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ABSTRACT Accurate diagnosis of fracture-related infection (FRI) is critical for pre-
venting poor outcomes such as loss of function or amputation. Due to the multiple
variables associated with FRI, however, accurate diagnosis is challenging and compli-
cated by a lack of standardized diagnostic criteria. Limitations with the current gold
standard for diagnosis, which is routine microbiology culture, further complicate the
diagnostic and management process. Efforts to optimize the process rely on a foun-
dation of data derived from prosthetic joint infections (PJI), but differences in PJI
and FRI make it clear that unique approaches for these distinct infections are
required. A more concerted effort focusing on FRI has dominated more recent inves-
tigations and publications leading to a consensus definition by the American
Orthopedics (AO) Foundation and the European Bone and Joint Infection Society
(EBJIS). This has the potential to better standardize the diagnostic process, which
will not only improve patient care but also facilitate more robust and reproducible
research related to the diagnosis and management of FRI. The purpose of this mini-
review is to explore the consensus definition, describe the foundation of data sup-
porting current FRI diagnostic techniques, and identify pathways for optimization of
clinical microbiology-based strategies and data.
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ver three million extremity fractures are reported in the United States each year

(1). Infection risk following fracture ranges from 0 to 55% depending on individual
patient comorbidities, the type of open fracture, anatomical location, environmental
conditions, extent of soft tissue damage, and other infection risk factors (2, 3).
Fracture-related infections (FRI) can potentially lead to a delay in union or nonunion in
over a third of cases, which can result in loss of function or need for amputation (4).
Complications related to infection reduce quality of life (5) and are associated with sig-
nificant increases in health care costs related to additional surgeries and increases in
length-of-stay and readmission rates (6). Therefore, prevention and a timely, accurate
diagnosis of infection after fracture are critical for preventing these devastating
complications.
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Minireview

The purpose of this minireview is to explore the consensus definition, describe the
foundation of data supporting current FRI diagnostic techniques, and identify path-
ways for optimization of clinical microbiology-based strategies and data.

PATHOGENESIS OF FRACTURE-RELATED INFECTION

Fracture characteristics and risk factors. Variables in fracture classification include
the bone, location, and morphology of the fracture (i.e., simple, wedge, or commin-
uted) (8) and whether or not the bone is exposed to the outside environment due to
soft tissue injury or loss (open fracture). These variables are important considerations
not only for the management of the fracture but also for the subsequent risk of compli-
cations. Infections following fracture are typically described based on the time of
onset: early versus delayed versus late onset or as acute versus chronic infection. Early
infections present within 2 weeks of fracture fixation and exhibit the classic signs of
infection (fever, erythema, cellulitis, and drainage), while delayed and late onset infec-
tions are more indolent and present less than or greater than 10 weeks, respectively
(9). Acute infections occur less than 6 weeks of fracture fixation, and chronic infections
occur after 6 weeks of fracture fixation. There is not enough evidence to favor one clas-
sification system over the other, but it is important to note that both emphasize the
role of biofilm maturation during the 2 to 6 weeks after implantation of fixation to help
with management decisions in FRI (10).

Late infections are more frequently associated with compromised fracture healing.
Distinguishing between septic and aseptic nonunion is critical because management
strategies for the two scenarios differ drastically—septic or infected nonunions often
require a multistaged surgical approach that includes initial eradication of the infection
(radical resection of dead and infected tissues, including bone), prolonged antibiotic
therapy, followed by repair of the nonunion (bone grafting and repeat fixation) (11).
Early infections typically result from inoculation at the time of injury, during the course
of management of open wounds, or during the surgical procedure. Due to the high
degree of variability in causative organisms, targeted and strategic antimicrobial ther-
apy is essential for timely clearance of pathogenic organisms while limiting selective
pressure for resistance (10, 12). The failure to promptly and accurately identify infec-
tions and their etiologic agents results in both inappropriate surgical and pharmaceuti-
cal interventions, both of which can lead to poor outcomes.

Common FRI pathogens. The most common microorganism associated with
FRI is Staphylococcus aureus, followed by coagulase-negative staphylococci (CoNS),
Enterobacteriaceae, anaerobes, and streptococci (13, 14). A variety of factors can alter the
distribution of the most frequently isolated pathogens, however. For example, in a multi-
institutional study that included level 1 regional referral trauma centers located in each of
the seven climatic regions of the continental United States, researchers found that the
most commonly encountered etiologic agent of infection after open fracture varied not
only by region but also by season (15). While methicillin-resistant S. aureus (MRSA) was
the most prevalent pathogen isolated in general, methicillin-sensitive S. aureus (MSSA),
CoNS, Enterobacter spp., Acinetobacter spp., Enterococcus spp., and Pseudomonas aerugi-
nosa were most commonly isolated at some point in different regions (15). The timing of
infection relative to implantation may also be associated with variations in pathogen
prevalence. For example, in a single institution study of internal fixation-associated infec-
tions, which were defined based on criteria established for PJI, investigators found that
S. aureus and Enterobacteriaceae were most prevalent in early infections (0 to 2 weeks fol-
lowing implant), while CoNS, streptococci, and anaerobes increased in prevalence for
delayed and late infections (3 to 10 weeks and >10 weeks following implant, respec-
tively) (14). Finally, polymicrobial culture results are also common in the context of FRI,
reported in 20 to 67% of cases (14, 16, 17).

A particularly important consideration in the pathogenesis of FRI is the formation of
biofilm and its association with fracture fixation. Biofilm (an adherent consortium of
microorganisms surrounded by a complex extracellular matrix) begins to appear within
hours of inoculation. As the biofilm matures, it creates an environment in which
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FRI Diagnostic
Criteria
Confirmatory Criteria Suggestive Criteria
«  Fistula, sinus tract, wound breakdown « Clinical signs — local, systemic (e.g. redness,
«  Purulent drainage or the presence of pus fever, swelling)
« Radiological and/or nuclear imaging signs

Requires Surgical Collection of Specimen « New-onset joint effusion
+  Phenotypically indistinguishable pathogens « Elevated serum inflammatory markers (ESR,

identified by culture from at least two WBC, CRP)

separate deep tissue/implant specimens « Persistent, increasing or new-onset wound
*  Presence of microorganisms in deep tissue drainage

specimens, confirmed by histopathological

examination Requires Surgical Collection of Specimen
«  Presence of more than five PMNs/HPF, « Pathogenic organism identified by culture from

confirmed by histopathological examination a single deep tissue/implant specimens

\ Di agn osis
of FRI

FIG 1 FRI diagnostic criteria. For confirmatory criteria, any single criterion is sufficient for a
confirmatory diagnosis of FRI. For suggestive criteria, identification of any of these criteria should
prompt further investigation, which may lead to identifying confirmatory criteria. FRI, fracture-related
infection; PMNs, polymorphonuclear neutrophils; HPF, high-power field (x400 magnification); ESR,
erythrocyte sedimentation rate; WBC, white blood cell; CRP, C-reactive protein. (Adapted from reference
66, which is distributed under the terms of the Creative Commons Attribution-Non Commercial 4.0
International licence [https://creativecommons.org/licenses/by-nc/4.0/1.)

stationary-growth-phase bacteria that are more resistant to antimicrobial therapy may
reside (9, 18). This is a shared concern for any orthopedic infection involving an
implant and must be considered from both a diagnostic and management perspective.

CONSENSUS DEFINITION FOR FRI DIAGNOSIS

Standardization within case definitions and laboratory protocols are essential, not
only for improved patient care but also for a more robust and reproducible comparison
of different diagnostic processes, thus maximizing the conclusions that can be drawn
from various studies (19). Once standardization is achieved, it is possible to evaluate
how the application of novel diagnostic techniques and algorithms may influence the
management and outcomes associated with FRI.

A 1996 review (20) explored this lack of universal definitions regarding the diagno-
sis of fracture-related infection: terms like osteitis and osteomyelitis were often used
interchangeably, variability in fracture classification made it difficult to generate uni-
versal terminology, and infection was not historically studied as a primary outcome for
research. Ultimately, this made it difficult to standardize the approaches for identifying
risk factors and diagnosing infections because of differences in clinical presentation
based on the overall severity and depth of tissue damage associated with infection. A
recently published systematic review noted that only 2% of randomized clinical trials
using FRI as an outcome cited a validated definition, 28% contained a definition gener-
ated by the trial’s authors, and 70% did not reference a definition (10).

Recent guidelines published by the American Orthopedics Foundation and the
European Bone and Joint Infection Society, which were based on a combination of evi-
dence-based and expert opinion recommendations, stipulated two levels of confidence
in the diagnosis of FRI: confirmatory and suggestive (Fig. 1). If a single confirmatory crite-
rion is met, then an infection is considered to be definitively diagnosed, independent of
the presence or absence of other criteria. Confirmatory criteria for an FRI include the fol-
lowing: (i) presence of a fistula, sinus tract, or wound breakdown with communication to
the bone or implant; (ii) presence of pus during surgery or purulent discharge from the
wound; (i) phenotypically indistinguishable pathogens identified via culturing done from
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greater than or equal to two deep tissue or fluid samples collected during surgery;, and
(iv) presence of microorganisms in deep tissue samples collected during surgery and con-
firmed via histopathology (21). While the presence of polymorphonuclear neutrophils
(PMNs) at a certain threshold per high-power field (HPF) was not included in the original
confirmatory criteria, as it is for PJI (22), it has since been added to the definition as the
fifth confirmatory sign of FRI for chronic/late onset cases (7). This decision was based on
recent data that demonstrated a complete absence of PMNs had a very high correlation
with aseptic nonunion, while the presence of >5 PMNs/HPF (at x400 magnification) was
always associated with infection (23).

If none of the confirmatory criteria are met but there are certain features present
that are often associated with an FRI, then the diagnosis is considered suggestive, and
further investigation is required, if possible. Suggestive criteria for an FRI include the
following: (i) clinical signs such as pain, local swelling, local increased temperature,
local redness, or fever; (ii) radiological signs such as bone lysis, presence of a nonunion,
implant loosening, or sequestration; (iii) a pathogenic organism identified from one
deep tissue/implant specimen; (iv) elevated levels of serum inflammatory markers; (v)
wound drainage beyond the first few days postsurgery; and (vi) presence of joint effu-
sion in fracture patients (21).

CURRENT FRI DIAGNOSTIC TOOLS

The diagnosis of FRI involves a multidisciplinary approach that includes clinical eval-
uations, intraoperative findings, various imaging modalities, and laboratory medicine
techniques. However, direct detection of pathogens using microbiology cultures and
histology is the current gold standard for diagnosis of FRI.

Medical imaging. Clinicians utilize medical imaging to determine fracture healing,
implant stability, and anatomical details that suggest infection not detected on physi-
cal exam (7). Plain radiographs (X-ray), computed tomography (CT), magnetic reso-
nance imaging (MRI), three-phase bone scan (BS), white blood cell (WBC) scintigraphy,
and fluorodeoxyglucose positron emission tomography (FDG-PET) are the most com-
mon modalities used to diagnose FRI—each with its own distinct advantages and dis-
advantages (24). X-ray is typically used to assess overall alignment, fracture healing,
and implant condition, with CT scans used only if further detail of these issues is
needed. MRl is used to interrogate the soft tissues and medullary space of long bones.
Nuclear techniques such as BS, WBC scintigraphy, and FDG-PET are used to increase
the sensitivity when distinguishing between infected and noninfected tissues (24).
While individually these various techniques contribute to the diagnostic process, there
is no commonly accepted algorithm on when to employ each one; a prospective
Dutch study is under way in hopes of identifying the most accurate imaging strategy
for diagnosis FRI (25).

Diagnostic biomarkers. A variety of inflammatory markers are also used as part of
the diagnostic process in FRI, including C-reactive protein (CRP), leukocyte count (LC),
and erythrocyte sedimentation rate (ESR). While nonspecific elevation of these bio-
markers occurs normally during the acute phase following trauma and surgery, higher
than normal levels further along in the recovery process may be indicative of infection.
Depending on the specific biomarker, sensitivity and specificity can range from 22.9%
to 100% and 34.3% to 85.7%, respectively (26). Interestingly, even when the utility of
these biomarkers is evaluated in the context of a more standardized definition of
FRI, the sensitivity and specificity of CRP were only 67% (95% confidence interval [Cl],
52% to 80%) and 61% (95% Cl, 47% to 99%), respectively. Despite this relatively low
sensitivity and specificity, serum CRP performs better than leukocyte count, percentage
of neutrophils, and neutrophil-to-lymphocyte ratio (27). Although other biomarkers
such as interleukin-6 (IL-6), D-dimer, interferon alpha, and procalcitonin are used in the
diagnosis of PJI, there is currently no support for their use in FRI, and in some cases
(like IL-6), they are inferior (28). Additional information for these biomarkers and others
is needed, however.
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Histopathology. There is limited data supporting specific guidelines for the interpre-
tation of histopathology results in the context of FRI, but a comparison to PJI suggests
that similar protocols may serve as an appropriate foundation for defining confirmatory
histopathological criteria for FRI. Using formalin-fixed, paraffin-embedded tissue speci-
mens, at least 10 high-power fields (x400 magnification) should be examined in each
inflamed area and the number of PMNs recorded. The presence of greater than or equal
to five polymorphonuclear neutrophils per high-power field (PMNs/HPF) in fractures is
recommended as the appropriate threshold for a confirmed diagnosis of FRI (23).

Microbiology culture. Microbiology cultures are currently the gold standard for
the identification of pathogens and the diagnosis of FRI. Suboptimal clinical sensitivity
of culture-based approaches, however, can lead to false-negative culture results; it is
estimated that 10% of FRI are culture negative (29). Thus, missed infections are poten-
tially treated inappropriately, or more commonly, empirical antibiotic treatment will be
prescribed to cover a suspected infection in culture-negative cases. Without an identi-
fied pathogen, empirical therapy provides broad coverage of the most likely organ-
isms, increasing the risk of adverse drug event and antimicrobial resistance. Therefore,
optimization of routine cultures for FRI is essential for improved individual patient care
and public health outcomes. From specimen collection, transport, processing, incuba-
tion, and interpretation, all parts of the culture process play an important role in deter-
mining the diagnostic yield of this testing for FRI. Much of this process, and strategies
to improve it, are based on PJI research; some techniques have been studied specifi-
cally in the context of fractures, but others would benefit from more intentional appli-
cation and evaluation specific to FRI.

Swab cultures are generally accepted to have an even lower sensitivity and higher
risk of contamination compared to tissue, and thus, tissue cultures are preferred; this
has been demonstrated for both PJI and osteomyelitis cases such as FRI (10, 30, 31). To
optimize sensitivity of culture for intraoperative tissue specimens, it is recommended
that at least five samples be collected from individual, representative sites within the
infected area (7). This recommendation is consistent with the related field of PJI where
research has found that the greatest accuracy was observed when four specimens
were obtained using conventional periprosthetic tissue culture techniques (91% accu-
racy; 95% Cl, 77% to 100%) (32). Submitting multiple tissue samples for culture can
introduce increased economic and diagnostic burden within the laboratory setting, so
efforts should be made to continue to evaluate and optimize processes so that an
appropriate balance of cost-effectiveness can be achieved, similar to what has been
explored in related fields (33).

To ensure optimal specificity, these specimens should be collected at the beginning of
the procedure minimizing the risk of specimen contamination. Since clinical significance is
often determined by the detection of phenotypically indistinguishable organisms in at least
two different specimens (21), minimizing the risk of cross-contamination during specimen
collection is critical. Ideally, separate instruments should be used for each sample collected
without touching any other area of the patient with either the sample or instrument (7). In
a study evaluating the “no touch” technique, a significantly higher rate of contamination
was observed when samples were taken using reused instruments compared to fresh, pre-
viously unused instruments (34). Immediately after collection, samples should then be
placed in sterile saline and transferred promptly to the laboratory; loss of viability due to
delayed specimen transport is thought to contribute to culture negativity in PJI cases (35).
Using standardized specimen collection and processing approaches that incorporate these
best practices has been shown to enhance culture yield for the diagnosis of FRI (16). There
is a paucity of data related to other optimization techniques for FRI cultures, such as special-
ized transport media or pooling of tissue samples; more research is required in this area.

FUTURE DIRECTIONS FOR CLINICAL MICROBIOLOGY FRI DIAGNOSTICS
While certain criteria allow for confirmed or suggestive FRI diagnosis in the absence
of culture positivity, the identification of a pathogen is still critical for the optimal
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management of disease. A 2018 meta-analysis of all published literature on diagnostic
validation of FRI specimens found just nine studies that evaluated the accuracy of labo-
ratory techniques, with only two of these studies including molecular testing (19).
Therefore, efforts to continue to improve the microbiology diagnostic testing options
for FRI need to be a priority.

Optimized culture techniques. The paucity of research related to laboratory diagnos-
tics for FRI contrasts with the work that has been accomplished for PJI. There are multiple
publications evaluating modified specimen processing techniques, culture conditions, and
the application of various pathogen detection techniques. In fact, there has even been a
multicenter study aimed at determining how culture conditions in totality, including sam-
ple number, culture medium type, and incubation periods, can be optimized to balance
diagnostic yield and feasibility for prosthetic joint infection cultures (33). Ostensibly, work
such as this may be extrapolated to guide optimization efforts in the field of FRI diagnosis
and management as well. Beyond altering incubation conditions, alternative processing
techniques have also been shown to be effective for improving PJI culture yield. For exam-
ple, sonication or dithiothreitol treatment of explanted prostheses from PJI cases prior to
inoculation of culture plates improves the sensitivity and diagnostic yield by releasing bac-
teria from biofilm (36-40). Furthermore, more complete homogenization of periprosthetic
tissue followed by incubation in blood culture bottles or incubation in liquid enriched
broth rather than solid agar has also been shown to improve the diagnostic yield and time
to detection of culture-based approaches for PJI (41, 42).

Combined, these data suggest that using alternative tissue processing techniques
and enhanced culture conditions may be similarly beneficial for FRI diagnosis, espe-
cially for cases at highest risk for culture negativity. In a single study that compared
sonication to conventional tissue cultures, diagnostic yield and sensitivity improved
from 57% to 90% (43). A separate study examined the diagnostic yield of sonication of
explanted prosthetic or fracture fixation devices and found that sensitivity improved
from 87% to 100% when sonification fluid was placed in blood culture bottles (44).
Additional work to validate these findings, and to evaluate the impact of other optimi-
zation strategies, is needed. Furthermore, procedures must be optimized and results
interpreted carefully to reduce the risk of contamination and lower specificity of cul-
tures utilizing these alternative processing techniques. For example, studies demon-
strate that while prosthesis vortexing/sonication in a solid container improves culture
sensitivity compared to tissue culture without decreasing specificity (45), sonication
within bags is associated with a risk of contamination due to bag leakage (46).

Molecular diagnostics. Despite the volume of work focusing on improving culture
yields for PJI, up to 15% of PJI cases remain culture negative (47, 48). Because bacterial
nucleic acid has been found in over 90% of synovial fluid samples that were culture
negative (49), molecular diagnostics-based techniques have been evaluated as a
means of improving the diagnostic yield of laboratory testing (50). The performance of
molecular diagnostics for FRI has not been fully evaluated yet, but studies of PJI dem-
onstrate that there are many factors that must be considered. For example, molecular
diagnostics can entail a range of approaches that have varied in performance and fea-
sibility when studied for PJI, including targeted PCR for the most common etiologic
agent(s) (51, 52), multiplex panels that detect a number of potential pathogens with or
without antimicrobial resistance markers (53-59), targeted metagenomics with identifi-
cation to the genus/species level (60), or shotgun metagenomics with appropriate
sequencing depth of coverage to allow for detection of not only species-level identifi-
cations but also antimicrobial resistance genes (61, 62). Not only do these approaches
allow for a range of bacterial pathogen identification but they may also detect fungi as
well, thus potentially expanding the range of pathogen identification in a single test.
As with culture, however, detection of any potential bacterial or fungal pathogen that
also represents commensal flora must be interpreted with caution due to risk of con-
tamination; these risks are increased with molecular detection techniques, as both
host and contaminating nucleic acid can have a critical impact on downstream results
and analysis (62).
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In addition to the type of molecular diagnostic approach used, specimen “type” is
of critical importance when using molecular testing; 16S rRNA PCR analysis performed
on swabs of fracture implant surfaces had lower diagnostic yield compared to conven-
tional tissue culture (63). Diagnostic yield improved on needle aspirates or surgical bi-
opsy specimens, followed by 16S rRNA PCR-based techniques (64). Finally, the routine
application of some molecular techniques, such as metagenomic analysis, has been
limited even for the diagnosis of PJI due to considerations of cost, reimbursement, and
turnaround time (65). In PJI studies, the cost of metagenomic analysis was calculated
at several hundred U.S. dollars per sample, compared to the few dollar supply costs of
standard culture techniques, leading the authors to conclude that metagenomic analy-
sis currently is not economically justifiable for application in every case (62). It is possi-
ble that more targeted molecular approaches may be more pragmatic while still
improving diagnostic yield. Therefore, not only will it be critical to fully evaluate the ac-
curacy of molecular detection techniques for FRI cases, but it will also be important to
consider appropriate utilization from a cost-effectiveness perspective.

CONCLUSIONS
The need for a standardized diagnostic and treatment plan for FRI patients has
become abundantly clear. The rise in antibiotic-resistant bacteria due to the empirical
use of broad-spectrum antibiotics as the preferred treatment has highlighted the need
for personalized treatment approaches. This can be achieved by identifying pathogens
in culture, but it poses many issues due to the chance of a patient having a culture-
negative FRI. This lack of standardization causes issues in all aspects of the diagnostic
process. The recently published consensus guidelines for defining FRI have the poten-
tial to better standardize the diagnostic process, which will not only improve patient
care but also facilitate more robust and reproducible research related to the diagnosis
and management of FRI. Within this context, future work dedicated to the evaluation
of testing strategies that are novel when applied to FRI, such as optimized specimen
processing, broth-based culture incubation, and molecular detection techniques, can
be performed. Due to their effectiveness in the related field of PJI, it is likely that these
strategies will improve the diagnostic yield of FRI laboratory testing and thus reduce
the risk of diagnostic error and mismanagement.
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