest that MDT and outpatient parenteral antimicrobial therapy services can 
improve PJI management, not only in the diagnosis and management of PJI but also 
in reducing recurrence and requirement for in-patient care [99, 237, 238]. Described 
MDT models include a number of surgical and medical specialities, such as ortho-
paedic surgery, plastic surgery, anaesthetists, radiologists, infectious disease physi-
cians, clinical microbiologists and internal medicine physicians. Furthermore, 
ancillary services such as nutrition, physical therapy, pharmacy (including outpa-
tient parenteral antimicrobial therapy), nursing and social care co-ordination 
(including access to psychological support, e.g. counselling and peer support 
groups) have been shown to improve overall outcomes [239].

8.9.2  Novel Treatment Modalities

Surgical techniques and antimicrobial delivery systems have been developed, and 
indications evolved and narrowed in a bid to improve outcomes [63, 240]. With a 
demonstrable superiority in functional and patient-reported outcomes following 
single surgery procedures [55, 60, 104, 125], there is a clear clinical need to opti-
mise the lower morbidity treatment options. Greater understanding of the roles bac-
terial biofilms and intracellular pathogens play in the pathogenesis of PJI has 
identified novel therapeutic targets with the potential to be readily translated to 
clinical treatments [80].
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Recalcitrant PJI is due to the incomplete eradication of pathogens residing in 
biofilms or within host cells, which act as a reservoir for prosthesis recolonisation 
and re-emergence of the infection. Bacteria within biofilms display a tolerance to 
antimicrobials (Fig. 8.4), which allow them to survive in the presence of antimicro-
bial and antiseptic agent concentrations that are up to a 1000-fold greater than the 
typical breakpoints (i.e. minimum inhibitory concentration) used in standard labo-
ratory susceptibility testing [241, 242]. One mechanism for this tolerance is the 
incomplete penetration of some antimicrobials through the biofilm due to the pres-
ence of the glycocalyx [243]. Secondly, the nutrient-deplete environment induces a 
stress response in bacteria leading to a substantial reduction in cellular growth and 
metabolic activity in comparison to planktonic phenotypes [244]. Reduced cellular 
growth and metabolism lead to the development of tolerance as antimicrobials gen-
erally exploit targets involved in bacterial reproduction and cell maintenance. This 
‘biofilm phenotype’ has been compared to the sessile state seen in persister cells 
[245, 246]. The phenomenon of persistence was recognised in the mid-1940s in 
experiments in which cultures of penicillin-sensitive bacteria survived treatment 
with penicillin. The subpopulation of surviving bacteria has been referred to as per-
sisters. These transient phenotypic variants go on to exhibit drug susceptibility upon 
subculture [247].

The ability of some pathogens, such as S. aureus, to colonize specialised niches 
such as biomaterials and connective tissue is attributed to their extensive repertoire 
of virulence factors that allow them to evade, inactivate and manipulate the host 
immune system. They have been shown to inhibit elements of both innate and 

Fig. 8.4 Summary of antimicrobial tolerance mechanisms within bacterial biofilms
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acquired immunity [248–250]. A further mechanism in the pathogenesis of recalci-
trant PJI is the ability of some pathogens to invade host cells [77, 78]. Intracellular 
persistence allows pathogens to avoid antimicrobial exposure, as well as innate and 
acquired immune processes. Furthermore, some pathogens can go on to induce 
apoptosis of the host cell, allowing the bacteria to colonize implants and connective 
tissue [251].

Current investigational therapeutic technologies can be divided into the follow-
ing: (1) inhibition of transmission, (2) anti-adhesion strategies, (3) metabolic modu-
lation, 4) biofilm dispersion, (5) novel antimicrobial agents, (6) immunotherapy and 
(7) intracellular penetration (Table 8.2).

8.9.2.1  Inhibition of Transmission

Preoperative skin and nasal decolonisation with topical antiseptic solutions and 
antibiotics, most commonly mupirocin, has been shown to be effective [252–254]. 
One limitation of these regimens is low patient compliance. One study in elective 
cardiothoracic and orthopaedic patients reported compliance to be as low as 39% 
[255]. Reasons for limited compliance include the intensity of decolonisation pro-
tocols, especially when carried out at the patient’s home, and the poor tolerance of 
nasal mupirocin by patients [256]. A further argument against the universal use of 
decolonisation regimens is the potential for the development of antimicrobial resis-
tance [257]. One study reported that prior topical mupirocin use increased the risk 
of mupirocin resistance in methicillin-resistant S. aureus (MRSA) carriers by nine-
fold [258]. A systematic review has reported that the widespread use of mupirocin 

Table 8.2 Potential therapeutic classes in the prevention and management of prosthetic joint 
infections

Therapeutic class Potential technology

Inhibition of transmission Non-antimicrobial decolonisation regimens [261, 262]
Environmental bactericidal phototherapy [263, 264]

Anti-adhesion Biomaterial surface modification [245, 265, 266]
Surface-bound antimicrobials [267, 268]

Metabolic modulation Metabolic stimulation [313–316]
Stress response inhibition/manipulation [310–312]

Biofilm dispersal Enzyme therapy [344–346]
Passive immunisation [347–349]
Physical therapies [350–354]
Quorum sensing manipulation [403–407]

Novel antimicrobial agents Antimicrobial peptides [408, 409, 413]
Bacteriophages [435, 436, 476]

Immunotherapy Active immunisation [245, 452, 453]
Intracellular penetration Cell penetrating peptide addition [474, 475]

Liposome encapsulation [298, 299]
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for decolonisation is associated with ~ 1% risk for the development [259]. The rel-
evance of mupirocin resistance to development of healthcare-associated infection is 
uncertain, but it remains the chief concern limiting its widespread use in this con-
text, leading to the exploration of alternative decolonisation strategies [260]. 
Potential alternative therapies to topical antimicrobial decolonisation include pho-
todynamic therapy [261] and near infrared phototherapy [262]. These therapies uti-
lise the infrared component of the electromagnetic field to inactivate commensal 
organisms, with the potential for pathogenic transformation (e.g. S. aureus), that 
reside in the nasal epithelial. Photodynamic therapies combine phototherapy with a 
photosensitiser, such as methylene blue, which is activated by the light to form 
cytotoxic free radicals, leading to bacterial eradication. A further application of 
phototherapies is to use it in a continuous ambient mode to decontaminant surgical 
fields and healthcare environments [263]. High-intensity narrow spectrum light 
(405 nm) when incorporated into the lighting units has been shown to be effective 
in the decontamination of isolation rooms within critical care wards [264].

8.9.2.2  Anti-adhesion

Strategies aimed at preventing bacteria from adhering to biomaterial surfaces to 
prevent biofilm formation have shown potential in preclinical development. This 
can be accomplished by changing the physical properties of prosthesis and implant 
surfaces [245, 265], facilitating the attachment of host cells to inhibit bacterial adhe-
sion competitively [266] or integrating antimicrobial agents (e.g. nanoparticles and 
antimicrobial peptides) [267, 268]. Nonspecific inhibition of adhesion is generally 
obtained by manipulating the hydrophobicity [269], topography [270–272] and 
chemical charge [273, 274] of prosthetic surfaces. The effect of surface hydropho-
bicity on bacterial adhesion depends on the hydrophobicity of the bacterial cell. 
Bacteria with a more hydrophobic cell surface preferentially colonize hydrophobic 
materials and vice versa [275]. In recent years attempts have been made to develop 
superhydrophobic surfaces [269]. Inspired by lotus leaves, dragonfly wings and 
shark skin [269], novel surfaces with nanopatterned structures and very low affinity 
for water have been developed to prevent colonisation against a variety of bacterial 
species [276, 277]. Surface topography at the micrometre and nanometre scale is an 
important determinant of bacterial attachment [278]. Micropatterning has been 
shown to favour bacterial adhesion by not only increasing the contact area between 
the bacteria and the implant surface, but it also reduces the shear stress experienced 
by attached cells, as well as the implant’s hydrophobicity [270–272]. In contrast, 
nanopatterning of surfaces has been shown to impair bacterial adhesion when the 
patterning on the surface is smaller than the size of the bacterium [272, 277, 279]. 
However, the effectiveness of current designs is thought to be species-specific, as 
both cell shape (spherical staphylococci versus rod-shaped Pseudomonas, 
Aeruginosa and Escherichia coli) [280] and the composition of the cell envelope 
(Gram-positive staphylococci versus Gram-negative P. aeruginosa and E. coli) 
[281] are thought to be important factors in bacterial cell interaction with 
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nanopatterns. Investigations using self-assembled polymer monolayers have shown 
that specific chemical groups such as hexa(ethylene glycol), tri(sarcosine), 
N-acetylpiperazine and intramolecular zwitterions on solid substrates affect attach-
ment behaviour of PJI pathogens such as S. aureus and S. epidermidis [265, 
274, 282].

An efficient anti-adhesive strategy should not only limit bacterial protein adher-
ence but also host-protein interaction in order to avoid the formation of a condition-
ing film, which facilitates bacterial colonisation. Molecules, such as non-leaching 
polymeric sulphobetaine, which act as a wetting agent, have been shown to reduce 
host protein and cellular adhesion, as well as microbial attachment in  vitro and 
in vivo [283]. The glycocalyx-like molecule methyl-cellulose has also been shown 
to display anti-adhesive properties for both eukaryotic cells and bacteria by utilising 
biomimetic properties. It has been used to coat totally implanted venous access 
ports. Coated devices implanted in rats have been found to resist P. aeruginosa and 
S. aureus adhesion, reducing biofilm formation, as well the attachment of infective 
thrombi [284].

A further surface-modifying approach is the addition of antibacterial nanoparti-
cles or peptides through direct bonding to prostheses or utilising carriers [267]. 
Nanoparticles are versatile and are becoming increasingly popular as a biofilm- 
targeting approach. Nanoparticles with intrinsic antimicrobial activity, primarily 
inorganic materials such as silver, can act as anti-biofilm-targeting agents or as 
nano-coatings. The antimicrobial action activity of these agents is related to pertur-
bations in bacterial cell membranes, disruption of ATP-associated metabolism and 
the generation of cytotoxic hydroxyl radicals [285, 286]. Silver-based implant coat-
ings (non-nanoparticle) have shown potential in endoprostheses after segmental 
bone resection and fracture-related infections [89, 268, 287]. In a retrospective 
case-control series, silver-coated endoprostheses have been found to be associated 
with a ~ 50% relative risk reduction in postoperative infection following primary 
tumour surgery, as well as improved infection eradication following debridement 
and implant retention, compared with uncoated titanium tumour prostheses [287]. 
Silver has also been evaluated as an additive component in urinary catheters, vascu-
lar grafts and endotracheal tubes with varying degrees of success [288, 289]. 
Additive manufacturing and nanoparticle incorporation technologies have been 
developed to minimise off-target effects and systemic toxicity [290]. Nanoparticles 
with multimodal or inducible activation following specific stimuli similar to smart 
surfaces represent the most widely developed class of nanoparticles currently under 
development. Recent studies with inorganic nanoparticles, such as iron oxide 
(Fe3O4), with a peroxidase-like function-catalysed hydrogen peroxide (H2O2) at 
concentrations ranging from 0.1 to 1% H2O2 in a dose-dependent and pH-dependent 
manner, have shown potent effects against in vivo biofilms of oral pathogens [291]. 
Under acidic conditions, nanoparticles activated the generation of free radicals from 
H2O2 in situ, which induced the degradation of the biofilm matrix and the rapid kill-
ing of the embedded bacteria (> 5-log reduction of viable cells compared with con-
trol cells within 5 min and 5000-fold more effective than 1% H2O2 alone) [291]. 
Covalent bonding of antimicrobials and antifungals to titanium has been reported to 
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reduce S. aureus and Candida albicans biofilm formation on implants in vitro with-
out impairing osseointegration and host cell attachment in vivo [266]. Antibiotic 
carriers such as hyaluronic-based hydrogels or phosphatidylcholine-based materials 
have been explored as temporary antibiotic-eluting coatings to prevent biofilm for-
mation on implants [292–294]. Observations that hyaluronic-based compounds dis-
played antibacterial adhesion and antibiofilm forming properties prior to their 
hydrolytic degradation in vivo initially led to the development of the hydrogels as 
stand-alone products [295]. More recently, they have been adapted to elute antibac-
terial agents during their degradation within 72 h of implantation. The elution con-
centrations of hydrogel-incorporated antimicrobials have been shown to be hundreds 
or thousands of times higher than their minimum inhibitory concentration [294]. 
Use of antimicrobial-loaded hydrogels have been found to carry a tenfold relative 
risk reduction in early surgical site infections following primary and revision joint 
arthroplasty in a European multicentre randomised controlled trial [296]. One 
hydrogel product currently has European regulatory approval for clinical use in 
joint replacement and fracture fixation surgery [294]. Owing to their flexible chemi-
cal structures, nanoparticles can also function as drug delivery vehicles (nanocarri-
ers), with organic nanoparticles accounting for over two-thirds of the systems 
approved for use in humans [297]. Liposomes are vesicles that are composed of one 
or more phospholipid bilayers. They are one of the most widely developed organic 
nanoparticles for drug delivery. They are able to penetrate biofilms, are biocompat-
ible and show efficacy against biofilms of a wide range of bacterial species for a 
diverse number of antibiotics [298, 299]. These nanocarriers can protect the antimi-
crobial agent from deleterious interactions with the matrix or enzymatic inactiva-
tion and degradation at the infection site by bacterial virulence factors or host 
components. The lipid structure can also fuse with the bacterial outer membrane, 
releasing the drug directly into the cell, thereby potentially maximising therapeutic 
effects while reducing host cytotoxicity [299]. Furthermore, liposomes can carry 
more than one drug by co-encapsulation and can also be functionalised by linking 
biomolecules (e.g. peptides and pH-responsive polymers) on the nanoparticle sur-
face to increase targeting specificity and triggered release. Several formulations are 
currently in preclinical studies and clinical trials, and some are commercially avail-
able [300]. Water-soluble polymeric nanocarriers have been used to encapsulate 
hydrophobic and apolar drugs into aqueous solution. Similarly, nanoparticles con-
jugated with a pH-responsive element [301] or pH-sensitive surface charge switch-
ing [302] have been developed to increase biofilm penetration and selective bacterial 
binding for targeted delivery and antibacterial activity in acidic conditions [303].

Multifunctional surfaces that incorporate host tissue integration, bactericidal 
properties and anti-adhesive activity are currently undergoing clinical translation 
[304–306]. One example of such a strategy, showing promising in vitro activity, are 
anti-adhesive polymer brushes. These are composed of the co-polymer pluronic 
F-127 functionalised with antimicrobial peptides and arginine-glycine-aspartate 
peptides, which confers antibacterial adhesion and bactericidal activity and pro-
motes the adhesion and spread of host tissue cells, respectively [307].
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8.9.2.3  Metabolic Modulation

There has been a focus on strategies to reverse the cell dormancy associated with the 
persister and biofilm phenotypes. With growing evidence that one of the main fac-
tors leading to persister formation and dormancy is nutritional stress [308, 309], 
preclinical investigations have focused on the inhibition and manipulation of the 
cellular stress responses [310–312], as well as metabolic stimulation [313–316]. 
One major problem caused by biofilms is their increased tolerance towards current 
antimicrobial agents, limiting their effectiveness in the treatment of PJI in clinical 
settings [317]. The clinical emergence of antimicrobial resistance to common PJI 
pathogens, such as S. aureus, has led to the modifications of systemic antibiotic 
regimens. Rifampicin inhibits DNA replication and exhibits bactericidal activity 
against biofilm-forming microorganisms; however, rapid resistance develops when 
used as a monotherapy. In vitro and in vivo studies suggest that addition of rifampi-
cin to current standard of care systemic antibiotics reduces colony-forming units in 
infected periprosthetic tissues and may reduce biofilm formation [54, 318–320]. 
However, some studies have found rifampicin to be antagonistic with some antimi-
crobials such as gentamicin [65], linezolid and clindamycin [321]. The presence of 
a sub-inhibitory concentration of DNA synthesis-inhibiting antibiotic (e.g. rifampi-
cin) with the addition of a protein synthesis inhibitor (e.g. gentamicin, linezolid and 
clindamycin) has been found to increase the steady-state growth rate of planktonic 
E. coli and S. aureus cultures [322, 323]. It has been shown that there is an optimal 
ratio between inhibition of protein synthesis and DNA replication. It is only when 
one of these processes is sufficiently hampered that there is growth inhibition of 
planktonic bacteria. Therefore, using protein synthesis inhibitors and DNA synthe-
sis inhibitors in combination could produce higher growth than just a single inhibi-
tor by itself, leading to an antagonistic interaction [324]. Furthermore, it has been 
suggested that bacteriostatic antibiotics lead to a reduction in metabolic activity and 
cellular stress responses [312, 325, 326], which are already inhibited in the biofilm 
state, reducing antimicrobial uptake and induced oxidative damage [65, 327, 328], 
resulting in tolerance of bactericidal antimicrobials [329, 330].

Persister cells have been proposed as an additional innate mechanism for biofilm 
antibiotic resistance [331]. The physiology of biofilm-associated bacterial cells 
bears striking similarity to that of persister cells. Cells that detach from antibiotic- 
tolerant biofilms and grow planktonically also revert to a drug-susceptible state 
[332, 333]. Stationary phase (i.e. nutrient limited) cultures of S. aureus also demon-
strate remarkable antibiotic tolerance [334–337]. By definition, stationary phase 
cells are slow- or non-growing, a characteristic shared by biofilm cells and persister 
cells. Cells in such a metabolically inactive state are inherently more tolerant to 
antimicrobial drugs that target actively growing cells. For example, beta-lactam 
antibiotics are ineffective against cells that are not actively dividing and synthesis-
ing new cell wall peptidoglycan [338]. Like biofilm-associated bacteria, cells from 
stationary phase cultures also exist in a high cell density environment. At high cell 
densities, cells are likely to become starved of nutrients, oxygen or both, resulting 
in a drop in intracellular ATP.  It has been reported that intracellular ATP 
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concentration appears to be the major determinant of survival to an antibiotic chal-
lenge for both stationary phase cells and persister cells in S. aureus [337]. The same 
may also be true for biofilm-associated cells. The limited nutrient and oxygen avail-
ability within the biofilm presumably results in reduced metabolic activity and a 
lower energy state, which is a hallmark of persister cells that can survive exposure 
to most bactericidal antibiotics. It may be that low cell energy levels are the major 
determinant of antibiotic tolerance in biofilm cells, persister cells and stationary 
phase cells. For example, S. aureus initiates expression of biofilm adhesins in 
response to a variety of external stresses, including nutrient limitation, pH stress, 
osmotic stress and sublethal antibiotic challenge [339–341]. Thus, biofilm forma-
tion may also be viewed as a response by the bacteria to environmental stress that 
not only promotes intercellular adherence but also imposes a selective pressure for 
metabolically inactive, energy-depleted cells that can survive hostile growth condi-
tions, including antibiotic challenges [342]. Metabolic stimulating strategies have 
been explored to potentiate antimicrobial activity. Glucose supplementation has 
been used to potentiate gentamicin- and daptomycin-induced killing of S. aureus 
persisters by increasing antimicrobial penetration through upregulation of active 
bacterial membrane transportation [313, 314, 316]. Alkalinisation by basic amino 
acids such as L-arginine has also been reported to enhance aminoglycoside action 
against in vitro and in vivo biofilms and persisters [315]. Stress-induced persister 
formation is mediated by transcription factors such as ppGpp [308, 309]. Strategies 
targeting these stringent response factors have been found to display anti-biofilm 
activity. The S. aureus stringent response inhibitor, the peptide 1018 (VRLIVAV- 
RIWRR- NH2), has been shown to demonstrate in vitro activity against P. aerugi-
nosa and S. aureus biofilms by inducing ppGpp degradation [310]. In addition, they 
have been shown to have a potentiating effect on ciprofloxacin when used to treat 
in vitro biofilms [311]. A further strategy is to exploit the dormancy displayed by 
persister and biofilm-associated cells. Low cellular activity predisposes Gram- 
positive pathogens to proteolysis induced by a novel acyldepsipeptide antimicro-
bial, ADEP4. It activates the nonspecific ClpP protease in Gram-positive pathogens 
in an ATP-independent manner [334]. ADEP4 has been shown to be effective as a 
sole agent and displayed potentiation of rifampicin against in vivo persisters, sta-
tionary phase cells and biofilms in a murine infection model [334].

8.9.2.4  Biofilm Dispersion

A further area of research has been on the induction of biofilm dispersal, as antimi-
crobial tolerance has been shown to be reversed following dispersion [343]. Early 
efforts have focused on the utilisation of enzyme therapies [344–346]; passive 
immunotherapy, which utilizes monoclonal antibodies against components of the 
glycocalyx [347–349]; and physical modalities, such as ultrasound [350] and pulsed 
electromagnetic fields [351–354] to disperse the bacteria from the biofilm. A further 
method of dispersion which has been investigated more recently is based on the 
manipulation of quorum sensing mechanisms [355].
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Enzymatic treatments such as proteinase K, trypsin, dispersin B, lysostaphin, 
DNases and fibrinolytics have shown promise in their ability to disperse staphylo-
cocci from biofilm [344–346]. They have been used in combination with antimicro-
bial agents to target the detached cells [356, 357]. Biofilm-degrading enzymes, such 
as dispersin B, DNase I, fibronolytics and lysostaphin, have been shown to reduce 
the glycocalyx mass and biofilm-associated cell numbers [357–361]. Dispersion B 
is an enzyme discovered in Aggregatibacter actinomycetemcomitans and acts on 
methicillin-sensitive S. aureus (MSSA) biofilms by hydrolysing the polysaccharide 
intercellular adhesin, which is a key factor in biofilm formation [346]. Donelli et al. 
[362] reported that dispersin B alone or in combination with a second-generation 
cephalosporin (cefamandole nafate) hydrolysed the glycocalyx of a staphylococcal 
biofilm, promoted antibiotic penetration and potentiated the bactericidal effect of 
antimicrobials. Furthermore, dispersin B has been found to act synergistically with 
triclosan when used against S. aureus biofilms formed on vascular catheters [356]. 
The purified recombinant DNase I derivative (DNase1L2), extracted from human 
stratum corneum, has been reported to eradicate biofilm-associated P. aeruginosa 
and S. aureus effectively [358]. Treatment of S. aureus biofilms with combinations 
of recombinant human DNase I (rhDNase I) and topical antiseptics (chlorhexidine 
gluconate and povidone iodine) demonstrated effective eradication compared to 
treatment with antibiotics only [363]. It has been hypothesised that DNase not only 
induces dispersion of biofilm-associated cells but also alters the topography and 
morphology of the glycocalyx [364]. However, more established P. aeruginosa bio-
films have been shown to be refractory to DNase I. It is thought that the production 
of high quantities of glycocalyx and proteolytic exo-enzymes by the mature P. aeru-
ginosa biofilms inactivated DNase I [360]. Fibrinolytics such as streptokinase or 
nattokinase break down the fibrin matrix within biofilm and decrease the effective 
biofilm eradication concentration of available systemic antibiotics [346, 365]. 
Lysostaphin is a naturally secreted bacteriocin, comprising a peptidoglycan- 
dependent endopeptidase encoded on a native plasmid of Staphylococcus capitis 
[366], a natural environmental competitor of S. aureus. It selectively and efficiently 
degrades pentaglycine cross-links in the peptidoglycan cell wall of S. aureus and 
coagulase-negative S. epidermidis, ultimately resulting in bacterial lysis and death. 
Lysostaphin is known to be highly specific to staphylococcal species. It rarely tar-
gets unrelated bacteria, reducing the risk of promoting unwanted resistance in non- 
pathogenic commensal strains, as frequently occurs with broad-spectrum antibiotics. 
Lysostaphin (15 mg/kg) combined with nafcillin (50 mg/kg) has been reported to 
kill MRSA in biofilms that have developed on vascular catheters, effectively [367]. 
Lysostaphin has shown synergy when used in combination with commonly admin-
istered antibiotics against MRSA [368]. Despite the high cost of production, biofilm- 
eradicating enzymes could possibly be used as an alternative or as a synergistic 
helper to antibiotics in the treatment of persistent infections [369]. One engineered 
(bacterio)phage enzyme (peptidoglycan) endolysin, Staphefekt™, developed by the 
Dutch biotech company Micreos, has been licenced for topical use in humans, for 
the early stages of S. aureus-related skin infections, such as eczema, acne and 
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rosacea, resulting in a reduction of inflammatory symptoms. The product was 
approved in the EU under the status of ‘medical device’ [370].

Passive immunisation strategies targeting components of biofilm, such as extra-
cellular DNA, virulence factors and adhesion factors, have been found to disperse 
established S. aureus biofilms effectively [347]. Monoclonal antibodies raised to 
target DNA binding proteins which are conserved across many bacterial species, 
including S. aureus [348]. These monoclonal antibodies in combination with dapto-
mycin systemic therapy have been found to display a synergistic effect in both 
planktonic and biofilm-associated bacteria in a murine implant-associated infection 
model [348]. Monoclonal antibodies to α-toxin and clumping factor A (ClfA) have 
been shown to not only inhibit biofilm formation but induce dispersion [349]. The 
combination of the two monoclonal antibodies resulted in decreased MRSA colony- 
forming units from bone/joint tissue, reduced propensity for infection and less bio-
film aggregates in a murine model of haematogenous MRSA infection [349].

Physical and mechanical therapies as debridement adjuncts in the treatment of 
infected implants are another strategy to eradicate bacterial biofilms. Local treat-
ments available in the operating room include topical antiseptic agents and heat. 
Monotherapy of commonly used topical adjuvant treatments for prosthetic joint 
infections such as Betadine, Dakin’s solution (sodium hypochlorite) or hydrogen 
peroxide (H2O2) has been shown to be only partially effective in the eradication of 
bacterial biofilms [371]. Acetic acid, commonly found in vinegar, has been used in 
the treatment of infection since the time of Hippocrates [372]. It is a weak organic 
acid that is active against Gram-positive and Gram-negative organisms [373–376]. 
Previous studies have demonstrated its inhibitory and eradication action against 
bacteria in both planktonic and biofilm states [375, 376]. Clinically, it has been 
described in the treatment of ear infections [377], burn wounds [378] and catheter- 
associated urinary tract infections [373]. It has US Food and Drug Administration 
approval for the therapeutic use of a 0.25% solution in bladder irrigation and a 2% 
solution for treating otitis externa [375]. A recent study demonstrated that it had an 
acceptable safety profile and patient tolerance when used as an debridement adjunct 
in periprosthetic joint infections [74]. Leary et al. showed that the combination of 
4% chlorhexidine with autoclave and scrubbing was able to remove over 99% of 
established S. aureus and S. epidermidis biofilms on cobalt chromium discs [379]. 
An evolution of this strategy is the development of non-contact induction heating of 
metal implants. Induced heating metal implants causes thermal damage to the bio-
film, resulting in bacterial eradication. Furthermore, the heat from induction acts 
synergistically with antibiotics [380]. It uses pulsed electromagnetic fields to induce 
eddy currents within metallic prostheses. These eddy currents are electrical currents 
within the metallic object that oppose the change in the induced electromagnetic 
field, resulting in generation of heat energy, as derived from Faraday’s law of elec-
tromagnetic induction [381]. In vitro studies have shown it to be effective in reduc-
ing the bacterial load within clinically feasible parameters [382–385]. Direct current 
therapy has also been explored using a cathodic voltage-controlled electrical stimu-
lation to titanium with an established bacterial biofilm. Early in vivo animal studies 
have reported direct current to be effective at reducing both planktonic and 
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biofilm-associated MRSA [386]. Pulsed electromagnetic fields can also be modu-
lated to have a nonthermal effect similar to direct current, with the advantage of 
being applied transcutaneously. They have been reported to enhance the efficacy of 
biocides and antibiotics in killing biofilm bacteria to levels very close to those 
needed to kill planktonic bacteria [354, 387]. In vitro experimentation has repli-
cated this effect in S. epidermidis [354], and P. aeruginosa biofilms are promising, 
especially when in combination with existing antibiotics [351–353]. Bacterial inac-
tivation using ultrasound treatment was first reported in the 1920s [388], and the 
investigation on the mechanism of microbial inactivation began in the 1960s [389]. 
The mechanism of microbial killing was thought to be mainly due to thinning of cell 
membranes, localised heating and production of free radicals [390]. Ultrasound 
technologies applied to antibacterial treatment have already been extensively devel-
oped to play a key role for their future use in the food industry as well as for water 
decontamination [391, 392]. However, the acoustic parameters used to achieve 
these effects are known to cause collateral damage to host tissues [393]. Low- 
intensity pulsed ultrasound therapy currently has regulatory approval for its use in 
the management acute fractures [394]. Its use in the potentiation of antimicrobials 
when used against biofilms has also been investigated. Carmen et al. found that low- 
intensity ultrasound potentiated vancomycin activity against S. epidermidis biofilm 
infections in a lapine model [395]. Moreover, low-frequency ultrasound therapy has 
been shown to increase the in  vitro elution of antibiotics from antibiotic-loaded 
polymethylmethacrylate bone cement, the most commonly used local antimicrobial 
depot in PJI, without compromising its mechanical integrity [396]. Although the 
potential for ultrasound as an antimicrobial therapy has been reported in vitro and 
in vivo animal models [397, 398], it has yet to be adopted into clinical practice. 
More recent studies have shown that even at frequencies and intensities insufficient 
to achieve bacterial eradication, they can still produce tissue damage [399, 400].

Further studies, focusing on identifying the cellular processes affected by ultra-
sonic fields, as well as quorum sensing and gene expression, would allow better 
understanding of the action of sublethal ultrasound frequencies. Despite the grow-
ing body of literature describing the effects of ultrasound activity against planktonic 
bacteria and biofilms, its full effect still requires further clarification. The studies 
carried thus far have provided sufficient analysis of ultrasound diffusion and macro-
scopic response by bacteria in planktonic and biofilm form for some species. Further 
analysis of cell metabolism and membrane transport activity in response to ultra-
sonic fields would represent the next step in the path from the laboratory bench to 
the surgical bedside for therapeutic ultrasound.

Finally, quorum sensing systems have also been identified, in recent years, as a 
potential therapeutic target to trigger biofilm dispersal. Quorum sensing regulates a 
host of bacterial virulence behaviours, including biofilm formation [401]. Quorum 
sensing compounds include N-acyl-homoserine lactones, produced by Gram- 
negative bacteria, and autoinducing peptides (e.g. autoinducer 2) produced by 
Gram-positive bacteria. Inhibition of biofilm formation by quorum sensing quench-
ers or inhibitors has shown potential in preventing biofilm formation by many 
pathogens. Enzymatic degradation of quorum sensing signals, such as lactonase, 
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acylase, oxidoreductase and paraoxonase, has shown promising in vitro results in 
controlling biofilm formation [402]. Quorum sensing quenchers can also attenuate 
quorum sensing by blocking or shutting down the expression of quorum sensing 
genes in pathogens, which leads to inhibition of biofilm formation without killing 
planktonic cells or influencing normal growth. Autoinducing peptide treatment 
in vitro has been shown to trigger dispersal of MRSA biofilms on titanium discs, 
increasing their susceptibility to antibiotic therapy [355]. Recently, inhibition of 
quorum sensing and biofilm formation has been reported in several studies [403–
405]. One of the most studied quorum sensing quenchers is the RNA III-inhibiting 
peptide, which has been shown to have with activity against S. aureus biofilms [406, 
407]. The injection of RNA III-inhibiting peptide in rats with MRSA graft infection 
was found to suppress staphylococcal RNA III-activating protein and agr quorum 
sensing systems, leading to staphylococcal biofilm dispersion and subsequent eradi-
cation [404].

8.9.2.5  Novel Antimicrobial Agents

The ability of several novel antimicrobial agents to eradicate biofilm formation 
effectively on abiotic surfaces has been reported; these include antimicrobial pep-
tides (AMPs) and bacteriophages. AMPs are naturally produced by both eukaryotic 
and prokaryotic cells as a part of their innate immune/defence systems [408]. The 
unique features of many AMPs are their small size (15–30 amino acids), charge 
(positive/cationic) and ability to target cell membranes [408, 409]. The specificity 
of AMPs can also be manipulated by designing specifically targeted AMPs, highly 
selective against pathogens but harmless to non-pathogenic bacteria [410, 411]. 
Many AMPs target the cell wall membrane by either inducing pore formation or 
membrane perturbation [412]. They are bactericidal to both active and sessile bac-
teria in biofilms [413]. However, at low concentrations, AMPs may also act bacte-
riostatically [414]. The binding of AMPs to extracellular DNA has been reported to 
enhance the detachment of biofilms [415]. Furthermore native AMPs have been 
used as design templates for a large variety of synthetic AMPs, some of which have 
been evaluated in phase II and III clinical trials [416]. Their antimicrobial effect has 
been shown to be enhanced by manipulation of their amino acid composition [417–
419]. One example led to the synthesis of the broad-spectrum bactericidal peptide 
R-FV-I16 [419]. There are many more examples of antibiofilm antimicrobial pep-
tides that have recently been consolidated in the specialised biofilm-active antimi-
crobial peptide database [420]. However, as with most receptor-specific antimicrobial 
agents, bacteria are able to develop survival adaptions to AMPs. This tolerance is 
developed through a number of mechanisms, such as mutations that change the 
structure and charge of the cytoplasmic membrane, modification of lipopolysaccha-
rides in the cell wall and secretion of AMPs by specific efflux pumps [421]; how-
ever, this stress response to AMPs can be used to potentiate commonly used 
antimicrobials in PJI. In S. aureus biofilm formation, the regulatory system, GraRS, 
plays an important role in the microorganism’s resistance to AMPs [422]. 

8 Incidence, Complications and Novel Treatment Strategies: Joint Arthroplasty



256

Staphylococci have a diverse network of regulators that modify gene expression and 
enable them to tolerate a wide range of environmental stresses which include AMPs 
and antibiotics. They are able to alter the proportion of the negatively charged poly-
saccharide intercellular adhesin and positively charged teichoic acids in their extra-
cellular polymeric matrix and cell membrane via the GraRS system [312]. These 
modifications can confer significant tolerance to both AMPs and positively charged 
antimicrobials such as gentamicin, vancomycin and daptomycin [329, 330]. In vitro 
investigations of antibiotic combinations used to treat staphylococcal biofilms have 
found that combinations of bactericidal cell wall targeting antimicrobials such as 
daptomycin, gentamicin and vancomycin display synergism [65, 100]. It has been 
suggested that over-activation of the staphylococcal envelope stress response to 
dual AMP and/or cell wall targeting antimicrobials may account for this observed 
synergistic effect [65, 326]. This has been corroborated by further in vitro studies 
with a synergistic effect on MRSA biofilms when nisin was combined with dapto-
mycin/ciprofloxacin, indolicidin with teicoplanin and cecropin-melittin A amide 
with ciprofloxacin [423, 424]. The combination of the cationic peptides and cell 
wall-acting antimicrobials (e.g. linezolid and vancomycin) has been found to eradi-
cate S. aureus biofilms effectively on venous catheters [425] and vascular grafts 
[426] in rat implant infection models. Caution should be exercised when attempting 
to combine cell membrane or wall targeting AMPs with bacteriostatic antimicrobi-
als. An in vitro study found that there was strong antagonism between gentamicin 
and linezolid, rifampicin and clindamycin when used in combination against staph-
ylococcal biofilms [65]. It has been suggested that the common final pathway for all 
bactericidal agents is overwhelming oxidative damage from hydroxyl radical for-
mation. While bacteriostatic drugs do not cause oxidative stresses, their effects 
deplete the pool of redox-active metabolic intermediates such as NAD(H), leading 
to impaired bactericidal antimicrobial or AMP activity [328]. The potency of anti-
microbial combinations is ultimately determined by the synergy of interacting anti-
microbials, where each one of them is acting on different but complementary targets. 
A further limitation is the delivery of AMP therapy and avoiding deactivation by the 
host immune system. Immobilisation of antimicrobial peptides on surfaces has been 
performed with a variety of peptides and fixation techniques. For peptides to be 
effective after immobilisation, they must retain the structural integrity which is criti-
cal to antimicrobial activity. Other decisive factors for success are length, flexibility 
and kind of spacer connecting the peptide to the surface, the AMP surface density 
and the orientation of the immobilised peptides [427]. Chemical tethering of AMPs 
to surfaces has been found to decrease their antimicrobial activity or even inactiva-
tion in some cases [428, 429]. One approach to overcome this problem is to attach 
AMPs to hydrogels, which are approved as a surface coating and antibiotic delivery 
system in orthopaedic surgery [430]. This combination of therapies has been shown 
to be effective against in vitro S. aureus, S. epidermidis and E. coli biofilms [430]. 
Controlled release coatings for orthopaedic and trauma devices, for example, are 
designed to provide a burst release of an antimicrobial agent during the first days 
after implantation, preferably followed by a continuous release providing local 
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protective levels during several weeks after implantation. The incorporation of 
AMPs in such coatings is still in early preclinical development [431].

Bacteriophages are viruses that infect and inactivate bacteria [432]. They have 
been used to treat bacterial infections since their discovery at the turn of the twenti-
eth century [432–434]. Translational development of bacteriophages as an antimi-
crobial therapy continued in a limited fashion, most notably in the Republic of 
Georgia, as the wider adoption of antibiotics completely displaced phage therapy in 
the rest of the world [435]. Each bacteriophage particle contains a nucleic acid 
genome that is enclosed in a protein or lipoprotein capsid. They are obligate para-
sites and require a bacterial host in order to replicate. They multiply by means of a 
lytic cycle in which the bacteriophage particle is adsorbed to the host bacterial cell 
surface, injects its genomic material and hijacks its host’s metabolic machinery, 
resulting in intracellular bacteriophage replication. The final step in the cycle is the 
liberation of bacteriophage progeny through lysis of its bacterial host [436]. There 
has been a renewed interest in bacteriophage therapy due to the recognition of anti-
microbial resistance globally [436–438]. Unlike traditional antibiotics, bacterio-
phage activity is not limited in its effectiveness by bacterial cell dormancy [439] nor 
is its penetration impaired by the biofilm glycocalyx [440]. In fact, the lytic enzymes 
used in bacteriophage dispersion, such as depolymerases, have been shown to 
degrade the glycocalyx promoting bacterial cell dispersion from the biofilm [441]. 
They have also been shown to potentiate commonly used antibiotics [435]. Potential 
limitations of bacteriophage therapy include the high specificity of each phage 
strain, even to the level of bacterial strain (narrowing their spectrum of activity), 
phage resistance and phage inactivation by the patient’s immune system. One pos-
sible solution to overcome the high specificity could be the use of ‘phage cocktails’ 
that combine different species- or strain-specific bacteriophages, giving broad- 
spectrum activity against the most common known pathogens [436]. As with antibi-
otics, resistance to bacteriophages can also develop. However, the mutations that 
confer resistance to bacteriophages come at such a high biological cost to the bacte-
rial cell that phage-susceptible clones are able to persist within the population [442]. 
Bacteriophages are antigenic and elicit an immune response in humans, resulting in 
phage activation. However, studies have shown that the antibody response to bacte-
riophages is very weak except in cases of previous exposure and residual antibody 
titres. In vitro studies have suggested that bacteriophages are protected in the rela-
tively immune-deficient environment of the bacterial biofilm [443, 444]. Finally, the 
design of modified phages with enhanced ability to resist clearance by the cellular 
immune system has been shown to be feasible [445].

The use of AMPs and bacteriophages in the treatment of PJI is promising, both 
as a monotherapy and as a potentiating agent for current antibiotics [369, 446]. 
Although regulatory approval is still awaited for these therapies, multinational col-
laborative efforts are being made to develop the appropriate legislation to drive their 
translation into clinical practice [447].
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8.9.2.6  Immunotherapy

Immunotherapy is another major area of interest which can complement current 
treatment options against PJI; most attention has been diverted towards targeting 
S. aureus given its ubiquity in nosocomial infections. The perceived advantage of 
active vaccines is the robustness of the resulting immunity, which includes both cel-
lular and humoral immunity and the potential of lifelong immunity from the genera-
tion of protective memory T cells and B cells. However, the greatest limitation of 
active vaccination is its unpredictability in individual patients, particularly immune- 
compromised individuals from those with established comorbidities (i.e. ageing, 
autoimmunity, obesity and diabetes) [448–451]. Despite efforts, the development of 
vaccine-based strategies for S. aureus infection has yet to progress successfully 
beyond phase I assessment [245, 452, 453]. Some of these vaccine-based strategies 
have failed as the targeted bacterial cell wall antigens, such as poly-N-acetyl glucos-
amine and lipoteichoic acid, are not universally expressed by all strains [245]. One 
S. aureus vaccine that has shown early promise targeted capsular polysaccharides 
conjugated to a recombinant P. aeruginosa exotoxin A. However, ultimately this 
vaccine was not found to reduce S. aureus infections in haemodialysis patients [245, 
454]. Another vaccine from Merck (V710) showed preclinical promise by targeting 
iron-regulated surface determinant B453. Unfortunately, V710 did not reduce infec-
tion rates or mortality in a phase IIb/III trial, which attempted to prevent S. aureus 
infection following cardiothoracic surgery. Furthermore, patients who did develop a 
surgical site infection were at greater risk of mortality in the vaccine group, suggest-
ing that this vaccine may have suppressed host immunity against sepsis [452], a 
particularly pertinent concern in the management of PJI [455]. In order to facilitate 
the future development of vaccine-based strategies it is critical to develop animal 
infection models that more faithfully replicate human surgical site infections to elu-
cidate host humoral and cell-based immune responses to S. aureus [347]. The most 
significant barrier to development of a successful vaccine is that in contrast to suc-
cessful immune technologies, which to date have been exclusively against transient 
flora, S. aureus has co-evolved with mammalian hosts to become a human commen-
sal. Thus, all patients have some prior level of acquired immunity against S. aureus. 
However, the protective versus susceptible nature of an individual’s immune 
response against S. aureus at the time of treatment is virtually unknown. Therefore, 
a major research focus in targeting the immune response is understanding the func-
tional role of specific T cells (cellular immunity) and antibodies (humoral immu-
nity) in S. aureus infections. To this end there has been a focus on describing 
anti-S. aureus immune responses in both physiological and pathological situations 
[455–461] with the aim of elucidating the immune proteome of S. aureus [462]. A 
multiplex immunoassay for characterising a patient’s immune response has been 
developed [178] to identify known S. aureus antigens; this has since been used to 
determine if certain antigens dominate humoral immunity in a pilot study of patients 
with osteomyelitis versus uninfected controls [455].
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8.9.2.7  Cellular Internalisation

A further mechanism of bacterial persistence and recalcitrance in PJI is intracellular 
persistence within host cells [78, 463]. Once considered to be a strict extracellular 
pathogen, it is now accepted that common PJI pathogens, such as S. aureus, can 
survive within eukaryotic cells, in both professional phagocytes [464–467] (e.g. 
macrophages and osteoclasts) and non-professional phagocytes (e.g. epithelial 
cells, endothelial cells and osteoblasts) [465, 468–471]. Inside the cell pathogens 
can avoid antimicrobial exposure and the host immune system. The intracellular 
pathogen eventually induces apoptosis of the host cell, allowing it to colonize bio-
material surfaces and connective tissue niches [251]. Attempts to modify antimicro-
bial agents to target intracellular infections have been reported. Lehar et al. created 
an antibody-antibiotic conjugate that consists of a monoclonal antibody bound to 
rifampicin that recognizes the alpha-O-linked N-acetylglucosamine sugars on wall 
teichoic acids [472]. This antibody-antibiotic conjugate binds to the surface of 
Gram-positive pathogens; upon opsonisation, the proteolytic environment of the 
phagolysosome within the host phagocyte activates the attached antibiotic molecule 
[472]. This antibody-antibiotic conjugate has been reported to have superior bacte-
rial eradication versus systemic vancomycin alone in a murine MRSA bacteraemia 
model [472]. An alternative strategy is the addition of cell penetrating peptides to 
established antimicrobials and more novel therapies, such as nanoparticles, AMPs 
and bacteriophages [473]. The addition of these peptides allows the agents to pen-
etrate eukaryotic cells, facilitating mammalian cell internalisation and thereby co- 
localising the antimicrobial agent with the pathogen [474, 475]. A further approach 
is the development of liposome nanocarriers. Liposomes, as described earlier in this 
review, are phospholipid vesicles that are able to penetrate biofilms and mammalian 
cells. They have been shown to be compatible with a wide range of established 
antimicrobials commonly used in PJI [298, 299].

8.10  Conclusion

PJIs are not amenable to current antimicrobial treatments or single ‘magic bullet’ 
approaches. Recalcitrance is a consequence of complex physical and biological 
properties with multiple microbial genetic, molecular and physical factors. 
Importantly, PJIs reflect an interplay between the host and opportunistic pathogens, 
often within a complex microbiota. Polymicrobial PJIs pose an additional chal-
lenge, requiring antimicrobials that are effective against all pathogenic microorgan-
isms in the biofilm and limiting the efficacy of species-specific biofilm-targeting 
strategies. All of these challenges contribute to the reason why so few therapies have 
yet to be translated into clinical practice [303]. It has been suggested that the treat-
ment of biofilm infections should take a similar approach to cancer therapy, using 
combination therapies or those that target more than one component of the complex 
multicellular microenvironment of PJI [477].
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Despite the progress made in the understanding of the pathophysiology of PJI 
and the identification of potential therapeutic targets, very few non-drug antimicro-
bial therapies and strategies have progressed beyond preclinical investigation. 
Conventional clinical treatment has shown little progress beyond the traditional 
tenets of surgical debridement, irrigation +/− excision, plus local and systemic anti-
microbial drug therapy. The urgency to bridge this lag in the translation of basic 
science understanding to clinical therapies is greater than ever, especially in light of 
the looming global crisis of antimicrobial resistance [478, 479], which threatens to 
halt elective joint replacement procedures [437, 480].
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Chapter 9
Incidence, Complications and Novel 
Treatment Strategies: Massive Bone 
Tumour Surgery

Aadil Mumith and Liza Osagie-Clouard

Abstract The term bone tumour encompasses a broad spectrum of conditions that 
include both benign and malignant pathologies. Since the 1980s studies have shown 
that the introduction of an aggressive adjuvant chemotherapy regime improves sur-
vival of patients with a malignant bone tumour. Before this time, the standard treat-
ment for a bone malignancy was amputation of the extremity. However, improving 
patient mortality rates shifted the focus to segmental resection of the tumour with 
reconstruction using limb salvage techniques. Allograft reconstruction and rotation-
plasty are employed in limb reconstruction; however, the gold standard for success-
ful functional rehabilitation is use of an endoprosthesis. The risk of postoperative 
infection of an endoprosthesis is considerably higher when compared with primary 
total hip and knee replacements. This chapter describes these three reconstructive 
limb salvage techniques and, while the optimal management of infection remains 
controversial, presents the consensus statements pertaining to the prevention of 
musculoskeletal infection in orthopaedic oncology surgery.

Keywords Massive bone tumours · Endoprostheses · Rotationplasty · Allograft · 
Infection · Treatment · Silver · Novel strategies

9.1  Overview

The term bone tumour encompasses a broad spectrum of conditions that include 
both benign and malignant pathologies. These tumours affect patients of all ages 
(Table 9.1) and can be classified based on the dominant tissue within the lesion 
(Table 9.2), enabling clinicians to target tumour treatment appropriately.
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Table 9.1 Peak age for bone lesions

Age 
(years) Benign Malignant

<20 Fibrous cortical defect, nonossifying fibroma, 
simple bone cyst, chondroblastoma, 
Langerhans cell histiocytosis, osteoblastoma, 
osteofibrous dyplasia, chondromyxoid 
fibroma, fibrous dysplasia, enchondroma

Leukaemia, Ewing’s sarcoma, 
osteosarcomas, metastatic disease, 
neuroblastoma, retinoblastoma, 
rhabdomyosarcoma, Hodgkin’s 
lymphoma

20–40 Enchondroma, giant cell tumour, 
osteoblastoma, osteoid osteoma, 
chondromyxoid fibroma, fibrous dysplasia

Osteosarcoma, adamantinoma

>40 Fibrous dysplasia, Paget’s disease, non- 
Hodgkin lymphoma, chondrosarcoma, 
malignant fibrous histiocytoma, osteosarcomas 
(secondary to Paget’s and radiation)

Metastatic disease (most common), 
myeloma

Table 9.2 Classification of bone tumours. Revised World Health Organization (WHO) 
classification

Predominant tissue Benign Malignant

Bone forming Osteoma Osteosarcoma:
Osteoid osteoma Central
Osteoblastoma Peripheral

Parosteal
Cartilage forming Chondroma Chondrosarcoma:

Osteochondroma Central
Chondroblastoma Peripheral
Chondromyxoid fibroma Juxtacortical

Clear-cell
Mesenchymal

Fibrous tissue Fibroma Fibrosarcoma
Fibromatosis

Mixed Chondromyxoid fibroma
Giant cell tumours Benign osteoclastoma Malignant osteoclastoma
Marrow tumours Ewing’s tumour

Myeloma
Vascular tissue Haemangioma Angiosarcoma

Haemangiopericytoma Malignant haemangiopericytoma
Haemangioendothelioma

Other connective tissue Fibroma Fibrosarcoma
Fibrous histiocytoma Malignant fibrous histiocytoma
Lipoma Liposarcoma

Other tumours Neurofibroma Adamantinoma
Neurilemmoma Chordoma
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Osteosarcomas are the most common bone sarcoma in children and adolescents 
and represent fewer than 1% of all cancers overall with an incidence of 5 per 
1,000,000 in children aged 19 and younger in the USA [1]. Although osteosarcomas 
affect all ages, there is a clear bimodal distribution with peaks in the pubertal/ado-
lescent patient age group as well as those in their seventh decade. Not only does the 
tumour location indicate the likelihood of the development of metastases but com-
plete surgical removal is important in order to minimise the risk of further neoplasia 
[2]. Sarcomas are an aggressive group of tumours, and it has been noted that those 
who underwent appropriate treatment still did not survive due to metastases. Twenty 
percent of patients present with signs of metastases; however, the majority of 
patients with sarcoma have micro-metastases, which can cause disease relapse. 
Presently, there is an overall 68% survivorship at 5 years for all bone and soft tissue 
sarcomas [3].

Several studies in the 1980s have shown that the introduction of an aggressive 
adjuvant chemotherapy regime improves survival of patients with osteosarcoma [4, 
5]. Before this time, the standard treatment of osteosarcoma was amputation of the 
extremity. However improving patient mortality rates shifted the focus to limb sal-
vage involving segmental resection of the tumour with reconstruction using endo-
prostheses. Custom endoprostheses require time for manufacture that may delay 
chemotherapy and worsen prognosis, though Rosen et al. [6] demonstrated that the 
use of neoadjuvant chemotherapy, where patients were treated preoperatively dur-
ing the time where the custom endoprosthesis was being fabricated, was beneficial. 
The success of neoadjuvant chemotherapy was reflected in a number of other sub-
sequent studies, which confirmed that this practice was safe, prepared the limb for 
surgery and further improved mortality rates. As a result neoadjuvant chemotherapy 
with limb salvage has become the standard treatment of osteosarcomas, and approx-
imately 80% of patients with these tumours are now being treated in this fashion [7].

9.2  Epidemiology

Sarcomas are malignant tumours of connective tissues with bone sarcomas being 
tumours of the skeleton and soft tissue sarcomas arising from mesenchymal tissue 
such as muscle, fat and blood vessels to name a few [8]. They represent 1% of all 
adult cancers, 8% of adolescent cancers and 10% of cancers in children. Despite its 
rarity, these sarcomas contribute to a large number of years of life lost given the 
relatively young demographic diagnosed with it [9]. According to the Surveillance, 
Epidemiology, and End Results (SEER) program, there were 3300 new cases, 
accompanied by 1490 deaths [3] in the USA during 2016 alone. This type of cancer 
is most frequently diagnosed in those aged less than 20 years with 27% of new 
diagnoses belonging to that age group.
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9.3  Surgical Treatment Strategies

9.3.1  Allograft Reconstruction

Massive allografts can be used to reconstruct osseo-articular defects left after bone 
tumour resection. A common location for a primary bone tumour is around the knee, 
and therefore resection of the tumour would involve loss of major tendon and liga-
mentous structures as well as some, if not, the whole joint. Allograft reconstruction 
allows for this defect to be filled with part of a joint and bone from a donor. There 
are several advantages with the use of biological reconstruction with improved 
tendon- to-tendon healing as the allograft has preserved soft tissue attachments 
where the host tendons can be attached to. Allografts avoid the need for massive 
segmental stemmed implants that may have to cross growth plates and therefore 
affect limb development. The successful incorporation of an allograft with the host 
skeleton also increases the bone stock at the site of the initial resection, which can 
later be used in further reconstructions [10].

There are however disadvantages with the use of allografts. There is a significant 
shortage in the supply of appropriate massive allografts available for reconstructions 
in young patients which is an obvious problem given the incidence of bone tumours 
in this cohort. These allografts cannot be lengthened, and therefore for skeletally 
immature patients, they are left with limb length discrepancies and will have to 
undergo further procedures. There is also a high rate of mechanical failure and frac-
ture with autografts coupled with high rates of infection, which is potentially devas-
tating. Grafts may not incorporate with the host bone and therefore fail to produce 
significant structural integrity [10]. As stabilising ligamentous structures are also 
removed in certain resections, instability has been observed in 72% of patients with 
proximal tibial allografts together with joint collapse from cartilage necrosis [11].

In a large series of 945 patients where cadaveric allografts were used for extremity 
bone and soft tissue tumours, an infection rate of 12.8% was reported. These were 
highest for patients with soft tissue tumours, radiated sites, Musculoskeletal Tumour 
Society Stage IIB tumours or those involving an allograft arthrodesis [12]. Infection 
is the most severe complication leading to failure of graft and usually subsequent 
amputation [13]. The use of chemotherapy is thought to also increase risk of infec-
tion as well as the use of allografts in regions with poor soft tissue coverage that have 
been exposed to radiotherapy [13], typically those involving tibial reconstructions 
are twice as likely to become infected when compared with distal femur [14, 15].

9.3.2  Rotationplasty

Initially described by Borggreve et al. [16] for patients left with limb deformities as 
a sequelae of tuberculosis, its popularity has diminished with the advent of improv-
ing implant designs. It still has a role as an option for failed limb salvage 
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procedures. It involves the use of the lower leg below the knee as a surrogate for the 
distal femur with the foot rotated around to face the opposite direction, and hence 
the ankle is used to replace the knee joint. This allows for less energy expenditure 
during ambulation compared with above knee amputations [17]. This procedure 
avoids phantom limb pain, the need for further limb lengthening procedures, revi-
sion surgery for failed prostheses and loosening [10].

Complications of rotationplasty include delayed healing and infection. Vascular 
compromise has been reported being as high as 12% which would lead to amputa-
tion. Rotationplasty is an option which exists for those cases where limb salvage is 
not possible or has failed with amputation being the only other remaining option 
[10]. Small case series are available in the literature describing infection rates; how-
ever with the limited heterogenous cohort sizes, it is difficult to delineate risk fac-
tors for this [18–20].

9.3.3  Endoprosthesis

Austin-Moore created the first metallic endoprosthesis using an alloy known as 
Vitallium [21] to reconstruct a proximal femur following resection of a giant cell 
tumour. Radiographs at 1 year showed extracortical bone formation around the shaft 
of the implant. Following this success, the development of endoprostheses had been 
started using Vitallium as well as other materials [22–28]. However success was still 
limited, and at this time, amputation remained the gold standard in managing bone 
tumours.

Due to technological advances in various medical fields and improvements in the 
life expectancy of musculoskeletal tumour patients, advances in the development 
and manufacture of orthopaedic tumour implants grew rapidly in the 1970s. The 
advent of the modern tumour endoprosthesis had started with clinicians using pre-
operative chemotherapy in conjunction with endoprosthetic reconstruction allowing 
improved survival rates together with limb salvage [29–31]. Neoadjuvant and adju-
vant chemotherapy is currently the most common form of chemotherapy used in 
musculoskeletal oncology.

Developments in material science in producing titanium (Ti) alloys, most nota-
bly Ti6Al4V, paved the way for an improvement in endoprosthesis performance in 
resisting corrosion [32] and silver coating in reducing rates of infection [33]. This 
has led endoprostheses to be the main choice in limb reconstruction for patients 
provided the tumour had been resected with satisfactory margins. This allows for 
successful functional rehabilitation with local recurrence rates being similar to 
amputation [34] making endoprosthetic reconstruction and limb salvage the gold 
standard in the management of primary bone tumours.

The use of endoprostheses was popularised in the 1990s. These endoprostheses 
were either cemented or uncemented. John Charnley popularised the use of bone 
cement in the 1970s [35], and his principles were applied to the fixation of endo-
prostheses, which was comprised of an intramedullary stem continuous with the 
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implant being cemented into the canal of the remaining bone. It became apparent 
that these cemented implants were becoming loose at the cement-implant interface 
leading to osteolysis of the surrounding bone. Cortical bone loss is seen initially at 
the point of direct contact between the bone and the shoulder of the implant. This is 
followed by worsening osteolysis thought to be induced by wear debris from the 
polymethylmethacrylate cement, which is commonly used for the initial fixation of 
the implant [36]. Loosening then led to implant failure although that it was not the 
sole cause. Wirganowicz et al. [37] first described the causes of endoprosthetic fail-
ure and categorised them into mechanical and non-mechanical causes. Henderson 
et al. further developed upon this to classify endoprosthetic failure into five different 
modalities: soft tissue failure (type I), aseptic loosening (type II), structural failure 
(type III), infection (type IV) and tumour progression (type V) [38].

9.4  Endoprosthetic Periprosthetic Infection

The risk of postoperative infection of endoprostheses is considerably higher than 
those of primary total hip and knee replacements [39, 40]. This high rate of infec-
tion is attributed to multiple factors which include those involving the patient, the 
technical aspects of the procedure and the postoperative course. Patient factors are 
especially important in orthopaedic oncological reconstructions as the majority of 
these individuals are immunocompromised secondary to chemotherapy regimens. 
The International Consensus Meeting on Musculoskeletal Infection has made a 
number of recommendations. Table  9.3 summarises these consensus statements 
related to the prevention of infection in orthopaedic oncology surgery [41]. 
Diagnosing infection is challenging and follows similar algorithms used for stan-
dard joint replacements. Following assessment with radiographs and other imaging 
modalities in conjunction with serum markers, the gold standard is periprosthetic 
tissue cultures as well as joint fluid aspiration [42–45].

A variety of bacteria can cause periprosthetic joint infections (PJI), the most 
common being gram-positive bacteria accounting for 60–80% of PJI [46]. In poly- 
microbial infections causing PJI, gram-negative bacteria have been reported to play 
a role. Poorer outcomes are seen when PJI involves multidrug-resistant bacteria 
[46]. Primary arthroplasty has a known infection rate of 1–2% although in compari-
son, the infection rate associated with endoprosthesis use is 8–15% with some stud-
ies suggesting as high as 40% [39, 47]. This increased rate of infection is due to 
increased host risk factors as those receiving such implants may be immunocompro-
mised, a result of chemotherapy regimens being used to treat the primary sarcoma. 
Increased blood loss, operative time, soft tissue trauma and dead space are further 
reasons why there is an increased rate of PJI [39, 41, 48, 49]. In a cohort of 4495 
patients, Nucci et al. [50] found an overall PJI rate of 14.1%, 47.6% of these were 
associated with distal femoral replacements with 30% in proximal tibial replace-
ments. It is thought that those endoprostheses around the knee have increased risk 
of infection due to a compromised soft tissue envelope. Ninety percent of cases in 
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Table 9.3 Consensus statements pertaining to the prevention of musculoskeletal infection in 
orthopaedic oncology surgery

Question Consensus statement
Level of 
evidence

Consensus 
note

Is there a correlation 
between operative time 
and the risk of 
subsequent SSI/PJI in 
patients undergoing 
tumour resection and 
endoprosthetic 
reconstruction? If so, 
should postoperative 
antibiotics be prolonged 
in these patients?

Based largely on the arthroplasty 
literature, there is considerable evidence 
that prolonged operative time is 
associated with an increased risk for 
postoperative infection.

Moderate Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)However, there is insufficient evidence to 

suggest that a prolonged postoperative 
antibiotic regimen can mitigate this risk. 
Therefore, there is no evidence to 
support prolonged postoperative 
antibiotics in orthopaedic oncology 
patients undergoing surgeries of 
prolonged duration. If the duration of the 
procedure exceeds two half-lives of the 
prophylactic antimicrobial, intraoperative 
redosing is needed to ensure adequate 
serum and tissue concentrations of the 
antimicrobial

Should factors like 
preoperative radiation, 
soft tissue versus bone 
resection, presence of 
metal versus structural 
allograft and other 
factors influence the 
dose and duration of 
antibiotic prophylaxis?

Unknown. Evidence and guidelines 
directing the prescription of 
prophylactic antibiotic regimens in 
musculoskeletal tumour surgery are 
lacking. Although long-term antibiotic 
prophylaxis may decrease the risk of 
deep infection, there is not sufficient 
evidence to recommend the use of 
anything other than routine antibiotic 
prophylaxis for patients undergoing 
major reconstruction

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Should patients with an 
oncologic 
endoprosthesis in place 
receive antibiotic 
prophylaxis during 
dental procedures?

Not routinely. Evidence-based 
guidelines by dentists and orthopaedic 
surgeons state that antibiotic 
prophylaxis is rarely appropriate for 
patients with prosthetic joints

Consensus Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Should prophylactic 
antibiotics be started in 
patients with an 
oncologic 
endoprosthesis who 
develop neutropenia 
secondary to 
postoperative 
chemotherapy?

Not routinely. Evidence-based 
guidelines recommend limiting the 
routine use of prophylactic antibiotics to 
high-risk patients with chemotherapy- 
induced neutropenia

Consensus Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

(continued)
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Table 9.3 (continued)

Question Consensus statement
Level of 
evidence

Consensus 
note

What type, dose and 
duration of prophylactic 
antibiotic(s) should be 
administered to patients 
undergoing oncologic 
endoprosthetic 
reconstruction who have 
received or will be 
receiving chemotherapy 
and/or radiation?

Antibiotic prophylaxis should be given 
in accordance with existing guidelines 
for standard arthroplasty surgery and 
other orthopaedic surgical procedures 
with foreign body placement

Consensus Agree 93% 
Disagree 0% 
Abstain 7% 
(super 
majority, 
strong 
consensus)

Does the type, dose and 
duration of antibiotic 
prophylaxis differ for 
patients undergoing 
oncologic 
endoprosthetic 
reconstruction compared 
with conventional TJA?

No. There is no recommendation to 
adjust type, dose or duration of 
antibiotic prophylaxis in patients 
undergoing oncologic endoprosthetic 
reconstruction from that which is 
routinely administered in conventional 
TJA

Consensus Agree 93% 
Disagree 0% 
Abstain 7% 
(super 
majority, 
strong 
consensus)

Do we need to evaluate 
the gut and skin 
microbiome of patients 
after chemotherapy to 
assess the risk for 
potential infection after 
endoprosthetic 
reconstruction?

Unknown. There is no evidence in the 
literature to suggest that evaluation of 
the gut and/or skin microbiome 
following chemotherapy aids with risk 
stratification for potential infection in 
patients undergoing endoprosthetic limb 
salvage surgery

Consensus Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Should an absolute 
neutrophil count of 
>1000/mm3 be the 
minimum for patients 
undergoing limb salvage 
surgery after receiving 
chemotherapy?

Yes. An absolute neutrophil count of 
>1000/mm3 should be the minimum for 
patients undergoing limb salvage 
surgery after receiving chemotherapy

Consensus Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Should the serum WBC 
count be taken into 
account prior to 
endoprosthetic 
reconstruction in 
patients who have 
undergone recent 
chemotherapy?

The association between chemotherapy 
and infection following endoprosthetic 
reconstruction remains controversial. 
However, in a multifactorial decision- 
making process, there may be some 
benefit in accounting for the serum 
WBC count prior to endoprosthetic 
reconstruction

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

(continued)

A. Mumith and L. Osagie-Clouard



291

Table 9.3 (continued)

Question Consensus statement
Level of 
evidence

Consensus 
note

What should be the time 
delay between 
preoperative chemo-/
radiation therapy and a 
surgical tumour 
resection in order to 
minimize incidence of 
SSI/PJI?

Unknown. There is no data that support 
the best time delay between preoperative 
chemo-/radiation therapy and a surgical 
tumour resection to minimise the 
incidence of SSI/PJI. There are multiple 
intrinsic factors in each patient that can 
determine the best time to implant an 
endoprosthesis after a neoadjuvant 
treatment. Although no significance was 
seen between preoperative radiation 
therapy and surgical timing on wound 
complications, trends suggest rates are 
lower if surgery is performed between 3 
and 6 weeks following radiation therapy

Consensus Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

What strategies should 
be implemented to 
minimise the risk of SSI/
PJI in patients who have 
received chemotherapy 
or radiation therapy and 
are undergoing 
endoprosthetic 
reconstruction?

We believe patients who have received 
either chemotherapy or radiation therapy 
prior to endoprosthetic reconstruction 
should undergo extensive medical 
optimisation.

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)Consideration may also be given to the 

use of antimicrobial coated implants, 
extended (>24 h) and augmented 
postoperative antibiotic prophylaxis 
consisting of a first-generation 
cephalosporin and an aminoglycoside 
and/or vancomycin, as well as use of 
enhanced soft tissue reconstruction 
techniques. Surgery should also be 
expeditious in these patients, minimising 
dissection of soft tissues with gentle 
handling

(continued)
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Table 9.3 (continued)

Question Consensus statement
Level of 
evidence

Consensus 
note

What are the substantial 
risk factors for SSI/PJI 
of an oncologic 
endoprosthesis 
following resection of a 
malignant bone tumour?

Patient-related risk factors for SSI/PJI of 
an oncologic endoprosthesis include 
increased patient body mass index, 
overall presence of comorbidities, 
coexistence of superficial SSI or skin 
necrosis and lower preoperative 
haemoglobin or albumin levels. 
Disease-related risk factors for SSI/PJI 
of an oncologic endoprosthesis include 
lesion localisation in proximal tibia, 
pelvis and lesion extending to pelvis 
from proximal femur. In addition, 
procedure-related risk factors for SSI/
PJI include preoperative hospitalisation 
longer than 48 hours, resection of >37% 
of the proximal aspect of the tibia, 
resection of three or four heads of the 
quadriceps muscle in distal femoral 
lesions compared with one or two heads, 
increasing surgical time (>2.5 h), use of 
a cemented oncologic endoprosthesis, 
need for postoperative admission to the 
intensive care unit, increased 
postoperative blood transfusion 
requirement (‡2 units of allogeneic 
packed cells), presence of postoperative 
haematoma and the need for additional 
surgical procedures after the 
megaprosthesis implantation

Moderate Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

What metrics should be 
used to determine the 
optimal timing of 
reimplantation for 
patients with a resected 
oncologic 
endoprosthesis?

Prior to reimplantation of an oncologic 
endoprosthesis after a previous 
resection, surgeons must ensure that the 
infection has been eradicated from the 
surgical bed. This would be determined 
via a sterile aspirate from the joint 
cavity following the antibiotic treatment

Moderate Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Is there an increased risk 
for subsequent SSI/PJI 
when a drainage tube is 
used in musculoskeletal 
tumour surgery?

Surgical drains should be used 
selectively in patients undergoing 
musculoskeletal tumour surgery. If used, 
they should be continuously monitored 
and removed immediately once output 
has decreased adequately per clinical 
judgement.

Limited Agree 100% 
Disagree 0% 
Abstain: 0% 
(unanimous, 
strongest 
consensus)

There is a potential, yet unproven, link 
between the use of surgical drains and 
increased risk of SSI/PJI following 
orthopaedic procedures involving the use 
of prostheses

(continued)
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Table 9.3 (continued)

Question Consensus statement
Level of 
evidence

Consensus 
note

When should a surgical 
drain be removed to 
minimise the risk of 
subsequent SSI/PJI in 
patients who have 
received endoprosthetic 
reconstruction following 
resection of a 
musculoskeletal tumour?

Based on the available literature, we 
recommend drains be removed within 
24 h of surgery

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Does the type of fixation 
(cemented versus 
uncemented) of an 
oncologic 
endoprosthesis influence 
the incidence of 
subsequent SSI/PJI?

There is conflicting evidence 
surrounding this topic. Multiple studies 
have demonstrated superiority with 
cemented fixation of an oncologic 
endoprosthesis, while others have 
suggested superiority with uncemented 
fixation. Therefore, the choice of the 
method of fixation should be made on 
the basis of all clinical indications other 
than the influence of fixation on 
subsequent SSI/PJI

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Does the use of incise 
drapes with antibacterial 
agents (iodine) influence 
the risk for subsequent 
SSI/PJI in patients 
undergoing 
musculoskeletal tumour 
surgeries?

There is some evidence claiming that 
antimicrobial impregnated incise drapes 
result in a reduction in bacterial 
contamination at the surgical site. 
However, there is little evidence to 
demonstrate that it results in a 
subsequent reduction in the incidence of 
SSI and/or PJI

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Does the use of soft 
tissue attachment 
meshes increase the risk 
for subsequent PJI in 
patients undergoing 
oncologic 
endoprosthetic 
reconstruction?

The current literature indicates that there 
is no increased risk of PJI in this patient 
population with the use of soft tissue 
attachment meshes. However, there are 
few studies directly comparing the use 
of mesh versus not using mesh in 
comparable tumours/surgical locations, 
so additional comprehensive study on 
the topic is necessary to say with 
reasonable certainty that there is no 
connection

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Should an 
endosprosthesis and/or 
allograft bone be soaked 
in antibiotic solution or 
antiseptic solutions prior 
to implantation in 
patients?

Unknown. There is no evidence to 
suggest that the use of a preimplantation 
antibiotic or the antiseptic soak of an 
endoprosthesis or massive allograft 
would reduce the rate of SSI/PJI

Consensus Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

(continued)
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Table 9.3 (continued)

Question Consensus statement
Level of 
evidence

Consensus 
note

Should a coated 
prosthesis (silver/iodine) 
be used for 
reconstruction of 
patients undergoing 
primary bone tumour 
resection?

Yes. Silver coating and iodine coating of 
a prosthesis show good results in 
prevention of infection after 
reconstruction following primary 
tumour resection

Moderate Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

What is the most 
optimal local 
antimicrobial delivery 
strategy during limb 
salvage: antibiotic 
cement, silver-coated 
implant, iodine-coated 
implant, topical 
vancomycin powder, 
injection of antibiotics 
via drain tubing or 
other?

Unknown. No direct comparison has 
been made of different antimicrobial 
delivery strategies in oncology patients 
undergoing limb salvage procedures

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

How many I&Ds of an 
infected oncologic 
endoprosthesis are 
reasonable before 
consideration should be 
given to resection 
arthroplasty?

Decision to repeat irrigation and 
debridement and retention of an infected 
endoprosthesis (DAIR) should be made 
based on comorbidities of the host, 
virulence of the organism, complexity of 
the reconstruction and status of the soft 
tissues. We believe that DAIR 
performed more than two or three times 
is unlikely to be successful

Consensus Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

How should acute 
reinfection of an 
oncologic 
endoprosthesis be 
treated?

Acute reinfections in patients with 
oncologic endoprostheses demand 
treatment by surgical methods because 
the long-term administration of 
antibiotics alone is not sufficient. The 
most appropriate treatment modality for 
acute reinfection is DAIR with exchange 
of components

Consensus Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Is I&D and exchange of 
modular parts a viable 
option for treatment of 
acute PJI involving an 
oncologic 
endoprosthesis? If so, 
what are the indications?

Yes. Irrigation and debridement with 
retention of prosthesis (DAIR) is a 
viable option for management of 
patients with an infected endoprosthesis. 
The procedure may be offered to 
patients with superficial early infection 
(<3 months), short duration of 
symptoms (<3 weeks), well-fixed 
implants and a well-characterised 
organism demonstrating a highly 
susceptible pathogen

Moderate Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

(continued)
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Table 9.3 (continued)

Question Consensus statement
Level of 
evidence

Consensus 
note

Does the use of 
iodine-coated or 
silver-coated implants 
make one-stage 
exchange arthroplasty 
possible in the 
management of patients 
with an infected 
oncologic 
endoprosthesis?

Unknown. Current literature has 
advocated the advantages of surface- 
modified coating (e.g. silver-coated 
iodine-supported implants). Recently, 
there have been several low-quality 
small-scale studies showing promising 
results for using surface-modified 
implants in one-stage exchange 
arthroplasty to treat an infected 
oncologic endoprosthesis. However, to 
date, there remains unsubstantiated 
evidence, and large-scale high-level 
evidence studies are necessitated

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Is there a role for 
single-stage exchange 
arthroplasty for patients 
with an infected 
oncologic 
endoprosthesis?

In principle, despite the lack of 
sufficient evidence, single-stage 
exchange arthroplasty can be performed 
in patients with an infected oncologic 
endoprosthesis if the general 
requirements to perform a single-stage 
procedure are fulfilled. However, a 
single-stage revision without removing 
the anchorage components is not 
recommended since better infection 
control can be achieved when prostheses 
are removed rather than salvaged

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

Should the management 
of a PJI involving an 
oncologic 
endoprosthesis differ 
from that of 
conventional joint 
replacement prostheses?

No. The management of a PJI involving 
an oncologic endoprosthesis is similar 
to that of conventional joint replacement 
prosthesis

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

What factors may 
improve the outcome of 
a two-stage exchange 
arthroplasty in patients 
with an infected 
oncologic 
endoprosthesis?

There are numerous factors that improve 
the outcome of two-stage exchange 
arthroplasty in general and after 
oncologic reconstruction in particular. 
These include host-related factors (such 
as host optimisation by treating 
anaemia, malnutrition, hyperglycaemia, 
immunosuppressive state, etc.), 
organism-related factors (e.g. 
administration of appropriate systemic 
and local antibiotics) and surgery- 
related factors (e.g. aggressive 
debridement of soft tissue and bone, 
optimal soft tissue management and 
prevention of postoperative 
complications)

Limited Agree 100% 
Disagree 0% 
Abstain 0% 
(unanimous, 
strongest 
consensus)

(continued)
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the cohort isolated a pathogen with Staphylococcus epidermidis (21%) and S. aureus 
(13.5%) which were the most common.

The optimal management of endoprostheses remains controversial and ranges 
from debridement, antibiotics and implant retention (DAIR), one- or two-stage revi-
sion, excision arthroplasty and finally amputation [39].

9.5  Novel Strategies

9.5.1  A Silver Coating to Combat Infection

Prosthetic joint infections are one of the most common complications in endopros-
thetic reconstruction, with an incidence reportedly as high as 30% in primary and 
60% in revision reconstructions [51, 52]; currently, two-stage revision with surgical 
debridement is the mainstay of treatment [53–55]. Developments have increased the 
option for antimicrobial surfaces which include antibiotic-based coatings, chitosan 
coatings, antiseptic coatings, photoactive-based coatings and silver coatings of 
implants to combat infection. Antibiotic coatings have been widely studied and are 
easy to obtain, but are hampered by limited length of elution and bacterial resis-
tance. Similarly, antiseptic coatings such as chlorhexidine and chloroxylenol have 
also shown in vivo efficacy, but are hampered by local and systemic toxicity.

Table 9.3 (continued)

Question Consensus statement
Level of 
evidence

Consensus 
note

What is the best 
reconstruction technique 
for an infected allograft?

The best reconstruction technique for an 
infected allograft is resection of the 
infected allograft and reconstruction 
(preferably, two-stage) with an 
endoprosthesis

Moderate Agree 93% 
Disagree 0% 
Abstain 7% 
(super 
majority, 
strong 
consensus)

What is the best surgical 
treatment for 
management of a 
chronically infected 
oncologic 
endoprosthesis? Does 
this change if the patient 
is receiving or has 
received recent 
chemotherapy and/or 
irradiation?

We recommend a two-stage revision in 
the management of a chronically 
infected oncologic endoprosthesis; 
however, we acknowledge that support 
for a one-stage exchange is increasing. 
There is no study to suggest that this 
recommendation should change if the 
patient is receiving or has received 
recent chemotherapy and/or irradiation

Limited Agree 93% 
Disagree 0% 
Abstain 7% 
(super 
majority, 
strong 
consensus)

I&D irrigation and debridement, DAIR debridement, antibiotics and implant retention, PJI peri-
prosthetic joint infection [41]
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Silver particles combine antimicrobial activity with low cell toxicity, as such, 
studies demonstrate that coating the prosthesis significantly reduced infection rates. 
Silver may be ‘stitched’ into the implant surface by anodisation and subsequent dip-
ping in aqueous silver solution or combining the silver layer with a layer of argen-
tum [56, 57]. Whereby, the resultant cathodic reaction produces a proton depleting 
region around the prosthesis and has been seen to alter the transmembrane proton 
gradient, reduce intracellular ATP synthesis and subsequently induce bacterial 
apoptosis [58–60]. Other methods such as a multilayer silver coating or combined 
porous argentums consist of two layers: a deep basic layer of silver (1 lm-thick) and 
a hard-top layer of TiAg20 N (0.1 lm-thick) have also demonstrated positive out-
comes in reducing infection persistence, but also in prevalence.

Studies investigating silver-coated megaprostheses have mainly used them in 
cases of previous periprosthetic infection or other revision surgeries and not as the 
primary implant [61, 62, 63, 64]. Glehr et  al. [61] reported an infection rate of 
12.5% in 32 patients treated with a silver-coated MUTARS (modular universal 
tumour and revision system) tumour endoprosthesis. Wafa et  al. [64] compared 
infection rates between an uncoated tumour prosthesis (Stanmore Implants) and a 
silver-coated implant (Agluna, Stanmore Implants). A significantly lower reinfec-
tion rate was noted after a two-stage revision with silver-coated implants (15%) in 
comparison with uncoated implants (42.9%). Studies comparing primary coated 
endoprosthetics have also demonstrated a significant difference, with an 8.9% infec-
tion rate found in silver-coated primary tibial implants compared to up to 16.7% in 
titanium only prosthetics [65]. Additionally, infections that did occur in the silver- 
coated group required less invasive treatment and fewer operative interventions, as 
such the use of a silver coating becoming more widespread.

Several side effects have been reported in earlier studies, including argyria, kid-
ney and liver damage, leucopoenia and toxicity in neural tissues [19, 24, 25]. These 
effects have been described at blood concentrations exceeding 300 ppb, though a 
therapeutic bactericidal effect is already seen at very low concentrations (starting 
from 35 ppb). As such the use of a silver coating on massive endoprosthetics is 
becoming increasingly widespread.

9.5.2  Additive Manufacturing

Increasing innovation in additive manufacturing (AM), also known as three- 
dimensional (3D) printing and rapid prototyping, is bringing about a paradigm shift 
in translational medico-surgical research. This novel technology allows for the man-
ufacturing of objects with complex geometries. A completely porous collar can be 
produced using AM techniques. An open porous structure enables the bone in 
growth into the collar forming a stronger bond when compared with just surface on 
growth. In theory the bone can grow directly from the cortical bone at the transec-
tion site into the porous structure. AM allows the complete control over the specifi-
cations of the porous metal. The pore size and shape as well the strut size can be 
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controlled highly accurately. As a result the biomechanical properties of the implant 
can be controlled to more closely mimic that of the bone, without the cost and time 
implications of fully custom implants. Direct bone contact is necessary to allow for 
effective stress transfer [66]. 3D-printed fully porous implants have been shown to 
reduce peri-implant osteolysis secondary amount of bone loss secondary to stress 
shielding by 75% compared to a conventional fully solid implant, demonstrating the 
merit and potential of modifying material architecture to combat stress-induced 
bone resorption [67]. Further studies [67, 68] have supported these promising 
results, comparing AM to standard hemipelvis prosthetics, and at a mean follow-up, 
comparative survivorship and improved clinical outcome scores were noted with 
AM implants, concluding that 3D-printed pelvic prostheses facilitated precision 
matching and aided osseointegration between implants and the host bone. In addi-
tion, bioactive coatings as an adjunct to additive manufacturing are also improving 
endoprosthesis survival. Plasma spraying is a technique that will coat the outer sur-
face of a 3D-printed scaffold, depositing the coating electrochemically to allow 
even coverage.

9.6  Conclusion

Currently, advances in the surgical management and techniques for sarcomas con-
tinue to be driven by advances in imaging and implant design. The periprosthetic 
infection or loosening of megaprostheses can be catastrophic, leading to significant 
morbidity, while fracture and non-union of large allografts, vascularised or other-
wise, can result in multiple surgical interventions and associated socioeconomic 
costs. Innovations in additive manufacturing and the implant surface  – be it to 
enhance osseointegration or sintered silver to inhibit bacterial activity – are improv-
ing surgical outcomes and restoring quality of life to sarcoma patients.
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Chapter 10
Incidence, Complications, and Novel 
Treatment Strategies: Pediatric Spinal 
Surgery and Management

Hannah Gibbs, John F. Lovejoy III, and Ryan Ilgenfritz

Abstract Postoperative spine infections are common in the United States, compli-
cating approximately 300,000 to 500,000 surgeries per year, with estimated costs of 
$1.6 billion. As spinal surgeries become more common, spinal instrumentation 
infection rates are only expected to rise, and as such, surgical site infections will 
continue to place tremendous economic and social burdens on both families and the 
healthcare system. A variety of spinal procedures are performed in the pediatric 
population, with posterior spinal fusion for adolescent idiopathic scoliosis being the 
most common. This chapter describes the common surgical approaches used in the 
treatment of pediatric spinal conditions. It also reports on the incidence and epide-
miology of spinal infections, their complications, microbiology, presentation and 
diagnosis, as well as the techniques used to minimize contamination intraopera-
tively. Although extensive basic and clinical research efforts have occurred, little 
evidence and guidance exists for the management of spinal infections, especially in 
the pediatric population. As such, this chapter presents methods used in the manage-
ment of surgical site infections and their efficacy while also highlighting novel and 
emerging treatment approaches that hold promise for the future.
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10.1  Introduction

Postoperative spine infections are common in the United States, complicating 
approximately 300,000–500,000 surgeries per year, with estimated costs of $1.6 
billion [1]. Preventative measures vary among institutions, and there is no real stan-
dard approach in the prevention and management of surgical site infection (SSI).

10.2  Incidence and Epidemiology

The overall incidence of spinal instrumentation infections in the pediatric popula-
tion ranges from 0.5% to 20%, depending on surgical indication. There are a variety 
of spinal procedures performed in the pediatric population, with posterior spinal 
fusion for adolescent idiopathic scoliosis (AIS) being the most common. The over-
all incidence of scoliosis is about 2–3% of the population with the majority of 
curves managed conservatively with bracing. Surgical management is needed only 
in those with curves >50° [2]. Complications following spinal instrumentation sur-
gery, such as superficial and deep wound infections, have rates that range from 0.5% 
to 4.3% in patients with AIS [3–7]. Recent data from the Scoliosis Research Society 
Committee showed an infection rate of 2.6% out of a total 20, 424 cases [8], although 
most of this cohort consisted of patients with AIS. Neuromuscular patients have 
higher rates of infections, of about 8–24% [3, 9–18], likely due to longer surgical 
times, poor bowel and bladder control, frequent urinary tract infections, cognitive 
impairment, malnutrition, and previous spine surgeries [15, 19–21]. Additionally, 
congenital scoliosis patients have reported infection rates of 2.2% [8]. Of impor-
tance, morbidity and mortality rates are highest in patients with neuromuscular sco-
liosis (19.9% and 0.34%, respectively) and congenital scoliosis (10.6% and 0.30%, 
respectively), compared to 6.3% and 0.02% respectively, in idiopathic scoliosis 
[22]. Patient characteristics and procedure-related variables have effects on SSI rates.

Surgical site infections place tremendous economic and social burdens on both 
families and the healthcare system. The mean hospital charge to a patient with a 
spine SSI is $154,537 but ranges between $26,977 and $961,722 [23]. Patients are 
typically hospitalized for an average of 29 days with chronic infections (>3 months) 
[23] and receive intravenous (IV) antibiotics with multiple surgeries and, in the 
unfortunate cases, implant removal [3, 23, 24]. In addition to the financial burden, 
patients and families deal with significant social stressors. Children and adolescents 
must miss school, parents must take time from work to care for them, and psycho-
logical stressors strain the family dynamic. Thus, prevention and management of 
spine SSI has been a recent focus in literature, although consensus and standardiza-
tion are relatively sparse in the treatment of children and adolescents.
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10.3  Common Surgeries and Approaches

10.3.1  Scoliosis

Scoliosis is characterized as lateral curvature of the spine, with a Cobb angle (angle 
between tilted vertebrae) greater than 10°. The etiology is multifactorial and unclear, 
but a genetic predisposition likely exists [25]. Scoliosis is classified according to 
age: infantile 0–3  years, juvenile 4–10  years, adolescent 11–17  years, and adult 
≥18 years [26]. The most critical factor in determining natural history is age, as the 
younger a patient the more likely the curve will progress due to greater growth 
potential. For curves 25°–45°, bracing is considered first-line management. For 
curves 50° or more, surgical management via a posterior spinal fusion is recom-
mended [26]. The primary goal of surgery is to impede the curve’s progression, as 
curves >90° may cause significant pulmonary function limitations [27].

The surgery for correction is performed primarily from a posterior approach with 
the patient lying prone on the operating table. Hips are flexed to about 20°, and 
knees and legs are slightly flexed and elevated with pillows [28]. The abdomen is 
kept free to facilitate venous return. Throughout the entire procedure, electromyog-
raphy neuromonitoring is attached to the patient to monitor for nerve root and 
sphincter functioning [29]. To surgically correct the spine, a midline incision is 
made, and facets are exposed via deep dissection. Facetectomies are performed until 
level with the transverse processes [23]. With the use of fluoroscopy, electromyog-
raphy, and probe visualization technology, convex screws are visualized and drilled 
into the pedicles. Rods are then measured and set into pedicle screws loosely. Once 
the rods are set, the screws are tightened, and the rods undergo derotation to correct 
spinal deformity. The final step is copious irrigation and debridement of ischemic 
musculature (if any). Pre- and postoperative radiographs are shown below 
(Figs. 10.1a and 10.1b). Although less common, an anterior approach can be used 
for lumbar and thoracolumbar spinal fusions. In this case, the patient is placed in the 
lateral decubitus position with scoliosis curve facing upward [30].

10.3.2  Spondylolysis and Spondylolisthesis

Spondylolysis is a stress fracture in the pars interarticularis of the spine, whereas 
spondylolisthesis is a forward slip of one vertebra on its adjacent segment [31, 32]. 
The primary diagnosis is made by radiographs and may be confirmed with an MRI 
of the spine. Being that most cases are asymptomatic, first-line treatment is conser-
vative bracing and monitoring. Symptomatic spondylolisthesis cases may require 
direct surgical repair from the posterior approach and, like scoliosis management, 
consists of a reduction and fusion. The procedure consists of pedicle screw combina-
tions and compression wiring between the spinous and transverse processes [33–36].
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10.3.3  Cervical Spine Instability

Cervical spine instability may present in otherwise healthy children, such as in the 
case of os odontoideum, or secondary to underlying conditions, such as Down syn-
drome or Klippel Feil syndrome [37]. Os odontoideum is when the upper portion of 
the dens (odontoid) separates from the base typically due to a nonunion fracture 
[37]. Most believe it is caused by unrecognized childhood trauma that fails to heal 
due to lack of blood supply or immobilization; however others believe the condition 
is congenital [38, 39].Neurologic deficits may develop as the os translates posteri-
orly it may impinge on the spinal cord. Patients with Klippel Feil syndrome have 
characteristic features including short, broad necks, restricted cervical motion, and 
low hairlines [37]. Patients with Down syndrome can have cervical instability due 
to congenital abnormalities of the cervical spine and ligamentous laxity. Atlantoaxial 
(C1-C2) subluxations and occipital-cervical instability are common conditions in 
this population. Last, cervical spine anomalies, such as atlantooccipital anomalies, 
increase C1-C2 instability and may lead to devastating outcomes if not surgically 
addressed. In severe presentations of cervical spine instability, i.e., those with cervi-
cal myelopathy and neurological symptoms, definitive management includes 

Fig. 10.1a PA and lateral scoliosis preoperative radiographs
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options such as a posterior spinal fusion of C1-C2, using the Gallie technique [37, 
40] or a combined anterior posterior fusion.

For the Gallie technique, the patient lies prone, and an incision is made from the 
midline extending from the base of the skull to the C4 spinous process [41]. After 
deep dissection of the C1 and C2 vertebrae, a flexible double wire (18–22 gauge) is 
passed beneath the arch of C1 inferiorly to superiorly and bent back on itself to form 
a smooth lip. Bone graft, taken from corticocancellous bone of the iliac crest, is then 
constructed over the lamina of C1 and C2, and the loop of wire is fastened from the 
arch of C1, over the graft, around the base of C2.

10.3.4  Disc Herniations

Although rare in the pediatric population (1% incidence in those under 18) [42, 43], 
lumbar disk herniations can occur in children primarily due to trauma, and 95% of 
cases are at the L4-L5 or L5-S1 region [44–47]. Initial complaints are often pain 
with sciatica, and a magnetic resonance imaging (MRI) study can confirm the diag-
nosis. First-line management is nonoperative, but patients who fail this or have 

Fig. 10.1b PA and lateral postoperative scoliosis radiographs
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significant neurologic symptoms such as extremity weaknesss should undergo sur-
gical repair. The posterior approach is most common in these procedures, and it 
consists of an open discectomy to relieve the herniation of the nucleus pulposus into 
the spinal canal. Pain relief is present immediately following surgery.

10.4  Complications

As with any type of surgery, complications have the potential to occur and nega-
tively affect the clinical outcome. Postoperative wound infections continue to be 
one of the most common complications following spine surgery. Identifying risk 
factors and implementing guidelines for preoperative, perioperative, and postopera-
tive measures is integral in preventing postoperative infections. However, most of 
the available literature is limited by a retrospective study design, making it chal-
lenging to eliminate confounding variables and accurately identify factors in pedi-
atric spine instrumentation infections. But through extensive research and systematic 
reviews [5, 48, 49], common risk factors for pediatric spinal instrumentation infec-
tions are recognized and can be stratified according to patient risk factors and 
procedure- related risk factors (Table  10.1). Patient-specific risk factors include 
prior spine surgery, age >10, American Society of Anesthesiology score >2 [5], 
neuromuscular conditions (cerebral palsy, myelomeningocele), urinary and bowel 
incontinence, obesity, recurrent UTIs, and malnutrition [48]. Procedure-related risk 
factors include perioperative antibiotic prophylaxis, blood loss and transfusions, the 
number of spinal levels fused, fusion to pelvis, implant prominence, use of allograft, 
and increased operative times [48]. Glotzbecker et al. [48] report the most important 
factors that increase the risk of SSIs are:

 1. The inappropriate use of antibiotic prophylaxis
 2. Increased implant prominence
 3. Blood loss and transfusions
 4. First-generation stainless steel implants
 5. Number of spinal levels fused

Table 10.1 Spine surgical site infection risk factors [48, 49]

Pediatric patient risk factors Procedure-related risk factors

Age >10
Prior spine surgery
American Society of Anesthesiology score >2 (ASA)
Obesity
Neuromuscular scoliosis
Complex medical comorbidities (cerebral palsy, 
myelomeningocele)
Urinary and bowel incontinence
Recurrent UTIs
Malnutrition

Perioperative antimicrobial 
prophylaxis
Blood loss and transfusions
Number of spinal levels fused
Spinal fusion to the pelvis
Use of allograft
Increased operative time
Implant prominence
First-generation stainless steel 
implants
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 6. Fusion extension to the pelvis
 7. Prolonged operative time

An additional study found a significantly increased risk for spinal instrumenta-
tion infections with inappropriate antibiotic use, neuromuscular scoliosis, number 
of postoperative hospital days, and rigid instrumentation, in the development of 
surgical site infections [50].

Complex medical conditions such as cerebral palsy, myelomeningoceles, and 
myopathies, are associated with increased rates of SSI likely due to weakened 
patient immune systems, urinary and bowel incontinence, and poor skin quality sur-
rounding the lesion. Urinary and fecal incontinence leads to increased risk of infec-
tion with Gram-negative organisms due to direct spread of urinary and GI tract 
organisms [51], such as Bacteroides fragilis and Escherichia coli [52]. However, 
Mistovitch et al. [49] argue incontinence itself cannot be an isolated risk factor, as 
incontinence is present along with many other potential factors in neuromuscular 
scoliosis patients. Inappropriate antibiotic use, defined as incorrect dosage, antibi-
otic choice, or dose timing, was shown as a significant risk factor in the cause of SSI 
due to inadequate protection against pathogens [5]. Fusing more than ten vertebrae 
levels was associated with an increased SSI risk [6]. Pelvic fixation is a technique 
used to stabilize the spine and promote lumbosacral arthrodesis [53]. Six different 
studies have shown an increased likelihood for spinal infections with fixation of 
implants to the pelvis or sacrum due to the proximity to the bladder and bowels [12, 
20, 51, 54–56].

The use of an allograft, or donor tissue graft, also increases the risk of developing 
spine instrumentation infections [15, 57]. One study found 46% of allografts to be 
contaminated with bacteria including Pseudomonas aeruginosa, Staphylococcus 
epidermidis, and others, prior to surgical implantation [58], likely caused by intra-
operative preparation techniques. Patients are least likely to develop infections 
when bone autografts (host tissue graft) are used [59]. However, strong evidence 
reports that the use of ceramic allografts does not increase infection risk compared 
to autografts [60]. Lastly, the use of first-generation stainless steel rods are associ-
ated with an increased delayed (>1 year) SSI risk [61, 62] and challenge clearance 
of pathogens [63] due to the development of more extensive biofilms on steel rods 
in comparison to titanium [64]. Some advocate for the use of titanium rods as they 
offer enhanced protection against delayed SSIs and the production of biofilms 
[61, 64].

Deep spinal instrumentation infections are difficult to clear and may compromise 
correction of the deformity if the implant is removed [17]. Prolonged infections that 
do not clear can lead to serious complications such as vertebral osteomyelitis, sep-
sis, and neurologic deficits [17]. In more severe cases, the infection may be life- 
threatening. Another common complication of a postoperative infection is 
pseudoarthrosis, or failure of the spine to fuse after a fusion procedure is performed 
[65, 66]. When infections are suspected, careful intraoperative inspection of the 
fusion mass is necessary for detecting of pseudoarthrosis [15].
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In addition to SSI, other rarer complications may occur in pediatric spine surger-
ies. Raemes et al. [22] report complications such as new-onset neurologic deficits, 
peripheral nerve deficits, pulmonary (not embolism) deficits, dural tears, implant 
failure, epidural hematomas, nonfatal hematologic deficits, deep venous thrombo-
sis, SIADH, and vision deficits in pediatric patients who underwent spinal surgery.

10.5  Microbiology

Early detection of causative pathogenic organisms is vital in the management of 
postoperative spine infections. However, data is solely based on retrospective stud-
ies, limiting the accuracy and control of confounders. Cultures should be grown 
prior to the administration of antibiotics. Superficial wound cultures often have very 
low yields and rarely provide positive bacterial cultures. However, deep postopera-
tive wound cultures yield pathogens in most (70–92%) cases of spine SSI [56, 67, 
68], allowing for proper antibiotic therapy of choice. Regardless, pathogens can be 
stratified according to time elapsed since surgery and the initial surgical indications. 
The literature varies in defining early and late infections, but in general, an early 
infection is considered less than 90 days following the initial surgery, and a late 
infection is defined as greater than or equal to 90 days [23, 69]. Most studies report 
early infections being more common, with one reporting 67% of infections present-
ing within the first month and 90% within the first 6 months following surgery [56]. 
Earlier infections are more likely secondary to highly virulent pathogens, such as 
Staphylococcus aureus and Gram-negative enteric bacteria. Low virulent pathogens 
such as coagulase-negative staphylococci (CoNS), anaerobes, Propionibacterium 
spp., and Enterococcus spp. are more often found in later infections, as it takes time 
for these bacteria to form biofilms at which point they become extremely resistant 
to antibiotic therapy [70, 71]. Thus, low virulence and late infections are difficult to 
treat with medical therapy alone and typically require prompt removal of hardware 
for effective treatment [24, 69].

For idiopathic spinal surgery cases, Gram-positive organisms are the most com-
mon pathogens isolated, accounting for up to 87% of positive cultures [72, 73]. 
Methicillin-sensitive Staphylococcus aureus (MSSA) and CoNS are the most com-
mon organisms isolated in this cohort, composing 81% of all infections [72]. 
Methicillin-resistant S. aureus (MRSA) is rarer than MSSA, with a reported rate as 
low as 1.4% in the literature [72, 74]; however, this rate varies based on geographic 
location and the prevalence of MRSA in the community. It is important to note, the 
vast majority of organisms cultured from idiopathic spine infections were bacteria 
commensal to the skin [56]. The data compiled from studies of pediatric spinal 
instrumentation infections can be found in Table 10.2.

However, non-idiopathic scoliosis (neuromuscular and congenital scoliosis) 
patients have a higher prevalence of Gram-negative pathogens such as Enterobacter 
spp., Escherichia coli, Pseudomonas, Actinobacter, and Proteus mirabilis [15, 56, 
75] and may be implicated in up to 57% of postoperative infections [56, 72].
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There is a threefold increased risk of developing Gram-negative infections 
among patients with neuromuscular scoliosis [72], likely due to skin contamination 
with stool flora or direct inoculation of urine or stool to the wound [3, 57]. In com-
parison to monomicrobial Gram-positive infections, Gram-negative infections are 
more likely to be polymicrobial [15]. This data supports the necessity for Gram- 
negative prophylaxis before and during operations in those patients with non- 
idiopathic scoliosis.

Anaerobic species have also been implicated in surgical spinal infections, 
although with less frequency. Anaerobic species identified include 
Peptostreptococcus spp., Propionibacterium (P. acnes), Finegoldia magna [82], 
Bacteroides, Actinomyces, and other Gram-positive anaerobic cocci [3, 24, 56, 72, 
74, 77]. Infections with anaerobes are typically polymicrobial and are commonly 
identified in non-idiopathic scoliosis cases. Propionibacterium acnes is the only 
anaerobic bacteria that has been isolated monomicrobially and plays a significant 
role in late- onset spinal infections [69, 72] with a reported prevalence of 54% of 
cases in one study [77]. Since P. acnes infections are usually delayed >1 year and 
the presentation is subtle with no systemic symptoms, clinicians should have a high 
index of suspicion for this pathogen in late infections [62, 77]. Given the high 
prevalence of P. acnes in late-onset infections, some suggest evaluating for acne 
and possibly even a referral to dermatology, prior to scoliosis surgery in 
adolescents.

Table 10.2 Microbiology of surgical site infections with spinal instrumentation in pediatric 
patients

Microorganismsa

Total 
infections

Idiopathic 
scoliosis

Non- 
idiopathic 
scoliosis

Early
(<3 months)

Late
(≥3 months)

Staphylococcus aureus 33.9% 25.6% 36.8% 31.4% 11.6%
Coagulase-negative 
Staphylococcus

18.1% 20.7% 14.0% 7.1% 18.8%

Streptococcus spp. 3.3% 1.2% 4.7% 1.5% 0.9%
Enterococcus faecalis 5.3% 6.1% 5.7% 7.1% 2.7%
Pseudomonas 
aeruginosa

5.3% 3.7% 6.7% 6.6% 1.8%

Enterobacteriaceaeb 15.6% – 20.7% 7.1% 0.9%
Propionibacterium 
acnes

5.6% 30.5% 2.6% 4.6% 41.1%

Anaerobesc 2.8% 7.3% 2.6% 5.1% 1.8%
Candida albicans 0.7% – 0.5% 2.0% –
Polymicrobial infection 7.4% 5.2% 5.2% 15.2% 7.1%
Other 2.1% 3.7% 0.5% 12.2% 13.4%

aCategories are not mutually exclusive
bEnterobacteriaceae includes Enterobacter spp., Escherichia coli, Klebsiella pneumoniae, Proteus 
mirabilis
cExcluding Propionibacterium species [3, 7, 15, 24, 57, 68, 72–74, 76–81]
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Although very rare in the literature, spinal instrumentation infections may be 
caused by fungi such as Candida albicans, Mycoplasma hominis, and non-tubercu-
losis Mycobacterium spp. [15, 77]. These pathogens were shown to cause more 
subacute infections and were successfully treated with irrigation and debridement 
alone [15].

The gold standard method in isolating pathogens is via intraoperative tissue cul-
turing [83]; however, this method is not always consistent in identifying microor-
ganisms. In two recent studies, 2.6–18% of swabs yielded negative cultures and the 
pathogen was not identified [56, 68]. Utilizing alternative methods such as lock 
analysis, confocal microscopy, or polymerase chain reaction (PCR) may enhance 
the reliability of identification [84]. Lock analysis is carried out by removing a small 
part of the implant during surgery, sterilely dividing it into smaller pieces, dipping 
the largest fragment into thioglycolate or brain-heart medium, and then culturing it 
on an agar plate for 8 days. Confocal microscopy uses a focal laser and fluorescence 
optics to investigate pathogens, and PCR utilizes 16s primers to detect sequences of 
a genome, enhancing accuracy in diagnosis and therapy [84]. These molecular 
methods have not yet been tested in pediatric orthopedic infections, but 16s PCR 
has shown promising results in adult prosthetic joint infections, accurately detecting 
up to 90% of pathogens [85]. For now, the best diagnostic test for pediatric spinal 
instrumentation infections is a combined swab of the implant and a sample of tissue 
directly in contact with the implant [84].

10.6  Minimizing Wound Contamination Preoperatively

The cause of spinal instrumentation infections is still poorly understood; thus, 
addressing pre-, intra-, and postoperative practices are imperative in reducing occur-
rences. Initially, skin preparation solutions, such as ChloraPrep® (2% chlorhexidine 
gluconate and 70% isopropyl alcohol) povidone-iodine (Betadine®), and DuraPrep® 
(0.7% iodine and 74% isopropyl alcohol) [86], should be used by the patient the 
night prior to surgery to minimize skin contamination [72]. Data is conflicting 
regarding which solution is most efficacious in reducing SSIs. A recent study in 
adults compared the effectiveness of ChloraPrep® versus povidone-iodine applica-
tion and found ChloraPrep® to be superior in decreasing the risk of developing both 
superficial and deep SSIs [87]. However, Boston et al. [88] found povidone-iodine 
significantly decreased the risk of infection (p < 0.001), compared to other antiseptic 
agents. Lastly, one study reports no difference between antiseptics in reducing risk 
of infections [86]. The antiseptic of choice is ultimately at the discretion of the sur-
geon, but regardless of choice, patients should wash with it the night prior to surgery.

Preoperative patient education is also recommended to reduce infection risk 
postoperatively. Members of the Pediatric Orthopaedic Society of North America 
(POSNA) who were surveyed on preoperative practices reported 35% used patient 
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education sessions and handouts prior to surgery [63]. In fact, the Best Practice 
Guidelines (BPG) for High-Risk Pediatric Spine Surgery recommend patient edu-
cation sheets prior to surgery as one of their 14 practices in decreasing SSI risk [89]. 
Other optional measures include obtaining preoperative urine cultures, labs (nutri-
tional assessment), and clipping hair near the surgical site [89].

The presence of a UTI is another modifiable risk factor in the development of 
SSI [90, 91]; thus, acquiring preoperative urine cultures allows for the identification 
of possible pathogens and the chance to match sensitivities with targeted antibiotic 
prophylaxis. Hatlen et al. [90] reported two-thirds of patients with positive preop-
erative urine cultures later developed SSI with the same organism detected in the 
urine, further supporting this practice. Malnutrition has varying definitions in litera-
ture, the most common being total lymphocyte count <1500 cells/mm and preopera-
tive albumin <3.5 g/dL [19]. There is strong evidence in adult populations regarding 
malnutrition and increased SSI risk, but this association is not as well demonstrated 
in the pediatric population, with one study reporting no association [20]. 
Nevertheless, the BPG recommends the use of preoperative nutritional assessments 
based on the findings of two studies in which investigators found increased risk for 
SSIs in malnourished children [19, 90]. Additionally, clipping hair around the surgi-
cal site is preferred over shaving [89].

In addition to the prior measures, a vital aspect of preoperative management is 
antibiotic prophylaxis, which is most effective when administered 30–60 min prior 
to surgery [20, 89]. Failure to give IV antibiotics within 60 min before incision time 
has been shown to increase the SSI risk in pediatric patients [5, 6, 20]. The American 
Academy of Orthopaedic Surgery considers perioperative IV cefazolin as first-line 
and standard of care in prevention of SSIs with orthopedic procedures [89]; how-
ever, recent studies challenge this practice and advocate for broader coverage, espe-
cially in subpopulations with non-idiopathic scoliosis [3, 5, 15, 20, 56]. 
Non-idiopathic scoliosis patients, such as neuromuscular scoliosis patients, are usu-
ally incontinent, leaving them more susceptible to Gram-negative infections. A 
study conducted in adults with chronic urinary tract colonization found those who 
were treated with individualized urine culture antibiotic prophylaxis developed less 
Gram-negative infections than those who received the standard IV cefazolin 
(p  = 0.039) [92]. Hence Gram-negative coverage, in addition to IV cefazolin, is 
recommended in high-risk populations, such as those with neuromuscular scoliosis 
and chronic urinary tract colonization [93].

The final recommendation although controversial in literature is to perform pre-
operative nasal swabs for MRSA. The Best Practice Guidelines do not recommend 
performing the test with a 74% consensus disagreeing with the preoperative screen 
[89]. But other studies advocate for its use, as they found screening allowed for 
adjustment of the preoperative antibiotic agent, to avoid infections with MRSA 
pathogens, and antibiotic resistance [94].
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10.7  Minimizing Wound Contamination Intraoperatively 
and Postoperatively

In addition to preoperative preventative measures, there are many perioperative 
efforts to minimize wound contamination. Prepping the surgical site with Ioban® 
antimicrobial draping is one of the first measures proven to prevent infections. A 
recent survey of pediatric orthopedic surgeons reported 62.9% of surgeons use 
Ioban® draping, after prepping the skin with an antiseptic [75]. With respect to the 
operating room (OR), most hospitals limit scrub wear outside of the facilities and 
limit OR traffic (both before and during surgeries) [75]. Some even utilize a “termi-
nal sterilization” procedure that allows extra time between operations for steriliza-
tion following infection cases. Multiple studies have demonstrated the negative 
impact OR traffic has on orthopedic implant surgeries and surgical site infection 
rates [95–97]. Infection rates in total hip arthroplasty and total knee arthroplasty 
were recorded at 9% and 16.7%, respectively, prior to enforcing interventions such 
as limiting door openings and decreasing the amount of people in the OR during 
surgery; after making these changes, Borst et  al. report a significant decrease in 
infection rates [96]. The BPG recommends limiting OR access, especially during 
scoliosis surgeries [89]. These practices ensure the safety of staff, aid in the mainte-
nance of the sterile field, and limit patients from outside exposures. Despite some 
facilities using ultraviolet light for additional sterilization, the BPG advises against 
its use in the OR [89].

As far as the type of implant used in procedures, titanium rods have demon-
strated superiority in decreasing the risk of infection compared to stainless steel 
rods [61, 62, 77], likely because titanium rods require increased concentrations of 
bacteria for colonization to occur. Patients with titanium instrumentation may also 
undergo an MRI, imaging that no other rod confers [98]. When possible, the use of 
titanium over stainless steel is recommended.

Intraoperative wound irrigation is necessary after spinal instrumentation is 
implanted. There are many options when it comes to irrigation, including irrigation 
solutions and bulb versus pulse lavage technique. Saline, bacitracin, and dilute 
povidone- iodine may be used as irrigation solutions. The choice is dependent upon 
the surgeon’s preference as the literature varies on the most superior solution. 
Irrigation with povidone-iodine was shown to be more efficacious in reducing the 
risk of infection on spinal instrumentation procedures when compared to normal 
saline [99, 100], but the local administration of povidone-iodine may negatively 
affect bone growth as it has been shown to inhibit osteoblast proliferation [101], as 
well as cause nephrotoxicity [102].

Bone graft antibiotics may be used to decrease the proliferation of microorgan-
isms upon implantation. To date, only one study has evaluated the use of antibiotics 
in grafts in the pediatric population [11]. Borkhuu et  al. [11] found a decreased 
incidence of deep spine infections with the use of gentamicin-treated corticocancel-
lous bone graft (3.2%) when compared to non-treated bone allograft (15.2%) 
(p  =  0.003). Bone allograft may be used in procedures as it has low risks of 
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infectious disease transmission and low complications rates and has demonstrated 
great success in both neuromuscular and idiopathic scoliosis patients [103–106]. A 
previous concern with allograft was an increased risk of infection when compared 
to autograft, but as shown in this study, porous allograft bone may be freeze-dried 
with added antibiotics to mitigate this elevated risk. Other studies also of allograft 
utilization have no difference in rates of infection [32, 107]. Thus, the use of 
antibiotic- infused bone allograft may be a beneficial intraoperative measure in pre-
vention of wound contamination.

In addition to graft antibiotics, vancomycin powder applied over the open wound 
is a common intraoperative practice in spinal fusion procedures. Sweet et al. [108] 
studied the effects of intrawound vancomycin in adults and found a decreased infec-
tion rate from 2.6% to 0.2% in those that used the vancomycin powder. Other stud-
ies in literature also demonstrate the beneficial effects of vancomycin in reducing 
infection risk [109, 110]. The local administration of vancomycin allows for higher 
concentrations without the adverse effects seen systemically. To eradicate 
methicillin- resistant Staphylococcus aureus, the minimum inhibitory concentration 
(MIC) of vancomycin must be >1 μg/mL [111, 112]. A recent study found that when 
local intrawound vancomycin was given, concentrations on day 0 were thousand- 
fold more than the MIC (1457 μg/mL) and were still elevated on postoperative day 
3 (128 μg/mL) [108]. In addition, vancomycin is not well absorbed into the blood-
stream when administered locally unlike other topical antibiotics (aminoglycosides) 
[108]. There is strong evidence supporting the safe use of intrawound vancomycin 
in the pediatric population, as studies have shown no increase in serum vancomycin 
levels and no change in creatinine when used [113]. Another valid concern is van-
comycin’s probable inhibitory effect on osteoblasts and impairment of bone regen-
eration, but Philp et al. [114] found vancomycin’s inhibition to be minute. Despite 
these strong recommendations, one study reports no difference in spinal instrumen-
tation infections with the use of powdered vancomycin versus standard periopera-
tive IV antibiotic prophylaxis in a cohort of 907 patients [115]. In summary, the 
Best Practice Guideline’s and other studies support the use of surgical site vanco-
mycin in the prevention of wound contamination, especially in high-risk pediatric 
patients [89].

Prolonged operative time is also shown to be positively correlated with spinal 
instrumentation infections. Since the procedures of the spine are typically deep and 
extensive in length, the closure of the muscle, fascia, and skin contributes notably to 
operative time. No difference in spinal instrumentation infection risk has been found 
with different closure methods, but significantly decreased wound closure time has 
been demonstrated using barbed and zipper sutures [116–118]. Literature for ortho-
pedic knee arthroplasty has demonstrated more rapid wound closure using bidirec-
tional barbed sutures [119–121]. Mansour et al. [117] tested this theory in the case 
of AIS and posterior spinal fusion by comparing closure times using traditional 
layered interrupted suture versus barbed suture and found wound closure time with 
the barbed suture to be significantly less (12.5 minutes less), than with traditional 
sutures (p < 0.001). Less operative time may possibly decrease the risk of SSI but 
affirmatively results in diminished hospital costs per case. Mansour and 
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investigators [117] estimate rapid closure rates saving the hospital an estimated 
$884.60 per case. Thus, barbed suture may reduce hospitals’ significant yearly costs 
worldwide. In the same light, when zipper sutures and traditional Monocryl 4-0 
suture were compared, the zipper closure method took significantly less time (45.3 s 
vs. 540.5 s, respectively) (p < 0.001) [116]. Patient satisfaction and cosmetic results 
were similar in both groups as well [116], indicating the zipper as a safe, effective, 
faster, and a satisfactory option for wound closure. Lastly, cyanoacrylate liquid 
(Integuseal® sealant) may be used as a microbial sealer at the end of surgery. 
Although there were no reported adverse effects or sensitivity reactions, there was 
no significant correlation found between the use of Integuseal® and prevention of 
postoperative infection occurrences (p = 0.096) [118].

Debate exists regarding the duration of postoperative antibiotic prophylaxis. Fear 
of infections and complications urges some to continue use for 24–48 h postopera-
tively [122, 123]. Prolonged antibiotic courses may cause unfavorable adverse 
effects, leading to more harm than good. One study found no significant difference 
in spinal instrumentation infections when antibiotics were given 24 h versus 72 h in 
adults who underwent posterior spinal fusion [124]. Correspondingly there was no 
difference in AIS posterior spinal fusion patients when antibiotics were given until 
drain removal (3–5 days) versus two postoperative doses (p = 1.0) [125]. Thus, the 
general consensus is the length of postoperative antibiotics is not associated with 
decreased SSI risk.

Finally, to minimize wound contamination postoperatively, the Best Practice 
Guidelines suggest reducing postoperative dressing changes, especially in those 
who are urinary and fecal incontinent to provide a barrier and seal [89]. A recent 
study found when restricting dressing changes for 5 days or more postoperatively, 
posterior spinal fusion SSIs significantly decreased from 3.9% to 0.93% (p < 0.0001) 
[126], as the dressing likely provided protection against nosocomial pathogens. 
Despite significant findings with duration and minimization of changes, there was 
no reported difference in infection risk between silver-impregnated dressings and 
standard gauze in pediatric patients [127]. Preoperative, intraoperative, and postop-
erative measures are summarized in Table 10.3.

10.8  Wound Drains

Wound drains are used to prevent the formation of hematomas and seromas [128]. 
Hematomas have the potential to delay wound healing, via increased wound ten-
sion. They may also increase the risk of postoperative infections [128, 129], and 
they have the potential to compress the spine, causing cauda equina or neurologic 
deficits [130]. The use of wound drains is controversial in the literature, notably in 
the pediatric spinal fusion population [131]. Some advantages of using a drain are 
the minimization of hematomas and seromas, therefore decreasing the risk of cord 
compression and infections, as the hematoma serves for bacterial breading ground 
[132]. However, wound drains may interfere with mobilization, become 
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contaminated, cause postoperative pain and anxiety, increase the risk of blood loss, 
and require higher levels of care [130, 132]. Multiple studies have demonstrated the 
increased risk of blood loss leading to postoperative anemia and the requirement of 
more blood transfusions in patients with drains when compared to patients with no 
drains [133, 134]. A recent study detected a significant difference in hemoglobin 
levels between drain and no drain patients, finding significantly less hemoglobin in 
drain patients (p < 0.001). Iatrogenic trauma may also occur with drain placement, 
and hospital stays are significantly longer because of pain and immobilization [130]. 
Blank et al. [135] reported improved postoperative wound healing and significantly 
fewer dressing saturations in AIS patients with wound drains. Another study in 
adults who underwent lumbar procedures and received wound drains was found to 
have no significant difference in postoperative infection rates, neurologic deficits, 
OR time, blood loss, hemoglobin or hematocrit levels, and length of hospital stay 
[136]. Meta-analyses that compiled data from drains and no drains reported a sig-
nificant difference in the dressing saturation between groups (p  =  0.002) [137]. 
There were no reported differences in wound infection, hematomas, or estimated 
blood loss.

Another issue with drains is the lack of standardization with drain practice pat-
terns such as deep versus superficial drain placement, bulb versus wall suction, 
method of drain stabilization (tape, suture to skin), duration of placement, and antic-
ipated drain outputs. In a cohort of 50 pediatric spine surgeons, 36 (72%) used 
drains following posterior spinal fusions, and 18 of them report doing so out of habit 
[132]. The other indications they reported for drain placement were excessive bleed-
ing, presence of an open vertebral canal, revision case, and INR >1.2 (increased risk 
of bleeding). No clear indications or guidelines have been published regarding 

Table 10.3 Measures taken to minimize surgical site infections in spine surgery Also under 
Intraoperative measures

Preoperative measures Intraoperative measures
Postoperative 
measures

Chlorhexidine skin prep the 
night before surgery

IV cefazolin (clindamycin if allergic 
to cefazolin) prophylaxis within 60 
min of incision time

Minimize dressing 
changes

Patient education sheets or 
teaching session

IV antibiotic (Gram-negative 
coverage) prophylaxisa

Postoperative 
antibiotic prophylaxis

Urine cultures Limit operating room (OR) access 
during procedure

Dressing duration

Acne treatment Ultraviolet lights are not 
recommended

Clipping hair preferred over 
shaving

Intraoperative wound irrigation 
should be performed with normal 
saline

Nutritional assessment (total 
lymphocyte count, pre-albumin)

Vancomycin powder should be 
utilized in bone graft or at the 
surgical site

aHigh-risk patients: those with neuromuscular scoliosis, myopathies, and other non-idiopathic con-
ditions [48, 49, 89]

10 Incidence, Complications, and Novel Treatment Strategies: Pediatric Spinal…



318

wound drain utilization. Most of the surgeons in this study left the drain in for 48 h 
[132], which was similar to the average of 46 h recorded in a different study [130].

Despite these complications and ambiguities, most of the literature reports no 
effect of drains on the rate of SSI in the pediatric population [20, 51, 132, 138, 139]. 
To date, one study has demonstrated a protective effect of drains against spinal 
instrumentation infections [32]. Therefore, the overall consensus is use of drains 
neither increases nor decreases the risk of infection but may increase complications 
following surgery [140, 141]. Hence, wound drains are not routinely used in preven-
tion of surgical spinal infections.

10.9  Wound Vacuum-Assisted Closure (VAC)

Wound vacuum-assisted closure (VAC) devices are very useful for wound healing 
by secondary intention or an open wound healing from the base upward. Designed 
initially for chronic soft tissue wounds, like decubitus ulcers, wound VACs are tran-
sitioning to the field of orthopedics [142]. VACs function by providing continuous 
subatmospheric pressures within the wound (−125 mmHg), which promotes angio-
genesis and the formation of granulation tissue, drains edematous fluid, and pro-
vides barrier dressings throughout treatments [143]. VACs may be closed in primary 
wounds or may be used post irrigation and debridement of infected spinal tissue, 
with planned delayed wound healing.

To date, few reports on utilization of VACs with spine surgeries exist. These 
devices were first introduced to pediatric spine surgery with two medically complex 
patients who developed deep wound infections [144]. The first patient suffered from 
Hurler’s disease and underwent a posterior spinal fusion to repair severe kyphosis. 
His deep wound infection was ultimately treated with a VAC system for 6 weeks by 
secondary closure (use of a split skin graft over the wound). This patient fully recov-
ered without exchange or removal of the implant. The second patient had a chronic 
thoracic fistula following closure of spina bifida that was successfully treated with 
the wound VAC system for 10 weeks. Two additional studies looked at wound VAC 
closures for 1–2 weeks following deep wound spinal infections [145, 146]. Twenty- 
one/21 (100%) patients had complete infection resolution with the use of a wound 
VAC alone [145], whereas the other had resolution of the infection in 5/6 patients 
[146]. Neither study required removal of instrumentation. Lastly, van Rhee et al. 
[142] carried out a case study on six neuromuscular pediatric scoliosis patients who 
presented with deep wound infections following posterior spinal fusions. The VAC 
was changed three times per week either at home or in the hospital, and each patient 
was given adjunctive parenteral antibiotics for at least 6 weeks. After 6 weeks of 
treatment, ESR and CRP were trending down near normal, and after an average of 
3 months, the wounds had healed by secondary intention with resolved infections 
[142]. The formation of granulation tissue over spinal instrumentation was the time- 
limiting factor in wound closure; however, removal of instrumentation was unnec-
essary in all six patients. These studies provide promising data and support the use 
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of wound VACs for wound healing by secondary intention, specifically following 
irrigation and debridement for wound infections.

Although rare, wound VACs may cause skin allergies, breakdown of the skin, 
and pain when exchanging the foam pads [142], although no complications were 
reported in van Rhee’s six-patient case study. Lastly, wound VACs create an anaero-
bic environment and may harbor anaerobic bacterial infections. High suspicion and 
consistent culturing of the wound is recommended to avoid complications [147].

10.10  Clinical Presentation and Diagnosis

Making the diagnosis of spine infections requires clinical judgment since patients 
do not always manifest with apparent symptoms [83]. The most common presenting 
symptoms are wound drainage, back pain, and, although less common, fever and 
malaise [57]. In one cohort of spine SSI patients, 86.2% presented with wound 
drainage [74]. Generally, back pain and wound drainage are the most common pre-
senting symptoms [57]. On physical exam, the wound may appear completely nor-
mal given the vast distance between superficial skin and deep layers of the wound 
[15], or wound dehiscence and sinus tracts may be present. If an infection is sus-
pected, white blood cell (WBC) count, erythrocyte sedimentation rate (ESR), and 
C-reactive protein (CRP) labs should be drawn. WBC count is a weak and unreli-
able predictor of infection, but acute-phase reactants are more useful despite incon-
sistency. Since labs are usually normal or slightly elevated, drawing conclusions 
may be challenging [148, 149]. ESR may be elevated for up to 6 weeks following 
surgery, whereas CRP levels typically normalize by 2 weeks. Thus, CRP is consid-
ered the most sensitive indicator in the detection of SSIs [150]. Blood cultures may 
also be used to guide antibiotic therapy, although false-negative rates are near 88% 
[148, 149]. Imaging modalities include X-rays, computed tomography scans, and 
ultrasound. Plain X-rays are typically useful in the early diagnosis of infection 
because changes are often not yet present [83].

As mentioned above, superficial swabs of the wound have low yields for culture; 
therefore deep swabs are preferred. The best way to establish a diagnosis is by aspi-
rating the wound [15]. This is done by inserting an 18-gauge 3.5-inch needle through 
sterilely prepared skin, starting at the deep layer of the wound [15]. The clinician 
should advance the needle until they can feel the instrumentation [15]. If the deep 
layer’s aspiration yields an unremarkable sample, aspiration of the superficial layer 
should occur. The diagnosis is confirmed with a positive culture result. Deep wound 
infections require surgical confirmation to identify infectious tissue in contact with 
the implant or fusion mass. Even if a hematoma or seroma exists, an infection may 
still be present and should not be ruled out. Any postoperative wound hematomas or 
wound drainage should alert clinicians to pursue further workup.
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10.11  Management of Surgical Site Infections

Although extensive basic and clinical research efforts have occurred, little evidence 
and guidance exists for management of spinal infections, especially in the pediatric 
population. Not all infections are equal in severity or have the same level of involve-
ment of the surgical site which creates challenges in managing infections [83]. 
Superficial infections are limited to the dermis and subcutaneous tissue without 
crossing the deep fascia [11]. Deep infections extend beyond the deep thoracodorsal 
or lumbodorsal fascia [11]. In general, antibiotic therapy alone is sufficient for the 
treatment of superficial spine infections and those without instrumentation; how-
ever, spinal instrumentation infections are difficult to clear as they offer an environ-
ment that harbors bacterial growth. In general, surgical debridement and 
antimicrobial therapy is agreed upon as the initial step in managing spine infections, 
but the treatment varies based on early-onset (<3 months) or late-onset infections 
(≥3 months). Persistent infections can require exchange of hardware, or once fusion 
has occurred, permanent removal of the implants.

10.11.1  Medical Management

Most of the recommendations for pediatric spine SSI are drawn from adult pros-
thetic joint infection literature. Generally, spinal instrumentation infections are best 
treated with implant removal, but this may not always be necessary or safe due to 
early occurrence after placement. The Infectious Diseases Society of America 
guidelines for the treatment of adult prosthetic joint infections recommend begin-
ning with debridement, antibiotics, and implant removal (DAIR) [151]. Antibiotic 
therapy based on the organism and drug sensitivity profiles should be given paren-
terally for 2–6 weeks, followed by oral medication for 3–6 months or more [151]. 
Some studies recommend IV antimicrobial therapy for 8 weeks or more if the cul-
tured organism is resistant, such as MRSA [137]. Kowalski and colleagues [69] 
demonstrated successful eradication in 28/30 patients that underwent DAIR man-
agement for early (<30 days) spine infections. They gave patients at least 2 weeks 
of parenteral antibiotic therapy and then transitioned to oral meds for 6 months or 
more. In this early onset-infection cohort, per os (PO) antibiotic therapy was associ-
ated with an increased probability of survival.

The optimal length of antibiotic therapy is patient and case dependent and varies 
throughout studies. Messenia and colleagues [74] followed 23 patients with spine 
infections and managed them with incision and drainage, pulsatile irrigation with 
normal saline, and treatment with antibiotics for a median of 131 days (42–597). 
Therapy was guided by resolution of symptoms and inflammatory markers. Eighteen 
of 23 patients were successfully treated with implant retention and antibiotic ther-
apy alone, but the medical treatment did not come without consequences. Of the 23 
patients, seven had adverse effects on prolonged medications, the most common 
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being nephrotoxicity, hepatotoxicity, and reversible neutropenia. All were reversible 
upon stopping the medications except for ototoxicity, which one patient developed 
after taking aminoglycosides.

The medication regimen should consist of pathogen-specific antimicrobial 
agents in combination with rifampin for staphylococcal infections [151]. The rec-
ommended regimen for Staph infections would be combination therapy of vanco-
mycin and rifampin [151]. Other companion drugs include fluoroquinolones, 
minocycline, doxycycline, co-trimoxazole, or oral first-generation cephalosporins. 
Surgeons should alter therapy based on adverse effects, intolerances, allergies, and 
in vitro susceptibility. Recent studies report successful eradication of both staphylo-
coccal and streptococcal infections, as well as other Gram-positive organisms with 
the use of rifampin [152]. If the infecting pathogen is Gram-negative, fluoroquino-
lones should be used as studies have demonstrated higher success rates with this 
therapy [153, 154]. Typically, the use of fluoroquinolones in pediatrics is discour-
aged due to antibiotic resistance and negative adverse effects, but the American 
Academy of Pediatrics (AAP) supports the use of fluoroquinolones for the treat-
ment of multidrug-resistant infections where the use is deemed appropriate and no 
safe alternatives exist [155].

10.11.2  Surgical Management

The initial treatment for all spine instrumentation infections is irrigation with nor-
mal saline and debridement of ischemic or devitalized tissue [15]. Sponseller et al. 
[15] report successful eradication using this method against Gram-positive patho-
gens. The fusion mass should be explored carefully to evaluate for arthrodesis or 
pseudoarthrosis. Secondary measures such as wound VACs or closed suction drains 
may be used in adjunct with surgery. If the patient is septic or if muscle ischemia 
was found, the surgeon should not hesitate to leave the wound open until patient 
improves. Open wounds need special attention with appropriate debridement fre-
quency and therapy. Considerations of implant removal, retention, debridement, and 
wound management are based on surgeon discretion.

After debridement, the wound may be closed primarily over a drain or left open 
to heal by secondary intention. Secondary intention wounds heal by the growth of 
granulation tissue covering the implant, deep to superficial. Sponseller et al. [15] 
recommend primary closure if adequate muscle can be mobilized and if the closure 
is done early on. Closing primarily over a drain following irrigation and debride-
ment has shown to be highly successful in spine instrumentation infections [156]. 
But closure is complicated if paraspinal muscles are too stiff, and in these scenarios, 
local rotational muscle flaps may assist wound closure. The latissimus dorsi may be 
used to close upper lumbar and thoracolumbar wounds, whereas the trapezius may 
be used to close upper cervical and thoracic wounds [15]. One study used flaps 
composed of latissimus dorsi or gluteus maximus muscles to enhance blood supply 
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to the area and achieve appropriate wound closure and had excellent wound healing 
results [157].

Sponseller and colleagues [15] created clear indications for treatment in the 
event of pediatric spine instrumentation infections. With initial surgical exploration 
of the implant, as long as the muscle surrounding implant appears viable and the 
patient is stable, debridement and wound closure should occur. If extensive puru-
lence or poor tissue quality and coverage is seen, the wound should be left open to 
heal by granulation over instrumentation (secondary intention). Last, if the wound 
continues to have purulent drainage even with multiple prior debridements and 
treatment, the implant should be removed.

Whether to retain, remove, or exchange the implant depends upon the timing of 
infection. Early-onset infections, as mentioned previously, typically heal with DAIR 
alone, with the primary goal being retention of the implant. However, late-onset 
infections, especially those that are deep, are almost always treated with surgical 
removal or exchange of implant [15] due to the risk of infection recurrence and 
failure of eradication with DAIR alone. Later-onset infections are caused by low 
virulence pathogens that have formed biofilms over the implants, making it 
extremely difficult to clear the resistant biofilm [70, 71]. Implant removal is also 
recommended if Propionibacterium spp. are isolated [158]. Ho et al. [24] argue the 
only way to completely eradicate late infections is through implant removal. Other 
studies report an almost 50% chance of infection recurrence without the removal of 
instrumentation [159], compared to a 10% chance with implant removal.

Instrumentation removal, either early or late, has a risk of causing progression of 
the spinal deformities [3, 7, 23, 24, 81], notably in earlier infections since the spine 
is less likely to be fused. There is varying literature on the degree of progression 
following removal, with some reporting 10° or more [160] to others >23° [3]. 
Regardless of infection timing, curve progression is likely to occur after implant 
removal [69, 160, 161]. A recent study evaluated curve progression in 21/42 AIS 
patients who required implant removal for instrumentation infections. Nineteen of 
21 patients had an 11–20-degree increase in thoracic kyphosis, and 5/21 had 
>20-degree progression of the thoracic curve [160]. These patients with significant 
progression had greater thoracic and lumbar coronal curves prior to surgery, 
although, time from fusion to removal and reason for removal of the implant was 
not correlated with progression. Another study showed overall curve progression in 
implant removal to be 23° versus 2° in those who had implant retention [3]. On 
average, this cohort required two surgeries (range 1–9) for eradication. Other stud-
ies report lesser curve progression such as 10° in thoracic curve [24] and 6° in tho-
racic or 5° for lumbar curves [67]. Although a lesser degree of progression is seen 
in those >1 year from initial operation, progression of the curve is expected but 
unpredictable; therefore, if a later-onset deep infection exists, implant removal 
should occur despite progression for safety of the patient.

An additional complication of implant removal is pseudoarthrosis or failure of 
spinal fusion following a procedure. One study reports patients with implant removal 
having higher pseudoarthrosis rates compared to those with retention (38.1% to 0%, 
p = 0.02) [161]. However, other studies report pseudoarthrosis incidence in patients 
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with late instrumentation infections to range from 20% to 62% [162, 163]. Cahill and 
colleagues [3] reported of 13 patients that developed late infections and 7/13 later 
developed pseudoarthrosis. The average number of procedures required to manage 
pseudoarthrosis was 1.2. Although these studies demonstrate an association between 
late spinal infections and pseudoarthrosis, some authors challenge the ideal and ask, 
is spinal infection a risk factor in the development of pseudoarthrosis? Or is pseudo-
arthrosis a predisposing risk factor in the development of spinal infections [162]?

An additional option, although less common, is implant exchange in the manage-
ment of instrumentation infections. Since implant removal is avoided early on, 
exchanging the prior implants with new ones may be a successful way to eradicate 
early infections. In a review of patients with chronic infections, ten patients under-
went implant exchange and had better outcomes with curve progression with respect 
to those who underwent implant removal [67]. Another study using implant exchange 
for acute infections successfully cleared infections 76% of the time [63]. At the least, 
implant exchange from stainless steel to titanium rods is recommended in patients 
with stainless steel implants, as infections are more difficult to clear with stainless 
steel [63]. In summary, early infections should be managed with irrigation, debride-
ment, implant retention, and prolonged antibiotic therapy, whereas late infections 
have better outcomes if managed with implant removal and antibiotic therapy.

10.11.3  Prognosis

Despite the significant financial and social burdens of postoperative spinal infec-
tions, once treated, patients have outcomes similar to those with normal postopera-
tive courses. Management with irrigation, debridement, retention or removal of the 
implant, and prolonged antibiotic therapy has been shown to provide similar prog-
noses for patients without infections [164]. However, aggressive management is 
required to avoid the complications of sepsis, vertebral osteomyelitis, and loss of 
spinal correction.

10.12  Novel Treatments in Minimizing Surgical 
Spine Infections

As spinal surgeries become more common, spinal instrumentation infection rates 
are expected to rise; thus, earlier detection and better treatment methods are of great 
interest. Many authors have identified markers for early prediction of spine SSI 
[165–169]. Overall, decreased postoperative lymphocyte percentages, increased 
neutrophil to lymphocyte ratios, and increased neutrophil percentages were found 
to predict the development of SSIs [165–169]. Lymphocyte percentages ≤15.1% at 
3–4 days postoperative and ≤19.1% on postoperative day 7 were associated with a 
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significantly increased risk of developing SSI after spinal decompression surgeries 
in adults [166]. Neutrophil to lymphocyte ratios of ≥3.21–3.87% were also early 
predictors in the development of spinal infections following adult decompression 
and instrumentation surgeries [165, 166]. Last, when the percentage of postopera-
tive neutrophils exceeded 69% on days 6–7, significant increases in SSIs were seen 
in adult posterior lumbar and instrumentation surgeries [165, 167].

As mentioned, there is no gold standard for spine instrumentation infection man-
agement as there is for knee and hip arthroplasty. But promising results with the use 
of antibiotic-impregnated, permanently implanted polymethylmethacrylate 
(PMMA) cement in patients with deep spinal instrumentation infections were 
recently found to be efficacious in eradication [169]. In this specific study, the 
cement was infused with vancomycin and tobramycin. Ten patients with deep SSI 
were treated with one irrigation and debridement procedure and the addition of 
antibiotic-impregnated PMMA cement. None of the patients required implant 
removal at the average 64.4-month follow-up period. The cement is likely effica-
cious due to exothermic reactions that occur with cement solidification, thus increas-
ing the permeability of biofilms and the susceptibility to antibiotics [169]. In 
addition, antibiotic-loaded polymethylmethacrylate (PMMA) cement is likely effi-
cacious as it provides high local antibiotic concentrations [170].

Despite the rarity of spinal infections, a variety of preoperative, perioperative, 
and postoperative management strategies exist. More research is needed to evaluate 
clear management guidelines, especially in the pediatric population.
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Chapter 11
War Wounds and Orthopedic Trauma 
Devices

Maj Dana M. Blyth and Col Heather C. Yun

Abstract The combined wars in Iraq and Afghanistan represent the longest ongo-
ing conflicts in American military history, with current statistics showing more than 
59,000 casualties wounded in action. Ultimately, combat-related extremity injuries 
require the longest inpatient stay (10.7 days), are responsible for 64% of total inpa-
tient resource utilization, and disable 64% of those injured. Many of these patients 
require multiple surgical procedures, putting those with severe injuries and pro-
longed hospitalizations at risk for nosocomial and delayed infections, which we 
have only begun to evaluate systematically in the more recent conflicts. This chapter 
presents techniques for the initial management of war wounds, war wound infec-
tion, combat-related osteomyelitis, orthopedic device-related infections, fungal 
wound infections, as well as contemporary research and innovative approaches that 
have potential to move the field forward.

Keywords War wound · Implants · Infection · Management · Surgery · Infection 
control · Epidemiology · Osteomyelitis · Fungal wounds · Combat-related

11.1  Introduction

The combined wars in Iraq and Afghanistan represent the longest ongoing conflicts 
in American military history, with current statistics showing more than 59,000 casu-
alties wounded in action [1, 2]. With rapid medical evacuation in modern warfare 
and decreased battlefield fatalities, physicians are faced with the challenge of 
managing increasingly complex combat-related injuries [3–9]. Modern warfare 
techniques, particularly the rise of unconventional ambush attacks and improvised 
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explosive devices (IEDs), have been associated with new wound patterns (espe-
cially dismounted complex blast injury [DCBI]), complications, and microbiology 
of infections [3, 8, 10–12]. The first widespread use of individual body armor and 
Kevlar helmets occurred in Iraq and Afghanistan, which reduced overall thoracic 
injuries and impact of otherwise fatal wounds. Those who survive these previously 
fatal injuries may have traumatic amputations, extensive soft tissue loss, gross con-
tamination of wounds, and bone injury and have received massive transfusions. 
Nearly 75% of combat injuries are now secondary to explosive mechanisms, and 
77% have least one orthopedic injury with fractures representing 40% of all muscu-
loskeletal injuries and 6% of amputations. Ultimately, combat-related extremity 
injuries require the longest inpatient stay (10.7 days), are responsible for 64% of 
total inpatient resource utilization, and disable 64% of those injured [2, 13]. Many 
of these patients require multiple surgical procedures, putting those with severe 
injuries and prolonged hospitalizations at risk for nosocomial and delayed infec-
tions, which we have only begun to evaluate systematically in the more recent con-
flicts [14–16].

The most common mechanisms of injury and many challenges differ between 
war and civilian trauma, making research to clarify unique risk factors, complica-
tions, and management strategies imperative. Initial surgical management is driven 
by the pattern and mechanisms of injury. In prior and current conflicts, extremities 
have been the most common site of combat-injury. Overall, lower-extremity injuries 
account for approximately half of extremity injuries sustained during combat, are 
more severe, and have higher infection rates [17–20]. Lessons from prior wars led 
to centralization of databases (like the Joint Theater Trauma Registry [JTTR] and 
subsequent Department of Defense Trauma Registry [DoDTR] and Armed Forces 
Medical Examiner System [AFMES]). This has resulted in more systematic data 
gathering, research, and generation of clinical practice guidelines during Operation 
Iraqi Freedom (OIF)/Operation Enduring Freedom (OEF)/Operation New Dawn 
(OND) [2, 3, 21–23]. Particularly cogent to this chapter is the Trauma Infectious 
Disease Outcomes Study (TIDOS), which prospectively enrolled personnel medi-
cally evacuated from OIF/OEF through Landstuhl Regional Medical Center 
(LRMC) in Germany from 2009 to 2014, collecting standardized infection data 
from point-of-injury through Veterans Administration (VA) care and allowing more 
in-depth evaluation of the risks and complications of infectious complications of 
combat-related trauma [14, 24].

A recent study reviewed the first 3 years of clinical data from TIDOS, including 
over 3000 wounded military personnel evacuated to LRMC, of which more than 
1800 were subsequently transferred to TIDOS-participating hospitals in the conti-
nental United States (CONUS). Notably, more than 90% of the patients included 
were from OEF. Severe or life-threatening injuries (injury severity scores [ISS] > 15) 
were present in more than a quarter of evacuees, blast injuries accounted for almost 
70% of injuries (with more than 10% traumatic amputations), and more than a third 
required intensive care unit (ICU) admission during aeromedical evacuation. 
Overall, approximately one-third of combat casualties medically evacuated from 
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OIF/OEF developed infectious complications prior to their discharge from defini-
tive hospitalization in the United States. It remains challenging to interpret these 
data in historical context because prior data is largely confined to analysis of infec-
tions during initial hospitalizations (which were often prolonged in theater). 
Important to keep in context from the TIDOS data is that those patients transferred 
to a TIDOS-participating CONUS hospital were more severely injured than the 
overall combat-injured population. Identified risk factors for infection were ampu-
tation, blood transfusions in the first 24 h, LRMC ICU admission, severe or life- 
threatening ISS, and mechanical ventilation. Of those with infections, more than 
half were skin and skin structure infections (SSTIs) and osteomyelitis, 15% blood-
stream infections, and 15% pneumonia [15].

While bacteria isolated from war wounds in large studies of OEF/OIF are similar 
to those of Vietnam, the increased threat of multidrug-resistant bacteria and chal-
lenges of infection control in the deployed environment and modern medical evacu-
ation chain continue to test providers [3, 15, 25, 26]. In this chapter, infectious 
complications of war wounds, with a particular concentration on SSTIs and wound 
infections, osteomyelitis, and orthopedic device-related infections, and recent 
research into strategies to mitigate the infectious complications of war wounds will 
be covered.

11.2  Initial Management of War Wounds

11.2.1  Prehospital Management 
and Point- of-Injury Antibiotics

In comparison to civilian trauma, which is primarily blunt force, the majority of 
combat injuries are penetrating injuries due to high energy mechanisms (blast or 
high-velocity gunshot wounds) which are frequently complicated by early wound 
contamination with dirt, soil, and individual’s own clothing, as well as potential for 
delays in evacuation due to conditions of war [27]. Prehospital management of 
wounds includes liberal use of tourniquets for compressible hemorrhage and initial 
irrigation. Well-applied tourniquets are maintained from injury to operating room, 
with prior studies showing that proper training on application of tourniquets is the 
most crucial component for effectiveness. Non-compressible hemorrhage (i.e., axil-
lary, groin, extremely proximal thigh) is managed with field application of hemo-
static dressings as reduction in fatal hemorrhage outweighs the associated risks of 
burns, neurologic injury, and additional tissue damage [28, 29].

A recent study of open type III tibia fractures from the civilian literature revealed 
that delay of antimicrobials even 1 h following injury resulted in increased risk of 
infection [30]. Because of the urgency of antimicrobial administration in the setting 
of combat-related open wounds, high rates of fractures with associated injuries, and 
potential for prolonged field care, recommendations for point-of-injury antibiotics 
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(which are especially emphasized in the setting of anticipated delayed medical 
evacuation to surgical care) have been recommended as part of the Tactical Combat 
Casualty Care (TCCC) Guidelines since 2003 [17, 31]. Moxifloxacin is recom-
mended if the patient is able to tolerate oral medications and ertapenem if the patient 
is unable to tolerate PO, unconscious, or critically ill (Table 11.1) [32, 33]. A study 
evaluating the efficacy of point-of-injury antimicrobials within the 75th Ranger 
Regiment prehospital trauma registry revealed that of 405 casualties injured between 
2003 and 2010, prehospital antimicrobials were only administered in 113 (27.9%). 
Though limited by sample size and unknown time from injury to surgical care, there 
did not appear to be an increase in infection or colonization with multidrug-resistant 
organisms (MDROs) or decrease in subsequent infectious complications in those 
with point-of-injury antimicrobials, though power was limited to detect these out-
comes [34].

11.2.2  Initial Surgical Management

With increased utilization of IEDs by enemy forces and increased survivability on 
the battlefield due to improved personal protective equipment and hemorrhage con-
trol, physicians have been faced with increasingly complex and severe extremity 
battlefield trauma [35]. Basic war surgery principles of aggressive resuscitation, 
early and thorough debridement, short duration damage control surgery, and rapid 
evacuation were critical in reductions of died of wounds (DOW) rates to <7% for all 
admissions in recent conflicts [35]. Rapid surgical debridement has traditionally 
been felt to be critical for reducing infection risk despite inconsistent literature sup-
porting this. Recent studies have shown no difference in infection rates with varying 
times to debridement (as long as within 24 h). Recommendations are currently for 
debridement to be performed as early as feasible [32, 36–40]. In general, all severe 
injuries (whether blast or high-velocity gunshot wound) require meticulous surgical 
debridement with the wound left open, early fracture stabilization, antimicrobials, 
and rapid evacuation to a higher level of care [35].

Due to a combination of factors including limited radiologic support, availability 
of instruments and implant selection, uncertainty of mass casualty incidents, and 
unconfirmed sterility in the combat environment, damage control orthopedics (the 
use of external fixation to provide temporary stabilization of extremity injuries until 
safe, definitive treatment) remains standard practice in theater [28, 32, 41]. This 
attempt to balance the decrease in septic complications with the increased risk of 
scarring and contractures drives modern combat injury wound care [19]. Because 
definitive fixation and closure is typically performed CONUS and the patient will 
often have been through multiple echelons of care before definitive fixation and 
closure, the surgeon performing damage control orthopedics is rarely the surgeon 
performing definitive treatment. It is therefore critical to preserve approaches and 
hardware placement possibilities for as many future options as possible [28]. 
Unfortunately, there is limited data to evaluate internal versus external fixation 
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Table 11.1 Post-combat injury antimicrobial agents and durationa

Injury Preferred agent(s) Alternate agent(s) Duration

Point-of-injury antimicrobials for delayed evacuation to surgical care with open combat 
wounds
Able to take PO 
medications

Moxifloxacin 400 mg PO 
x1 dose

Levofloxacin 500 mg PO 
x1 dose

Single-dose 
therapy

Unable to take PO, 
OR shock

Ertapenem 1 g IV or IM Cefotetan 2 g IV or IM 
q12 h

Single-dose 
therapy

Extremity wounds (including skin, soft tissue, and bone)
Skin, soft tissue, no 
open fractures

Cefazolin 2 g IV q6–8 hb Clindamycin 300–450 mg 
PO TID or 600 mg iv q8 h

1–3 days

Skin, soft tissue, with 
open fractures

Cefazolin 2 g IV q6–8 hb Clindamycin 600 mg iv 
q8 h

1–3 days

Thoracic and abdominal wounds
Penetrating chest 
injury without 
esophageal disruption

Cefazolin 2 g IV q 6–8 hb Clindamycin 300–450 mg 
PO TID or 600 mg IV q8 h

1 day

Penetrating chest 
injury with 
esophageal disruption

Cefazolin 2 g IV q 6–8 hb 
PLUS metronidazole 
500 mg IV q8–12 h

Ertapenem 1 gm IV x1; OR 
moxifloxacin 400 mg IV x1

1 day after 
definitive 
washout

Penetrating 
abdominal injury 
with suspected/
known viscus injury 
and soilage

Cefazolin 2 g IV q 6–8 hb 
PLUS metronidazole 
500 mg IV q8–12 h

Ertapenem 1 g IV x1; OR 
moxifloxacin 400 mg IV x1

1 day after 
definitive 
washout

Maxillofacial and neck wounds
Open maxillofacial 
fractures or 
maxillofacial 
fractures with foreign 
body or fixation 
device

Cefazolin 2 g IV q6–8 hb Clindamycin 600 mg IV 
q8 h

1 day

Central nervous system wounds
Penetrating brain 
injury

Cefazolin 2 g IV q6–8 hb; 
consider adding 
metronidazole 500 mg IV 
q8–12 h if gross 
contamination with 
organic debris

Ceftriaxone 2 g IV q24 h; 
consider adding 
metronidazole 500 mg IV 
q8–12 h if gross 
contamination with organic 
debris

5 days or until 
CSF leak is 
closed, 
whichever is 
longer

For penicillin allergic: 
vancomycin 1 g IV q12 h 
PLUS ciprofloxacin 400 mg 
IV q8–12 h; consider 
addition of metronidazole as 
above

(continued)
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versus plaster casting (and avoidance of pin tracts) with subsequent development of 
infectious complications in these complicated and contaminated war wounds. 
Ultimately, the quality of the initial surgery, rather than the type of fixation, is likely 
the most important factor in determining the outcome [42]. Current US guidelines 
recommend external fixation for femur and tibia fractures in combat-theater hospi-
tals [28, 41]. Conversion to internal fixation during CONUS hospitalization follow-
ing appropriate wound management is then recommended. Conversion earlier, at 
LRMC, Germany, during evacuation remains controversial [41].

There have been a limited number of internal fixations performed for fracture 
patterns associated with significant risk of failure if definitive treatment is delayed 
for the 4–5 days that it takes injured personnel to arrive in CONUS (i.e., displaced 
femoral neck, peritrochanteric fractures, and displaced talar neck fractures) [28, 41, 
43]. In a study of 47 patients with 50 fractures that underwent internal fixation in 
theater (16 of which were open fractures), 39 (78%) healed without apparent com-
plications. Only one infection (with Staphylococcus aureus) was diagnosed in a 
patient with a closed medial malleolus fracture that was internally fixed with two 
cancellous screws. Notably, this was a highly select group, with the majority having 
had blunt trauma (68%), median ISS of 11, and mostly closed fractures [43]. 
Another small study evaluating 713 surgical cases during two OEF deployments at 
a hospital in Afghanistan between 2007 and 2010 evaluated both short- and 
intermediate- term outcomes of patients managed with internal fixation devices 
under the damage control protocol and found that with cautious selection, compli-
cation rates were acceptable [44]. Taken together, these studies concluded that inter-
nal fixation can be performed safely in the combat environment under highly select 
circumstances, though further study is needed to define the population in which this 
would be most appropriate [43, 44].

Traumatic wounds should not be definitively closed until serial debridements 
reveal stability. Within the first 72 h of injury, operative wound inspections should 
be performed every 24 h, with subsequent surgical timing based on wound appear-
ance and persistent contamination [45]. Need for repeat debridement in theater 

Table 11.1 (continued)

Injury Preferred agent(s) Alternate agent(s) Duration

Penetrating spinal 
cord injury

Cefazolin 2 g IV q6–8 hb; 
consider adding 
metronidazole 500 mg IV 
q8–12 h if abdominal 
cavity involved

As above, add 
metronidazole 500 mg IV 
q8–12 h if abdominal 
cavity involved

5 days or until 
CSF leak is 
closed, 
whichever is 
longer

Adapted from Murray CK, et  al. Prevention of Infections Associated with Combat-Related 
Extremity Injuries. J Trauma 2011;71(No 2, Suppl 2):S235–257. Saeed O, et  al. Joint Trauma 
System Clinical Practice Guideline, Infection Prevention in Combat-Related Injuries. (https://jts.
amedd.army.mil/assets/docs/cpgs/JTS_Clinical_Practice_Guidelines_(CPGs)/Infection_
Prevention_08_Aug_2016_ID24.pdf)
aIn the event of blood loss of more than 1500 to 2000 mL, repeat perioperative antibiotic dosing is 
recommended within the 2- to 4-h period
bCefazolin is dosed by body mass: weight < 80 kg (1 g), weight 81–160 kg (2 g), weight > 160 kg (3 g)
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depends on a multitude of extrinsic (capability of evacuation, time to next surgical 
or definitive care facility, and patient load) and intrinsic patient factors (contamina-
tion of wound, location, risk of complications, presence of sepsis, perfusion of 
wound, and overall patient nutrition). During evacuation (Critical Care Air Transport 
Team [CCATT] evacuations for critically injured patients in the US system), repeat 
surgical evaluation and procedures are not possible. Patients may have prolonged 
recumbence, relative immobilization, and ongoing fluid resuscitation with peak tis-
sue edema expected within 1–2  days post-injury. Therefore, a low threshold for 
release of compartments prior to patient transport is recommended when there is 
suspicion for potential compartment syndrome [28, 46–48].

For retained extremity metal fragments, conservative management with preemp-
tive therapy of a single dose of a first-generation cephalosporin is recommended if 
the following wound characteristics are present: entrance/exit wound sites <2 cm, 
no high risk cause (i.e., mines), no bone or joint involvement, no breach of pleura or 
peritoneum, no major vascular injury, and not frankly infected [17, 41].

11.2.3  Unique Injury Patterns to OIF/OEF: The Dismounted 
Complex Blast Injury Pattern

A newly described injury pattern has become central to the casualty care of those 
critically wounded during OIF and particular OEF. Initially noted through the sum-
mer and fall of 2010, peaking in October, the Joint Theater Trauma System (JTTS) 
identified a new trend of devastating injuries characterized by proximal lower- 
extremity amputations associated with pelvic, genital, and spine injuries [8]. This 
DCBI pattern consists of (generally proximal) bilateral lower-extremity amputa-
tions with associated pelvic/perineal injuries. It is frequently accompanied by 
upper-extremity injuries (most commonly left sided due to weapon carrying stance 
during injury, but may be bilateral) as well as thoracoabdominal or neuraxial inju-
ries. These patients often have additional complicating injuries including vascular, 
associated genitourinary, and (possibly occult) rectal injuries. These devastating 
injuries are associated with high morbidity and mortality. They are among the most 
challenging cohorts of surgical patients—from initial management to definitive 
reconstruction. Clinical Practice Guidelines (CPGs) have been established for the 
management of these patients, are available and updated online (https://jts.amedd.
army.mil/index.cfm/PI_CPGs/cpgs), and should be referenced [45].

Because of the severity of injuries in patients with DCBI, they typically arrive 
critically injured shortly following injury. CPGs for damage control resuscitation 
and whole blood transfusion guide initial management and are outside the scope of 
this review [45, 49, 50]. Unfortunately, no longer unique to the war-wounded is the 
importance of triage in the setting of multiple or mass casualty scenarios. Initial 
operative goals are control of hemorrhage and contamination, which is best achieved 
by a team of general and orthopedic surgeons working simultaneously if possible. 
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Ideally, one team of surgeons works on proximal hemorrhage control and intra- 
abdominal injury management, a second team focuses on amputations, and a third 
team (if needed and available) addresses upper-extremity injuries. Initial orthopedic 
involvement is to ensure that extremity hemorrhage is controlled (with tourniquets 
or if needed by proximal vascular control in the abdomen or extraperitoneal space 
with pelvic packing). Reevaluation of field-placed tourniquets is imperative, as after 
initial volume resuscitation patients can bleed through in-place field tourniquets 
[42, 45]. Ten percent of single amputees and 39% of traumatic above-knee double 
amputations had associated pelvic fractures, so these casualties should be assumed 
to have unstable pelvic fractures until proven otherwise. Pelvic binders are routinely 
applied before evacuation. In these patients, speed is critical, and it is vital to assure 
adequate hemorrhagic control and timely wound debridement. Once bleeding is 
controlled, the binder should be replaced by an external fixator [42]. If possible, 
external fixation of long bone fractures can be accomplished during the index pro-
cedure. Small bone and joint fractures can also be addressed if the patient remains 
stable. However, these can also be performed afterward with splinting in the inten-
sive care unit or during subsequent surgeries [45].

The extensive soft tissue damage and contamination associated with DCBI 
wounds is another challenge and requires aggressive surgical source control [8, 35, 
45]. IED blast injuries may be associated with propulsion of contaminants along tis-
sue planes to areas remote from skin disruption, making initial determinations of the 
zone of injury and need for tissue removal challenging [28]. Irrigation and debride-
ment to remove gross contamination and devitalized tissues is the first step and 
should be done as soon as possible. Normal saline or sterile water is preferred 
(though potable water can be used if needed). CPGs call for 3, 6, and 9 L of irrigation 
fluid for type I, II, and III fractures, respectively. Low pressure (less than 14 PSI) is 
recommended due to evidence that pulse lavage is associated with higher rebound 
bacterial counts [17, 27, 32, 41]. Because of later coverage challenges, salvaging 
healthy tissue for flaps is paramount. However, it is imperative to avoid leaving mar-
ginally viable tissue behind which can serve as a nidus for infection and invasive 
fungal wound infection (IFI [which will be covered later in this chapter]) [45].

11.2.4  Perioperative Antimicrobials

Antimicrobial prophylaxis following combat trauma falls into two main categories: 
point-of-injury antimicrobials (as discussed above) and perioperative antimicrobials. 
Similar to civilian settings, guidelines recommend tetanus vaccine (and immune 
globulin if prior tetanus vaccination status is not adequate) and antimicrobial pro-
phylaxis as soon as possible and ideally within 3 h of injury [51–53]. There is cur-
rently general consensus on the utility of short-course antistaphylococcal coverage 
for antimicrobial prophylaxis (i.e., cefazolin in the US and amoxicillin/clavulanate 
in the UK militaries, respectively). Unfortunately, current civilian guidelines differ 
in interpretations of the same literature, with the EAST guidelines recommending 
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addition of aminoglycosides for type III open fractures [53]. The Surgical Infection 
Society and Combat-related Extremity Injury guidelines recommend only high-dose 
cefazolin for prophylaxis, largely citing insufficient evidence for enhanced gram-
negative coverage and concerns about selection of more resistant pathogens and 
unpredictable susceptibility of those organisms isolated from infections [32, 51, 52].

Unsurprisingly, with a history of conflicting recommendations, prior evaluations 
of practice patterns often showed broader and longer perioperative antimicrobial 
use. While the British Association of Plastic, Reconstructive and Aesthetic Surgeons/
British Orthopaedic Association recommended antibiotic prophylaxis be limited to 
3 days, in practice antibiotics were often continued until the treating surgeon feels 
the wound is free from signs of infection and “regarded as healthy” in one UK study 
[54]. In the US system, perioperative antibiotic prophylaxis with cefazolin and gen-
tamicin was started in the OR and often continued until wound coverage in a cohort 
of open femur fractures [55]. The Joint Trauma Service CPG for Infection Prevention 
in Combat-Related Injuries has published injury-based recommendations on both 
perioperative and point-of-injury antimicrobial prophylaxis (Table 11.1) [56]. These 
recommendations emphasize the goal of prevention of early post-traumatic infec-
tions including sepsis and the use of the narrowest spectrum and duration required 
to attempt to minimize risk of multidrug-resistant bacteria [17, 45, 56, 57].

11.2.5  Local Wound Care and Antibiotic Delivery

Wounds without evidence of infection are recommended to be closed at approxi-
mately 5 days if technically possible [41]. Damage control orthopedics in combat- 
injured personnel commonly entails evacuation of injured patients across thousands 
of miles with open wounds. Initial recommended wound dressings include moist- 
to- dry, Dakin’s soaked gauze, antibiotic bead pouches, or negative pressure wound 
therapy (NPWT) with reticulated open cell foam or moist gauze [45].

NPWT has been widely adopted in civilian trauma and has been shown to 
decrease time to wound coverage, with indirect effects on decreased wound infec-
tions. There is data from contaminated open fractures in animal models which show 
reduced bacterial counts and wound edema. Notably, this was primarily seen in 
Pseudomonas wound models and not seen in subsequent work with S. aureus [19, 
58]. NPWT has also become standard of care for management of combat-injured 
patients at military treatment facilities. While it has been shown to be feasible dur-
ing aeromedical evacuation, it is yet to have prospective trials showing decreased 
infection rates [32]. In one report, authors describe nearly universal adoption of 
NPWT during OIF (from 46% in March of 2003 to 90% of admitted wounds in 
2005). They report the outcomes of 68 patients with large, complex wounds with 
extensive soft tissue and bony defects (55% having suffered blast injury). Through 
a combination of aggressive surgery and antimicrobials, antibiotic-impregnated 
beads, and NPWT, the authors reported limb salvage rates as high as 94%. However, 
they also noted acute and chronic osteomyelitis rates of 24% and 2%, respectively 
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(with a predominance of Acinetobacter baumannii) [59]. The biggest concerns with 
the use of NPWT in the combat-injured remain the potential for technical failure in 
the setting of power outages and subsequent anaerobic environmental conditions as 
well as potential lack of efficacy against S. aureus [19, 27, 60–62].

Current guidelines do not offer recommendations on the use of antibiotic- 
impregnated beads in the combat zone because of inadequate data in that challeng-
ing environment, but do recommend consideration of their use in the event of 
delayed evacuation [41]. One study retrospectively compared the performance of 
NPWT to antibiotic bead pouches for blast injuries in 12 matched patients. This 
study showed better outcomes with the use of the bead pouches with delayed pri-
mary closure at an average of 8  days compared to 12  days in those with 
NPWT. Additionally, those with NPWT also required four returns to the OR for 
infectious complications, all of which revealed growth of methicillin-resistant 
S. aureus (MRSA) which is particularly concerning with the prior animal data 
showing potential decreased efficacy of NPWT with S. aureus. Estimated costs 
were also $1000 more per treatment in the NPWT group compared to the antibiotic 
bead group [60]. Despite the results in this small study, the practicality of antibiotic 
bead pouches during aeromedical transport and serial debridements frequently 
required for combat-injured patients remains a technical challenge [41].

11.2.6  Infection Control and Prevention

In 2004, the first publications documenting rising issues with multidrug-resistant 
(MDR) bacteria, especially MDR A. baumannii complex infections in combat- 
injured patients led to investigations of the source of this outbreak [3, 63–68]. 
Ultimately, these investigations revealed nosocomial transmission related to a reser-
voir of host nation patients with prolonged hospitalizations, higher rates of pre- 
injury MDRO colonization, and environmental contamination [3, 32, 69–71]. 
A. baumannii complex has proven in the past to be especially problematic in the 
war-wounded, primarily related to its ability to survive for prolonged periods in 
hospital environments, nosocomial transmission, and ability to acquire antimicro-
bial resistance [19].

With operational theater shifts from Iraq to Afghanistan, MDR gram-negative 
infections transitioned from predominantly A. baumannii to extended-spectrum 
beta-lactamase-producing Enterobacteriaceae. This was likely related to a combina-
tion of increased pre-injury colonization, geographical differences in local national 
colonization, and accumulation of antimicrobial selection pressures along the chain 
of medical evacuation [3]. Thus, the importance of strong infection prevention and 
antimicrobial stewardship programs in the deployed environment cannot be overem-
phasized. Deployment of infection control teams over the last 10 years has identified 
similar themes including need for pre-deployment training in those assigned to 
infection control roles, microbiology support, environmental disinfection support, 
use of standardized procedures and guidelines, and antimicrobial stewardship [32].
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With the lessons learned from the prior conflicts, the Infection Prevention in 
Combat-Related Injuries CPG recommends cohorting of “long term” (host nation 
patients, stays longer than 72 h) and “short term” (US personnel, less than 72 h 
stays) in deployed facilities to reduce the risk of cross-contamination with MDROs. 
Additionally, enhanced precautions should be used as clinically indicated (either 
contact for suspected community-acquired MRSA in presence of US personnel with 
SSTIs associated with abscesses or furuncles or enhanced contact precautions for 
those suspected of having Clostridioides difficile-associated diarrhea). ICU patients 
should undergo daily chlorhexidine gluconate bathing which has been associated 
with reductions in vancomycin-resistant enterococci, MRSA, as well as gram- 
negative bacteria including MDROs [56]. Currently, all injured soldiers admitted 
from deployed operations to CONUS facilities are placed in contact isolation, and 
screening swabs are collected to evaluate for MDR gram-negative and MRSA colo-
nization. If all admission screening cultures are negative for MDROs, the soldier is 
then removed from contact isolation [63].

11.3  War Wound Infections

11.3.1  Introduction

Severe war wounds are associated with multiple risk factors for subsequent infec-
tion including devitalized tissue, gross contamination, foreign bodies, and fluid col-
lections [25]. The fundamental principles of management of these wounds 
(washouts, topical therapy, bandaging, and stabilization) were described as early as 
4000 years ago in Sumerian carvings and remain central [25, 72]. Colonization is 
defined as the presence of non-replicating bacteria on the wound surface that don’t 
initiate a host response. Wound infection is generally defined as invasion and multi-
plication of microorganisms in a wound resulting in tissue injury and host immune 
reaction [19].

11.3.2  Epidemiology

Comparisons of infectious complications of war wounds between current and prior 
conflicts are challenging because of the relative paucity of prior long-term follow- up 
[3]. Additionally, because of the differences between mechanisms of injury and 
medical capabilities available at initial triage, comparison with civilian literature can 
be challenging as well. A study which sought to compare civilian and deployed mili-
tary medical facilities described the patient populations and outcomes of the 228th 
Combat Support Hospital (CSH) in Tikrit, Iraq, to that of the trauma registry at 
Oregon Health & Science University between December 2004 and November 2005. 
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While there were some methodologic limitations, including the fact that the Combat 
Support Hospital specialized in the care of nonbattle injury, lacked a computed 
tomography (CT) scanner, had only a single general surgeon (as compared to the 
three surgeons typically available at US Army Forward Surgical Team), and few 
surgical subspecialists, this study represented the first attempt to compare the care 
delivered at a Combat Support Hospital to that at a civilian level I trauma center. 
Major points included the fact that those admitted to the CSH were primarily injured 
by high powered penetrating mechanisms as opposed to blunt mechanisms in the 
civilian setting. Trauma patients in the civilian setting were noted to be older and 
have a higher ISS. While the percentage of abdominal, thoracic, and vascular proce-
dures were similar between the two settings, the war-wounded had more soft tissue 
procedures. Reassuringly, there were no differences in mortality between the civilian 
and military setting [73]. With these concerns for increased infections in combat-
wounded patients and difficulty comparing populations with disparate mechanisms 
of injury and severity, a study at the only level I trauma center in the DoD revealed 
similar rates of infectious complications in noncombat-trauma patients cared for at 
that institution compared to those at other trauma centers in the USA [74].

Looking at early infectious outcomes during OIF/OEF within the TIDOS study, 
45% of infections diagnosed prior to initial hospital discharge were SSTIs. At a 
patient level, 20% of patients had an SSTI during their initial hospitalization. There 
was a median of 9 days (IQR 5–17) between initial injury and diagnosis of first 
SSTI [15]. Studies have identified various measures of injury severity, including 
injury severity score, more than four injuries, blast as the mechanism of injury, vol-
ume of blood transfusions, sustaining an open or soft tissue injury, use of prophy-
lactic antibiotics within 48  hours of injury, having an external fixator, use of 
tourniquets in the field, bone loss, sustaining an amputation, first documented shock 
index ≥0.80, and admission to the ICU as risk factors for infectious complications 
following combat-related injuries [71, 75–78]. As the theater of operations transi-
tioned from Iraq to Afghanistan, increased infectious complications were noted. 
However, analysis revealed that this was related to increased injury severity and 
more blast-related trauma in Afghanistan [23, 76].

Extending this follow-up past discharge from initial hospitalization (which has 
little data from prior conflicts with which to compare) revealed continued infectious 
complications. Of 1006 patients enrolled in the TIDOS cohort between 2009 and 
2012, there were some notable differences between those who did and did not 
enroll. However, overall the cohort enrollment was almost 50% and representative 
of those with severe injuries (ISS ≥ 16 and mechanical ventilation required in more 
than a third). Of enrolled patients, 318 (32%) had infections diagnosed following 
initial hospital discharge, of which SSTIs accounted for 66%. Of these patients, 183 
(58%) had only one infection, 76 (24%) had two infections, 32 (10%) had three 
infections, and 27 (8%) had at least four infections. SSTIs occurred a median of 
126 days following discharge. Of the 357 patients in the cohort who had infections 
diagnosed during the inpatient hospitalization, 160 (45%) had infections diagnosed 
during the follow-up period as well. Sustaining an amputation or open fracture, hav-
ing an infection during initial inpatient hospitalization, and use of an 
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anti- pseudomonal penicillin for at least a week were independently associated with 
an increased risk of development of an extremity wound infection during follow-up, 
while shorter hospitalizations (15–30 days) were associated with reduced risk [16].

A recent study evaluating even more long-term infectious outcomes following 
wounded service members through transition to Veterans Affairs (VA) care revealed 
that SSTIs and osteomyelitis remain the predominant infectious complications fol-
lowing combat injury. Overall, of the first 337 TIDOS enrollees who entered VA 
healthcare, 38% had a new trauma-related infection after initial hospital discharge, 
and 29% occurred after the patient left military service. The most common infec-
tions after initial hospital discharge were SSTIs (68%) and osteomyelitis (13%) at a 
median of 829 and 81 days following hospital discharge, respectively. This study 
emphasizes not only that the burden of infectious complications following war inju-
ries lasts long past initial hospital discharge but also the importance of interagency 
research collaboration [14].

11.3.3  Microbiology

Initial microbiology at time of injury of recent combat wounds reveals predomi-
nantly usual skin flora, including coagulase-negative staphylococci and S. aureus 
[32, 78, 79]. Without clinical evidence of infection, wound cultures are not recom-
mended at the time of debridement as these cultures don’t predict future infecting 
pathogens [19, 80].

The microbiology of early infections reflected the theater of operations in recent 
conflicts, with the majority of gram-negative infections during OIF being MDR 
A. baumannii (70% of the cases), K. pneumoniae, and E. coli. With transition to OEF, 
A. baumannii was replaced by extended-spectrum beta-lactamase-producing 
Enterobacteriaceae, most commonly E. coli as the predominant gram-negative 
pathogen without evidence of clonality [32, 81–85]. Microbiology of infections in 
complex extremity wound infections (CEWIs) remains similar to prior analyses with 
initial hospitalization CEWIs mainly secondary to gram-negative pathogens [16].

SSTI diagnoses during initial hospitalization were mostly polymicrobial with 
gram-negative bacteria isolated from CEWIs from 50% and 90% of monomicrobial 
and polymicrobial infections, respectively. The most frequently isolated gram- 
negative bacteria were E. coli, Enterobacter spp., Pseudomonas spp., and 
Acinetobacter spp. Gram-positive bacteria (most frequently Enterococcus spp.) 
were also isolated in 74% of polymicrobial wound infections. Reassuringly, only 
14% of gram-positive SSTI organisms were MDR. However, almost half of gram- 
negative organisms associated with SSTI diagnoses were MDR (primarily driven by 
E. coli and A. baumannii which were up to 75% and 95% MDR, respectively, 
depending on the study). Molds/yeasts and anaerobes were isolated from 40% and 
17% of polymicrobial infections. Thirty-eight percent of infected wounds had 
growth of a combination of bacteria with mold and/or yeast. Patients with polymi-
crobial CEWIs had higher ISS, more traumatic amputations, and more frequently 
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required ICU admission. In comparison to those with confirmed and suspected 
CEWIs, those with colonized wounds were largely monomicrobial (58%) and pri-
marily identified molds [15, 86]. Following initial hospitalization, long-term fol-
low- up reveals predominantly S. aureus (26% of SSTIs), of which 31% were 
MRSA [16].

The challenges of MDR infections in war-wounded are not unique to military 
personnel. Recent publications from Doctors Without Borders describe complica-
tions of civilians with acute war injuries obtained during the Syrian armed conflict 
cared for within the Ministry of Health Hospital in Ar Ramtha, Jordan. They were 
managed according to the International Committee of the Red Cross (ICRC) war 
surgery protocol with surgical wound debridement, prophylactic narrow-spectrum 
antibiotics for 48–72 h, and delayed primary closure of wounds at 3–5 days if pos-
sible. Of 457 civilian men admitted following blast and gunshot injuries from the 
Syrian armed conflict, clinical signs of infection were noted in 18%, and 11% were 
confirmed with culture. The most common bacteria were S. aureus (73% MRSA), 
Pseudomonas spp. (17% MDR), K. pneumoniae (82% MDR), Enterobacter spp. 
(78% MDR), E. coli (100% MDR), Proteus (63% MDR), and Acinetobacter spp. 
(100% MDR). While most of the MDR Enterobacteriaceae remained susceptible to 
carbapenems, most of the Acinetobacter were also carbapenem-resistant [87].

11.3.4  Diagnosis

Diagnosis and treatment of orthopedic injuries following combat injury are similar 
to those in any other traumatic situation. SSTIs are largely diagnosed via clinical 
appearance of the wound [32]. Features suggestive of infection are increasing pain, 
erythema, and heavy discharge from the wound, which may or may not be associ-
ated with systemic features like fever and elevated inflammatory markers [19]. 
Wound infections are classified as deep or superficial with depth and extension 
defined during surgical debridement [32].

11.3.5  Complications

Besides the obvious complication of additional procedures and antimicrobial 
administration needed for treatment of deep wound infections, 43% of those in the 
TIDOS cohort who had extremity wound infections during initial hospitalizations 
had SSTIs or osteomyelitis diagnosed in follow-up (of which 19% were recurrent 
infections at the same site and 34% were incident infections). CEWI as an inpatient 
had a relative risk of 2.25 for developing a delayed CEWI during follow-up [16]. In 
civilians hospitalized for combat injuries associated with the armed conflict in 
Syria, those with infection had a higher amputation rate (22% vs 9%), more proce-
dures (12 surgeries compared to five), and longer duration of hospitalization 
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(77 days compared to 35 days) than those without infections [87]. In the TIDOS 
study, of the 318 patients with infections diagnosed following discharge from the 
hospital (76% SSTIs, 23% osteomyelitis, 11% UTIs), 23% were hospitalized and 
40% required surgery as a result of the infection [16].

With studies showing prior wound infections as a risk factor for future wound 
infections, a recent, small study sought to evaluate the role of biofilms in persistent 
wound infections from combat-trauma patients. Biofilm is produced when bacteria 
are able to grow on a solid surface and avoid host immune responses by two main 
mechanisms: prevention of penetration of antimicrobials to the site of infection and 
cessation of replication (rendering those bacteria resistant to currently available 
antimicrobials). This study evaluated the most common etiologies in CEWI from 
combat-injured patients enrolled in TIDOS (S. aureus, K. pneumoniae, A. bauman-
nii, P. aeruginosa, and E. coli) collected from cases (SSTI wounds with the same 
organism persistently isolated for 14 days) and controls (SSTI wounds with non- 
recurrent growth of bacteria). They found that persistent isolation of the same 
organism was associated with biofilm formation (odds ratio [OR] of 29.5), MDROs 
(OR 5.6), transfusion requirements (OR 1.02), number of OR visits (OR 2.1), sites 
of infection other than the lower extremity (primarily groin and pelvis; OR 5.5), and 
polymicrobial infection (OR 69.7). Interestingly, presence of hardware was not 
associated with persistent isolation of the same organism, but the study was small 
and likely underpowered to detect this [88].

11.3.6  Therapy

Due to the frequency of MDR isolation and polymicrobial nature of wound infec-
tions following combat-related injuries, once infection is suspected or diagnosed, 
empiric therapeutic antimicrobials should be broad spectrum. Antibiotics can then be 
narrowed once culture results are available. Similar to civilian literature, duration of 
antibiotics is determined by the depth and extent of infection, with superficial infec-
tions requiring little more than debridement. However, deep wound infections fre-
quently require 1–2 weeks of antibiotics in combination with serial debridements [32].

11.4  Combat-Related Osteomyelitis and Orthopedic 
Device-Related Infections

11.4.1  Introduction

In contrast to civilian open tibial fractures, in which the most common mechanism 
of injury is blunt trauma (motor vehicle accidents, falls from height, and pedestrians 
struck by motor vehicles), combat-associated open fractures are most often due to 

11 War Wounds and Orthopedic Trauma Devices



350

penetrating trauma from blasts or gunshot wounds, have an “outside-in” mecha-
nism, are frequently grossly contaminated, and are associated with other wounds 
[45, 89]. A study of 850 civilian vs 115 combat-associated open tibial fractures 
revealed that those associated with combat trauma were severely injured, more 
likely to be hypotensive, secondary to penetrating trauma, and have higher rates of 
amputation for Gustilo-Anderson IIIB and IIIC fractures. These worse outcomes 
were thought to be primarily related to blast (and particularly IED) mechanism of 
injury which was seen in the majority of military patients and was responsible for 
most of the Gustilo-Anderson grade III injuries, Mangled Extremity Severity Score 
(MESS) ≥7, and amputations. While the MESS did not predict ultimate need for 
amputation in either group, a MESS of ≤7 was associated with potential for limb 
salvage. In the military group, the elevated MESS were driven primarily by pres-
ence of shock and ischemia, and the only single MESS factor predictive of amputa-
tion on univariate and multivariate analysis was limb ischemia. However, when limb 
salvage was attempted in the presence of limb ischemia, it was successful in a 
majority of cases, despite a MESS ≥ 7. Overall, the presence of ischemia from vas-
cular injury was the most sensitive predictor for future amputation need, but when 
limb salvage was attempted, it was largely successful. As such, if hemostasis and 
contamination can be controlled and rapid vascular repair or shunting can be per-
formed, limb salvage may be possible [90].

11.4.2  Epidemiology

Rates of infection following open fractures in US and UK military cohorts have 
revealed rates of osteomyelitis of 8–25% and deep infections of 25%, respectively 
[16, 77, 89, 91–93]. Osteomyelitis recurrence rates as high as 18% have been 
described in patients with a diagnosis of osteomyelitis at the same site during initial 
hospitalization [16, 92]. Because of differing methodologies, median time to diag-
nosis of osteomyelitis ranged from 15 days to 10 months [16, 93]. In general, UK 
military management of open fractures mirrors that in the civilian world, with the 
exception that initial management often includes traction and casting (rather than 
external fixation as is seen in the US military). Additionally, with blast trauma and 
severe tissue lost related to mechanisms of injury associated with trauma, extensive 
wounds also allow access to the fracture, so higher rates of plate fixation were used 
in the UK series compared to IMN (typically unreamed solid IM nails are used to 
reduce surgical insult and OR time) [54]. In comparison the US military, as detailed 
above in the DCBI descriptions, primarily uses external fixation for initial manage-
ment until evacuation to CONUS hospitals allows definitive internal fixation [17, 
28, 32, 55]. It can be challenging to compare the rates of infections between the US 
and UK experiences because the studies had different definitions of osteomyelitis, 
timing of osteomyelitis diagnosis, and primary mechanisms of injury (US 71% blast 
compared to 46% in UK) [16].
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Overall, risk factors for osteomyelitis identified in various studies include 
Gustilo-Anderson classification and Orthopaedic Trauma Association Open 
Fracture Classification for muscle loss and dead muscle, earlier time of injury 
(presumably related to higher use of high-pressure irrigation and prior to tran-
sition to NPWT and use of damage control resuscitation and transfusion 
CPGs), evidence of gross contamination of open fractures (via antibiotic bead 
use or positive initial screening cultures on CONUS admission), IED blast 
injury, and foreign body contamination with implant at the fracture site [55, 
91, 93, 94].

11.4.3  Microbiology

Similar themes to those noted during evaluation of CEWI are noted in evalua-
tion of microbiology of osteomyelitis in combat-trauma patients, with a pre-
dominance of gram-negatives in early diagnoses transitioning to gram-positives 
(and primarily S. aureus) in late and recurrent infections [19, 78, 95]. Early 
evaluation of the JTTR, during two phases of OIF/OEF (2003 and 2006), of 
which 96% of patients were evacuated from Iraq, again showed the majority of 
infections associated with gram- negative organisms. Unfortunately, as this 
study used primarily ICD-9 coding for microbiology, it lacked the granularity to 
evaluate for specific microorganisms of interest, especially A. baumannii, and 
long-term follow-up [23]. In one retrospective study evaluating outcomes at a 
single institution from combat-trauma patients from OIF, osteomyelitis was 
diagnosed in 15% of casualties admitted to the orthopedic service. Gram-
negatives (primarily Acinetobacter spp., K. pneumoniae, and P. aeruginosa) 
were more likely to be isolated during initial osteomyelitis diagnoses, compared 
to S. aureus (both methicillin-susceptible S. aureus [MSSA] and MRSA) which 
were more likely to be isolated from recurrences [55, 92]. In an evaluation of the 
microbiology of severe open tibial fractures from combat, early surveillance 
swabs yielded primarily gram-negative species (in 91% of cases, with 26% 
gram-positives and 34% polymicrobial). Notably, surveillance cultures did not 
predict later microbiology of infection, of which only 7% was the culture the 
same as the initial surveillance culture. Later deep infections were more likely 
to be gram- positive (68%; 52% gram-negative and 24% polymicrobial) [89]. In 
comparison, a TIDOS study evaluating longer-term follow-up revealed that 24% 
osteomyelitis cases diagnosed after initial hospitalization were methicillin-
resistant S. aureus. Coagulase-negative staphylococci were recovered from an 
additional 20% of osteomyelitis cases, with E. coli linked to only 7% of osteo-
myelitis (of which 17% were MDR), P. aeruginosa from only 8% (8% of which 
were MDR). Notably, Acinetobacter was not isolated from any osteomyelitis 
cases [16].
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11.4.4  Diagnosis

Osteomyelitis in the combat-injured is diagnosed similarly to other contexts, at 
times obvious due to necrotic bone, abscess, and/or sequestrum formation, or 
inferred based on deep wound infections contiguous with the bone or hardware 
[32]. Multiple cultures should be obtained to maximize yield and interpretation. 
While there are no guidelines for orthopedic device-related infections, many recom-
mendations for diagnosis and management are extrapolated from the prosthetic 
joint infection literature and guidelines. Yield of cultures is highest if obtained prior 
to antibiotics, but perioperative prophylactic antibiotics should not be withheld for 
this purpose [32, 96, 97].

11.4.5  Complications

Deep wound infections and osteomyelitis have been associated with decreased 
return-to-duty rates, hospital readmissions, and failure of limb salvage [32]. In a US 
cohort of open femur fractures, those with infectious complications had a mean time 
to union of 6.5 months compared to 4.6 months in those without infection. Of eight 
diagnosed with deep infections requiring serial I&Ds and parenteral antibiotics for 
4–6  weeks, five required intramedullary nail removal to clear the infection. All 
patients with infectious complications were ultimately successfully treated without 
recurrence [55]. In a similar cohort from the UK military, of those with open femur 
fracture infections, none healed without further surgery [54]. In an evaluation of 115 
wounded soldiers with type III open tibia fractures, diagnosis of any infection (and 
osteomyelitis) was associated with a lower rate of return to duty (24% and 10%, 
respectively) compared to those without infectious complications [98]. Those with 
severe open tibial fractures without infection had an amputation rate of 15.5% and 
time to union of 8.6 months compared to those with deep infection or osteomyelitis 
who had more than double the amputation rate (34.3%) and a time to union of 
11 months [89]. In another evaluation of open tibial fractures, osteomyelitis cases 
had significantly longer time to radiographic union (median 210 vs. 165 days) com-
pared to those without osteomyelitis [91].

11.4.6  Therapy

Unfortunately, because of the nature of fractures in the combat-injured, many are 
associated with orthopedic hardware. Ideally, due to the nature of biofilm and dif-
ficulty with eradication of bacteria within biofilm, the involved hardware would be 
removed or replaced [32]. However, this can be challenging with the nature of inju-
ries, a series reporting on damage control orthopedics outcomes from war-wounded 
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reported that of infected nails, 70% ultimately had union with nail retention in 57% 
[93]. Overall management of osteomyelitis and ODRIs complicating war wounds 
are similar to those in the civilian setting and frequently require 4–6 weeks of anti-
biotic therapy and may be even more prolonged in the setting of orthopedic hard-
ware [32]. Because of the cost and complications associated with prolonged IV 
antibiotic therapy, there is growing interest and literature to support the potential use 
of highly bioavailable oral regimens for treatment of bone infections, though the 
pivotal study describing this strategy had high rates of surgical source control, 
which can be exceedingly challenging in many complicated war wounds [99].

11.5  Combat-Related Invasive Fungal Wound Infections

11.5.1  Introduction

As initial recognition of the DCBI pattern was being formalized, the initial descrip-
tions of the IFI outbreak were also being reported [3, 11, 32, 45, 100–104]. For 
those who survived initial DCBI, late complications included sepsis, hospital- 
associated infections, multisystem organ dysfunction, and a new phenomenon of 
recurrent wound necrosis despite multiple surgical debridements [45]. IFIs are dev-
astating infections associated with increased mortality, morbidity (amputations, 
hemipelvectomies), and prolonged hospitalizations for survivors [105].

Combat-related IFI has been defined as the presence of a traumatic wound(s), 
recurrent necrosis following at least two consecutive surgical debridements, with 
laboratory evidence of fungal infection (culture with mold and/or histopathology 
with evidence of fungal tissue invasion) [11, 103–105]. Various further classifica-
tions have been included in studies, most commonly dividing cases up by certainty 
of diagnosis of IFI using combinations of culture and histopathology: proven IFI 
(mostly requiring angioinvasive fungal elements on histopathology), probable IFI 
(fungal elements identified on histopathology without angioinvasion), possible IFI 
(cases in which fungal culture revealed growth of mold, but histopathology was 
negative for fungal elements), and unclassifiable IFI (cases in which fungal culture 
isolated mold, but no histopathology was performed) [104].

11.5.2  Epidemiology

Following recognition of the IFI cases, the Joint Trauma System, in collabora-
tion with TIDOS, launched an investigation which revealed the most common 
epidemiologic risk factors associated with IFI as dismounted blast injury, above-
the-knee traumatic amputations, extensive pelvic/perineal injuries, and receipt 
of massive packed red blood cell (PRBC) transfusions (≥20  units in the first 
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24 h) [11, 105]. Following the outbreak identification, a CPG was implemented 
at LRMC in early 2011 to screen for IFI with culture and histopathology in 
high-risk patients. Over the next 6 months, 61 patients were screened and 30 IFI 
cases identified. Despite evidence to suggest higher severity of illness in those 
screened following CPG initiation, time to IFI diagnosis (3 days vs. 9 days) and 
initiation of antifungal therapy (7 vs. 14 days) were significantly decreased fol-
lowing the initiation of the CPG. Additionally, pre-IFI CPG cases were more 
likely to be associated with angioinvasion on histopathology than those identi-
fied during the CPG period (48% vs. 17%, respectively). There was also a non-
significant decrease in crude mortality from 11.4% to 6.7% following CPG 
initiation. However, to complicate matters, it was also noted that mold was fre-
quently isolated from these screening cultures and did not predict subsequent 
IFI [100]. Because of the frequency of blast injury, severe injuries, and isolation 
of molds from these contaminated wounds and the morbidity associated with 
management of these wounds (serial debridements and combination antifungal 
therapy), further evaluations were completed to attempt to better refine risk fac-
tors. Ongoing case finding confirmed prior JTS IFI CPG risk factors with mul-
tivariate analysis identifying blast injuries (odds ratio 5.7), dismounted blast 
injury (OR 8.5), above-the-knee amputations (OR 4.1), and large-volume 
packed red blood cell transfusions (PRBC>20 units; temporary related immuno-
suppression and iron overload) within the first 24 h (OR 7) as independent risk 
factors [102].

While the prior definitions were based on initial cases identified, a recent 
comprehensive review of 1932 patients evaluated at participating TIDOS hospi-
tals, with 720 (37%) with penetrating wounds and operative cultures and/or 
histopathology sent, revealed that 246 (34%) met criteria for laboratory evi-
dence of fungal infection. Retrospective analysis divided these cases into those 
with wounds meeting IFI criteria, wounds highly suspicious for IFI (wounds 
that did not meet criteria for IFI, but had signs and symptoms of deep SSTI and 
received at least 10 days of antifungal therapy or required a proximal amputa-
tion), and wounds with low suspicion for IFI (wounds that did not meet criteria 
for IFI, did not meet criteria for deep SSTI, or met criteria for a deep SSTI due 
to bacteria [could have antifungal therapy <10 days] but with laboratory evi-
dence of fungus [positive fungal cultures, histopathology, or both]). Ultimately, 
demographic and injury characteristics were unable to stratify risk of IFI, high-
suspicion, or low-suspicion wounds—all groups were primarily composed of 
men who were critically injured by blasts on foot patrol with massive blood 
transfusions which resulted in great practice variation in those meeting criteria. 
As such, these epidemiologic risk factors served as poor markers for those who 
needed more intensive surgical management and systemic antifungals. However, 
from a wound level, those wounds without ongoing necrosis, lacking persistent 
fungal isolation, and without evidence of deep SSTI were at low risk for IFI and 
recommendations made were to monitor these closely in this patient popula-
tion [106].
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11.5.3  Microbiology

Early evaluations of the microbiology of combat-associated IFI revealed the diver-
sity of associated fungi isolated from cultures. These were challenging to interpret 
in the setting of high rates of polymicrobial infections including bacteria (not 
uncommonly MDR), Candida spp., and multiple orders of molds [3, 11, 85, 86, 
107, 108]. Only 1% of bacterial cultures collected within the first 14 days of injury 
in those assessed for IFI were negative. Notably, Acinetobacter baumannii and 
MDROs were more frequently isolated from patients with IFI than from patients in 
high- or low-suspicion wounds [106].

As the polymicrobial nature of these wound infections was clarified, isolation of 
the order Mucorales was noted to be associated with worse outcomes, as has been 
previously reported in necrotizing fungal wound infections following natural disas-
ters [107, 109, 110]. A recent study, which attempted to use a pragmatic approach 
based on wound appearance, microbiology, and epidemiologic risk factors to evalu-
ate which wounds needed more aggressive surgical debridement and empiric sys-
temic antifungals, revealed that while epidemiologic factors had relatively low 
specificity for definitive IFI, microbiology was more helpful. Among 413 wounds 
with documentation of fungal infection from combat-wounded service members, 
97% had cultures submitted (of which 11% were negative). Fungi of the order 
Mucorales were more frequently isolated from IFI (39%) and high-suspicion 
wounds (22%) than low-suspicion (9%) wounds. Fusarium spp. were also more 
commonly isolated from IFI wounds than low-suspicion wounds, but at a lower rate 
(17% and 4%, respectively) [106].

11.5.4  Diagnosis

Overall, the diagnosis of IFI requires a recognition of epidemiologic risk factors 
(traumatic inoculation of environmental debris into high-risk wounds). In this set-
ting, if wounds show recurrent necrosis, empiric systemic antifungals and aggres-
sive debridements should be initiated while awaiting diagnostic studies. This 
requires a multidisciplinary approach with collaboration between surgery, infec-
tious diseases, and laboratory support with both cultures and histopathology [11, 
32, 100, 101, 103–106, 111]. A web-based clinical decision tool has been developed 
by the Surgical Critical Care Initiative (SC2i) and the TIDOS project to assist 
healthcare providers in determining the risk of IFI (available at http://www.sc2i.org/
ificdss). For patients with at least three IFI risk factors (Table 11.2), tissue biopsy in 
the operating room should be obtained at the time of wound exploration (after initial 
surgical debridement) once the casualty has been evacuated from theater and 
repeated on subsequent evaluations if there are persistent fevers or wound necrosis 
concerning for IFI. Tissue samples should be obtained from each lower extremity in 
patients with bilateral lower-extremity amputations. Samples should be obtained 
from both compromised muscle and adipose tissue, as well as other sites at the 
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surgeon’s discretion. At least one specimen should be obtained from the junction of 
viable and necrotic tissue. For each site sampled, it is critical to obtain both histopa-
thology and culture (fungal and bacterial). This requires placement of each site’s 
sample into two separate sterile specimen containers (to avoid loss of culture from 
placement in formalin for histopathology). More detailed descriptions of proce-
dures within the DoD are available [105].

11.5.5  Complications

The morbidity associated with IFI in those who have already suffered devastating 
DCBI patterns cannot be overemphasized [11, 103, 106, 107]. IFI has been associ-
ated with high-level amputations (22% in proven and probable cases), including hip 
disarticulations and hemipelvectomies, and crude mortality rates of 9% [32]. Studies 
which have compared IFI wounds to non-IFI wounds (both with concomitant SSTIs 
and without) have revealed that IFI wounds were associated with longer time to 
wound closure than non-IFI controls with and without SSTIs [107, 112]. IFI wounds 
resulted in significantly more amputation revisions and more frequently required 
proximal revision of a functional amputation level (34% vs 13%, respectively). 
Particularly notable, transfemoral amputations with IFI were more frequently 
revised to hemipelvectomies or hip disarticulations. Complications requiring repeat 
surgery for either drainage or infection after wound closure were also more frequent 
in IFI wounds (50% compared to 20% control wounds) [112]. Even among those 
with IFI wounds, time to closure was significantly longer in those wounds with 
Mucorales growth compared to those with non-Mucorales growth (median 17 vs. 
13 days) and required more OR visits (median of 10.5 and 9 OR visits respect-
fully) [107].

11.5.6  Therapy

Treatment of IFI is based on three key principles: early recognition of at-risk wounds 
with repeated debridements of infected and necrotic tissue, minimization of immu-
nosuppression (i.e., avoiding malnutrition or excessive blood transfusions in the 

Table 11.2 IFI risk factors

1. Dismounted blast injury
2. Traumatic transfemoral amputation(s) or rapidly progressive transition from transtibial to 
through knee or transfemoral
3. Extensive perineal, genitourinary, and/or rectal injury
4. Massive transfusion: >20 units packed red blood cells within 24 h of injury

Adapted from Rodriguez CR, et  al. Treatment of Suspected Invasive Fungal Infection in War 
Wounds, Mil Med, 183, 9/10:142, 2018
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combat-trauma population), and utilization of empiric broad-spectrum antifungals 
when there is a high suspicion of IFI (typically dual therapy of liposomal ampho-
tericin B and a broad-spectrum triazole) [105]. Because of the time required for 
definitive fungal identification, MDR nature of some of the fungal pathogens asso-
ciated with this diagnosis, and unclear penetration of both topical and systemic 
therapies into these high-risk wounds, the critical role of surgical source control of 
IFI in this population cannot be overemphasized. The patient should undergo surgi-
cal evaluation, wound washout, and debridement (if required) within 12–18 h of 
arrival to a deployed hospital with surgical capabilities. The role of topical antifun-
gal therapy (Dakin’s solution) remains unproven, but has not been shown to have 
adverse local or systemic effects, so is currently recommended as an adjunct. 
Options include Dakin’s wound irrigations or Dakin’s-soaked Kerlix dressing. 
Topical antifungal therapy with 0.025% Dakin’s solution via installation vacuum 
dressing should be continued through the evacuation phase if possible. Because of 
the nature of medical evacuation and multiple handoffs throughout echelons of care, 
a standardized operative note for wound description using the Bastion Classification 
of Lower Limb Injury (Table 11.3) should be used [105].

On arrival to each hospital along the chain of evacuation and on arrival to a 
CONUS hospital if the concern for IFI remains, the patient should undergo opera-
tive exploration, washout, and debridement as needed within 12–18 h. Histopathology 
and microbiology specimens should be obtained as described above. If a significant 
amount of necrotic tissue is debrided, repeat debridement should be performed 
within the next 24 h and continue at least every 24 h until cessation of necrosis 
occurs. Topical antifungal therapy should be continued until the surgeon observes 
healthy granulation or histopathology and cultures are negative for fungal infection 
or colonization. Topical antibacterial and antifungal beads (composed of liposomal 
amphotericin B 500 mg, voriconazole 200 mg, tobramycin 1.2 g, and vancomycin 
1 g) may be used in conjunction with vacuum instillation or dressings [105].

For patients with recurrent tissue necrosis following two consecutive debride-
ments (not including the first two debridements in theater), broad-spectrum antifun-
gal and antibacterial therapy should be started immediately and infectious disease 
consultation obtained. Because many IFI wounds grow more than one mold (and 
these molds can have intrinsic resistance to various agents), dual antifungal therapy 

Table 11.3 Bastion classification of lower limb injury caused by improvised explosive device

Class of limb 
injury Description

1 Injury confined to foot
2 Injury involving lower leg permitting effective below-knee tourniquet 

application
3 Involving thigh injury, preventing effective tourniquet application
4 Proximal thigh injury, preventing effective tourniquet
5 Any injury with buttock involvement

Adapted from Rodriguez CR, et  al. Treatment of Suspected Invasive Fungal Infection in War 
Wounds, Mil Med, 183, 9/10:142, 2018
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is recommended with liposomal amphotericin B and a broad-spectrum triazole. 
Most clinical experience has been with voriconazole in these infections based on the 
timing of the outbreak, but posaconazole and isavuconazole are also potential 
options. These wounds are frequently polymicrobial with bacterial coinfection and 
not infrequently MDR (as detailed above), so in addition to dual antifungal therapy, 
broad-spectrum antibacterials are recommended (e.g., vancomycin and merope-
nem). Current recommendations are to stop systemic antifungal medications if the 
patient remains clinically stable and wound remains viable/clean for 2 weeks with-
out evidence of other metastatic foci of infection. Wound closure should not occur 
until the wound is clean, contracting, and granulating [105].

11.5.7  Prevention

Although preventive strategies have not been clearly identified, early and aggressive 
debridement of devitalized tissue and removal of debris are thought to be critical 
[105]. Additionally, ability to predict the environmental factors associated with 
these infections in the event of a new theater of conflict could help identify future 
high-risk wounds. A study evaluated the environmental conditions in Southern 
Afghanistan (which was the center of the combat-related IFI outbreak) to that in 
Eastern Afghanistan (not associated with the IFI outbreak) to attempt to identify 
environmental characteristics to model risk for IFIs after traumatic injury in other 
areas. Multivariate analysis revealed that lower elevation, warmer temperatures, and 
greater isothermality were independently associated with mold contamination of 
traumatic wounds [113].

11.6  Research and Ways Forward

MDROs remain a major risk for our combat-injured personnel and victims of war-
time violence, but that epidemiology is not fixed, as we have seen from the transi-
tion from outbreaks of MDR Acinetobacter baumannii in OIF to the predominance 
of ESBL-producing Enterobacteriaceae during OEF. This emphasizes the impor-
tance of continued work to improve diagnostics, surveillance, and treatment in the-
ater [3, 32, 114–116]. Ongoing surveillance, antimicrobial stewardship, local 
antibiograms, and continuous process improvement are critical for continued 
improvements in care provided in the austere environment and CONUS facilities for 
these wounded personnel. Research is ongoing to attempt to validate closed systems 
which can analyze both speciation and susceptibility testing directly from clinical 
samples with minimal laboratory technical expertise required. Additionally, efforts 
for global resistance surveillance can contribute to increased understanding of the 
epidemiology of resistance in associated populations [114, 117].
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Advancing diagnostics (both in theater and at home) continues to remain a cen-
tral effort for the care of infections complicating war wounds. With knowledge that 
hospitals in the combat zone often lack sophisticated culture and susceptibility test-
ing, but MDROs play a dominant role in combat-related infections, the use of 
molecular rapid diagnostic test (RDT) systems has been of particular interest. These 
are a potential future option if locally prevalent molecular resistance mechanisms 
are known. Unfortunately, currently available RDT bacterial resistance testing 
requires incubation and is not widely available on primary clinical sample materi-
als [117].

With increased use and study of molecular methods for diagnosis of difficult to 
culture pathogens, we are beginning to understand the complexity of the acute and 
chronic wound microbiome. However, the significance of these pathogens and their 
role in wound healing, host immune and inflammatory responses, and subsequent 
infections is yet to be fully defined. For instance, a study of 124 wound samples 
from extremity injuries from combat-injured US soldiers revealed microbial targets 
in 51% of all wound samples, with A. baumannii being the most common. Notably, 
there were large discrepancies between wound cultures and their molecular results—
with 34% of culture-negative wounds identifying at least one organism via molecu-
lar methods and 18% of cultured organisms not identified via molecular testing. 
Interestingly, while no association between culture status and subsequent wound 
failure was noted, Pseudomonas was detected at the wound level in 3% of healed 
wounds compared to 23% of wounds with failure. Additionally, an inverse correla-
tion was noted with detection of Enterobacteriaceae in 30% of samples from healed 
wounds compared to 4% in those which failed. While Acinetobacter detection was 
not associated with wound outcome, detection of Acinetobacter plasmid pRAY (a 
plasmid associated with multidrug resistance) was detected in 15% of healed 
wounds compared to 41% of wounds with failure. Overall, the authors concluded 
that current bacteriology methods underestimate the complexity of wound microbi-
omes and fail to predict wound outcomes, so further research should work to eluci-
date the use of molecular techniques in this setting [118].

MDR gram-negative organisms play a predominant role in wound infections 
complicating war trauma, so novel antimicrobials for treatment of these challenging 
infections are necessary. Additionally, decreased time for identification of bacteria 
and resistance would allow decreased time between infection concern and ability to 
narrow antimicrobials, decreasing selection pressure and antimicrobial resistance 
[41]. Speed of diagnosis in fungal infections associated with combat trauma is also 
a crucial effort—not only with epidemiologic risk factors, identification of new geo-
graphic areas of risk, and prognostic efforts, but also with diagnostics [106, 107, 
113]. Because the time and technical skill required for initial fungal identification 
and speciation can have significant complications in combat-related IFI with ongo-
ing wound necrosis, serial debridements (resulting in more proximal amputations), 
and systemic antifungal exposures, studies are ongoing to evaluate the use of PCR 
in these wounds which could speed the diagnostic process [119].

Overall, research on infections complicating war wounds attempts to improve 
care from point of injury to late complications. The importance of ongoing efforts 
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to ensure systematic collection of data stretching from point of injury through long- 
term outcomes will allow continued improvements in the care of the war-wounded 
[3]. The translation of key findings from civilian literature to the combat-wounded 
and vice versa remains critical to ongoing progress.

11.7  Conclusion

With modern warfare not sparing civilians, porous international borders, and 
increasing use of intentional violence and suicide bombings, nonmilitary physicians 
are increasingly seeing complications of penetrating and war-related injuries [87, 
120–123]. IFI has recently been described following a range of natural disasters, 
with similar presentations of recurrent wound necrosis and invasive fungal infec-
tions following traumatic inoculation of fungi [109, 110, 120, 121]. Additionally, 
with increasing survivability following prior fatal injuries, we are now seeing more 
patients with long-term sequelae of severe battle injuries. Efforts to systematically 
evaluate the long-term outcomes following these injuries are just in their nascent 
stages, so much work remains to be done [14].
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