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Twenty years from now you will be more disappointed by the things
that you didn't do than by the ones you did do. So throw off the
bowlines. Sail away from the safe harbor. Catch the trade winds in
your sails.

Explore. Dream. Discover.

H. Jackson Brown Jr. in: P.S. | Love You, 1991

Voor mijn ouders
en peetouders t
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Chapter4

Figure 2. Clinical example WBC-scintigraphy + SPECT/CT. A 37 year old man with a grade
3A complicated distal humeral fracture of the left elbow, initially treated with an external
fixator and subsequently by plate osteosynthesis of the distal humerus. C X-ray: situation after
recent fixation of the fracture with plate ostheosynthesis, no signs of loosening or infection.
After 4 months, he presented with a fistula and a clinical suspicion of osteomyelitis of the distal
humerus. A-B, D-E: WBC scintigraphy (A image at 4 hours, B image at 24 hours, D-E fusion
SPECT/CT images) after the injection of 220 MBq 99m-Tc-labeled leucocytes demonstrated
an infection around the implant at the lateral side of the elbow/distal screw. The low uptake
points to an only low grade appearance and the location to soft tissue involvement, this was
confirmed at operation (F clinical pre-operative picture G perioperative clinical picture).

/8
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Accuracy of diagnostic imaging modalities for peripheral post-traumatic osteomyelitis

Glaudemans et al. [47] described the results of *"Tc-HMPAO WBC-scintigraphy in a
large retrospective study with 297 patients with various musculoskeletal infections (of
whom 49 patients had suspected PTO). Labelling protocols were in accordance with
current EANM guidelines [58] and scans were acquired correctly with imaging at two
time points. Diagnosis was confirmed by microbiology in 13 cases. Clinical follow-up
of at least 6 months confirmed mainly negative cases in all other patients (additional
information obtained from the author).

A prospective study by Horger et al. [21] of 27 patients undergoing scintigraphy with
technetium-99m labelled AGA combined with SPECT/CT in 25 patients for 27 suspected
PTO sites (including one non-peripheral location) and 2 suspected PJl is reported. This
focused specifically on the added value of CT with SPECT. Sensitivity was identical for
WBC-scintigraphy with SPECT alone and combined SPECT/CT (both 100%), whereas
adding CT to SPECT improved the specificity from 78% to 89%. Kaim et al. [49] in a
previously mentioned retrospective study compared the validity of combined TPBS/
2mTc labelled AGA scan with MRI for diagnosing PTO (18 patients, 19 infected peripheral
sites). In this paper the accuracy of the nuclear imaging was presented as a combined

value for the TPBS and the AGA scan together. Again, imaging was only performed at one
imaging time point (17 h after injection), which is a major limitation of this study. Finally,
Meller et al. [52] reported on a comparative prospective study ('"'InWBC-scintigraphy
versus FDG-PET) with 30 consecutive chronic osteomyelitis patients of whom 19 PTO
patients with 21 suspected infected sites in the peripheral skeleton.

Overall, sensitivity of WBC and AGA scintigraphy ranged from 50 to 100%, specificity
ranged from 40 to 97% (Table 5). LR+ ranged from 1.30 to 33.33 and LR- values of 0.56
and 0.57 were found. These results indicate strong to convincing diagnostic evidence
of WBC and AGA scintigraphy to accurately detect, and weak evidence to exclude, PTO.
However, one should bear in mind that the labelling procedures, acquisition protocols
and interpretation criteria of the WBC/AGA scintigraphy might be different between
some ‘dedicated’ centres, which can have some impact on the results. DOR values
of 2.32 and 7.46 were calculated, showing that the odds of obtaining a positive test
results was 2.32 to 7.46 times higher in a person with PTO than in a person without
PTO. Additionally, the studies that used SPECT/CT in combination with WBC (or AGA)
scintigraphy reported higher diagnostic accuracy.

FDG-PET(/CT)

Six studies [46, 48, 52-55] were included addressing the value of FDG-PET in diagnosing
PTO, 3 combined with CT [48, 54, 55]. Goebel et al. [46] prospectively investigated the
diagnostic value of FDG-PET in 48 patients with peripheral PTO and compared this with

79
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Chapter4

Figure 3. Clinical example FDG-PET/CT. A 77 year old woman who had a proximal femur
fracture for which she underwent open reduction and internal fixation with a femur plate
which had to be removed at a later stage due to infection. A X-ray, AP view: no consolidation,
severe angulation, heterogeneous sclerotic aspect around the fracture. She was referred to
our hospital with a fistula in the lateral thigh and a clinical suspicion of osteomyelitis of the
proximal femur. Further imaging demonstrated an infection of the proximal femur, a medial
abscess and a fistula coursing to the lateral aspect of the thigh which correlated with the clinical
findings during surgery. B-F "®F FDG PET/CT (B coronal FDG-PET image, C coronal fused FDG-
PET/CT image, D-F transaxial fused FDG-PET/CT images). G clinical pre-operative picture H
perioperative clinical picture.

80
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Accuracy of diagnostic imaging modalities for peripheral post-traumatic osteomyelitis

CT (n=22) and MRI (n=18). Hartmann et al. [48] prospectively investigated 33 patients
with FDG-PET/CT for suspected PTO, of which 23 had suspected PTO of the peripheral
skeleton. Three patients in this study had a (suspected) trauma related PJI. Meller et
al. [52] prospectively compared FDG-PET with ""'In-WBC in 30 consecutive patients
(of whom 19 suspected of having peripheral PTO in 21 limbs), by using a dual-head
coincidence camera. Schiesser et al. [53] prospectively analysed 17 patients with 20
suspected peripheral PTO sites using FDG-PET. Shemesh et al. [54] retrospectively looked
at implant-related infections of the tibia in 10 patients investigated with FDG-PET/CT.
Wenter et al. [55] reported the largest and most recent series of patients with PTO. They
retrospectively reviewed the contributions of FDG-PET (n=84) and FDG-PET/CT (n=131)
in a total of 215 patients with suspected PTO. If combined with CT, this was performed
in the majority of patients with a full dose CT (n=130) and with IV contrast (n=106). The
inclusion period was between 2000 and 2013; none of the patients had obvious signs
of infection, 12 patients had suspected PJI and 12 non-peripheral suspected PTO sites

were included.

Overall, sensitivity ranged from 83 to 100%, and specificity ranged from 51 to 100%
(Table 5). The other measures showed moderate to strong diagnostic evidence of FDG-
PET for either detecting or excluding PTO. Moreover, when the FDG-PET was combined
with PET/CT the diagnostic accuracy measures increased significantly.

MRI

Two studies were included addressing the value of MRI in diagnosing PTO [46, 49], both
with a comparative design. In the study of Goebel et al. [46], MRI (Tesla strength not
reported) was performed in 18 of 50 patients with suspected PTO. Kaim et al. [49] carried
out a retrospective study comparing the value of a combined TPBS / AGA scan with
a 1.5 Tesla MRI for diagnosing PTO in a highly selective patient group (19 suspected
sites in 18 patients all with long-standing PTO). All patients had T1 weighted images,
6/18 had T2 weighted images with fat suppression and 12/18 had T2 weighted images
without fat suppression. All 18 had gadolinium enhancement. The third included
study that describes the results of MRI for imaging PTO is the study by Meller et al [52].
Unfortunately this study could not be included in this review for the results of the MRI
because only 7 patients with PTO of the peripheral skeleton underwent an MRI. Also,
the authors used MRI as an adjudicator when no histology was available, therefore
sensitivity and specificity of the MRI for PTO was not evaluated in this paper and could
not be calculated from the data given.
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Chapter4

Figure 4. Clinical example MRI. A 54 year old man with a history of an open fracture treated
with a plate many years ago. The fracture healed slowly and then the plate was removed
because of continued skin breakdown over the front of the tibia. A Frontal and lateral radiograph
demonstrating sclerosis and chronic periosteal reaction around the previous fracture site. B
Sagittal fat suppressed images of the calf demonstrating bone and soft tissue oedema C & D
Axial fat suppressed images demonstrating sequestra (blue arrow), cortical abscesses (yellow
arrows) and periostitis and soft tissue oedema (red arrow).

82
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Overall, sensitivity values of 82 and 100% and specificity values of 43% and 60% were
found in the studies of Goebel et al. [46] and Kaim et al. [49], respectively (Table 5). The
other measures showed weak evidence of MRI for diagnosing or excluding PTO.

cT

Only 1 study addressed the value of CT-scanning in diagnosing PTO (Goebel et al. [46] ).
Unfortunately, the technical aspects (number of slices and slice thickness) of the CT-scan
used in this study are not reported. For the 22 patients with suspected PTO who were
analysed with CT, they found a sensitivity of 47% and a specificity of 60% (Table 5). The
other measures showed weak diagnostic evidence of CT for diagnosing or excluding
PTO.

DISCUSSION

Based on the best available evidence over the last 16 years, as presented in this paper,
both WBC (or AGA) scintigraphy and FDG-PET have the best diagnostic accuracy for
diagnosing or excluding peripheral PTO. The sensitivity for WBC (or AGA) scintigraphy
ranged from 50 to 100%, specificity ranged from 40 to 97%. For FDG-PET this was 83 to
100% and 51% to 100%, respectively. Moreover, the studies, which combined the WBC/
AGA scintigraphy with SPECT/CT [21, 47] or the FDG-PET with PET-CT [48, 54, 55] (which
is in line with current practice) showed an increase in the diagnostic accuracy measures.
For FDG-PET/CT sensitivity ranged between 86 and 94% and specificity between 76 and
100%. For WBC-scintigraphy + SPECT/CT this is 100% and 89 - 97% respectively. These
results do partly concur with the previous reported accuracy on diagnostic imaging of
chronic osteomyelitis by Termaat et al. [17]. They included in their meta-analysis papers
published between 1975 and 2003 and favoured FDG-PET as the optimal imaging
modality. However, studies included for FDG-PET consisted mainly of patients suspected
of chronic osteomyelitis and not specifically PTO. Furthermore, in that era, almost no
SPECT/CT or PET/CT camera systems existed and acquisition protocols especially for
WBC-scintigraphy have significantly improved since then [47, 58]. Glaudemans et al [47]
presented the results of a more recent large retrospective study including 297 patients
with suspected bone or soft tissue infection of whom 49 PTO patients analysed by
WBC-scintigraphy. Fourteen of the 49 PTO patients had a positive scan result and were
therefore further analysed with SPECT/CT. For PTO they found a sensitivity of 100%, a
specificity of 97.4% and a diagnostic accuracy of 98%. Important to mention is that in
this study labelling protocols were in accordance with current EANM guidelines [58] and
scans were acquired correctly with imaging at two time points which make these results
more in accordance with current practice.
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Choosing the most appropriate imaging technique for PTO remains difficult because
there are advantages, disadvantages, pitfalls and contraindications of each option
within the field of both nuclear medicine and clinical radiology. First of all, PTO is a
condition that occurs in a very heterogeneous patient population. Limited mobility
of the patient might not allow dual time point imaging and location of the infection,
co-morbidities and metal implants may affect the accuracy of the imaging techniques
used. Secondly, what the surgeon needs to establish for proper pre-operative planning
is not only the presence of an infection, but also whether there are specific features
such as sequestra, cloacae, sinus tracts and intracortical or soft tissue abscesses present.
This is also important in cases with no doubt about the diagnosis (for example in
patients with fistula or exposed metalwork) where imaging methods can be used with
lower specificity and sensitivity for detecting PTO (such as a MRI scan). Thirdly, for pre-
operative planning it is important to determine fracture position, fracture union and
to assess the integrity of implants. This is usually done by more conventional imaging
methods which can sometimes be incorporated in the diagnostic workup of PTO (for
example: a CT scan to assess fracture union can be omitted when a WBC-scintigraphy
with SPECT/CT is performed). All these factors need to be taken into account when
ordering or advising a specificimaging technique. Establishing the diagnosis of infection
is the first requirement for investigating PTO but, as mentioned before, imaging must
also give information which allows planning of effective surgical treatment by defining
the anatomical distribution of the infected or dead bone. The specific advantages and
disadvantages of each imaging modality are summarized below.

Bone scintigraphy alone is not suitable for diagnosing PTO because of its low specificity
butitis relatively cheap and easy to perform with a high sensitivity. Therefore in chronic
cases with low suspicion of PTO a normal bone scan can be used to exclude an infection.

WBC (or AGA) scintigraphy is a useful technique to diagnose PTO because leucocytes
actively migrate to the site of infection and are therefore a more specific indicator for
osteomyelitis. Also, the addition of the SPECT-CT allows better anatomical localisation
and distinction between bone and soft tissue infections. A disadvantage is that
performing a WBC-scintigraphy is expensive, laborious and time consuming (with strict
labelling protocols and at least 2 scans at two following days [19, 47, 58]).

FDG-PET is a relatively quicker whole body imaging procedure (one imaging time point
60 minutes after injection) that can be used to detect multiple foci throughout the
body. Disadvantages are that recent fractures and the presence of metallic hardware
may decrease the accuracy of FDG-PET since FDG uptake will also be increased in
inflammatory reactions [59]. Better spatial resolution and metal artefact reduction
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techniques have improved the quality of both MRI and CT over the last decade [60, 61]
and the low costs, quick scanning time and availability make these scans an attractive
first choice for many surgeons.

Plain X-Rays and CT are specifically useful to image the degree of fracture union and to
search for small sequestra but are less suitable for determining the exact localisation of
infected bone.

MRI can demonstrate the extent of bone and soft tissue involvement in cases of PTO
but an absolute requirement is that both the surgeon and imaging specialist need to be
experienced with interpreting the images in order not to be distracted by physiological
changes (such as bone oedema) or accompanying normal tissue healing. The increasing
use of internal fixation of fractures makes MRI less useful in the early diagnosis of PTO.

Clinical examples of the use of WBC-scintigraphy + SPECT/CT, FDG-PET/CT and MRI for
the surgical workup of patients with PTO are presented in Figure 2, Figure 3 and Figure
4 respectively.

Clinicians need to be aware of the advantages and limitations of each imaging
modality and the potential diagnostic accuracy. The issues of patient comfort, safety
and personal experience of the surgeon and imaging specialist are of importance in
choosing appropriate imaging techniques [12, 19, 59]. This review highlights the fact
that the evidence in the literature is still limited and hampered by heterogeneous
patient populations and quickly evolving imaging techniques. It is therefore clear that
there is a need for further prospective studies on diagnostic imaging of PTO.

Limitations of this study

Firstly, this study provides level 3 evidence on diagnostic imaging of PTO. The number

of studies that could be included is limited, imaging techniques are heterogeneous
and only four prospective studies met the inclusion criteria. Secondly, the studies were
aimed at diagnosing or excluding PTO and did not focus on determining the anatomic
distribution of infection for surgical planning. Thirdly, the studies provided limited
information on the combination of hybrid imaging techniques such as SPECT/CT and
PET/CT for detecting PTO and its extent.
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CONCLUSION

Based on the best available evidence of the last 17 years, both WBC (or AGA) scintigraphy
combined with SPECT/CT or FDG-PET combined with CT have the best diagnostic
accuracy for diagnosing peripheral PTO.
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ABSTRACT

Introduction. Diagnosing Fracture-Related Infections (FRI) based on clinical symptoms
alone can be challenging and additional diagnostic tools such as serum inflammatory
markers are often utilized. The aims of this study were 1) to determine the individual
diagnostic performance of three commonly used serum inflammatory markers:
C-Reactive Protein (CRP), Leukocyte Count (LC) and Erythrocyte Sedimentation Rate
(ESR), and 2) to determine the diagnostic performance of a combination of these
markers, and the additional value of including clinical parameters predictive of FRI.

Methods. This cohort study included patients who presented with a suspected FRI
at two participating level | academic trauma centers between February 1% 2009 and
December 31 2017. The parameters CRP, LC and ESR, determined at diagnostic work-
up of the suspected FRI, were retrieved from hospital records. The gold standard for
diagnosing or ruling out FRI was defined as: positive microbiology results of surgically
obtained tissue samples, or absence of FRI at a clinical follow-up of at least six months.
The diagnostic accuracy of the individual serum inflammatory markers was assessed.
Analyses were done with both dichotomized values using hospital thresholds as well
as with continuous values. Multivariable logistic regression analyses were performed
to obtain the discriminative performance (Area Under the Receiver Operating
Characteristic, AUROC) of (1) the combined inflammatory markers, and (2) the added
value of these markers to clinical parameters.

Results. A total of 168 patients met the inclusion criteria and were included for analysis.
CRP had a 38% sensitivity, 34% specificity, 42% positive predictive value (PPV) and 78%
negative predictive value (NPV). For LC this was 39%, 74%, 46% and 67% and for ESR
62%, 64%, 45% and 76% respectively. The diagnostic accuracy was 52%, 61% and 80%
respectively. The AUROC was 0.64 for CRP, 0.60 for LC and 0.58 for ESR. The AUROC of the
combined inflammatory markers was 0.63. Serum inflammatory markers combined with
clinical parameters resulted in AUROC of 0.66 as opposed to 0.62 for clinical parameters
alone.

Conclusion. The added value of CRP, LC and ESR for diagnosing FRI is limited. Clinicians
should be cautious when interpreting the results of these tests in patients with
suspected FRI.
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INTRODUCTION

Fracture-Related Infection (FRI) is a challenging complication after surgical fracture
treatment [1, 2]. Consequences include reoperations, prolonged treatment with
antibiotics, prolonged immobilization, inability to participate in social and work-
related activities, increased medical costs, loss of function and even amputation [3-
5]. As with most medical conditions, a successful treatment outcome starts with an
accurate diagnosis. The fact that the clinical presentation of infection can be obscured
by apparently normal wound healing is one of the difficulties of diagnosing FRI. When
wound healing is compromised, and the classical infection symptoms such as pain,
increased temperature, local erythema and swelling are present, FRI is usually easy to
recognize. However, FRI can also present less apparent with symptoms mimicking those
of delayed- or non-union, such as pain, implant failure and impaired fracture healing. It
might even be present without any clinical signs and symptoms at all [1, 6, 7].

Another difficulty has been that until recently, the literature regarding the diagnosis
and treatment of FRI was hampered by the lack of a clear definition [4]. However, in
2017, the characteristics of a FRI were clearly defined in a consensus meeting between
experts in the field of bone infection in collaboration with the Arbeitsgemeinschaft
fur Osteosynthesefragen (AO Foundation) and the European Bone and Joint Infection
Society (EBJIS) [2]. Two levels of certainty around diagnostic features were defined. Signs
that are suggestive of FRI can be clinical signs of infection (such as redness, fever and
new onset of joint effusion), radiological signs (for example bone lysis, sequestration,
implant loosening, nonunion and periosteal bone formation), wound drainage and
elevated serum inflammatory markers. Confirmatory clinical signs are a fistula, sinus,
purulent drainage or wound breakdown which communicates to the bone itself or to
the fixation device. In absence of these confirmatory clinical signs, the diagnosis can
be confirmed by either microbiology (with phenotypically indistinguishable pathogens
identified by culture from at least two separate deep tissue/implant specimens) or
histology (presence of microorganisms in deep tissue taken during an operative
intervention) [2].

Elevated serum inflammatory markers are often used as diagnostic parameters for
postoperative infections after orthopedic trauma surgery and are mainly investigated in
PJls [8, 9]. Although they are considered to be indicative for the presence of FRI according
to the aforementioned consensus meeting, research focusing on the added value of
these parameters for diagnosing FRI is limited [10-13]. In a recent survey amongst
medical specialists involved in the care for patients with FRI, C-reactive protein (CRP) was
regarded to be the most valuable tool for diagnosing FRI, followed by the Erythrocyte
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Sedimentation Rate (ESR) and Leucocyte Count (LC) respectively [14]. However, the
added value of serum inflammatory markers is still under debate. Large cohort studies
which tell us whether these markers are capable of distinguishing a bacterial infection
from a normal inflammatory response due to the injury, tissue damage, fracture healing,
or the fracture surgery, are lacking so far [15-19]. It is therefore mandatory to assess
the role of these serum inflammatory markers in the decision-making process for
diagnosing FRI.

The two aims of the current study were:

1)  To determine the individual diagnostic performance of the three commonly used
serum inflammatory markers, CRP, LC and ESR, in FRI.

2) Toassess the diagnostic value of a combination of these markers, and their value in
addition to clinical parameters predictive of FRI.

PATIENTS AND METHODS

Study design

This is a retrospective cohort study performed at the University Medical Center Utrecht
(UMCU) and the University Medical Center Groningen (UMCG), two Level | academic
trauma centers in the Netherlands.

In- and exclusion criteria

In order to be able to calculate the accuracy of serum inflammatory markers in both
patients with and without FRI, patients from a previous assembled database on medical
imaging for suspected FRI were included. This database comprised of all patients who
underwent nuclear medical imaging for suspected FRI between February 15 2009
and December 315t 2017 of the UMCU and UMCG. In accordance with clinical practice,
where serum inflammatory markers are ordered when an infection is suspected, blood
sampling had to be obtained within a range of seven days around the date an FRI was
first considered (mostly at the outpatient department). Cases missing inflammatory
markers or outcome data due to incomplete reporting were excluded from the
analyses. In uncomplicated orthopedic- and trauma surgical cases, levels of CRP peak
at the second postoperative day. In uneventful cases, the CRP returns to normal values
between day two to twelve postoperatively [20-25]. Maximum values of LC are seen on
day one to three postoperatively and decline to normal values between day four to six
[26]. Values of ESR peak at day seven to eleven postoperatively and decrease gradually
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until after week six [19]. Therefore, patients were excluded who underwent surgery in
14 days preceding testing for CRP, 7 days for LC and 6 weeks for ESR testing. In- and
exclusion criteria are presented in Table 1.

Table 1. Inclusion and exclusion criteria.

Inclusion Exclusion

1. Patients with a suspected 1. Patients who underwent surgery in the fourteen days preceding
Fracture-Related Infection. collection of the blood sample for determining the serum

inflammatory markers

. Pathologic fractures

. Prosthetic joint infection (PJI)

Haematogenous infection

. Patients with (auto-)immune diseases

. Patients with (pre-)malignancies

Concomitant use of corticosteroids

. Evident other focus of infection

. No reference standard available (representative cultures or at least six
months follow-up)

VWONOU A WN

Ethical approval

The study protocol was evaluated by the institutional review board (medical ethical
research commission, METC) of the UMCU and found to be exempted from further
approval requirements (METC-17-694).

Serum inflammatory markers

The index test comprised of CRP and LC. Analysis was done similarly in both participating
centers. In the UMCU, blood was drawn into a 2.0 mL vacuum tube (BD Vacutainer; BD
Medical Systems, Franklin Lakes, NJ, USA) containing K2-EDTA as an anticoagulant for
blood cell analysis and a 4.0 mL vacuum tube Lithium-Heparin as an anticoagulant for
CRP measurement.

The UMCG used standard 4.0 mL K2 EDTA and 4.5 mL Lithium-Heparin tubes. All blood
samples were analyzed in the central diagnostic laboratories of the UMCU and UMCG
(both with full ISO-15189 accreditation). C-reactive protein (CRP) was measured using a
turbidimetric immunoassay on a DxAU 5811 automated chemistry analyzer (Beckman-
Coulter, Brea, CA, USA). Similar analysis was done in the UMCG using a Roche CRPL3
analyzer with wide range assay (Roche, Mannheim, Germany). LC was measured using
a Cell-Dyn Sapphire hematology analyzer (Abbott Diagnostics, Santa Clara, CA, USA).
This analyzer uses spectrophotometry, electrical impedance and laser light scattering
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(multi angle polarized scatter separation, (MAPPS)) to classify blood cells [27, 28]. In
the UMCG, similar analysis was done using a Sysmex XN-20 Automated hematology
analyzer (Sysmex, Kobe, Japan). The validity of all test results was checked with built-in
quality flags, daily quality control samples and external quality assessment schemes.
The ESR was measured using a method according to Westergren. The UMCU uses whole
blood anticoagulated with sodium citrate 3,2% (4:1) in combination with a ESR analyzer
(Monitor V100, Vital Diagnostics, SrL, Forli, Italy), in the UMCG the ESR was measured
in EDTA whole blood in diluted with sodium citrate 3,2% (4:1) combination with the
Starrsed interliner (Mechatronics, Zwaag, the Netherlands) [29].

Although analyses of blood samples were done in a similar set-up, both participating
centers used slightly different threshold values for the serum makers. Since statistical
calculations in this paper were performed on data from both centers to improve the
possible predictive performance, common threshold values used in clinical practice
and reported in medical literature were used to reflect the current performance of the
separate parameters. The threshold in this study for CRP was less than 5.0 mg/L and
leukocyte count less than 10.0 x 10%/L. For ESR, the threshold for men was 11 mm/h and
for women 24 mm/h.

Clinical parameters

The clinical parameters included in the multivariate analysis were Gustilo-Anderson
classification, ISS, diabetes mellitus, smoking status and lower extremity fractures. These
parameters were used as these are known to increase the risk of a FRI [30].

Reference standard

The gold standard in the final diagnosis of FRI was based on the outcome of medical
microbiology (MMB) results of at least two separate samples of deep tissue taken
during a surgical intervention [2]. Two experienced trauma surgeons (GG and FlJ, >5
years board certified) assessed the validity of the MMB results. Only if two or more
deep samples were taken from the suspected area of bone infection, the MMB results
were regarded as relevant. Only when two or more samples were positive with both
morphologically the same organism, the MMB results were regarded as positive. In
case of no surgery (and therefore no intra-operative cultures), the definite diagnosis
was based on a clinical follow-up of at least six months. Throughout the follow-up, a
final diagnosis was made on basis of positive clinical confirmatory criteria. When the
aforementioned confirmatory signs were present perioperatively, the patient was also
considered to be suffering from FRI [2].
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Data collection

Theelectronic patientfiles of allincluded patients were scrutinized on when aninfectious
complication was first suspected and data was collected on demographics, type of
fracture according to the Miller AO Classification of Fractures [31], Gustilo Anderson
classification in case of an open fracture [32], date, trauma mechanism, fracture type
and surgical management of the index trauma, laboratory findings, microbiology
results, final diagnosis and clinical outcome during follow-up.

Statistical analysis

Continuous data are presented as mean and standard deviation (SD) in case of normal
distributions or median and interquartile range (IQR) when not normally distributed.
The baseline characteristics per center were compared to analyze whether there were
any substantial differences between the centers. Hypothesis testing was done using
independent t-test or Mann-Whitney U test for the continues values, and Chi-squared
test or Fisher’s exact test for the dichotomized values. A p-value of <0.05 was considered
significant.

In the first analysis, the serum markers were dichotomized using the aforementioned
threshold values, as this reflects the diagnostic performance in current clinical practice.
For each parameter, true positive (TP), true negative (TN), false positive (FP) and false

negative (FN) results were described. Contingency tables were constructed. Sensitivity
and specificity, positive and negative predictive values (PPV and NPV), positive and
negative likelihood ratio’s (LR+ and LR) were calculated. Second, to assess the maximal
predictive performance, separate continuous values were used.

Third, to assess the diagnostic performance of the combination of the inflammatory
markers, a multivariable logistic regression model including the inflammatory markers
was fitted. Subsequently, two models were fitted to determine the added value of the
inflammatory markers to the clinical parameters. The first one included the clinically
predetermined parameters. The second one included these parameters, and also the
combined inflammatory markers. To reduce the risk of overfitting, a maximum of one
predictor per 5-10 events was used.

The diagnostic performance of these continuous models was assessed using the AUROC
as a measure of discrimination. The Q-point method, which determines the threshold
value closest to the upper left corner of the AUROC, was used to deduct the optimal
threshold, for which the sensitivity and specificity were calculated.
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Sensitivity analyses were performed to (1) assess whether the diagnostic performance
of the multivariable logistic regression analysis differs per center, (2) whether the time
interval (<14 days versus >14 days between inflammatory markers and intra-operative
cultures) affects the diagnostic performance and (3) to assess whether the linearity
assumption of the combined markers with the (logit) outcome affects the performance,
through log-transforming the variables.

All data analyses were performed using the Statistical Package for Social Sciences (SPSS®)
statistics for Windows (version 20.0.0.0, IBM, Armonk, NY, USA). Where applicable, the
reporting of this study followed the Transparent Reporting of a multivariable Prediction
Model for individual diagnosis or prognosis (TRIPOD statement) [33].

RESULTS

The cohort consisted of 365 patients who underwent medical imaging for suspected
FRI. A total of 197 patients were excluded from analyses due to missing data on serum
inflammatory markers (n=171) or other parameters. After exclusion, a total of 168
patients were included in this study. Basic demographics and clinical characteristics of
the included patients from both participating centers are shown in Table 2. The cohort
consisted predominantly of male patients (n=115, 68.5%) with a median age of 54 years
(IQR 40-62). Fractures were most commonly located in the lower extremity (n=140,
83.4%). The study population consisted of patients who were suspected to suffer from
long standing FRI. The median interval between initial fracture surgery and nuclear
imaging for a suspected FRI was 480 (IQR 229-1312) days.

FRI in study population

Overall, FRI was present in 61 patients (36%). In the cohort, 41 patients were diagnosed
with FRI on basis of MMB results. Twenty patients with negative or without MMB results
developed FRI during the follow up. The median clinical follow up in the cohort was 53
(IQR 45-134) weeks. Median interval between blood sampling for laboratory analysis
and operatively obtained samples for MMB was 49 (IQR 19-85) days.
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Table 2. Baseline characteristics of study population.

Both centers UMCU (n=41) UMCG (n=127) p-value

Age (median (IQR)) 54 (40-64) 58 (47-63) 54 (38-64) 0.27
Age at onset (median (IQR)) 51(36-59) 53 (45-59) 51(36-62) 0.26
Sex

Male 115 (68.5%) 26 (63.4%) 89 (70.1%) 0.44
Comorbidities

Diabetes mellitus 13 (7.7%) 5(12.2%) 8 (6.3%) 0.31

Psychiatric disorder 11 (6.5) 2 (4.9%) 9 (7.1%) 0.47

Obesity 21 (12.5%) 2 (4.9%) 19 (15.0%) 0.1

Osteoporisis 5 (3.0%) 5(12.2%) 0 (0%) 0.35

Hypothyroidism 3(1.8%) 1(2.4%) 2 (1.6%) 0.57
Risk factors

Smoking 63 (37.5%) 14 (34.1%) 49 (38.6%) 0.71

NSAIDs 31(18.5%) 5(12.2%) 26 (20.5%) 0.26

Soft drugs 6 (3.6%) 2 (4.9%) 4(3.1%) 0.64

Hard drugs 6 (3.6%) 2 (4.9%) 4(3.1%) 0.64

Alcoholabuse 7 (4.2%) 2 (4.9%) 5(3.9%) 0.68
ASA classification 0.40

| 58 (35.5%) 14 (34.1%) 44 (39.3%)

Il 72 (42.9%) 20 (48.8%) 52 (46.4%)

1] 20 (11.9%) 4(9.8%) 16 (14.3%)

\" 1(0.6%) 1(2.4%) 0(0.0%)

Unknown 17 (10.1%) 2 (4.9%) 15 (11.8%)

BMI, n =150 (mean (SD)) 28,18(5.38) 26.91 (4.68) 28,77 (5.54) 0.06

Unknown (n=) 18(10.7%) 1(2.4%) 17 (13.4%)
ISS <0.001

<16 114 (67.9%) 16 (39.0%) 99 (78.0%)

>16 39 (23.2%) 18 (43.9%) 21 (16.5%)

Unknown 15 (8.9%) 7(17.1%) 7 (5.5%)
Fracture location 0.002

Upper extremity 18 (10.7%) 1(2.4%) 17 (13.4%)

Lower extremity 140 (83.3%) 33(80.5%) 107 (84.3%)

Spine 7 (4.2%) 5(12.2%) 2 (1.6%)

Pelvis 3(1.8%) 2 (4.9%) 1(0.8%)

Fracture type 0.85

Open 80 (47,6%) 18 (43.9%) 62 (48.8%)

Closed 79 (47.0%) 16 (39.0%) 63 (49.6%)

Unknown 9 (5.4%) 7 (17.1%) 2 (1.6%)
Gustilo-Anderson Classification (32) 0.04

Grade 1 16 (9.5%) 3(7.3%) 13(10.2%)

Grade 2 12(7.1%) 0(0.0%) 12 (9.4%)

Grade 3 43 (19.7%) 11 (26.8%) 22 (17.4%)

Unknown 19(11.3%) 4(9.8%) 15(11.8%)
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Diagnostic performance of serum inflammatory markers

Details on the serum markers are shown in Table 3. For CRP, there were 49 TP, 36 TN,
69 FP and 10 FN results. This corresponds to 83% sensitivity and 34% specificity. When
considering CRP as a continuous variable, an AUROC of 0.64 (0.55-0.72) was found.
The optimum threshold was 10.5 mg/L, with a corresponding 61.0% sensitivity and
62.9% specificity. For leukocyte count, there were 22 TP, 72 TN, 26 FP and 35 FN results.
This resulted in a 39% sensitivity and 74% specificity. When analyzed as a continuous
variable the AUROC was 0.60 (0.50-0.69). The optimum threshold was 8.6 x10°L, with
a corresponding 60.0% sensitivity and 61.2% specificity. Regarding ESR, there were
18 TP, 35 TN, 11 FP and 22 FN results. This is consistent with 45% sensitivity and 76%
specificity. When analyzed as a continuous variable, the AUROC was 0.58 (0.46-0.71). At
the optimum threshold (10.0), sensitivity was 72.4% specificity 50.1%. The results are
presented in Table 4 and Table 5.

Table 3. CRP, LC and ESR.

FRI No FRI

TP TN Median IQR FP FN Median IQR
CRP 49 36 15.0 mg/L 5.0-60.0 mg/L 69 10 7.0 mg/L 4.1-18.5 mg/L
LC 22 72 9.3x10%L 7.1-12.4 x10°/L 26 35 8.1 x10°/L 6.7-10.2 x10%/L
ESR 18 35 18.0mm/h  7.0-36.0 mm/h 11 22 11.0 mm/h 5-31.5 mm/h
Table 4. Diagnostic accuracies for CRP, LC and ESR.
Test CRP LC ESR
Sensitivity (95% Cl) 83.1% (71.0%-91.6%) 38.6% (22.0%-52.4%) 45.0% (29.3% - 61.5%)
Specificity (95% Cl) 34.3% (25.3%-44.2%) 73.5% (63.6%-81.9%) 76.1% (61.2% - 87.4%)
PPV (95% Cl) 41.5% (37.2%-46.0%) 45.8% (34.7%-57.4%) 62.1% (46.8% - 75.2%)
NPV (95% ClI) 78.3% (65.9%-87.0%) 67.3% (61.9%-72.3%) 61.4% (53.5% - 68.7%)
LR+ (95% ClI) 1.26 (1.06-1.51) 1.45(0.91-2.31) 1.88(1.01-3.49)

LR-(95% Cl)

Accuracy

0.49 (0.26-0.92)
51.8% (43.9%-59.7%)

0.84 (0.66-1.06)
60.7% (52.5%-68.4%)

0.72 (0.52-1.00)
79.6% (64.7% - 90.2%)
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Table 5. Diagnostic accuracies for continuous variables CRP, LC, ESR and CRP + LC.

Test CRP LC ESR CRP +LC
AUROC 0.64 0.60 0.58 0.63

(95% C1 0.55-0.72) (95% Cl1 0.50-0.69) (95% C1 0.46-0.71) (95% C10.54-0.73)
Sensitivity 61.0% 60.0% 72.4% 60.0%
Specificity 62.9% 61.2% 50.1% 63.9%

Multivariable logistic regression analysis

ESR was left out of these analyses as this marker was missing in half of the patients
(n=86, 51.2%). The AUROC of CRP and LC combined was 0.63 (95% Cl 0.54-0.73). At the
Q-point, there were 33 TP, 62 TN, 35 FP and 22 FN, with a sensitivity and specificity of
60% and 64% (Table 4 and Table 5). The model with clinical parameters and combined
inflammatory markers had an AUROC of 0.66 (95% Cl 0.55-0.77), as compared to 0.62
(95% C1 0.51-0.72) without inflammatory markers.

The AUROC of the combined markers per center was 0.63 (0.54-0.73) for the UMCG, and
0.68 (0.51-0.87) for the UMCU. The AUROC was 0.64 (0.34-0.93) <14 days and 0.61 (0.48-
0.75) =14 days. The AUROC of the model with log-transformed CRP and LC was 0.63
(0.54-0.73).

DISCUSSION

This study focused on the diagnostic accuracy of the serum inflammatory markers CRP,
LC and ESR in patients who were suspected of FRI. It is the first study to include clinical
parameters proven to be predictive of FRIin its analysis. Although most clinicians regard
serum inflammatory markers to be part of the general work-up of suspected FRI, the
results of this study indicate that they should be cautious when interpreting their
results, as was published in the Consensus definition on FRI [2].

The majority of the literature on inflammatory markers in orthopedic infection has
focused on periprosthetic joint infections (PJI) and osteomyelitis of the diabetic foot
[34-37]. CRP has been proven to be useful in both [38, 39]. Moreover, the value of LC
is less well established [9, 40]. In early postoperative infections after fracture surgery,
continuous elevation or a secondary rise might be expected in CRP and LC [24, 41].
Levels of serum CRP, LC and ESR have been shown to be significantly lower in FRI than in
haematogenous osteomyelitis and osteomyelitis of the diabetic foot [42, 43].
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Studies on the diagnostic value of serum inflammatory markers in FRI are limited, and
their methodology is heterogeneous. Different serum marker thresholds are used,
and study populations vary. As in the current study, the study population of Buhl et
al. consisted of patients who underwent nuclear medical imaging for suspected FRI
or infected prosthesis [44]. They reported a sensitivity and specificity for ESR of 84%
and 29% respectively, and 56% and 35% for CRP. These results differ from those in the
current study. This may be due to PJI being excluded in the current study and the use of
different thresholds. Most studies on serum markers in FRI have focused on subgroups
of FRI, such as infected non-union or patients undergoing conversion surgery. One study
reported on the value of CRP and ESR in diagnosing infection in patients undergoing
conversion from internal fixation of a femoral neck fracture to total hip arthroplasty
[45]. The authors reported a higher diagnostic accuracy than the current study, with an
AUROC of 0.89 for both markers. Unfortunately, their study has a high risk of overfitting
due to the inclusion of only six patients with FRI. Therefore, the true AUROC, obtained
after (internal and) external validation, will be much lower [46]. Several studies have
focused on the value of inflammatory markers in diagnosing infection in patients
presenting with mal- or non-union [11-13]. The diagnostic accuracy of individual serum
inflammatory markers in this sub-group of FRI is low. Some of these studies have looked
at the diagnostic accuracy of combined serum markers. Similar to the results of the
current study, combining markers was found to increase the diagnostic accuracy for FRI
only marginally [11, 13].

With an accuracy of 79.6%, the diagnostic value of ESR in the current study appears to
be high. However, the large overlap in the IQR of the FRI and non-FRI groups shows the
discriminative value of ESR to be low.

The differences in results between the literature and the current study may be caused
by several factors. Most importantly, several different thresholds are used to define
elevation of serum inflammatory markers. This makes a valid comparison of results
impossible, especially when only sensitivity and specificity are reported. Furthermore,
FRIis a heterogeneous disease, with tissue involvement varying in location and severity.
Some studies focus on all patients with FRI, others choose subgroups to increase
population homogeneity. These differences in study populations further complicate
comparing results and it is therefore imperative that international lab protocols are
being developed and uniform diagnostic criteria including threshold values and timing
for obtaining serum inflammatory markers regarding FRI are being established and
implemented. Finally, most studies have looked at serum markers taken between 1
to 14 days prior to obtaining intra-operative cultures. The current study focused on
inflammatory markers when infection was first suspected, with a median of 48.5 days
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between index- and reference test. This is in concordance with clinical practice, as the
clinician will obtain serum inflammatory markers at the time an FRI has to be confirmed
or ruled out. The actual surgery often follows at a later point, when additional diagnostic
work, such as imaging, has been completed. This difference may have influenced the
results.

Strengths of this study are that it is one of the largest cohorts investigating the
diagnostic performance of individual and combined serum inflammatory markers in
FRI. The inclusion of combined markers is important, as in clinical practice, inflammatory
markers are never interpreted individually. Furthermore, they are always interpreted in
combination with clinical parameters. Therefore, information from multiple markers
was combined with clinical parameters that are associated with FRI to estimate the
probability of infection.

This study does have some limitations. First of all, all patients with suspected FRI were
collectively analyzed, and thus these results may not be applicable to all possible
subgroups. Furthermore, due to its retrospective nature, there was no uniform time
interval between index- and reference test. However, this is in accordance with clinical
practice. In addition, the laboratory measurements have been performed using different
methods, however due to laboratory standardization and internal and external quality
control schemes differences due to measurement methods are negligible. Also, the
outcome of this study might be affected by selection bias as the patients undergoing
advanced nuclear imaging could have been selected based on the outcome of their
serum inflammatory marker testing. This could potentially alter the true NPV of the
markers.

CONCLUSION

The outcome of this retrospective study indicates that the added diagnostic value
of CRP, LC and ESR seems to be limited for FRI. FRI can still be present when serum
inflammatory markers are within normal range. Therefore, clinicians should be cautious
when interpreting the results of these tests in patients with suspected FRI.
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IMAGING PROTOCOLS

1.1 **"Tc-HMPAO-WBC scintigraphy:

For each WBC-scintigraphy, preparation and labelling of WBC will be performed
according to the guidelines for the labelling of leucocytes with *™Tc-HMPAO of the
European Association of Nuclear Medicine.

Acquisition:
Administered activity: according to EANM guidelines.

Early images at 2-4 hrs:

- static images of the affected extremity (anterior, posterior, LPO, RPO), acquisition
.time 100 or 200 seconds per view, matrix 256x256, zoom 1.33-1.45.

- SPECT/CT of the extremity (when positive at static images): SPECT: matrix 128x128,
zoom 1.0 or 1.23, acquisition counts 20-40 sec/view. Low-dose CT: mAs 30, kV 100,
slice thickness 3.0 mm.

Late images at 20-24 hrs:

- static images of the extremity in two directions (anterior/posterioror LPO/RPO,
based on early images), acquisition time corrected by time-decay according to
time of delayed images, matrix 256x256, zoom 1.33-1.45.

Interpretation:

Visual analysis: of both early and late images with the same count scale or intensity

scale:

- increase in WBC uptake over time a infection.

- decrease in WBC uptake over time a inflammation or no infection.

- SPECT/CT for localizing and differentiation between osteomyelitis and soft tissue
infection (when uptake increases). The determination of whether there is an
infection or not depends on the results of both the early and the late WBC images.
With the aid of the SPECT/CT we only intend to determine the exact location of
the accumulation. Therefore, the presence or absence of a SPECT/CT in the patient
record does not reveal whether there would be an infection or not.

AND

Semi-quantitative analysis: calculation of target-to-background (T/B) ratio in both early
and late images. Use contralateral side as background.

252

15793-govaert-layout.indd 252 08/10/2018 08:24



The IFI trial

- Increase in T/B ratio over time a infection.
- Decrease in T/B ratio over time a inflammation or normal bone marrow uptake, no
infection.

1.2 *F-FDG-PET:

BF-FDG (3 MBqg/kg) will be intravenously injected into the patient. Preparation,
administration, and acquisition of '®F-FDG-PET will be performed according to the
existing guidelines of the European Association of Nuclear Medicine [19]. The scan will
be performed 60 +/- 10 minutes after tracer injection. The scanning procedure itself will
take approximately 15 minutes.

Acquisition:
Administered activity: according to EANM guidelines.
Image acquisition: according to EANM guidelines/EARL accreditation.

Interpretation:

Visual analysis:

- description of areas with increased uptake: describe intensity of uptake, uptake
pattern (homogeneous, heterogeneous), how many foci.

- exact localization of the area(s) with increased uptake

AND

Semi-quantitative analysis:

- calculation of SUVmax, SUVpeak and SUVmean of each area with increased uptake

- calculation of target-to-background ratios (both SUVmax and SUVmean,
contralateral side as background) of each area with increased uptake.

1.3 MRI:

Acquisition:

According to standard MRI acquisition protocol for fracture-related infections:
- 1.5-T or 3.0-T system.

- Asurface coil will be used for signal reception.

- Markers will be placed over the area which is clinically suspected of infection or
sinus tracts.

- The following sequences will be used: T1-weighted imaging without fat
suppression, T2-weighted imaging with STIR fat suppression (no frequency
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selective fat saturation techniques), and post-gadolinium fat-suppressed (either
(SPIR/SPAIR, or DIXON-based) T1-weighted imaging, all in the axial plane and in
one longitudinal direction (either coronal or sagittal) relative to the involved bone.

- All sequences will be performed as turbo spin-echo sequences (no gradient-
echo sequences), bandwidth of the excitation pulse and signal read out will be
increased, and, depending on local systems and availability, additional metal
artefact reduction techniques such as slice Encoding for Metal Artifact Correction
(SEMAC or WARP) will be applied Interpretation:

Visual analysis:
- Criteria for osteomyelitis:

o

Low medullary bone marrow signal in a geographic confluent pattern,
concordant with abnormal (high) signal at fat-suppressed T2-weighted and
post-gadolinium fat-suppressed T1-weighted imaging, is considered to
represent osteomyelitis.

Low signal in a subcortical distribution or with a hazy, reticulated pattern at
T1-weighted imaging, is not considered to represent osteomyelitis, regardless
of appearance at fat-suppressed T2-weighted and post-gadolinium fat-
suppressed T1-weighted imaging.

High medullary bone marrow signal at fat-suppressed T2-weighted
imaging and post-gadolinium fat-suppressed T1-weighted imaging without
corresponding low signal at T1-weighted imaging is considered to represent
(reactive) osteitis and not osteomyelitis.

- Associated findings:

o
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Intraosseous, subperiosteal, and soft-tissue abscesses are defined as well-
circumscribed areas of focally low signal at T1-weighted imaging with
increased signal at fat-suppressed T2-weighted imaging and rim enhancement
on gadolinium-enhanced fat-suppressed T1-weighted imaging.

A sequestrum is defined as a structure with low signal at both T1-weighted
and fat-suppressed T2-weighted imaging with peripheral enhancement on
gadolinium-enhanced fat-suppressed T1-weighted imaging.

An involucrum is defined as a thickened shell of bone around the sequestrum
which displays either normal signal or edema.

A cloaca is defined as a focal cortical defect that allows intramedullary pus to
drain outward.

A sinus tract is defined as a linear fluid-filled structure extending from bone to
the skin surface.

Septic arthritis is defined as joint effusion with synovial thickening.
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ABSTRACT

Fracture-related infection (FRI) is a severe complication after bone injury and can pose
a serious diagnostic challenge. Overall, there is a limited amount of scientific evidence
regarding diagnostic criteria for FRI. For this reason, the Association for the Study of
Internal Fixation (Arbeitsgemeinschaft fiir Osteosynthesefragen, the AO Foundation) and
the European Bone and Joint Infection Society (EBJIS) proposed a consensus definition
for FRI in order to standardize the diagnostic criteria and improve the quality of patient
care and applicability of future studies regarding this condition.

The aim of this paper is to summarize the available evidence and provide
recommendations on how to diagnose FRI. For this purpose, the FRI consensus definition
will be discussed together with a proposal for an update based on the available
evidence on the diagnostic value of clinical parameters, serum inflammatory markers,
imaging modalities, tissue and sonication fluid sampling, molecular biology techniques
and histopathological examination. Secondly, recommendations on microbiology
laboratory operating procedures regarding FRI will be provided.
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INTRODUCTION

Fracture-related infection (FRI) is a severe complication after bone injury and can pose a
major diagnostic challenge. There is a wide spectrum of clinical presentations of FRI and
differentiating them from non-infected causes can be difficult. In the early postoperative
period, classical clinical symptoms of infection such as pain, redness, warmth or
swelling overlap with features of normal fracture healing. Later, clinically more subtle
presentations such as fracture non-union or persistent pain can be attributable to both
infectious and non-infected conditions. The complexity and variety of FRI may have,
until recently, hindered the establishment of uniform diagnostic criteria. In addition,
lack of diagnostic guidance has led to uncertainty in the management and treatment
of these patients.

To overcome this challenge, standardized interdisciplinary diagnostic and treatment
approaches are mandatory. In contrast to prosthetic joint infection (PJI), protocols
tailored to infection in patients after musculoskeletal trauma are scarce. Therefore,
many of the surgical and medical treatment concepts applied to FRI have been adopted
from PJI treatment algorithms. Both conditions have in common that their diagnosis
is a multi-stepped process based on various diagnostic pillars. However, fractures are
different compared to arthroplasties. For example, increased bone metabolism due to
fracture healing may influence image quality and mimic infection on nuclear imaging
and MRI. Therefore it is striking that there is almost no scientific evidence of the
predictive value of diagnostic investigations specifically focusing on FRI.

The fact that there was no uniform definition may also have contributed to the scarcity
of comparable data on diagnostic strategies for FRI. This shortcoming was confirmed
by a recent systematic review, showing that only a minority of randomized controlled
trials in fracture care use any kind of standardized definition of FRI [1]. This lack of a
universally accepted definition of FRI is similar to the situation for PJl many years ago [2].
The development of uniform criteria for diagnosing PJI have led to an improvement in
the diagnostic process of PJI after hip and knee arthroplasty [3, 4]. There is now growing
awareness amongst orthopaedic and trauma surgeons that FRI is a unique entity and
that also a definition of FRI is required [5]. The need for a uniform definition for FRI is
closely related to the need for a uniform diagnostic pathway. In 2015, a survey of 346
Dutch medical practitioners involved in the care for patients with FRI, showed that there
was no consensus on the optimal diagnostic strategy for this condition. Also, two thirds
of all responders claimed to be unaware of a protocol for the diagnosis and treatment
of patients with FRI in their hospital [6].
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Forallthesereasons, the Associationforthe Study of Internal Fixation (Arbeitsgemeinschaft
fiir Osteosynthesefragen, AO Foundation) and the European Bone and Joint Infection
Society (EBJIS) recently proposed a consensus definition for FRI in order to standardize
the diagnostic criteria and improve the quality of patient care and applicability of future
studies regarding this condition [7].

Theaimofthispaperistosummarizetheavailableevidenceandproviderecommendations
on the diagnosis of FRI. For this purpose, the diagnostic criteria included in the recently
published FRI consensus definition will be discussed together with a proposal for an
update regarding nuclear imaging modalities and histopathological examination. This
update is based on a second consensus meeting including not only the AO Foundation
and the EBJIS, but also the Orthopaedic Trauma Association (OTA) and the PRO-implant
foundation. Secondly, specific recommendations on microbiology laboratory operating
procedures regarding FRI will be provided.

Definition

In 2018, a consensus definition for FRI was published [7]. The development process
was comparable to the one used for the new definition on PJI [8]. An international
group of experts was involved, representing the AO Foundation and EBJIS as well as
prominent orthopaedic trauma hospitals and academic centres with a major interest
in FRI. Acknowledging the multidisciplinary aspect of FRI, physicians from different
specialties were included. After meticulous exploration of the literature, several video
conferences were held. This resulted in a face-to-face consensus meeting where final
agreement on the definition of FRI was reached. It was accepted that some features of
FRI can be regarded as definitive proof of infection and should be given more weight
in the definition. Other less specific features may suggest an infection, but may also
be present in patients without infection. This resulted in a set of confirmatory criteria
(infection definitely present) and suggestive criteria (infection possibly present). An
updated diagnostic flowchart as proposed by the FRI consensus group will be provided
at the end of this paper.

Diagnosis

Diagnosing FRI is a multi-stepped process based on various important diagnostic
pillars. This was recognized by the authors of the consensus definition on FRI, who also
concluded that solid evidence on which such a definition could be based is scarce [7].
Many of the included criteria were therefore based on expert opinion. In the following
sections the diagnostic possibilities for patients with FRI will be described and evaluated
based on the evidence available today.
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Clinical criteria

Clinical features used to define FRI in the literature were analysed in two recent
systematic reviews of 100 and 93 studies, respectively. In the first review, the authors
identified definitions used in the scientific literature to describe infection complications
after internal fixation of fractures [1]. The second review provided an overview of the
available diagnostic criteria, classifications, treatment protocols and patient-related
outcome measurements for surgically treated FRI patients between 1990 and 2017 [9].
Both reviews describe a large variety of clinical signs with the only two undisputable
definitive criteria, being purulent drainage and wound dehiscence/breakdown.
This corresponded to the conclusion of the consensus meeting on FRI: presence of a
fistula, sinus or wound breakdown (with communication to the bone or implant) and/
or purulent drainage from the wound or presence of pus during surgery are therefore
regarded as pathognomonic and are confirmatory clinical signs for the diagnosis FRI [7].
To our knowledge, there are no studies published that report on the predictive value
of systemic or local clinical signs of infection for FRI. It was however accepted by the
consensus definition group that the clinical signs comprising local redness, swelling,
increased local temperature, fever (> 38.3 °C), or persistent, increasing or new-onset
wound drainage beyond the first few days postoperatively without solid alternative
explanation could indicate the presence of an FRI. Therefore, these features are regarded
as suggestive clinical signs for FRI. It is important to realize that these suggestive criteria
are not pathognomonic and therefore should prompt the treating surgeon or physician
to further investigate the possibility of an FRI. It is recommended to document all
relevant clinical features meticulously in the patient’s medical file, serving as baseline
information for future reference as surgical planning and final treatment may be
necessary. This includes any local and systemic signs of infection, presence and integrity
of (surgical) scars, quality of the soft tissue envelope overlying the suspected site of
infection and assessment of the vascular status of the affected limb.

Serum inflammatory markers

The most commonly used serum inflammation markers in orthopedic surgery are
leukocyte count (LC), C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR).

Leukocytes, and more specifically the neutrophils, are the first innate immune cells
that are rapidly recruited from the bloodstream to sites of infection and act as major
phagocytes. They store large quantities of proteolytic enzymes which can be released
when pathogens breach the epithelial barriers. The number of leucocytes and
neutrophils can be measured in the blood and therefore they are frequently used as
a surveillance tool for (postoperative) infection. Although an increase outside normal
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parameters can be an indication of infection, their number will also rise in the presence
of other causes of cell damage such as trauma, surgery, sterile inflammation, systemic
inflammatory diseases and malignancies [10, 11]. In spinal surgery it is reported that
maximum values of LC are seen on day one to three postoperatively and decline to
normal values between day four to six [12].

CRP also increases upon various stimuli. Infections, tissue damage, acute coronary
syndromes and allergies, for example, can all stimulate pro-inflammatory cytokines.
These cytokines, most notably interleukin 6 (IL-6) and to a lesser degree interleukin 1
(IL-1) and tumor necrosis factor-alpha (TNF-a), promote the hepatic synthesis of CRP
[13]. Some of the biological functions of CRP are to recognize microbial pathogens and
to activate the classical complement pathway. It also activates leucocyte mediated
phagocytosis [14]. In fracture patients, CRP levels rise to a maximum on the second
day and then concentrations return to normal after approximately 12 days, depending
partly on the location of the fracture [15].

Other acute phase proteins (particularly fibrinogen, haptoglobin and ceruloplasmin)
and immunoglobulins (mainly IgM) cause a decrease in the negative surface charge of
erythrocytes with subsequent increased agglutination and rouleaux formation (stacks
of erythrocytes). Infection, amongst other causes, therefore results in an increase in
relative weight of erythrocytes compared to serum that is expressed by elevated ESR.
Values of ESR peak at day seven to eleven postoperatively and decrease gradually until
after week six [16].

Overall, elevation in these three inflammation markers may be seen in trauma patients
due to systemic inflammatory response, post-operative or post-trauma tissue damage
and surgical and non-surgical infections [11, 17-21]. There is some evidence on the
usefulness of measuring CRP, LC and ESR for establishing FRI. In a recent systematic
review, the diagnostic value of the serum inflammatory markers CRP, LC and ESR in
suspected late onset FRI was assessed [22]. A total of 8280 articles were identified for
further evaluation, of which only six were included [23-28]. CRP appeared to be the
most useful serum inflammatory marker with a sensitivity ranging between 60.0 and
100% and specificity between 34.3 and 85.7% (cut off values varied between 5.0-10.0
mg/L). Sensitivity of LC ranged from 22.9 to 72.6% and specificity from 73.5 to 85.7% (cut
off values ranging from 9.15-10.2 x10° cells/L). Sensitivity and specificity of ESR ranged
from 37.1 to 100% and 59.0 to 85.0%, respectively. Cut-off values ranged between 11.0
- 30.0 mm/h, with two articles using different threshold for men and women. Meta-
analysis of the pooled results showed limited diagnostic value of all three markers
individually (sensitivity and specificity of 77.0% (95% Cl 66.5-85.0%) and 67.9% (95%
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Cl138.7-87.6%) for CRP, 51.7% (95% Cl 27.2- 12 75.5%) and 67.1% (95% Cl 19.3-50.2%)
for LC, and 45.1% (95% Cl 37.8-52.6%) and 79.3% 13 (95% Cl 71.7-85.2%) for ESR.
Results of all three markers vary greatly between publications. Another issue that arose
when analysing these studies is that different measuring devices, lab protocols and/
or thresholds were used. For these reasons, the authors concluded that the analysed
serum inflammatory markers — CRP, LC and ESR - seem not suitable to confirm or rule
out the presence of FRI.

Therefore, caution when interpreting the results of serum inflammatory markers in
daily clinical practice is warranted and they should be regarded only as suggestive
criteria for FRI, as was published in the consensus definition [7]. Future research, using
a clear definition of FRI and standardized lab protocols, will require appreciation of the
continuous (as opposed to dichotome) values of serum inflammatory markers to assess
their combined value in the diagnosis of FRI.

Medical Imaging

There are three indications to request diagnostic imaging for FRI: 1) to acquire more
certainty regarding the presence or absence of FRI, 2) to image the anatomic details of
the disease such as its extension, the presence of sequestra, cloacae, sinus tracts and/
or subcortical abscesses, for surgical planning, and 3) to establish the degree of fracture
healing and implant stability. For these purposes, the clinician has a choice of several
radiological and nuclear imaging techniques of which a regular X-Ray, computed
tomography (CT), magnetic imaging resonance (MRI), three phase bone scan (BS),
fluorodeoxyglucose positron emission tomography (FDG-PET) and white blood cell
(WBC) or antigranulocyte antibody (AGA) scintigraphy are the most commonly used
modalities. The diagnostic performance of all these imaging modalities is increasing at
an almost exponential rate in recent years, due to improvements in technology. This
makes it nearly impossible to compare earlier studies with current practice. There is only
one study in which the recent literature (from 2000 to 2016) on imaging techniques,
specifically for the diagnosis of FRI, was reviewed [29].

Although no good quality study on the diagnostic value of conventional X-ray in FRI
exists, this modality is almost always requested first when an infectious complication
related to a fracture is suspected [6]. It is easily available, cheap, quickly performed
and has a low radiation exposure. Universally accepted suggestive signs of infection
are implant loosening, bone lysis, failure of progression of bone-healing (non-union),
sequestration and periosteal bone formation [7]. The X-ray also provides baseline
information to assess the integrity and stability of any orthopedic implant and is
important to assess progress of fracture healing and disease evolution during follow-
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up. A CT can also reveal the presence of any sequestra and bone cavities, is an easily
performed and readily available imaging technique and it can be combined with an
angiography (CTA) in case coverage of a soft tissue defect with a free flap is anticipated.
However, its downside is the radiation exposure and the low discriminating capacity for
FRI (sensitivity 47%, specificity 60%) [29, 30].

MRIis highly capable ofimaging soft tissue pathology. Itis also very sensitive for detecting
morphologic bony changes which makes it particularly useful in mapping specific
surgical details such as the extend of bone and soft tissue involvement, presence of
sequestra, cloacae, sinus tracts and/or subcortical abscesses. Another advantage is that
an MRI can be combined with angiography (MRA). Unfortunately, distinction between
changes due to infection, inflammation and normal tissue healing can be difficult
and (despite metal artefact reduction techniques) scattering from metal implants can
obscure certain imaging details. Sensitivity and specificity of MRI for detecting FRI are
reported to be between 82-100% and 43-60% respectively [29-31].

Nuclear imaging of FRI mainly involves BS, WBC/AGA scintigraphy and/or FDG-PET [6,
32]. An important addition in recent times is the possibility of hybrid imaging (SPECT/
CT, PET/CT, PET/MRI) [33]. Sensitivity of BS is high (89-100%), however its specificity
is so low (0-10%) that BS is not recommended in the workup of FRI [31, 34, 35]. WBC
scintigraphy and AGA scintigraphy are similar scans as both visualize the leukocyte
infiltration within the patient. In WBC scintigraphy, the autologous white blood cells of
patients are collected, labelled ex vivo and subsequently reinjected. In AGA scintigraphy
commercially available labelled monoclonal antibodies against the granulocytes are
directly injected and bind in the patient to the leucocytes. It is generally assumed
that the accuracy of WBC scintigraphy is higher than AGA scintigraphy because the
binding of the labelled WBCs is more specific; however this has not been confirmed in
a comparative study for FRI. Sensitivity and specificity of WBC and/or AGA scintigraphy
+ SPECT/CT for diagnosing FRI is reported to be 79-100% and 89-97% respectively [36-
38]. A major advantage of WBC scintigraphy is that its accuracy is not influenced by
recent surgery [38]. A disadvantage of this technique is that it is laborious and time
consuming as three scans in 24 hours are required and WBC (not AGA) scintigraphy
involves manual labelling processes [36]. Furthermore, it is less accurate in the axial
skeleton [32, 39]. FDG-PET is slightly less accurate compared to WBC scintigraphy
but still suitable for diagnosing FRI, particularly in combination with hybrid imaging
(FDG-PET/CT). This technique is based on the fact that in infectious diseases activated
leukocytes, monocytes, lymphocytes, macrophages and giant cells all use glucose as
their energy source and the accumulation of the ex vivo labelled glucose analogue
fluorodeoxyglucose ("®F-FDG) can be visualized with a PET camera. The major advantage
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of PET above SPECT is a higher spatial resolution (3-4 mm versus 8 mm) and the fact
that quantification possibilities are better with PET. Another advantage of FDG-PET is
that it only requires one single scan and can also be performed for suspected truncal
infections [32]. An FDG-PET should not be utilized for detecting FRI within 1T month after
surgery [40]. Sensitivity and specificity of FDG-PET/CT for detecting FRI is between 65 -
94 % and 76 — 100% respectively [40-44]. In Figure 1, a clinical case scenario is provided
utilising a WBC-scintigraphy + SPECT/CT to support the diagnosis of FRI of the distal
tibia. Figure 2 and Figure 3 show examples of CT and MRI findings in FRI, respectively.

Figure 1. Clinical case scenario (diagnosis made with WBC scintigraphy + SPECT/CT). A Clinical
image of a 48 year-old male presenting with a fracture-related infection caused by Enterobacter
cloacae after tibial nailing and fibular osteosynthesis. A draining fistula is in situ. B Preoperative
plain anteroposterior radiograph showing a tibial and fibular nonunion, four months after
initial fracture fixation. C Preoperative whole body *™Tc-MDP-scan displaying diffuse bone
remodelling in the right knee, lower leg and foot with an increase of bone remodelling
surrounding the tibial fracture. D Preoperative white blood cell scintigraphy with increased
tracer uptake at the medial distal side of the right lower leg. E Preoperative SPECT/CT showing a
focal increase in tracer uptake at the cutaneous wound, extending towards the distal part of the
intramedullary nail and locking screw. F One-year postoperative clinical image after antibiotic
treatment and a two-stage exchange with a gentamicin-coated tibial nail and coverage of
the soft tissue defect by a free muscle flap. G One-year postoperative, plain anteroposterior,
radiograph showing healing of the tibial and fibular fractures.
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Figure 2. Example of an lateral X-ray (A) and sagittal CT-scan image (B) showing a small
sequestrum in an infected non-union which was initially missed on plain x-ray. The patient
had already had an exchange nail, without removing the sequestrum and got an immediate
recurrence of the FRI.

Figure 3. Example of an x-ray (A) and T2-STIR MRI images (B coronal view, C sagittal view)
performed in an patient with an infected proximal humerus. The MRl demonstrated the extent
of the infection with a skin defect, fluid/pus in the proximal humerus with surrounding oedema,
asinus tract and the involvement of the adjacent joint with possible involvement of the glenoid.
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In conclusion, with respect to medical imaging in FRI, every option has its advantages
and disadvantages and currently there is no evidence to suggest that one technique
is superior over another. The imaging modality of choice depends on local availability,
questions to be answered and experience with each technique by the medical specialists
involved [6, 32]. Therefore, at this moment, radiological signs can only be regarded
as suggestive criteria for FRI [1]. Although nuclear imaging has a higher diagnostic
accuracy, it is still not a conclusive test to establish the presence of FRI; therefore it can
only be included in the FRI Consensus Definition as a suggestive criterion of FRI.

Microbiology

The culture of phenotypically indistinguishable pathogens from at least two separate
deep tissue/implant specimens is considered a confirmative criterion of FRI [7]. In
addition, the antibiotic susceptibility of the identified pathogens will guide the choice
of antimicrobial treatment. Organisms causing chronic/late-onset infections around
implants are often skin commensals and therefore similar to those that can contaminate
culture specimens during sampling or handling in the microbiology department.
Organisms can also be present in small numbers or may be in slow growth mode in a
biofilm. Because false positive or false negative results can lead to erroneous treatment
decisions, sampling and culturing techniques should be meticulous.

Surgical sampling protocols have been previously validated for PJI [45] and then applied
to FRI [46, 47]. All pre-operative antibiotics should, where possible, be avoided for a
period of at least two weeks. Although small [48, 49] and retrospective [50] PJI related
studies showed that a a single dose of an antibiotic prior to skin incision makes no
difference to the sensitivity of samples, there is a risk that growth of organisms in the
laboratory could be inhibited in the presence of antibiotics [51, 52]. It may therefore
be more beneficial to administer antibiotics immediately after sampling in suspected
infection. It is however important to ensure high antibiotic levels prior to a new implant
being inserted. A minimum of three but preferably five or more deep tissue or fluid
samples should be collected [7, 45, 53, 54], ideally from the implant-bone interface
at the site of perceived infection. To avoid cross-contamination it is recommended to
minimize manipulation of the target area during this procedure (‘'no-touch-technique’)
and to use separate, unused surgical instruments for each sample obtained. A simple
sampling surgical instrument set can be assembled for this purpose (Figure 4).
Superficial or skin samples should be avoided as these will grow colonizing organisms
with no predictive value for the causative pathogen of FRI. The same applies for samples
from sinus tracts [55]. Swabs should not be used due to their low yield compared to
tissue cultures [56]. After sampling, all specimen containers should be clearly marked
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and all relevant details regarding the FRI case are noted on the request form to ensure
the samples are processed appropriately. Applying this set of principles regarding tissue
sampling techniques has shown to significantly increase microbiological identification
with more certainty of causative pathogens for FRI [47]. Finally, the operation note
should be clear as to whether pus was found, the extent of infection and whether all
infected/non-viable tissue and existing implants were removed or retained. This will
enable an appropriate long-term antibiotic plan to be made in due course.

In addition to a meticulous surgical sampling technique, microbiology laboratory
operating procedures for processing samples from FRI should be optimised. The relevant
stages are as follows: 1) recognizing that these are deep implant-related samples and
therefore processing each sample separately (no pooling of specimens), 2) considering
methods to disrupt potential biofilm, 3) culturing using appropriate enrichment
media for sufficient duration and 4) full identification and a broad antibiogram on
each organism to facilitate differentiation of strains and to allow several options for
antimicrobial treatment (prolonged course of antimicrobials may be needed and
intolerance or hypersensitivity are common).

Figure 4. Example of a surgical instrument set to obtain non-contaminated tissue samples for
microbiology and histology. This set can easily be assembled in any hospital and allows the
surgeon to use clean, unused instruments for each specimen.
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Methods to facilitate biofilm disruption of tissue samples include vortexing with
sterile glass beads, possibly with a bead mill or vortexing alone [57, 58]. The role of
dithiothreitol or other chemical methods for biofilm disruption is still unclear and needs
further evaluation [59]. As organisms can exist in slow growth mode and small numbers,
enrichment broth cultures are essential [60]. In sub-acute or chronic infections, plate
cultures are not necessary and have low sensitivity. Enrichment broths can be sub-
cultured when cloudy or after a defined period of time (e.g. five days). However some
organisms take longer to grow and require a later subculture [61]. It should be noted, that
multiple sub-culturing stages increase the risk of contamination. Several laboratories
associated with bone infection units have therefore moved over to using automated
sampling methods to avoid this problem [62, 63]. Using automated methods, cultures
that contain pathogens are usually positive by day three and most are positive by
day five. In order to culture the slower growing organisms, cultures should continue
for around ten days. When cultures are positive, all isolates should be worked up with
standard laboratory identification methods and an extended antibiogram including
relevant bioavailable and biofilm active antibiotics should be obtained.

Sonication of hard materials can be considered (e.g. plates, nails, cortical bone) but each
component only represents one sample. A semi-quantitative cutoff point for the number
of colony forming units appears to help differentiate infection from contamination, in
PJI [64]. However, as fracture fixation components may not be removed until an hour or
so after the start of the surgery and surgical sites get contaminated with organisms by
the end of surgery, these results need to be interpreted in context with other findings
[65]. In PJI, it is reported that sonication fluid culture is more sensitive than tissue culture
when antimicrobial agents were discontinued within 14 days before surgery (75% vs.
45%, P<0.001) [64]. The available evidence on sonication fluid sampling and tissue tests
(molecular diagnostics and histopathology) for the diagnosis of FRI was analysed in a
recent systematic review [66]. Out of 2624 studies, five [67-71] fulfilled the predefined
inclusion criteria for sonication fluid culture. This review showed that for FRI there is
evidence that sonication fluid culture may be a useful adjunct to conventional tissue
culture, but there is so far no evidence that it is superior to tissue culture. Overall, studies
had variable ‘gold standard’ definition criteria for comparison and poorly reported
culture methods. The authors concluded that scientific evidence on the accuracy of
sonication fluid culture for diagnosing FRI is scarce.

In conclusion, a strict and clear protocol for tissue sampling and laboratory methods for
FRI should be adhered to in order to optimise diagnosis, management and long-term
outcome. Although sonication seems a useful adjunct to conventional tissue culture, its
real added value in the diagnostic process of FRI still needs to be established.
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Molecular biology

Polymerase chain reaction (PCR) is a technique that can be used to amplify bacterial
DNA. In the past, the amplified PCR products were revealed by electrophoresis in an
agarose gel (gel-based PCR). Over the last few years, most gel-based PCR assays have
been replaced by real-time PCR. Real-time PCR has the advantage over conventional PCR
of speed, as well as being less prone to cross-contamination because it is performed in
a closed system. It is a non-cultural identification method that requires a set of primers
specific for the targeted bacteria and that is considered to be particularly useful for
difficult-to-culture pathogens [72]. It is reported that molecular techniques performed
on tissue, synovial or sonication fluid can confer valuable additional information in PJI
[73]. Regarding FRI the evidence is less clear [74]. In the aforementioned systematic
review also the diagnostic value of PCR techniques for FRI was studied [66]. Two studies
were included [24, 75]. The first study reported that 16S rRNA PCR of deep wound swabs
are inferior to standard tissue cultures [24]. Unfortunately, this observation is of limited
value as deep tissue swabs are already not standard of care due to the fact that they do
not sufficiently represent the pathogensin the bone [56]. The other study focused on the
validation of multiplex PCR on sonication fluid [75]. It was found that the performance
of sonication fluid PCR for the diagnosis of FRI was comparable to tissue culture tests.

In conclusion, evidence on the diagnostic value of molecular techniques for FRI is scarce
and based on small studies. Its benefit for diagnosing FRI has not yet been established
and further research and improvement of diagnostic performance is warranted.

Histopathology

In PJI, the presence of > 5 polymorph neutrophils per high-power field (PMN/HPF) in
5 high-power fields observed from histologic analysis of periprosthetic tissue, at 400 x
magnification, is considered to be an important intra-operative criterion for PJI [4, 76].
In the FRI consensus definition, the presence of visible microorganisms in deep tissue
specimens by using specific staining techniques for bacteria and fungi, is regarded
a confirmatory sign of FRI [7]. In contrast to the PJI definition, the FRI consensus
definition does not yet include the presence of an acute inflammatory cell infiltrate on
histopathological examination (e.g. PMN count). At the time of the consensus process,
the available literature was extremely poor and no conclusive recommendations could
be made, with regard to FRI. The evidence on histopathological examination of tissue
specimens for FRI was also investigated in the aforementioned review [66]. It indeed
showed to be an underdeveloped area and only three small studies met the pre-defined
inclusion criteria [77-79]. The authors of the review reported that scientific evidence
on the diagnostic value of histologic examination for FRI is scarce and based on small
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{ Suspicion of FRI j

\ 4

Medical history and clinical exam

e
Confirmatory criteria' Suggestive criteria

« Fistula - Sinus - Wound breakdown » Clinical signs: local - systemic
« Purulent drainage or the presence of pus (e.g. redness and fever)

» Radiological and/or nuclear imaging signs

+ New-onset joint effusion

« Elevated serum inflammatory markers
(ESR - WBC - CRP)

« Persistent, increasing or new-onset wound
drainage

. J

Consider the presence of FRI
(e.g. observation or surgery). Low
threshold to look for confirmatory signs.

\4 V

[ Surgical exploration j

v v

Confirmatory criteria Suggestive criteria

» Phenotypically indistinguishable pathogens « Pathogenic organism identified by
identified by culture from at least two culture from a single deep tissue/
separate deep tissue/implant specimens. implant specimen.

* Presence of microorganisms in deep tissue
specimens, confirmed by histopathological
examination.?

« Presence of more than five PMNs/

HPF, confirmed by histopathological
examination.*

\ i / V
=[ Diagnosis of FRI j

In combination with other suggestive
criteria there should be a high suspicion
of the presence of FRI.?

'In cases of purulent drainage or fistula/sinus/wound breakdown, the presence of pathogens identified by
culture is not an absolute requirement (e.g. in the case of chronic antibiotic suppression).

?If the positive culture is from sonication fluid, it is highly likely that FRI is present. This is especially true when
virulent bacteria (i.e. Staphylococcus aureus) are present.

*The presence of microorganisms is confirmed by using specific staining techniques for bacteria and fungi.

*The presence of an average of more than five PMNs/HPF on histopathological examination should only be
considered diagnostic of FRI in chronic/late-onset cases (e.g. fracture nonunion).

ESR: erythrocyte sedimentation rate, WBC: white blood cell count, CRP: C-reactive protein,

PMN(s): polymorphonuclear neutrophil(s), HPF: high-power field.

Figure 5. Descriptive flow chart of the diagnostic criteria of FRI. Adapted (with permission)
from Metsemakers et al, Injury 2018 [7].

273

15793-govaert-layout.indd 273 08/10/2018 08:24



Chapter 13

series. Recently however, a study on the value of quantitative histology on diagnosing
chronic/late-onset FRI (i.e. unhealed fractures, more than 2 months from injury) was
published [80]. In this study, a novel bimodal approach was used to confirm or exclude
infection. The complete absence of PMNs has a very high correlation with aseptic non-
union (specificity 98%, PPV 98%). On the other hand, the presence of >5 PMN/HPF
was always associated with infection specificity 100%; PPV 100%). The combination of
clinical signs, =2 microbiological cultures and bimodal histological analysis (absent NPs
versus >5 PMNs/HPF) improved diagnostic accuracy in up to 96.8% of cases. The authors
of this study recommend that these histological criteria can be considered diagnostic of
infection in chronic/late-onset FRI (e.g. fracture non-union) and should therefore now
be added as confirmative criteria to the FRI Consensus Definition.

In conclusion, the histologically confirmed presence of microorganisms by specific
staining techniques on deep tissue specimens is a confirmative sign of FRI[1]. The value
of histopathological criteria related to acute inflammatory cell infiltrates (absent PMNs
versus >5 PMNs/HPF) is now also established for chronic/late-onset cases (i.e. fracture
non-union) and should therefore be included in the FRI consensus definition as a
confirmative criterion.

CONCLUSION

Overall, there is limited scientific evidence regarding diagnostic criteria for FRI. With
respect to the diagnostic accuracy of serum inflammatory markers, imaging modalities,
tissue and sonication fluid sampling, molecular biology and histopathology for FRI,
only a small number of studies are available. Validation studies on the value of clinical
parameters for diagnosing this condition are non-existent. This lack of scientific evidence
precludes the development of a diagnostic pathway that is solely based on sound
evidence. The recently published FRI consensus definition seems an adequate start and
offers clinicians the opportunity to standardize clinical reports and improve the quality
of published literature. It also should lead to a standardized clinical approach towards
the diagnostic workup of patients with (suspected) FRI. Apart from the established
criteria, there is growing evidence that nuclear medicine imaging and histopathology
should play a role in this diagnostic process. During a second consensus meeting in
2018 - including not only experts from the AO Foundation, the EBJIS, but also from
the Orthopaedic Trauma Association (OTA) and the PRO-Implant foundation - it was
therefore decided that these two criteria will also be included in the FRI consensus
definition. Figure 5 shows an update on the current diagnostic criteria. Within the short
period since publication, the consensus definition of FRI has already been applied in two
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further clinical studies [80, 81]. The continued adoption and evaluation of this definition
in further clinical studies will allow validation of the definition and improve the quality
of comparative outcome studies in the future.
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The diagnosis of FRI should always be considered in case of impaired fracture healing.
The presence of confirmative signs of FRI should prompt the treating, multidisciplinary,
medical team to proceed with developing a treatment strategy.

The presence of suggestive signs of FRI should prompt the treating, multidisciplinary,
medical team to further investigate the probability of an FRI.

The only confirmative clinical signs of FRI are the presence of a fistula, sinus or wound
breakdown and/or purulent drainage from the wound or presence of pus during surgery.
Caution when interpreting the results of serum inflammatory markers in FRI is warranted
as their predictive value is low.

The imaging modality of choice depends on the local availability of the technique

and the questions to be answered. Nuclear imaging (FDG-PET/CT or white blood cell
scintigraphy + SPECT/CT) is more accurate than MRI for detecting FRI but MRl is better in
visualizing surgical relevant details. Apart from radiological signs also nuclear medicine
signs should therefore be included in the definition.

As evidence on histopathology is accumulating it seems appropriate to include it in the
diagnostic pathway of FRI for chronic/late-onset cases (e.g. non-union).

Applying a strict and clear protocol for tissue sampling and microbiology culturing for FRI
is essential.
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