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Abstract

Background Fluorodeoxyglucose positron emission tomography (FDG-PET) is a novel method of assessing suspected
periprosthetic hip infection. However, a heterogeneity of sensitivity and specificity using different diagnostic criteria across
clinical studies has been published. The objective of this study is to evaluate the various diagnostic criteria using FDG-PET in
diagnosing periprosthetic hip infection.

Methods FDG-PET scans of patients suffering from painful hip prostheses between 2008 and 2015 were retrospectively
reviewed. The PET images were considered positive for infection using five criteria: any increased uptake at the (1) bone-
prosthesis-interface, (2) periprosthetic soft tissue (PST), or (3) both, (4) increased uptake in the bone-prosthesis-interface com-
pared to the PST, and (5) increased uptake along the femoral bone-prosthesis-interface. The final diagnosis of infection was based
on the pre-operative and intra-operative findings with clinical follow-up > 12 months.

Results A total of 33 hip prostheses were evaluated in this study, of which 16 were determined to be infected and 17 uninfected.
Any periprosthetic FDG uptake was found in all symptomatic prostheses (sensitivity 100%; specificity 0%). When increased
uptake in the bone-prosthesis-interface (sensitivity 100%; specificity 65%) or PST (sensitivity 94%; specificity 59%) was
considered infected, specificity increased. A higher intensity of uptake at the bone-prosthesis-interface than PST demonstrated
only moderate specificity (sensitivity 44%; specificity 71%). The most specific criterion for infection was an increased FDG
uptake along the femoral bone-prosthesis-interface (sensitivity 81%; specificity 94%).

Conclusions Our results demonstrated that the accuracy of FDG-PET is highly dependent of the diagnostic criteria used for
periprosthetic hip infection. Only an acceptable diagnostic accuracy (sensitivity 81%; specificity 94%) was found when increased
FDG uptake along the femoral bone-prosthesis-interface was considered positive for infection.

Keywords Periprosthetic joint infection - Nuclearimaging - FDG-PET - Infected hip prosthesis - Positron-emission tomography -
Infected hip arthroplasty - Prosthesis-related infections/diagnostic imaging - Prosthesis-related infections/microbiology

Introduction

Total hip arthroplasty is one of the most clinically successful
and cost-effective surgical treatments of patients suffering
from end-stage hip disease, such as severe osteoarthritis,
post-traumatic arthritis, developmental dysplasia, inflammato-
ry arthritis, and osteonecrosis of the femoral head [1].
However, 10% of the treated patients eventually develop a
significant painful hip prosthesis, the majority resulting from

The research was performed at Centre for Orthopaedic Research Alkmaar
(CORAL), NWZ, Alkmaar, the Netherlands.

P Steven J. Verberne
stevenverberne @hotmail.com

Department of Orthopaedics, Centre for Orthopaedic Research

Alkmaar (CORAL), Wilhelminalaan 12, 1815 JD Alkmaar, the aseptic loosening [2]. Although less frequent, one of the most
Netherlands devastating complications is infection which can result in sub-
> Department of Radiology & Nuclear Medicine, VU University stan'tlz':ll' rnprb1d1ty and de'chne in 'functlonal ogtcome. Crucn?ll
Medical Centre, De Boelelaan 1117, 1081 HV Amsterdam, the for initiating the appropriate medical and surgical treatment is
Netherlands the timely identification and precise localization of a

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00264-018-3931-x&domain=pdf
http://orcid.org/0000-0002-8341-799X
mailto:stevenverberne@hotmail.com

2026

International Orthopaedics (SICOT) (2018) 42:2025-2034

periprosthetic infection. A delay in diagnosing and treatment
of a periprosthetic hip infection can have critical impact on
loosening or maintaining the prosthesis and joint function.
Diagnosing periprosthetic hip infection, including a differ-
entiation of mechanical loosening, remains challenging. The
diagnostic algorithm is characterized by a multi-modality
work-up including microbiologic, laboratory (elevated erythro-
cyte sedimentation rate [ESR], C reactive protein [CRP]), sy-
novial marker, and histologic tests [3, 4]. In addition to these
diagnostic tests, various imaging techniques including bone,
leukocyte, bone marrow, antigranulocyte scintigraphy, and pos-
itron emission tomography (PET) can be used in the assess-
ment of suspected periprosthetic infection, especially in the
challenging diagnosis of a chronic or low-grade infection
[5-7]. Currently, combined leukocyte and bone marrow scin-
tigraphy is considered the preferred imaging modality in the
evaluation of a suspected periprosthetic infection by most au-
thors [8]. Although most studies indicate that this imaging
technique is accurate, it is hampered by time-consuming pro-
cedures, technically difficulties, limited availability, and sub-
optimal spatial resolution. In recent literature, FDG-PET imag-
ing has been proposed for detecting orthopaedic infections.
This relative novel method of assessing periprosthetic infection
has important advantages compared to combined leukocyte
and bone marrow scintigraphy, such as increased resolution
and time efficiency which results in a less inconvenient proce-
dure for patients. Although most reports indicate that FGD-
PET is highly accurate in the evaluation of infection associated
with total hip arthroplasty, inconsistent results of diagnostic
accuracy has been reported [7]. In literature, the sensitivity
and specificity ranged between 33 and 95% and 62 and 96%,
respectively. This heterogeneity may be explained by the use of
different criteria in image interpretation for periprosthetic hip
infection [7]. The present study was undertaken to evaluate the
predefined diagnostic criteria in literature and determine the
optimal criteria for diagnosing periprosthetic hip infection.

Methods
Patient population

A cohort study was performed. The ICPC codes (International
Classification of Primary Care) and operation codes were used
to collect the patients with a painful hip prosthesis between
2008 and 2015 in two general teaching hospitals in the
Netherlands. After this selection, all patients were screened
whether FDG-PET imaging was used in the evaluation of
symptomatic hip prostheses by the departments of orthopaedic
surgery. The data were collected and these patients were allo-
cated to the symptomatic group when the following inclusion
criteria were met: (1) the diagnosis of the painful prosthesis was
unclear before performing the FDG-PET imaging in the
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evaluation of infection; (2) the patients who underwent surgery
were included when surgical exploration was performed within
one year after performing the FDG-PET imaging; (3) a clinical
follow-up of at least 12 months. Patients were excluded from
this study if the imaging and clinical data were incomplete,
such that retrospective analysis could not be performed. A
priori, no differentiation was made regarding the stage of infec-
tion (acute or chronic), the sort of implant or the imaging time
after surgery. When FDG-PET was not primarily used for the
evaluation of symptomatic hip prosthesis or when patients had
a bilateral, asymptomatic hip prosthesis, the data were also
collected. These patients were allocated to the asymptomatic,
control group. The study was performed according to the eth-
ical and judicial guidelines of the Central Committee on
Research Involving Human Subject (the Netherlands) and ap-
proved by the Ethical Committee, NWZ.

Reference standard

The diagnosis of periprosthetic hip infection was based on one
or more the following criteria: (1) a systemic infection with
pain in the hip and purulent fluid within the joint and/or (2) a
positive result on at least three tests (ESR, CRP, joint aspira-
tion, and intra-operative culture) or (3) a sinus tract commu-
nicating with the joint [4]. A final diagnosis was given to each
patient based on the interpretation of the clinical presentation
and/or the pre-operative and intra-operative findings. For pa-
tients in which periprosthetic infection was excluded, the clin-
ical follow-up was at least 12 months.

Imaging procedures

FDG-PET studies were performed with a Philips Gemini TF
PET/CT scanner or a Siemens Biograph PET-CT 16 Truepoint.
Patients fasted four hours prior to administering FDG. The
images were obtained 60 minutes after the FDG injection of
156-351 MBgq. Corrected and uncorrected transaxial images
were acquired. Image reconstruction was performed with a
multiplicative iterative reconstruction algorithm for improve-
ment of image quality and reduction of computation time.
Primarily, the PET images were used for the interpretation of
uptake patterns. The CT-portion, without a metal artifact reduc-
tion algorithm, was not used for the interpretation of
periprosthetic soft tissue uptake.

Imaging interpretation

Two readers (one senior nuclear medicine physician and one
nuclear medicine trainee) blinded to any clinical information,
evaluated individual FDG studies. Each study was read once,
and disagreement between the two observes was resolved with
consensus. Any area of increased uptake was identified and the
location of uptake was registered. The combination of non-
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attenuation and attenuation-correction images were used. The
interpretation of images was generated using predefined criteria
published in the literature. The femoral and acetabulum compo-
nent of the hip prosthesis was divided into three zones (A, B, C
and L, II, 11, respectively) and the presence of FDG uptake in the
bone-prosthesis-interface and soft tissue was documented
(Fig. 1). The images were visual evaluated for infection using
the following diagnostic criteria: (1) any increased uptake adja-
cent of the prosthesis [9, 10]; (2) uptake in the bone-prosthesis-
interface (zone A—C, I-1II) [10, 11]; (3) uptake in periprosthetic
soft tissue [8]; (4) an increased uptake in the bone-prosthesis-
interface compared to the periprosthetic soft tissue [12, 13]; and
the (5) FDG uptake extending along the femoral bone-
prosthesis-interface (zone B, Fig. 1), and involving more than
one contiguous zone and not limited to only the femoral neck,
head zone, or periprosthetic soft tissue [14—18] (Table 1).

Analysis

The diagnosis of the FDG-PET studies, the consensus score, was
compared to the reference standard in order to determine the
sensitivity and specificity of the symptomatic group, with a
95% confidence interval (CI). The results were differentiated
and analyzed regarding the stage of infection (acute or chronic),
sort of implant, and time after surgery. The use of antibiotic
treatment during FDG imaging was not analyzed, because it is
assumed not to affect the sensitivity in delineating sites of infec-
tions, since uptake is independent of leukocyte migration. The

Non-Specific (A)

Infection (B) \ \n

I

Non-Specific (C) | U

Fig. 1 Overview of the various regions that could demonstrate increased
FDG uptake on FDG-PET imaging. An increased uptake in region A
includes the femoral head and neck that could persist for years after
implantation in both symptomatic and asymptomatic hip prostheses. An
increased uptake or activity along the femoral bone-prosthesis-interface
in region B is highly suggestive for infection. An increased uptake at the
distal tip of the hip prosthesis in region C is not suggestive for infection
(non-specific uptake)

Cohen’s kappa (x) coefficient was calculated in order to evaluate
inter-observer reliability. Kappa’s coefficient is a measure that
adjusts for the agreement that is expected by chance and ranges
between—1.0 and 1.0. Absolute agreement (100%) is represent-
ed with k= 1.0 and x = 0.0 is considered as random agreement.
The interpretation of kappa coefficients was performed using the
criteria of Landis and Koch and implies x => 0.8, x =0.6-0.8,
k=04-0.6, k=0.2-04, and k=<0.2 as almost perfect, sub-
stantial, moderate, fair, and slight interobserver agreement, re-
spectively [20]. Calculation was performed using computer-
calculated kappa statistics (Microsoft Office Excel 2007,
Redmon, Washington USA) and the web-based statistical tool
http://www.hsls.pitt.edu/medcalc/Kappa MC.htm.

Results
Inclusion

A total of 43 hip prostheses were included for evaluation (age
ranges 54-92 years, mean 76.4 year). Of these patients, 33 pros-
theses were allocated to the symptomatic group. This group
comprised 21 primary (15 uncemented, 6 cemented) and 12
revised hip prostheses (7 uncemented, 5 cemented). The main
reason for implantation of the primary prostheses was osteoar-
thritis, while revision surgery was performed after mechanical
loosening. The time between implantation and imaging ranged
between one and 415 months (mean 47.0). Details of the patient
characteristics, infection, and implants are detailed in Table 2. Of
the symptomatic hip prostheses, 16 were determined to be in-
fected. No sinus tract or open wound was found in this group.
These patients demonstrated elevated CRP and/or ESR and no
signs of loosening or infection on plain radiographs. Of the re-
maining 17 prostheses, infection was excluded based on either
surgical and aspiration findings or clinical follow-up. A total of
ten asymptomatic hip prostheses were used as control group.
The reason for total hip arthroplasty in this group was osteoar-
thritis. All prostheses were primary implants (two were
cemented, eight uncemented). The time between implantation
and imaging was three to 108 months.

Evaluation of control group

Of the ten asymptomatic hip prostheses in the control
group, eight prostheses demonstrated some uptake of
FDG adjacent to the prosthesis (Tables 3 and 4).
Uptake in the head zone was found in eight cases.
One hip prosthesis, implanted less than one year before
imaging, demonstrated uptake in periprosthetic soft tis-
sue adjacent to the femoral component. No increased
uptake was found in the femoral bone-prosthesis-inter-
face. The time after implantation ranged between
three and 108 months (Table 2).
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Table 1

Literature overview of studies investigating the diagnostic accuracy of FDG-PET imaging in the assessment of periprosthetic hip infection

Study Year THP (infected)

Sn (%)

Sp (%) Criteria for infection

Zhuang et al. [16] 2001 38 (10) 90

Chacko et al. [14] 2002 41 (12) 92

Vanquickenborne et al. [9] 2003 17 (8) 88

Love et al. [19] 2004 40 (14) 100
52
43

Stumpe et al. [19] 2004 35(9) 33

Mumme et al. [13] 2005 70 (46) 91

Reinartz et al. [10] 2005
Pill et al. [15] 2006

92 (33) 94
92 (21) 95

Garcia-Barrecheguren et al. [12] 2007 24 (11) 64

Chryssikos et al. [17] 2008 127 (33) 85

Mayer-Wagner et al. [11] 2010 15 (8) 75

Basu et al. [18] 2014 134 (33) 82

89 Increased uptake in the BPI compared with
adjacent soft tissue (increased uptake limited
to an area around the femoral head or neck of
the prosthesis but did not extend to the
femoral shaft, loosening was considered likely)

97 Increased FDG uptake at the BPI (FDG uptake in
the soft tissue surrounding the prosthesis was
considered negative for infection)

78 Moderately or significantly higher uptake than
contralateral distal femur

0.1 Any periprosthetic activity, regardless of location
or intensity

44 Only activity in the BPI of the femoral component,
regardless of intensity

96 Semi-quantitative analysis of BPI activity in femoral
with T/B ratio

81 Diffusely increased uptake in BPI, less or
comparable with bladder uptake

92 Increased uptake in the BPI and additionally
in the PST

95 Uptake of FDG in the PST

93 Abnormally increased FDG uptake at the BPI
(uptake limited to the soft tissues or only adjacent
to the neck of the prosthesis was not
suggestive for infection)

62 FDG uptake in the BPI with intensity much higher
than the synovial structures or adjacent soft tissues
or fistulous tract uptake.

93 Abnormally increased FDG uptake at the BPI
(FDG uptake limited to the soft tissues adjacent to
the neck of the prosthesis was not
suggestive for infection)

71 Increased uptake of FDG in the area of the BPI of the
stem and/or acetabular cup was rated as pathologic
process and according to its visual intensity regarded
as loosening or infection (FDG uptake in the area of
the femoral head, neck and at the end of the stem
was judged as unspecific)

93 Increased FDG uptake at the BPI in the middle portion
of the shaft of the hip prosthesis (FDG uptake limited
to the soft tissues, synovium, or adjacent only to the
neck of the prosthesis was considered
negative for infection)

THP total hip prostheses, NR not reported, AC attention correction, NAC non-attenuation correction, Sn sensitivity, Sp specificity, BPI bone-prosthesis

interface, 7/B target-to-background, PST periprosthetic soft tissue

Uptake areas in the symptomatic group

The FDG-PET studies demonstrated any increased uptake
(zone A, B, or C) at the bone-prosthesis-interface in all
16 infected cases (Table 4), located at the middle portion
of the femoral component in 13 cases (zone B). Any
uptake in the periprosthetic soft tissue was observed in
15 prostheses. Of the 17 uninfected hip prostheses, any
uptake at the bone-prosthesis-interface was observed in
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six cases. Five of these six cases demonstrated (not ex-
tended) uptake involving zone A and/or zone C (Fig. 1),
not considered to represent an increased uptake to zone
B. In one case, there was increased uptake at zone B
(Fig. 1). Uptake in the periprosthetic soft tissue around
the femoral component was found in seven cases, all
within one year after implantation. Without exception,
uptake in the neck and head zone was observed in all
symptomatic cases.
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Table 2  Details of the included patients, diagnoses and FDG uptake in the symptomatic and control group
Study no. Male/female Age Implant  Age patient  TAI Diagnosis (MB) ~ CRP/ESR  Work-up CFU
patient implant (months) (months)
1 F 76 P(c) 76 1 Lac (S. aureus) +/+ X, USA, TPBS, S, H 16
2 F 92 P(c) 73 173 I.ch (S. aureus) +/+ X, USA, S,H 62
3 F 63 P(u) 26 415 Lch (S. epidermis) — +/+ X, USA, TPBS, S, H 21
4 M 54 R(c) 44 9 Lch (S. epidermis) — +/+ X, USA, MRI, S, H 48
5 F 90 P(c) 80 26 Lch (S. aureus) +/+ X, TPBS, ART, S, H 97
6 M 77 P(u) 76 6 Lch (S. epidermis) — +/+ X, TPBS, ART, S, H 10
7 M 75 P(u) 63 41 I.ch (Neg. staph.) +/— X, USA, TPBS, S. H 107
8 M 69 P(u) 66 3 Lac (S. aureus) ++ X, USA, ART, MR], S, H 35
9 M 69 R(u) 66 0 Lac (Prop. acnes) +/+ X, USA, TPBS, S, H 21
10 F 72 P(u) 61 61 Lch (S. aureus) ++ X, USA, S, H 70
11 F 72 P(u) 61 67 I.ch (S. aureus) +/+ X, USA, S, H 65
12 M 79 P(u) 76 1 Lac (S. aureus) +/— X, USA, S, H 28
13 M 74 P(u) 62 102 Lch (S. aureus) +/+ X, USA, S, H 40
14 F 79 R(u) 70 3 Lac (Hem. strept.)  +/+ X, TPBS, ART, USA,S,H 71
15 F 79 P(u) 70 38 I.ch (Streptoc.) +/+ X, USA, ART, TPBS, S, H 69
16 M 85 R(c) 83 10 Lch (S. epidermis) — +/+ X, USA 9
17 M 65 P(u) 57 52 NI +/+ X, USA, S, H 41
18 F 88 R(u) 65 145 NI.OLF —/+ X, TPBS 16
19 F 88 R(u) 66 33 NI. OLS +/— X, TPBS 16
20 F 78 R(u) 70 74 NILAL (F) +/— X, TPBS 17
21 F 80 P(u) 78 10 NI +/— X, USA 14
22 M 76 R(u) 65 0 NI +/+ X, USA, S, H 68
23 M 79 P(c) 64 145 NLWC +/— X, USA, MRI 37
24 F 60 P(u) 54 29 NI +/— X, USA, MRI, TPBS 42
25 M 73 P(u) 69 9 NLAL (F) +/+ X, MRI, USA, S, H 37
26 F 75 R(c) 69 35 NLAL (F) +/+ X, TPBS, S, H 40
27 F 82 P(c) 78 10 NI +/+ X, TPBS, USA 39
28 M 68 P(u) 61 22 NI +/+ X, USA, S, H 52
29 F 74 R(u) 68 13 NILAL (A) +/— X, USA 30
30 F 89 P(c) 87 11 NI —/+ X, MRI, USA 12
31 F 83 R(c) 68 6 NI +/+ X, USA, TPBS, S, H 59
32 M 79 R(c) 59 1 NI +/— X, USA 33
33 F 81 P(u) 80 3 NL.OM +/+ X, MRI, USA 14
34 F 77 P(u) 69 36 C /- CFU 65
35 F 79 P(u) 72 43 C /- CFU 47
36 M 79 P(u) 70 77 C /- CFU 29
37 F 60 P(w) 55 26 C /- CFU 42
38 M 68 P(u) 55 99 C /- CFU 52
39 F 79 P(c) 71 55 C —/— CFU 37
40 F 57 P(c) 48 74 C —/— CFU 26
41 F 63 P(u) 57 03 C /- CFU 67
42 M 75 P(u) 60 76 C —/= CFU 107
43 M 54 P(u) 41 108 C /- CFU 48

F female, M male, P primary implant, R revised implant, () uncemented, (c) cemented, 7A/ imaging time after implantation, / acute (ac) or chronic (ch)
infection, N7 no periprosthetic hip infection, WC wear of the cup, OL ostyeolysis proximal femur (F) or sacrum (S), AL aseptic loosening of the femoral
(F) or acetabulum (A) component, OM osteomyelitis, MB microbiological cultures (organism), CFU clinical follow-up, X X-ray negative for septic
loosening, USA (ultrasound guided) aspiration with negative results of culture or dry tap, TPBS triple-phase bone scintigraphy with inconclusive results,
ART arthrography with no positive aspiration results, A negative histological results, CRP: — =< 10 mg/L, + => 10 mg/L, ERCP: — = <30 mm/h, + =>

30 mm/h

Comparison of diagnostic criteria

In the comparison of the different diagnostic criteria
(Table 3), the most accurate interpretation was FDG uptake
extending along the femoral bone-prosthesis-interface
(zone B), not limited to only the femoral neck, head zone,
or periprosthetic soft tissue (Fig. 2), with a sensitivity of
81% and specificity of 94%. Any FDG accumulation

adjacent to the prosthesis resulted in a sensitivity of
100% and a specificity of 0%. Only uptake at the bone-
prosthesis-interface demonstrated comparable sensitivity
of 100% and higher specificity of 65%. A sensitivity of
94% and specificity of 59% was found when only uptake
in the periprosthetic soft tissue was used as criterion for
infection. When the diagnostic criterion was used that up-
take of the bone-prosthesis-interface was relatively more
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Table 3 Sensitivity and
specificity of FDG-PET using

different criteria for periprosthetic
infection

Criteria TP/EN (sensitivity) 95-CI TN/FP (specificity) 95-CI

1) Any increased uptake adjacent 16/0 (100%) 0.75-1.00 0/17 (0%) [0%] 0.00-0.24
to the prosthesis

2) Any uptake in the BPI 16/0 (100%) 0.75-1.00 11/6 (65%) [78%] 0.38-0.86

3) Any uptake in the PST 15/1 (94%) 0.62-0.98 10/7 (59%) [70%] 0.28-0.77

4) Uptake in the BPI was more 7/9 (44%) 0.20-0.70 12/5 (71%) [77%] 0.44-0.90
than uptake in the PST

5) Uptake in the BPI, not limited 13/3 (81%) 0.54-0.96 16/1 (94%) [96%] 0.72-1.00

to the femoral neck, head zone,
or PST

Specificity calculated with the control group included (x) and excluded [x]. The criteria 1-5 are demonstrated in

Fig. 2

BPI bone-prosthesis interface, PST periprosthetic soft tissue, 95-C7 95% confidence interval, TP true positive, FN
false negative, 7N true negative, FP false positive

than uptake in the periprosthetic soft tissue, sensitivity de-
creased to 44% and specificity increased to 71%.

Inter-observer agreement

The inter-observer agreement between the two readers demon-
strated substantial to almost perfect agreement. In the interpre-
tation of uptake in bone-prosthesis-interface zone B, disagree-
ment was found in four of the 33 symptomatic hip prostheses,
which resulted in an almost perfect inter-observer agreement
(k=0.85). This disagreement was only found in four infected
cases. In the acetabulum component, periprosthetic soft tissue
and head zone uptake, inter-observer agreement was substantial
to almost perfect (x = 0.81, k =0.77, and x = 0.79 respectively).

Discussion

In the evaluation of suspected periprosthetic hip infection, var-
ious diagnostic tests including blood laboratory tests, aspiration
results and synovial fluid, and microbiologic and histopatho-
logical analysis can be used. However, inconsistent diagnostic
accuracies with these various tests across studies have been
published and accurate diagnosis of periprosthetic hip infection
remains challenging, especially in chronic- or low-grade infec-
tions. Because of that, imaging tests remain important, and
could contribute in the diagnosis. FDG-PET is a novel method
of assessing suspected periprosthetic hip infection; however, a
heterogeneity of sensitivity and specificity using different diag-
nostic criteria across clinical studies have been published [7].
The objective of this study was to evaluate the predefined di-
agnostic criteria when FDG-PET was used in the assessment of
periprosthetic hip infection. Our results demonstrated that ac-
cumulation of FDG along the bone-prosthesis-interface, not
limited to only the femoral neck, head zone, or periprosthetic
soft tissue was the most accurate diagnostic criterion with a
sensitivity of 81% and specificity of 94%.
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FDG-PET has been successfully used the evaluation pa-
tients with both malignant and infectious disorders [21].
Subsequently, this imaging modality was introduced as poten-
tial useful tracer in detecting periprosthetic infections.
Although differentiation between inflammatory uptake
resulting from mechanical loosening and periprosthetic infec-
tion was presumed difficult [19, 22], the first clinical investi-
gations demonstrated specific uptake pattern in infected hip
prostheses. The visual interpretation of site and pattern of
FDG uptake appeared more important and reliable than inten-
sity of uptake, standardized uptake values (SUV), in the re-
gion of interest. However, the sequential published investiga-
tions demonstrated heterogeneity in diagnostic accuracies
across clinical studies, with sensitivity and specificity ranging
between 33 and 95% and 62 and 96%, respectively (Table 1)
[7]. A possible explanation for the heterogeneity may lie in the
use of different diagnostic criteria for periprosthetic infection.

Various diagnostic criteria for infection were used in previ-
ous investigations (Table 1). When any periprosthetic uptake
was considered as infection, Love et al. reported sensitivity of
100% and specificity of 0.1%, similarly to our results
(Table 3) [19]. However, any uptake was also found in our
control group, which illustrates the lack of efficacy of this
criterion [12, 22]. Specificity increased when more specific
uptake patterns were used as criterion for infection. Reinartz
et al. evaluated exclusively the accuracy of uptake in the
periprosthetic soft tissue, with a reported sensitivity of 94%
and specificity of 95% [10]. Our results demonstrated similar
sensitivity but lower specificity of 59%. When using the cri-
terion of an increased uptake in the bone-prosthesis-interface
compared to the periprosthetic soft tissue, Garcia et al. found a
sensitivity of 64% and a specificity of 62% [12] In our study,
sensitivity was lower with 44% and specificity was more or
less equivalent with 71%. The most specific criteria for diag-
nosing periprosthetic hip infection in previous studies was
found to be an increased uptake along the bone-prosthesis-
interface, not limited to only the femoral neck, head zone, or
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Table 4 Details of the FDG

uptake in the symptomatic and Study no. Extended F.BPI' BPI Acetabulum pST* Head zone
control group (x). Results of the (zone B) zone A,C’ zone I, I, II° RI/R2 RI/R2
consensus score after RI1/R22 RI/R2 RI/R2
disagreement between readers 1
and 2 Infected
1 +/+ (+) A,C/A —/=(-) ++ (+) ++ (+)
2 —/+(-) A,C/AC +/+ (+) +/+ (+) ++ (+)
3 ++ (+) A,C/AC ++ (+) +/+ (+) ++ (+)
4 i (+) AC/AC ) += () 4 (+)
5 ++ (+) A,C/AC ++ (+) ++ (+) ++ (+)
6 ++(+) A/A ++(+) ++ (+) ++ (+)
7 ++ (+) A/A ++ (+) ++(+) ++ (+)
8 —/+ (=) A/A == (=) ++ (+) ++ (+)
9 ++ (+) A/A ++ (+) ++ (+) ++ (+)
10 ++ (+) A,C/AC ++ (+) ++ (+) ++ (+)
11 —/+ (+) A,C/A ++ (+) ++ (+) ++ (+)
12 ++(+) A~ == () +4+ (+) ++ (+)
13 ++ (+) C/AC ++ (+) +4+(+) ++ (+)
14 —/+(-) A,C/AC == () ++ (+) ++ (+)
15 ++ (+) A,C/A +—(+) ++ (+) ++ (+)
16 ++(+) A,C/AC ++ (+) ++ (+) ++ (+)
Non-infected
17 —/= () —/— +-(-) —/= (=) ++ (+)
18 == (=) A/A ++ (+) == (=) ++ (+)
19 —/= (=) A/A ++ (+) —/—(-) ++ (+)
20 ++ (+) A,C/AC == (=) —/= () ++ (+)
21 == () A/~ == () ++ (+) ++ (+)
22 == () A/A +—(+) ++ (+) +—(+)
23 =) A/A ++ (+) —/= () ++ (+)
24 —/= () —/— —/= () —/=(-) +4+ (+)
25 == () —/— —/= () +—(+) ++ (+)
26 —/= (=) /- == () == (=) ++ (+)
27 == () —/— —/=() ++ (+) ++ (+)
28 —/= () —/- —/= (=) —/= () +4+ (+)
29 == () —/A ++ (+) ++ (+) +4+ (+)
30 == () s —/= () ++ (+) ++ (+)
31 —/= (=) /- —/=() == () ++ (+)
32 == () —/— +—(+) +A+(+) ++ (+)
33 —/= () C/A +4+ (+) +-(-) ++ (+)
Control
34 == () —/— == (=) == () ++ (+)
35 =) —/= =) =) =)
36 =) == =) =) +=(+)
37 —/= () /- == () /= (=) +4+ (+)
38 —/= () —/- == (=) —/= () ++ (+)
39 —/=() —/— +/+ (+) —/=(-) ++ (+)
40 /=) == =) =) /=)
41 —/= () —/— —/—(-) +/— (+) ++ (+)
42 == () —/— —/—() +—(-) +4+ (+)
43 —/= (=) —/- —/=(-) —/= (=) +4+ (+)
I0A £=0.85 k=0.81 k=0.77 £=0.79

! F.BPI extended uptake at the middle portion of the femoral bone-prosthesis-interface (BPI), defined as zone B in
Fig. 1

2RI reader 1, R2 reader 2

3 Femoral zone A, B, C; acetabulum zone I, II, II = zones as defined in Fig. 1

* PST periprosthetic soft tissue

> JOA interobserver agreement, Cohen’s kappa

periprosthetic soft tissue (Fig. 1). Our results demonstrated a ‘When periprosthetic uptake of FDG is absent, a periprosthetic
sensitivity of 81% and specificity of 94%, which is compara-  hip infection can be excluded (Table 3). However, in case uptake
ble with the pooled sensitivity of 86% and pooled specificity  is observed, it is important to differentiate in uptake patterns, as
0f 93% found in a recently performed meta-analysis [7]. mentioned above. The asymptomatic group showed non-specific
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Fig. 2 Example of infection. This 84-year-old patient had left hip
replacement 10 months previously. He suffered from increasing pain at
the prosthesis. The laboratory blood tests showed elevated CRP and ESR.
Clinical findings and prior diagnostic tests, including negative
arthrography, did not demonstrate signs of loosening or infection. A
variety of uptake patterns are demonstrated in the FDG-PET images.
All the different criteria, as showed in Table 3, are positive in this
example: (1) there is some increased uptake adjacent to the prosthesis;
(2) there is increased uptake at the bone-prosthesis-interface of the
femoral and acetabulum component; (3) any increased uptake in the
periprosthetic soft tissue (dotted arrow); (4) uptake at the femoral bone-
prosthesis-interface is more than the surrounding soft tissue; and (5) an
increased FDG uptake along the bone-prosthesis-interface of the femoral
shaft, not limited to the femoral head, neck of periprosthetic soft tissue.
The arrow points at the region that reflects the most specific uptake
pattern for infection. a PET coronal image; b PET transverse non-
attenuation-correction image; ¢ PET transverse attenuation-correction
image. After FDG-PET imaging, cultures samples taken from the
proximal and distal femur, grew Staphylococcus epidermidis

uptake around the head and neck in 80% (Fig. 3), as described by
previous reports [15, 23].Similar to conventional tracers, the
post-operative remodeling conditions after implantation results
in non-infectious uptake patterns around the neck and/or head
of the asymptomatic prosthesis for years after surgery. This non-
specific postsurgical inflammation pattern does not affect the
ability of FDG-PET to diagnose or exclude infection associated

> &

Fig. 3 Example of non-specific uptake. This 54-year-old patient had
bilateral hip replacement. Total hip arthroplasty (uncemented) on the right
side was performed 2 years before FDG-PET imaging. This prosthesis
was not painful and asymptomatic. The FDG-PET image demonstrated
non-specific uptake which is the result of postoperative remodeling. The
(uncemented) hip replacement on the left side was performed 3 years
before performing FDG-PET imaging. One year after implantation, the
patient suffered from ongoing pain in the left hip region. The prior diag-
nostic tests, including radiographs, laboratory blood tests, aspiration re-
sults, and bone scintigraphy were inconclusive. FDG-PET imaging was
performed to rule out a low-grade periprosthetic infection. The FDG-PET
scan demonstrated a non-specific periprosthetic uptake pattern, not sug-
gestive for infection

@ Springer

with total hip arthroplasty. It is assumed that the uptake at the
femoral component provides a larger area that facilitates the pos-
sibility to differentiate between non-specific and infection uptake
patterns. Uptake at the femoral component is not necessarily a
sign of progression of infection from the acetabulum, area A or
C. Therefore, in this setting, recognition of the commonly in-
creased FDG uptake pattern (area A) is important and should
not be interpreted as a finding suggestive of infection. In only
one case, the interpretation of uptake in the head and neck zone
was different between the two readers, which resulted in a sub-
stantial inter-observer agreement (x = 0.79).

In the evaluation of suspected periprosthetic infection, the
diagnosis relies on a combination of clinical judgment, pre-
operative hematologic testing, information obtained from as-
piration, and microbiologic as well as histopathologic testing
of tissue or fluid obtained at the time of surgery. Although
important developments have been described [3], there is not
yet a single gold standard diagnostic test for identification of a
periprosthetic infection. It is not recommended to use nuclear
imaging as isolated diagnostic; however, imaging can contrib-
ute in the challenging diagnosis of a periprosthetic infection
[6, 7, 24]. In clinical practice, when there is a low suspicion of
an infected hip implant, a highly sensitive imaging modality
can rule out an infection. For this purpose, bone scintigraphy
could be the preferred imaging modality because it is widely
available with low costs. Unfortunately, this technique lacks
the specificity needed to differentiate between various condi-
tions causing periprosthetic uptake and is of limited use in the
first post-operative years because of increased bone turnover
after surgery. When prior diagnostic tests are inconclusive,
especially in case of a low-grade or chronic infection
(Fig. 2), including inconclusive periprosthetic uptake on a
bone scan (Fig. 4), a more specific imaging modality can
contribute in diagnosing infection. For this purpose, most au-
thors reported that combined leukocyte and bone marrow
scintigraphy is the preferred imaging modality [8]. However,
a recent meta-analysis compared the diagnostic accuracies of
all currently used imaging modalities in the assessment of
periprosthetic hip infection and concluded that FDG-PET
could potentially be used as preferred imaging modality [7].
Compared to combined bone marrow and leukocyte scintig-
raphy, FDG-PET has important advantages as time efficiency,
increased resolution, and the use of low-dose computed to-
mography. However, in the setting of assessing periprosthetic
infection, FDG-PET is often depicted as an expensive and
complicated imaging modality, and therefore gained limited
popularity in clinical daily practice. In the perspective of com-
bined costs of multiple diagnostic tests including the use of
conventional nuclear medicine methods, clinical investigating
is needed to evaluate the cost-effectiveness and exact role of
FDG-PET in the diagnostic algorithm of a periprosthetic in-
fection. Our results demonstrated that, when the appropriate
diagnostic criteria were used, this imaging modality could
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Fig. 4 Example of infection. Because of osteoarthritis, this 90-year-old
patient underwent hip replacement in 2000 on the left side (cemented) and
in 2005 on the right side (cemented). Two years after implantation of the
right hip prosthesis, the patient complained about pain in the right hip
region. Radiographs did not show any signs of loosening or infection.
Laboratory blood results demonstrated elevated ESR. A triple-phase bone
scintigraphy a was performed to rule out infection. However,
periprosthetic uptake was found in all three phases, suggestive for
infection. To confirm a chronic periprosthetic infection, FDG-PET
imaging b was performed. The FDG-PET images demonstrated
periprosthetic uptake in the lateral soft tissue region and an extended
uptake at the femoral bone-prosthesis-interface, specific for infection on
the right side. The arrow defines the extended uptake from zone A to zone
B. The intraoperative findings and the culture samples separately taken
from the distal femur, were positive for Staphylococcus epidermidis. The
asymptomatic left prosthesis demonstrated uptake in the head and neck
region, not specific for infection

provide additional value in more complex clinical patients
using relatively simple and visual interpretation.

Our investigation is a blinded study that involves a sufficient
cohort of patients; however, there are several limitations. (1)
Based on routine practice with multiple diagnostic tests including
laboratory tests, radiographs, and aspiration results, the diagnosis
of infection was initially not clear in the symptomatic group
before performing FDG-PET imaging. Subsequently, these
symptomatic patients represent a group in which the diagnosis
was more complex compared to patients with more obvious
signs of infection. Therefore, our results should be interpreted
with caution when applying to all patients with painful hip pros-
theses. (2) This study defined test performance of FDG-PET as
an isolated diagnostic test. Because we performed a retrospec-
tively study, the influence of FDG-PET on the diagnostic deci-
sions in the algorithm could not properly be analyzed. It is im-
portant to note that this technique can be used in concert with
other elements of other diagnostic tests to arrive at a more precise
diagnosis than is possible with imaging testing alone. Further,
prospective studies should investigate the exact role of FDG-PET
in the multi-modality work-up of a periprosthetic infection. (3)
Although we used stringent criteria for periprosthetic hip infec-
tion and we were convinced of the diagnosis, the universally lack
of a golden standard could potentially distort some results due to
a reference-test bias [4]. For obvious reasons, surgery with mi-
crobiologic evaluation was not performed in all patients with a
painful hip prosthesis, and clinical follow-up sometimes had to
be used as the method for the final diagnosis. Potentially, this
could have resulted in more false-negative results. (5) Although

we observed no influences of the stage of infection and time after
surgery, more patient data and members are needed in order to
analyze these variables properly. These variables are often insuf-
ficient described in published investigations. In our study, the
majority of the included patients were not considered acute in-
fections. The differentiation between acute and chronic infection
is important because nuclear imaging is presumed more useful
when there are less obvious signs of infection, which is more
likely in chronic infections. The most used classification systems
defined periprosthetic joint infection either as acute or chronic, or
as early (occurring within 3 months postoperatively), delayed (3—
24 months), and late (>24 months) [25]. Of the 33 included
patients, only two patients developed symptoms within four weeks
and three patients within three months after implantation (early
infection). The remaining patients were considered chronic infec-
tion and developed symptoms within three to 24 months
(delayed) or after 24 months (late infection). Therefore, our results
should be interpreted with caution when applying to patients with
acute infected hip prostheses. (4) Furthermore, in our study, we
defined the interobserver variability of the interpretation using
FDG imaging, and a substantial to almost perfect inter-observer
agreement was found. However, we only investigated two ob-
servers with a limited number of patients and disagreement be-
tween the two observers was found in four of the 16 infected
cases. The diagnostic results in clinical practice could be poten-
tially be hampered by a larger inter-observer variability. A larger
number of patients and observers are needed to properly define
the reproducibility of FDG imaging in the assessment of
periprosthetic infection including the influences of experience of
the observers and diversity of periprosthetic uptake patterns.

In conclusion, FDG-PET can be used as a sensitive and
specific imaging modality in diagnosing periprosthetic hip in-
fection. Our results demonstrated that the accuracy of FDG-
PET is highly dependent of the diagnostic criteria used for
periprosthetic infection. Only an acceptable diagnostic accuracy
was found using increased FDG uptake along the femoral bone-
prosthesis-interface, not limited to only the femoral neck, head
zone, or periprosthetic soft tissue as a criterion for infection.
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