European Journal of Nuclear Medicine and Molecular Imaging (2019) 46:1605-1615
https://doi.org/10.1007/500259-019-04336-1

ORIGINAL ARTICLE m

Check for
updates

['®FIFDG PET/CT in non-union: improving the diagnostic
performances by using both PET and CT criteria

Martina Sollini " - Nicoletta Trenti? - Emiliano Malagoli® - Marco Catalano® - Lorenzo Di Mento? - Alexander Kirienko? -
Marco Berlusconi? - Arturo Chiti ' - Lidija Antunovic®

Received: 29 November 2018 / Accepted: 15 April 2019 /Published online: 1 May 2019
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract

Purpose Complete fracture healing is crucial for positive patient outcome. A major complication in fracture treatment is non-
union. Infection is among the main causes of non-union and hence of osteosynthesis failure. For the treatment of non-union, it is
crucial to understand whether a fracture is not healing because of an underlying septic process, since the surgical approach to non-
unions definitely differs according to whether the fracture is infected or aseptic. We aimed to assess the diagnostic performance of
2-deoxy-2-['°F] fluoro-D-glucose positron emission tomography-computed tomography (["®F]FDG PET/CT) in the evaluation of
infection as possible cause of non-union.

Methods We retrospectively evaluated images of 47 patients treated in our trauma center who, between January 2011 and
June 2017, underwent preoperative ['*F]JFDG PET/CT aiming to exclude infection in non-union. Clinical data, diagnostic
examinations, laboratory and microbiology results, and patient outcome were collected and analyzed. ['*F]FDG PET/CT images
were visually and semiquantitatively evaluated using the maximum standardized uptake value (SUV ). Imaging findings, as
assessed by an experienced nuclear medicine physician and an experienced musculoskeletal radiologist, were compared with
intraoperative microbiological culture results, which were used for final diagnosis (reference standard). The diagnostic perfor-
mance of ['*F]FDG PET/CT in detecting infected non-union was assessed.

Results Twenty-two patients were not infected, while the remaining 25 had positive intraoperative microbiological results. C-
reactive protein (CRP) was within the normal range in 13 cases (five with a final diagnosis of infection) and higher than normal in
25 patients (13 with a final diagnosis of infection). Infection was correctly detected on visual analysis of PET/CT images in 23
cases, while 2/25 infected patients had no significant ['*FJFDG uptake and were considered false negatives. In seven cases,
['"*F]FDG PET/CT showed false positive results; 15/22 disease-free patients were correctly diagnosed. The diagnostic accuracy
of ['"®F]FDG PET/CT in the final diagnosis of infection was 81% (38/47); its sensitivity, specificity, positive predictive value, and
negative predictive value were 92%, 68%, 77%, and 88% respectively. The likelihood ratio for a positive test (LR+) was 2.89 and
for a negative test, 0.12. Pretest probability of disease was 53%. Post-test probability based on LR+ was 77%.

Conclusion ['*F]FDG PET/CT is a promising tool for diagnoses of infected non-unions. Both PET and CT images should be
interpreted to achieve a high sensitivity (92%) and a very good negative post-test probability (12%).
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Background

Prediction of fracture evolution is a major problem in trauma
surgery. Correct identification of which type of fracture will
develop a non-union and which will heal remains one of the
most difficult challenges for any surgeon. The non-union rate
is around 5% [1-3]. The factors influencing fracture healing
must be addressed using a holistic approach in which both
biological (i.e., vascularization, bone growth factors, soft-
tissue problems, comorbidities) and mechanical factors (sta-
bility of the construct) are carefully evaluated [4, 5]. Infection
is among the main causes of non-union and hence of
osteosynthesis failure.

The impairment of soft tissues and the exposure of the bone
are the main factors that influence the risk of developing in-
fection [6-8], but other factors may also do so, including gen-
eral clinical conditions and comorbidities, such as diabetes,
smoking, and obesity [9, 10].

For the treatment of non-union, it is crucial to understand
whether a fracture is not healing because of an underlying
septic process. Some patients present clinical signs of infec-
tion (e.g., fistula), while in others the clinical diagnosis of
infected non-union is difficult. Also, laboratory findings may
be equivocal [11]. In these situations, the use of imaging can
be a powerful tool for the surgeon that helps to ensure adop-
tion of the most appropriate therapeutic strategy.

In recent years, the use of 2-deoxy-2-['*F]fluoro-D-glucose
positron emission tomography-computed tomography
(["®F]FDG PET/CT) in infection and inflammation has been
extensively evaluated [12]; however, its role in non-union still
needs to be fully understood. The aim of this work was to
evaluate the diagnostic performance of ['*F]FDG PET/CT in
the assessment of non-union.

Methods
Patients

We retrospectively evaluated images of patients scheduled for
surgical treatment in our trauma center who had undergone a
preoperative ['*FJFDG PET/CT to exclude an infected non-
union between January 2011 and June 2017. Suspicion of
infection was based on clinical signs (general: fever; local:
swelling, redness, unhealed wounds, fistula appearance, or
pain), type of fracture (open fracture or closed fracture with
important soft-tissue damage), radiological findings (atrophic
or oligotrophic non-union), and laboratory tests [mainly white
blood cell count and C-reactive protein (CRP)].
Demographics, clinical data, diagnostic examinations, labora-
tory and microbiology results, description of surgical treat-
ments, intraoperative microbiological findings, and patient
outcome were analyzed. Microbiological culture results for
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specimens collected during surgery were used as the reference
standard to define the final diagnosis. Accordingly, patients
were classified as having an infected non-union (intraopera-
tive tissue cultures positive for infection) or not (no evidence
of infection on microbiological exams). Overall, 47 consecu-
tive patients (34 male, 13 female) with non-unions of the
lower extremities were included in the analyses. Baseline pa-
tient characteristics are shown in Table 1. This retrospective
study was reviewed and approved by the Ethics Committee.

["®FIFDG PET/CT acquisition protocol

Acquisition and reconstruction protocols are described in de-
tail in the Supplementary Material. In brief, ['*FJFDG PET/
CT image acquisition was performed according to the
European Association of Nuclear Medicine (EANM) guide-
lines [13]. Images were acquired 60+ 5 min after [ *FJFDG
administration, in the fasting state, using an integrated PET/
CT scanner, either a Siemens Biograph LS 6 scanner
(Siemens, Munich, Germany) equipped with LSO crystals
and a six-slice CT scanner, or a GE Discovery PET/CT 690
equipped with LYSO crystals and a 64-slice CT scanner
(General Electric Healthcare, Waukesha, WI, USA). All PET
images were corrected for attenuation using the acquired CT
data. Both scanners are EARL certified (www.eanm.org) and
images were processed in order to minimize differences
between semiquantitative evaluations.

["*F]FDG PET/CT findings, as assessed by an experienced
nuclear medicine physician and an experienced musculoskel-
etal radiologist, were compared with the intraoperative micro-
biological findings used for the final diagnosis (reference
standard).

Image analysis

['"®FJFDG PET/CT images were interpreted visually and semi-
quantitatively by one experienced nuclear medicine physician
(L.A.) and one experienced musculoskeletal radiologist
(N.T.). A consensus was reached in the event of discordant
opinions. Figure 1 summarizes the criteria used for image
interpretation.

Visual analysis

Visual interpretation was performed first by analyzing sepa-
rately both the PET (visPET) and the CT (visCT) components
of the PET/CT. For visPET analysis, both attenuation-
corrected (AC) and non-attenuation-corrected (NAC) images
were retrieved and evaluated. PET was defined as positive for
infection when the following criteria were fulfilled on both
AC and NAC images: (i) increased and asymmetrical
["®F]FDG uptake in the non-union region compared with the
contralateral topographic area, (ii) distinguishable areas of
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Table 1 Baseline patient characteristics
Infected Non-infected Overall

Age (years), mean = SD 51.4+19.2 50.7+19.1 51.7+19.1
Sex

Female 5 8 13

Male 20 14 34
Side of fracture

Left 12 11 23

Right 13 11 24

Time between fracture and PET/CT
(days, median and range)
Previous treatment of fracture

Conservative (no surgery), n
Surgery, n
Time between previous surgery and PET/CT
(days, median and range)
Previous surgery
Early (< 120 days), n
Delay (> 120 days), n
Time between PET/CT and next surgery

(days, median and range)
WBC (10*/mm?)

CRP?

302 (36-40,636)

4
21
165 (2-13,353)

352 (0-1383)

1
21
202 (9-1223)

324 (0-40,636)

5
42
190 (2-13,353)

8 6 14
13 15 28

23 (1-92) 20 (1-85) 16 (1-92)
92435 83+4 87+36
8.7+10.5 14422 47478

WBC white blood cell count, CRP C-reactive protein

# values missing in nine cases

focal ['®*F]FDG uptake involving bone fragments of the non-
union, and (iii) diffuse and increased uptake, compared with
the surrounding soft tissue, along the bone—metallic devices or
the bone—bone or bone—graft surfaces. CT images were
interpreted as positive in the presence of the following condi-
tions: (a) sclerotic and rounded bone profiles with an impor-
tant interfragmentary gap (callus fracture sign), (b) absence of
trabecular bone structure and increased intramedullary densi-
ty, with possible Brodie abscess or sequestrations, and (c)
increase in soft-tissue density, tumefaction, periosteal effu-
sions, and possible fistula [14, 15]. After the separate evalua-
tion of PET and CT components, an “all-in-one” approach
was applied to PET/CT images (visPET/CT). Accordingly,
PET/CT images were rated as positive when visual criteria
for positivity were present on both PET and CT images. A
consensus was reached in the event of discordant opinions
(i.e., regarding the presence/absence of PET or CT criteria
for positivity).

Semiquantitative analysis

For the semiquantitative analysis, regions of interest (ROIs)
were set in the target tissue (i.e., non-union) and in the contra-
lateral muscle (i.e., background). Maximum standardized up-
take value (SUV ) within the target tissue ROI was

calculated. The ratio between target and background was also
computed. Two different semiquantitative approaches were
used to rate exams as positive or negative. The first one con-
sidered the SUV . in the target region, while the second one
evaluated the ratio between the SUV,,,, in the target and in the
background (i.e., T/B ratio). Accordingly, exams were defined
as positive or negative when the target SUV ., or the T/B
ratio resulted higher or lower than the cut-off respectively.
The cut-off was calculated as the point at which sensitivity
and specificity of each measurement were maximized as de-
tailed in the statistical analysis.

Visual plus semiquantitative analysis

The combination of PET/CT visual analysis and semiquanti-
tative analysis was assessed, rating as positive only those
exams in which visual PET/CT assessment (visSPET/CT) and
SUV-based analysis were concordant, as previously proposed
[16]. Accordingly, exams were scored as positive when visual
criteria for positivity were present on both PET and CT im-
ages, and SUV ,, criteria (i.e., SUVmax or T/B ratio) resulted
higher than the cut-off. Conversely, examinations were de-
fined as negative when lacking visPET/CT criteria for positiv-
ity, and/or SUV ., criteria gave a result lower than the cut-off.

@ Springer
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Fig. 1 Schematic representation

of the criteria used for image
interpretation

Furthermore, the added discriminative power of semiquan-
titative parameters over PET/CT visual assessment was esti-
mated when discordant findings of PET and CT visual analy-
sis were observed (i.e., PET positive and CT negative or PET
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Visual analysis

PET

cT

i) Asymmetrical [‘8F]FDG
uptake in the non-union
region, compared to the
contralateral area

ii) Distinguished areas of
focal ['8F]FDG uptake
involving bone fragments
of the non-union

iii) Increased diffuse
uptake along the bone-
metallic devices or bone-
bone or bone-graft
surfaces.

a) Sclerotic and rounded
bone profiles with an
important interfragmentarial
gap (calus fracture sign)

b) Absence of trabecular
bone structure, increased
intramedullary density, with
eventual presence of Brodie
abscess or sequestrations

c) Increase of the soft tissue
density, tumefaction,
periosteal effusions, eventual
presence of fistula

PET/CT

At least one PET (i-iii) and one CT (a-c) criteria for
positivity or consensus in discordant cases

Semi-quantitative analysis

Background (B)

Target (T)

SUV,,., or T/B 2 cut-off

Visual plus semi-quantitative analysis

Presence of at least one PET and one CT
criteria or consensus in discordant cases

and

SUV,.., 2 or T/B = cut-off

negative and CT positive). Therefore, in cases of discordant
visual interpretation, the exam was defined as negative or
positive when either SUV ., or the T/B ratio was respectively
lower or higher than the corresponding cut-off value.
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Statistical analysis

Patient characteristics were summarized in frequency tables
and descriptive statistics were provided for quantitative vari-
ables. Each exam was defined as true positive (TP), false
positive (FP), true negative (TN), and false negative (FN) if
visual, semiquantitative and visual plus semiquantitative anal-
ysis agreed or not with the final diagnosis.

Receiver operating characteristic (ROC) curves for target
SUVax and T/B ratio were plotted and the corresponding
area under the curve (AUC) computed. The Q-point (i.e., the
point at which sensitivity and specificity were maximized) on
each curve was identified and the corresponding cut-off (i.e.,
best discriminant ability) for each parameter extracted.

The sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), accuracy, and
positive and negative likelihood ratios (LR+ and LR— re-
spectively) of ['®FJFDG PET/CT in final diagnosis pre-
diction were calculated. The likelihood ratio corresponds
to how many times more (or less) likely patients with the
disease (i.e., infected non-unions) are to have the index
test (['*FJFDG PET/CT) result positive (or negative) than
patients without the disease (i.e., aseptic non-unions).
Accordingly, ['®*F]JFDG PET/CT results may be equally
likely in infected and aseptic non-unions (LR = 1), associ-
ated with presence (LR > 1) or the absence (LR<1) of
infection. The LR+ was calculated as the sensitivity/(1 —
specificity). The LR- was computed as (1 — sensitivity)/
specificity. The pre- and post-test probability and odds —
an alternative way of expressing probabilities — were
estimated. The pretest probability was defined as (TP +
FN)/all cases. The positive post-test probability was com-
puted as TP/(TP + FP). The negative post-test probability
was calculated as FN/ (FN + TN) [17]. All metrics were
computed for visual, semiquantitative, and both visual and
semiquantitative analysis.

Results

Intraoperative tissue cultures were positive for infection in 25
of the 47 patients and negative in the remaining 22.
Methicillin-resistant Staphylococcus aureus (MRSA) and
Staphylococcus aureus were the most common pathogens iso-
lated, responsible of six and five infections respectively. CRP
was within the normal range in 13 cases (five with a final
diagnosis of infection) and higher than normal in 25 patients
(13 with a final diagnosis of infection). The pretest probability
and the pretest odds of infected non-union were 53% and 1.14
respectively. PET/CT was performed within 4 months from
previous surgery in 14 cases (eight of these with a final diag-
nosis of infection).

Visual analysis

The visPET analysis of the metabolic images, applying the
above-mentioned criteria (i—iii), resulted positive in 31/47 pa-
tients (23 TP and eight FP) and negative in 16/47 cases (14 TN
and two FN). The visCT analysis of the morphological im-
ages, applying the above-mentioned criteria (a—c), resulted
positive in 32/47 cases (22 TP and ten FP) and negative in
15/47 patients (12 TN and three FN). The “all-in-one” ap-
proach, which combined visPET and visCT, rated as positive
30/47 exams (23 TP and seven FP) and as negative 17/47
scans (15 TN and two FN). In the 14 patients who performed
imaging within 4 months from the last surgery, visPET/CT
resulted positive (both visPET and visCT met criteria for pos-
itivity) in ten cases (eight TP and two FP), and true negative in
four cases. Particularly, in four patients imaged within the first
month after the operative procedure, visPET/CT resulted TP
and FP in two and two cases respectively. Among patients
with normal CRP, visPET/CT resulted positive in eight of 13
cases (five TP and three FP) and true negative in the remaining
five cases. In the 25 patients with elevated CRP, visPET/CT
resulted positive in 17 cases (13 TP and four FP) and negative
in eight cases (six TN and two FN). Methicillin-resistant
Staphylococcus aureus (MRSA) and methicillin-sensitive
Staphylococcus aureus (MSSA) were responsible for infec-
tion in the two cases which gave a false-negative result at
visPET/CT.

Semiquantitative analysis

Results of the semiquantitative analysis are summarized in
Table 2. The best performances were observed for a cut-off
of 5.92 for the target SUV ,.x and 2.74 for the target/
background ratio. The AUCs for target SUV .., and target/
background ratio were 0.72 £0.08 (95% CI: 0.57-0.84) and
0.66+0.09 (95% CI: 0.51-0.79) respectively. Target SUV ¢
was > 5.92 in 18 cases (15 TP and three FP). In the remaining
29 cases (19 TN and ten FN), SUV,,,, in the target region was
lower than 5.92. The target/background ratio was >2.74 in 32
cases (22 TP and ten FP). In the remaining 15 cases (12 TN
and three FN) the target/background ratio was below 2.74. In
the 14 patients who performed imaging within 4 months from
the last surgery, target SUV ,.x Was > 5.92 in four cases (three
TP and one FP), while the target/background ratio was > 2.74
in ten cases (eight TP, two FP).

Visual plus semiquantitative analysis

Sixteen visPET/CT positive cases had SUV,,,, in the target
higher than 5.92 (13 TP and three FP). The remaining 31 cases
were defined negative (12 TN and 19 FN) using the visual
plus SUV .« criteria. Twenty-five visSPET/CT positive cases
had a T/B ratio >2.74 (20 TP and five FP). The remaining 22
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Table 2 Results of the
semiquantitative analysis of
['®F]FDG PET/CT

Infected patients (n =25)

Non-infected patients Overall (n=47)

(n=22)

SUV .« target,
mean + SD (range)
SUV hax background,
mean + SD (range)
SUV ax target/SUV ax
background,
mean + SD (range)

6.18+2.63 (1.91-13.05)
1.22+0.67 (0.46-3.27)

6.78 £5.73 (1.99-29.0)

4.50+1.93 (1.13-9.45) 5.40+2.45 (1.13-13.05)

1.40+0.75 (0.15-1.03) 1.30+0.70 (0.15-3.27)

4.72+3.93 (1.03-14.33)  5.82+5.03 (1.03-29.0)

SUV max, maximum standardized uptake value

cases were defined negative (17 TN and five FN) using the
visual plus T/B ratio criteria.

The application of SUV-based cut-offs to discordant cases
resulted in a change in interpretation from positive to negative
using the SUV ..« cut-off in one patient (#33) and from neg-
ative to positive using the T/B ratio cut-off in two (#20 and
#31) (Table 3).

Diagnostic performances of ['®FIFDG PET/CT

The diagnostic performances of ['*FJFDG PET/CT using vi-
sual, semiquantitative, and combined visual and semiquanti-
tative analysis are reported in Table 4. Figures 2 and 3 respec-
tively show examples of ['*FJFDG PET/CT-based confirma-
tory and negative diagnoses of infected non-union, while
Fig. 4 illustrates a case of false-negative PET/CT findings.

Discussion

This study shows that ['*FJFDG PET/CT could be a promis-
ing diagnostic tool for evaluation of infection as possible
cause of non-union. The visual image analysis included the
interpretation of both PET and CT components, maximizing
the information provided by the exam (i.e., hybrid), as

recommended in other clinical conditions within the infection
and inflammation domain [18]. Overall, this approach proved
to be highly sensitive and satisfactory in terms of positive
post-test probability (92% and 77% respectively), as well as
remarkably meaningful in terms of negative post-test proba-
bility (12%). In our series of patients, PET/CT performed
better in ruling out infection in patients with normal CRP, than
in ruling in an infection in patients with elevated CRP,
confirming that serum inflammatory markers should be care-
fully interpreted in suspected fracture-related infection (FRI)
[11, 19]. As expected for an unspecific test such as ['*F]FDG,
visPET/CT resulted in a moderate specificity (68%).
Specificity increased applying the SUV ., cut-off in the target
region. Interestingly, the SUV ., cut-off identified in our co-
hort was very similar to that reported by Lemans et al. (5.94 vs
5.9) [20]. This cut-off should be further tested for validation.
The combination of the visual approach and semiquantitative
analysis was the most balanced in terms of sensitivity and
specificity (80% and 77%). The application of the T/B ratio
cut-off to cases that were discordant at visual PET and CT
analysis improved sensitivity (96% vs 92%) but reduced spec-
ificity (64% vs 68%). As previously reported, a useful diag-
nostic tool for assessment of infected non-unions should bal-
ance sensitivity and specificity in order to avoid unnecessary
surgery or causing undertreatment of septic delayed unions

Table 3 Results of visual analysis

for PET and CT images, the final Patient ~ Time from last PET CTvisual PET/CT SUViax  T/B Microbiology
conclusion on PET/CT, values of surgery visual visual ratio
the semiquantitative parameters,
and the final result of #18 89 days Negative  Positive Negative 3.16 1.39 Negative
intraoperative cultures in #20 42 days Positive ~ Negative ~ Negative 5.90 5.90"  Negative
discordant cases #7264 days Positive  Negative  Positive 634"  391°  Corynebacterium
species
#28 181 days Negative  Positive Negative 4.40 241 Negative
#31 n.a. Negative  Positive Negative 5.62 2.74% S. aureus
#33 106 days Positive  Negative®  Positive 4.50 3.75% S. aureus
#44 229 days Negative  Positive Negative 2.13 2.53 Negative

T/B target/background

# value positive for infection based on the cut-off

bCT images positive for soft tissue infection without bone involvement
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Table 4 Diagnostic performances

of the visual and semiquantitative Metric VvisPET  visCT = visPET/  SUV,x>5.92 T/ visPET/ visPET/
['*FJFDG PET/CT analyses in CT B>274 CT+SUV,.x>592 CT+T/B
predicting fracture related ratio >2.74
infection
Sensitivity ~ 92% 88% 92% 60% 88% 41% 80%
Specificity  64% 55% 68% 86% 55% 80% 77%
PPV 74% 69% 77% 83% 69% 81% 80%
NPV 88% 80% 88% 66% 80% 39% 77%
Accuracy 79% 72% 81% 72% 72% 55% 79%
LR+ 2.53 1.94 2.89 4.40 1.94 2.03 352
LR- 0.13 0.22 0.12 0.46 0.22 0.74 0.26
Post-test 74% 69% 77% 83% 69% 81% 80%
proba-
bility
Post-test 2.88 2.20 3.29 5.00 2.25 433 4.00
odds

PPV positive predictive value, NPV negative predictive value, LR likelihood ratio, vis visual

Fig. 2 Case of an 82-year-old female patient (#27) with bilateral post-
traumatic hip replacements and left periprosthetic femoral fracture, treat-
ed with plate and screws. During follow-up, an oligotrophic non-union
was observed, and ['*FJFDG PET/CT was performed 264 days after
previous surgery, although there were no clear clinical signs of infection
(CRP 2.82). Both AC (a) and NAC (b) PET images show a focal area of
increased FDG uptake corresponding to the area of bone non-union on
CT images (¢). PET and CT images were interpreted as positive and
negative, respectively applying the visual criteria. A consensus between
imagers was reached, and the PET/CT was rated as positive. SUV .5 in
the target was 6.34, and the SUV y,, target/background ratio was 3.91.

Both semi-quantitative parameters were higher than the cut-offs. During
surgery, the plate and the screws were removed and sent for microbiolog-
ical examination (d), although there were no macroscopic signs of infec-
tion. At plate removal, the area of non-union was found to be next to an
ivory-colored cortical bone, which seemed necrotic (e, f). A wide decor-
tication was performed, with local debridement. The stem was removed
together with the entire cemented coat. Plate, screws, and stem were
clean; bone tissue was positive for infection [methicillin-resistant
Staphylococcus aureus (MRSA)]. ['*F]FDG PET/CT resulted as true
positive applying the visual analysis
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Fig.3 Case of a 44-year-old male
patient (#40), victim of a motor-
cycle accident that caused him an
open left tibia and fibula fracture.
One year later, tibia refracture
occurred, complicated with infec-
tion (Enterococcus faecalis). The
patient was treated several times
with Ilizarov technique.
Preoperative ['*FJFDG PET/CT
images, performed 459 days after
previous surgery, showed an area
of increased radiotracer uptake
(SUV jax = 6.1, SUV ., target/
background ratio = 4.4), in the re-
gion of the non-union. During
surgery, tibial pilon resection was
performed, followed by tibia and
fibula osteotomy for left leg
lengthening with Ilizarov tech-
nique. Microbiology was nega-
tive for infection. ['*FJFDG PET/
CT resulted as false positive ap-
plying either the visual and/or the
semiquantitative analysis

[21]. However, each non-union should be prudently consid-
ered as infected until proven otherwise, since the surgical ap-
proach to infected non-union is definitely different from asep-
tic non-union [19, 22, 23]. Therefore, in non-unions sensitiv-
ity should be preferred to specificity. Wenter et al. [16] retro-
spectively evaluated ['*F]JFDG-PET in 35 (11 PET stand-
alone and 24 PET/CT) suspected infected non-unions using
different visual and semiquantitative approaches. The applica-
tion of specific criteria for the visual analysis (i.e., asymmetric
uptake, focal) increased uptake at the bone—bone, bone—im-
plant, or bone—soft-tissue interface, resulting in a distinct
“hotspot”; and uptake along the course of the non-union frac-
ture at least twice the mean uptake of inactive muscle from the
contralateral extremity [16, 24, 25]) resulted in high sensitivity
and specificity (85% and 86%). However, the application of
such strict criteria seems quite difficult when using only PET
images. Moreover, these authors’ patient population had a
rather low pretest probability for infections (37%, calculated
on the basis of data in the paper) [16]. More recently, similar
findings have been reported in a large cohort of patients with
FRI, including non-unions, imaged by ['*F]FDG PET/CT. In
this series, the high specificity might be related to the high pre-
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test probability for infections (83% calculated on the basis of
data in the paper) [20]. In our population the pre-test proba-
bility was moderate (53%). Indeed, in our Institution all pa-
tients with non-union (not only those with clinical suspicion of
infection) are referred for [ *F]JFDG PET/CT, and all cases are
discussed within the “multidisciplinary board for complicated
orthopedic patients”. Therefore, we had no bias in patient
selection. The pre-test probability should be taken into ac-
count when interpreting a PET/CT in the infection domains.
Very recently, van Vliet et al. [21] retrospectively tested the
efficacy and the optimal diagnostic accuracy of ['*F]JFDG
PET/CT in differentiating aseptic and septic lower extremity
delayed unions in 30 patients. They found that SUV ,,, was
significantly lower in aseptic delayed unions than in septic
delayed unions. The best diagnostic performances were ob-
served when setting the SUV ..« cut-off to 4.0 (sensitivity of
65%, specificity of 77%, and accuracy of 70% with an AUC
of 0.747) [21]. Unfortunately, they neither compared semi-
quantitative analysis to visual assessment nor tested the per-
formances of a normalized SUV,,,,, (e.g., target/background
ratio). In fact, as is well known, SUV ., is affected by many
factors [26]. Accordingly, as previously reported, visual
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Fig. 4 Case of a 35-year-old male (#9), victim of a road traffic accident
with open fracture of left femur. During the next few years he was surgi-
cally treated several times for septic non-union. Before the surgical inter-
vention in our center, preoperative imaging was evidencing good trans-
port but difficult healing. Preoperative [ FJFDG PET/CT was performed
137 days after previous surgery; on the PET images there were no signif-
icant areas of increased radiotracer uptake, and CT did not show any
criteria for positivity. SUV .x was 1.91 and tumor/background ratio

assessment of both PET and CT components is essential while
semiquantitative analysis should be carefully used to interpret
images, since SUV-based parameters have not yet been vali-
dated in the domain of inflammation and infection [18, 27].
Moreover, when the goal is differential diagnosis between
infection and inflammation, ['*F]JFDG PET/CT has not
proved indisputably the best suited. Accordingly, radiolabeled
leukocyte scintigraphy obtained using SPECT/CT acquisition,
combining the high specificity of the tracer with the techno-
logical improvements resulting from hybrid equipment (i.e.,
high spatial resolution) [12], remains the best method in in-
fection, including in the setting of FRI [12, 28-30] even
though it does have some drawbacks (e.g., time consuming,
highly qualified personnel required for radiolabeling).
Notably, radiolabeled leukocyte scintigraphy accuracy is not
influenced by the interval between previous surgery and scan
[30]. Conversely, a very short interval (< 1 month) between
last surgery and ['*F]JFDG PET/CT has been identified as a
major predictor for a false-positive result [20]. In our series, 4
patients were imaged within the first month after operative
procedure (2 TP and 2 FP). Other false positive cases occurred
in patients imaged after more than 6 months from surgery.
However, this was not really surprising, since fracture-

was 3.97. External fixator was removed. Internal fixation with 4.5 LCP-
plate and bone grafting (from iliac crest and musculoskeletal tissue bank)
were performed. Microbiological examination evidenced infection with
methicillin-resistant Staphylococcus aureus (MRSA). ['*FJFDG PET/CT
resulted false negative applying visual analysis (no criteria for positivity
at both PET and CT images) and the target SUV .« cut-off. The SUV .«
target/background cut-off correctly identified the infection

healing failure causes a local inflammatory reaction [31] and
consequently FDG uptake. In this setting, even the evaluation
of morphological images did not result in a remarkable im-
provement of image interpretation outcome, since as for met-
abolic images, the mechanical instability (especially when the
size of the gap is critical) determines bone alterations [32]
resulting in CT abnormalities. As expected, in our series,
too, ['*FJFDG PET/CT performed better in terms of sensitiv-
ity than specificity.

Our study has some limitations. Firstly, it was retrospective
and some data (e.g., CRP) were not available for all patients.
Secondly, the number of patients included was relatively
small. However, in all cases the final diagnosis was microbi-
ologically determined. Thirdly, comparison with other image
modalities was not performed.

Conclusions
['®F]FDG PET/CT is a promising tool for diagnoses of infect-
ed non-unions. Both PET and CT images should be

interpreted to achieve a high sensitivity (92%), and a very
good negative post-test probability (12%). The combination
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of the visual approach and semiquantitative analysis (i.e.,
target/background ratio) proved to be the most balanced in
terms of sensitivity and specificity (80% and 77%); it also
yielded a 80% positive post-test probability but a suboptimal
negative post-test probability (26%).
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