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	� INFECTION

Application of 68Ga-citrate PET/CT for 
differentiating periprosthetic joint 
infection from aseptic loosening after 
joint replacement surgery

Aims
We aimed to evaluate the utility of 68Ga-citrate positron emission tomography (PET)/CT in 
the differentiation of periprosthetic joint infection (PJI) and aseptic loosening (AL), and com-
pare it with 99mTc-methylene bisphosphonates (99mTc-MDP) bone scan.

Methods
We studied 39 patients with suspected PJI or AL. These patients underwent 68Ga-citrate PET/CT, 
99mTc-MDP three-phase bone scan and single-photon emission CT (SPECT)/CT. PET/CT was per-
formed at ten minutes and 60 minutes after injection, respectively. Images were evaluated by 
three nuclear medicine doctors based on: 1) visual analysis of the three methods based on tracer 
uptake model, and PET images attenuation-corrected with CT and those not attenuation-corrected 
with CT were analyzed, respectively; and 2) semi-quantitative analysis of PET/CT: maximum stand-
ardized uptake value (SUVmax) of lesions, SUVmax of the lesion/SUVmean of the normal bone, 
and SUVmax of the lesion/SUVmean of the normal muscle. The final diagnosis was based on the 
clinical and intraoperative findings, and histopathological and microbiological examinations.

Results
Overall, 23 and 16  patients were diagnosed with PJI and AL, respectively. The sensitivity 
and specificity of three-phase bone scan and SPECT/CT were 100% and 62.5%, 82.6%, and 
100%, respectively. Attenuation correction (AC) at 60 minutes and non-AC at 60 minutes 
of PET/CT had the same highest sensitivity and specificity (91.3% and 100%), and AC at 
60 minutes combined with SPECT/CT could improve the diagnostic efficiency (sensitivity = 
95.7%). Diagnostic efficacy of the SUVmax was low (area under the curve (AUC) of ten min-
utes and 60 minutes was 0.814 and 0.806, respectively), and SUVmax of the lesion/SUVmean 
of the normal bone at 60 minutes was the best semi-quantitative parameter (AUC = 0.969).

Conclusion
68Ga-citrate showed the potential to differentiate PJI from AL, and visual analysis based on 
uptake pattern of tracer was reliable. The visual analysis method of AC at 60 minutes, com-
bined with 99mTc-MDP SPECT/CT, could improve the sensitivity from 91.3% to 95.7%. In addi-
tion, a major limitation of our study was that it had a limited sample size, and more detailed 
studies with a larger sample size are warranted.
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Article focus
	� Exploring the effectiveness of 68Ga-ci-

trate as an auxiliary diagnostic tool for 
periprosthetic joint infection (PJI) and 
aseptic loosening (AL) following joint 
arthroplasty surgery.

Key messages
	� Visual analysis methods of attenuation 

correction (AC) at 60 minutes and non-AC 
at 60  minutes, and semi-quantitative 
analysis parameter of maximum stan-
dardized uptake value (SUVmax) of the 
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lesion/SUVmean of the normal bone at 60  minutes 
are effective for the differential diagnosis of PJI and AL.
	� 68Ga-citrate positron emission tomography (PET)/CT 

has a certain false negative rate for the diagnosis of PJI, 
and thus needs to be combined with bone imaging.
	� Combining 68Ga-citrate PET/CT with 99mTc-MDP 

single-photon emission CT (SPECT)/CT can improve 
the diagnostic efficiency.

Strengths and limitations
	� This is the first study differentiating diagnosis of PJI 

and AL using 68Ga-citrate PET/CT.
	� This study involved a single centre, with a relatively 

small sample size.
	� Image analysis standards of 68Ga-citrate were formu-

lated mainly based on experience from relevant 
studies of 18F-FDG and 18F-F-sodium fluoride (NaF), 
which is a potential flaw.

Introduction
The causes of pain following joint arthroplasty include 
aseptic loosening (AL), periprosthetic joint infection (PJI), 
periprosthetic fracture, and heterotopic ossification.1 Of 
these, AL and PJI are the commonest complications,2 and 
accurately distinguishing between the two is essential 
because treatment approaches for the two conditions 
differ substantially. In the presence of AL, a one-stage 
revision arthroplasty is typically successful, whereas PJI is 
more devastating, and the treatment is more complex.3-6 
The available treatment options for PJI include antibiotic 
therapy without operation, debridement with implant 
retention, and single-stage or two-stage revision arthro-
plasty,3 and the specific treatment choice mainly depends 
on the patient’s condition. An accurate and timely diag-
nosis can ensure that the correct treatment strategy is 
selected. However, the differentiation of AL from low-
virulence PJI remains a challenge due to the similarities 
in their associated symptoms.7 Further, most infections 
that are identified are chronic and low-grade, lacking the 
typical clinical symptoms and signs associated with an 
infection.4,7

Various methods are currently used in the preopera-
tive diagnosis of AL and PJI, including laboratory testing, 
X-ray scans, CT, 99mTc-methylene bisphosphonates (99mTc-
MDP) bone scan, 67Ga-citrate imaging, radioactive-
labelled leucocyte scintigraphy, joint aspiration, and 
microbial culture.3,4,8 However, there is no unified diag-
nostic protocol for the evaluation of AL and PJI, and 
each of these methods has shortcomings.9 Although 
most studies indicate that combined 111In-labelled 
leucocyte/99mTc-sulphur colloid marrow imaging is accu-
rate, it is hampered by time-intensive labelling process, 
poor spatial resolution, and limited availability.8,9 At 
present, different scoring systems are available for diag-
nosing PJI. Alt et al10 creatively put forward the concept 
of the PJI-TNM (T–tissue and implant conditions, N–non-
human cells (bacteria and/or fungi), M–morbidity of the 
patient) system. However, the preoperative diagnostic 

process may provide insufficient information for a definite 
diagnosis prior to surgery, and this can affect treatment 
decisions; this highlights the importance of an accurate 
preoperative diagnosis for planning effective treatment 
strategies.

Ga-68 is an isotope of Ga-67 with similar physical and 
chemical properties,11 and it is obtained by a Ge-68/
Ga-68 generator which can be used on demand. In 
addition, as a positron radiopharmaceutical, 68Ga-citrate 
has a suitable half-life (68  minutes) for high-resolution 
imaging. The preliminary data on the ability of 68Ga-ci-
trate positron emission tomography (PET) imaging to 
identify bone infections are promising.12,13 Salomäki et 
al13 demonstrated that 68Ga-citrate was able to distinguish 
between bone infections and physiological bone healing 
following surgery to the bone. Data from Tseng et al12 
suggested that 68Ga-citrate PET/CT may distinguish infec-
tious from non-infectious diseases after joint arthroplasty. 
However, research on the efficacy of 68Ga-citrate PET/CT in 
distinguishing between PJI and AL is limited. We hypothe-
sized that 68Ga-citrate can distinguish between PJI and AL, 
especially in the early postoperative period, and explored 
the effectiveness of 68Ga-citrate as an auxiliary diagnostic 
tool for PJI and AL following joint arthroplasty surgery.

Methods
Patients.  This was a prospective study. In our hospital, a 
total of 47 patients who were suspected of having PJI or AL 
were recruited, based on our inclusion/exclusion criteria, 
between August 2019 and May 2021. These patients un-
derwent 68Ga-citrate PET/CT imaging; in addition, all pa-
tients underwent 99mTc-MDP three-phase bone scan and 
single-photon emission computed tomography (SPECT)/
CT within one week prior to 68Ga-citrate PET/CT imaging. 
All patients underwent anteroposterior (AP) and lateral 
X-ray of hip joint or knee joint and laboratory examina-
tion, such as evaluation of serum inflammatory markers, 
before SPECT/CT and PET/CT imaging. Most of the joint 
aspirate was arranged before SPECT/CT and PET/CT im-
aging. Variables including age, sex, involved joint, cause 
of implant, time after implant, main symptoms, and labo-
ratory examination were recorded. All procedures of this 
study were carried out in accordance with the principles 
of the Helsinki Declaration.14 This study was approved by 
the ethics committee of our hospital (AHSWMU-2019-07). 
All patients provided written informed consent after the 
nature and significance of the imaging study had been 
fully explained to them.
Inclusion and exclusion criteria.  The inclusion criteria of 
the study were as follows: 1) a history of hip or knee ar-
throplasty, and the postoperative time is more than three 
months (based on the possibility of abnormal bone dy-
namic imaging within three months after surgery);15 2) 
the main clinical manifestation of the patient is prosthet-
ic joint pain that was suspected to be PJI or AL; and 3) 
the patient is planned for surgery (if at least two cultures 
that yield the same organism or at least one virulent mi-
croorganism in the preoperative synovial fluid culture, 
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or if there is a sinus tract communicating with the pros-
thesis, the surgery is not compulsory). All patients were 
followed up for at least three months. The exclusion cri-
teria of the study were as follows:16 1) less than 18 years 
old, pregnancy, or lactation; 2) the presence of another 
inflammatory arthropathy or osteopathy in the affected 
joint; 3) treatment with antibiotics before the study; 4) 
infection or inflammation of other body parts; and 5) crit-
ical illness or unstable vital signs.
Drop-out criteria.  The drop-out criteria were as follows: 
1) patients who did not undergo surgery and could not 
also be definitely diagnosed by clinical manifestation and 
preoperative puncture; and 2) through clinical manifesta-
tions, intraoperative findings, microbial culture, and his-
topathological examination, neither PJI nor AL was con-
sidered, and as a result other diagnoses were considered.
99mTc-MDP bone scan.  After an intravenous injection of 
99mTc-MDP ranging from 740 to 925 MBq, dynamic flow 
images of the area of interest were obtained for 60 sec-
onds (two seconds/frame), immediately followed by 
blood pool, and delayed static images at one to five min-
utes and three to four hours after injection, respectively.
Synthesis of 68Ga-citrate and PET/CT scanning.  An 
Isotopen Technologies Garching (ITG) Ge-68/Ga-68 gen-
erator (China Isotope and Radiation Corporation, China) 
was washed with 0.05  M HCl, and 5  ml Gallium-683+ 
solution was obtained for radioactive labelling. In the 
process of washing, the Gallium-683+ solution was divid-
ed into five tubes, each containing 1 ml of the solution. 
The second to fourth tubes of Gallium-683+ (20 mCi) con-
taining 3 ml in total were used. Sodium citrate solution 
(0.2 M) was prepared, and 1 ml sodium citrate was add-
ed to Gallium-683+. The mixture was allowed to react at 

room temperature for 15 minutes. Microorganisms were 
filtered through a 0.22 μm filter membrane. With 0.1 M 
ammonium acetate and methanol (1:1, v/v) as the de-
veloping solvent, the radiochemical purity of 68Ga-citrate 
was analyzed by thin layer chromatography. The final ra-
diochemical purity of the product was confirmed to be > 
95%, with a pH ranging from 6 to 7. The injection dose of 
68Ga-citrate used was 3.7 MBq/kg. Local PET/CT scanning 
of the diseased joint was performed on a Philips Gemini 
TF 16 scanner (Philips Healthcare, The Netherlands) at ten 
minutes and 60 minutes after the injection of the intrave-
nous tracer.
Image analysis.  Three experienced nuclear medicine phy-
sicians (TX, HD, and XY) performed visual analysis (three-
phase bone scan, SPECT/CT, and PET/CT) and semi-
quantitative analysis (PET/CT). Interobserver differences 
in the interpretation of the images were resolved through 
discussion and reached a diagnostic consensus.
Visual analysis of three-phase bone scan, SPECT/CT, PET/
CT images.  The visual analysis criteria for different imag-
ing methods are shown in Table I. We analyzed the PET/
CT images collected at ten minutes and 60 minutes, re-
spectively. To avoid CT over attenuation correction (AC) 
caused by metal implants and thus resulting in artifacts 
in PET images, both non-attenuation-corrected and 
attenuation-corrected PET images were visually assessed 
in all patients. In addition, mild or moderate uptake dis-
tributed uniformly and symmetrically along the edge of 
the prosthesis on SPECT/CT or 68Ga-citrate PET/CT was 
non-specific uptake.
Semi-quantitative analysis.  Semi-quantitative analysis of 
both ten minutes and 60 minutes PET/CT images was per-
formed. A total of five volumes of interest were manually 

Table I. Visual analysis standards for different imaging methods.

Disease Three-phase bone scan15 SPECT/CT17 68Ga-citrate PET/CT12,18

Periprosthetic 
joint infection

Positive perfusion and/or blood 
pool and positive delayed phase.

Hip joint: diffuse tracer uptake in the 
acetabulum and/or femoral prosthesis.
Knee joint: diffuse tracer uptake in the tibial or 
femoral component.

Diffuse tracer uptake in the bone-prosthesis interface 
and/or abnormal tracer uptake in the periprosthetic 
soft-tissue. (Mild tracer uptake limited to soft-tissues 
and/or synovium adjacent to the neck of the hip 
prosthesis or synovium of knee joint prosthesis was 
not considered sufficient to classify as infection.)

Aseptic 
loosening

Negative perfusion and blood 
pool but positive delayed phase.

Hip joint: focal tracer uptake at the acetabulum 
and/or trochanter region and/or femoral 
prosthetic tip.
Knee joint: focal tracer uptake at the tibial tray 
and keel and/or posterior region of femoral 
condyles.

No abnormal tracer uptake or just small focal tracer 
uptake in the stress point of the prosthesis, and 
without abnormal uptake of periprosthetic soft-tissue.

PET, positron emission tomography; SPECT, single-photon emission CT.

Table II. Diagnostic criteria for periprosthetic joint infection and aseptic loosening (according to 2013 Infectious Disease Society of America).21

Periprosthetic joint infection (≥ 1 positive criteria) Aseptic loosening

1. Sinus tract that communicates with the prosthesis or the presence of purulence without 
another known aetiology surrounding the prosthesis.

Three positive criteria were all negative, and surgery 
confirmed the loosening of at least one prosthetic part.

2. Acute inflammation as seen on histopathologic examination of periprosthetic tissue.

3. At least two cultures that yield the same organism. The growth of a virulent microorganism 
(e.g. Staphylococcus aureus) in a single specimen is also considered as indicative of a 
periprosthetic joint infection.
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drawn on PET/CT images. Volumes of interest covered 
the entire bone-prosthesis interface as well as peripros-
thetic soft-tissue (after the exclusion of vascular radio-
activity). For reference organ uptake measurement, the 
mean standardized uptake value (SUVmean) of the non-
affected normal bone and muscle was measured. Normal 
bone uptake was measured by drawing volumes of in-
terest over the nonaffected normal contralateral bones. 
Normal muscle uptake was measured using volumes 
of interest drawn over the contralateral thigh muscles. 
Using SUVmax of the lesion, SUVmax of the target area/
SUVmean of the non-target area (SUVmax of the lesion/
SUVmean of the normal bone and SUVmax of the lesion/
SUVmean of the normal muscle) as semi-quantitative 
parameters,19 the location of the lesions was determined 
by bone imaging when no obvious uptake abnormalities 
were identified on PET/CT imaging.
Final diagnostic criteria.  The final diagnosis was based on 
clinical and intraoperative findings, and histopathologi-
cal and microbiological examinations (five periprosthetic 
tissue/fluid samples).20 The specific criteria are shown in 
Table II.
Statistical analysis.  We preliminarily studied ten cases 
of PJI and AL in advance. The inclusion, exclusion, and 

dropout criteria for these ten patients were completely 
consistent with those adopted in this study. The sample 
size was estimated using the statistical software PASS 
(Version 15.0.5; NCSS, LLC, USA, 2017). Based on a sensi-
tivity of 83.3% and specificity of 100% using PET/CT (us-
ing AC at 60 minutes as an evaluation method) and an 
expected prevalence of PJI of 60% in our sample (6/10), 
PASS 15.0 calculated that at least 48 patients should be 
recruited (23 cases of PJI, 15 cases of AL, and an addition-
al ten cases as expected number of dropouts). However, 
recruitment was stopped at 47 cases because the num-
ber of PJI and AL cases met our expectations. Statistical 
software R (Version 4.1.1; R Core Team, R Foundation 
for Statistical Computing, Austria, 2021) was used for 
data analysis and description. The data are presented 
as mean and standard deviation (SD). For univariate di-
agnosis models, parameters including sensitivity, speci-
ficity, positive predictive value, and negative predictive 
value were used to evaluate the diagnostic value. In semi-
quantitative analysis, we also performed receiver operat-
ing characteristic (ROC) analysis to obtain a cut-off value 
and area under the curve (AUC). For combined visual 
analysis models, logistic regression model was used to 
estimate the conditional probability of being in the four 

Table III. Clinical features of the 39 patients.

Variable Periprosthetic joint infection (n = 23) Aseptic loosening (n = 16) Total (n = 39)

Mean age, yrs (SD) 61.9 (12.3) 63.2 (9.2) 62.4 (11.0)

Sex, n (%)
Female 7 (30.4) 8 (50) 15 (38.5)

Male 16 (69.6) 8 (50) 24 (61.5)

Clinical presentations, n (%)
Fever 3 (13.0) 0 (0) 3 (7.7)

Joint pain 18 (78.3) 14 (87.5) 32 (82.1)

Joint swelling 9 (39.1) 4 (25) 13 (33.3)

Local pyrexia 10 (43.5) 0 (0) 10 (25.6)

Exudate 9 (39.1) 0 (0) 9 (23.1)

Mean number of laboratory examinations 
(SD)
White blood cell (109/l) 8.6 (5.7) 7.6 (2.7) 8.3 (4.9)

Neutrophil granulocyte (109/l) 6.3 (5.2) 5.2 (2.2) 5.9 (4.5)

Neutrophil ratio (%) 68.0 (10.8) 67.6 (12.3) 67.8 (11.1)

ESR (mm/h) 52.7 (41.9) 18.8 (8.1) 41.8 (38.1)

CRP, ng/ml 31.8 (56.9) 2.77 (1.5) 24.0 (50.1)

Prosthesis location, n (%)
Hip 11 (47.8) 10 (62.5) 21 (53.8)

Knee 12 (52.2) 6 (37.5) 18 (46.2)

Cause of joint arthroplasty, n (%)
Osteoarthritis 11 (47.8) 5 (31.3) 16 (41.0)

Avascular necrosis 4 (17.4) 4 (25.0) 8 (20.5)

Trauma 2 (8.7) 5 (31.3) 7 (17.9)

Fracture 3 (13.0) 1 (6.3) 4 (10.3)

Congenital dysplasia 1 (4.3) 0 (0) 1 (2.6)

Suppurative arthritis 1 (4.3) 0 (0) 1 (2.6)

Osteosarcoma 1 (4.3) 0 (0) 1 (2.6)

Giant cell tumour of bone 0 (0) 1 (6.3) 1 (2.6)

Mean prosthesis age, mths (SD) 42.4 (78.9) 54.5 (48.9) 47.3 (67.7)

SD, standard deviation.
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groups when given pre-defined variables; then, the con-
ditional probability was used as a new index for the com-
bined diagnosis. Statistical significance level was set at p 
< 0.05.

Results
Patient characteristics.  Of the 47 recruited patients, eight 
cases dropped out of the study (five patients did not un-
dergo surgery and/or microbiological culture for further 
definite diagnosis; one patient was pathologically con-
firmed as Langerhans cell histiocytosis; and two patients 
were not found to have infection or loosening during the 
surgery and were finally considered as metal-induced re-
active tissue lesion). Finally, a total of 39 patients were in-
cluded, which comprised 24 males and 15 females (mean 
age 62.4 years (SD 11 months)), with 21 cases of artificial 
hip joints and 18 cases of artificial knee joints. The mean 
time since surgery was 47.3 months (SD 67.7). A total of 
23 cases of PJI and 16 cases of AL were diagnosed. Details 
of the patients are presented in Table III.
Visual analysis results.  The evaluation of different visual 
analysis methods is shown in Table  IV. Among all the 
visual analysis methods, 99mTc-MDP three-phase bone 
scan had the highest sensitivity (100%), but the speci-
ficity was lowest (62.5%). The sensitivity and specificity 
of 99mTc-MDP SPECT/CT were 82.5% and 100%, respec-
tively. The sensitivity and specificity of AC at 60 minutes 
and non-AC at 60 minutes were high (91.3% and 100%, 
91.3% and 100%, respectively).

The evaluation of combined visual analysis models 
is shown in Table V. The results showed that the combi-
nation of AC at 60  minutes and 99mTc-MDP SPECT/CT 
can maximize the diagnostic performance (sensitivity 
and specificity were 95.7% and 100%, respectively). 
The combined diagnostic efficacy of AC at 60  minutes, 

99mTc-MDP SPECT/CT, and three-phase bone scan was the 
same as that of the former (sensitivity and specificity were 
95.7% and 100%, respectively). However, the combina-
tion of 99mTc-MDP SPECT/CT and three-phase bone scan 
or three-phase bone scan and AC at 60 minutes cannot 
effectively improve the diagnostic efficiency.
Semi-quantitative analysis results.  The ROC curves of the 
six semi-quantitative parameters are shown in Figure 1, 
and a comparison of six semi-quantitative parameters 
between PJI and AL is shown in Table VI. SUVmax of the 
lesion/SUVmean of the normal bone at 60 minutes was 
the best semi-quantitative parameter in this study (AUC 
= 0.969), with a sensitivity and specificity of 91.3% and 
93.8%, respectively. The diagnostic efficacy of SUVmax of 
the lesion/SUVmean of the normal muscle at 60 minutes 
was the second highest (AUC was 0.909), with a sensi-
tivity and specificity of 69.6% and 100%, respectively. 
Among all the semi-quantitative parameters, SUVmax had 
the worst differential diagnosis ability (AUC of SUVmax of 
lesions at ten minutes and SUVmax of lesions at 60 min-
utes was 0.814 and 0.806, respectively).

Discussion
Accurately distinguishing PJI from AL preoperatively is 
essential for optimal treatment. Currently, the diagnostic 
criteria ruling implant-associated infection have become 
ever more accurate and there are different typing systems 
that can be used in the differential diagnosis of PJI and 
AL. However, the detection of the causative pathogen still 
relies mostly on conventional microbial culture, and the 
main demerit of preoperative puncture bacterial culture is 
that it is time-consuming, and the positive rate of culture 
is low.22,23 Several methods can be used in the preoper-
ative diagnosis of PJI and AL, including laboratory tests 
for inflammatory biomarkers,24,25 synovial fluid marker 

Table IV. Single diagnostic value of six visual analysis indexes.

Index TP FP TN FN
Sen
(%)

Spe
(%)

NPV
(%)

PPV
(%)

Three-phase bone scan 23 6 10 0 100.0 62.5 100.0 79.3

SPECT/CT 19 0 16 4 82.6 100.0 80.0 100.0

Attenuation correction at 10 mins 20 0 16 3 87.0 100.0 84.2 100.0

Attenuation correction at 60 mins 21 0 16 2 91.3 100.0 88.9 100.0

Non-attenuation correction at 10 mins 21 0 16 3 87.0 100.0 84.2 100.0

Non-attenuation correction at 60 mins 21 0 16 2 91.3 100.0 88.9 100.0

FN, false negative; FP, false positive; NPV, negative predictive value; PPV, positive predictive value; Sen, sensitivity; Spe, specificity; SPECT, single-
photon emission CT; TN, true negative; TP, true positive.

Table V. Combination of different visual analysis methods.

Combined model
Sen
(%)

Spe
(%)

NPV
(%)

PPV
(%)

Youden 
index

Attenuation correction at 60 min+ SPECT/CT 95.7 100.0 94.1 100.0 0.957

Attenuation correction at 60 min+ three-phase bone scan 91.3 100.0 88.9 100.0 0.913

SPECT/CT + three-phase bone scan 82.6 100.0 80.0 100.0 0.826

Attenuation correction at 60 min+ SPECT/CT + three-phase bone scan 95.7 100.0 94.1 100.0 0.957

NPV, negative predictive value; PPV, positive predictive value; Sen, sensitivity; Spe, specificity; SPECT, single-photon emission CT.
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tests,23–31 and imaging examination.4,12,18,19,32–39 Recently, 
promising results have been reported regarding synovial 
biomarker tests, including the neutrophil CD64 index, 
synovial interleukin (IL)-6 measurement, metagenomic 
next-generation sequencing, enzyme-linked immunosor-
bent assay (ELISA) methods to detect the concentration 
of calprotectin, RNA-based transcription-quantitative 
polymerase chain reaction method, and lateral flow 
test.23–31 Although these studies show that the above 
indices or methods perform well in identifying infected 
and non-infectious lesions, there were some limitations, 

including lack of practical experience in large samples, 
unavailability of the assays in some laboratories, and 
conflicts between different studies, which make the test 
results difficult to interpret. At present, preoperative non-
invasive imaging examination is an attractive method, 
wherein nuclear medical examination, which can reflect 
functional changes, has unique advantages.

Preliminary data on the use of 68Ga-citrate PET/CT to 
identify bone infections are promising.12,13 Importantly, 
these studies have shown that 68Ga-citrate PET/CT may 
differentiate between bone infection and physiological 

Fig. 1

The receiver operating characteristic curves of maximum standardized uptake value (SUVmax) of lesions, SUVmax of the lesion/SUVmean of the normal bone, 
and SUVmax of the lesion/SUVmean of the normal muscle. T/NT, SUVmax of target region/SUVmean of non-target region.

Table VI. Single diagnostic value of six semi-quantitative analysis indexes.

Index Cut-off* AUC
Sen
(%)

Spe
(%)

NPV
(%)

PPV
(%)

SUVmax of the lesion at 10 mins 2.6 0.814 78.3 93.8 75.0 94.7

SUVmax of the lesion at 60 mins 2.9 0.806 65.2 93.8 65.2 93.8

SUVmax of the lesion/SUVmean of the normal bone at 10 mins 3.5 0.895 82.6 93.8 78.9 95.0

SUVmax of the lesion/SUVmean of the normal bone at 60 mins 3.4 0.969 91.3 93.8 88.2 95.5

SUVmax of the lesion/SUVmean of the normal muscle at 10 mins 5.7 0.863 65.2 100.0 66.7 100.0

SUVmax of the lesion/SUVmean of the normal muscle at 60 mins 6.0 0.909 69.6 100.0 69.6 100.0

*When it is greater than or equal to the cut-off value, it is predicted to be diagnosed as a group of periprosthetic joint infections.
AUC, area under the curve; NPV, negative predictive value; PPV, positive predictive value; Sen, sensitivity; Spe, specificity; SUV, standardized 
uptake value.
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bone healing after bone surgery,13 and distinguish infec-
tious from non-infectious diseases after joint arthro-
plasty.12 Our preliminary results revealed that visual 
analysis methods of AC at 60  minutes and non-AC at 
60 minutes could be used to distinguish AL from PJI with 
high sensitivity and specificity (91.3% and 100%, 91.3% 
and 100%, respectively), and they had a very high posi-
tive predictive value for the diagnosis of PJI (Figures 2 and 
3). We also reviewed previous studies regarding the diag-
nosis of PJI and AL using PET or PET/CT. Tseng et al12 found 
that the sensitivity and specificity of 68Ga-citrate PET/CT in 
diagnosing PJI were 92% and 88%, respectively. This is 
different from our findings and may be related to the use 
of different visual analysis standards in the two studies. 
Kim and Kim32 analyzed 25 studies that evaluated PJI and 
found a sensitivity of 88% for PET or PET/CT (18F-FDG, 
18F-sodium fluoride (18F-NaF), or 18F-FDG-leukocyte) and 
a specificity of 89%. Further, 18F-FDG-leukocyte PET/CT 
has been reported to have a high efficiency in distin-
guishing PJI and AL (the sensitivity and specificity being 
93.3% and 97.4%, respectively).33 Several studies on 
the use of 18F-FDG PET in the differential diagnosis of PJI 
and AL have shown different results, with a sensitivity 
and specificity of 14% to 94.87%, and 38.56% to 95%, 
respectively.34–38 In addition, 18F-NaF showed a good 
prospect in the differential diagnosis of PJI and AL, with 
a sensitivity and specificity of 75% to 95%, and 88% to 

100%, respectively;4,18,19,39 its best diagnostic efficacy in a 
study (sensitivity and specificity being 92.9% and 100%, 
respectively)19 was slightly higher than that observed in 
this study.

In addition, 68Ga-citrate is not a specific infection 
imaging agent, and tracer uptake can also be found in 
aseptic inflammation, as shown in osteoarthritis (OA) 
(Figure 3). However, the uptake pattern of the OA case 
and all cases of AL in our study was mainly mild focal 
uptake; some cases also showed no uptake, and the 
cases of PJI mainly showed diffuse uptake. In previous 
studies, possible mechanisms of 68Ga-citrate accumu-
lation in PJI were interpreted as: binding to transferrin; 
binding to ferritin in bacteria and lactoferrin in neutro-
phils; direct absorption by siderophores with a high 
affinity for Ga-68; and enhanced capillary permeability at 
the lesion site.12,40,41 AL is described as a loss of fixation of 
the implant that can occur because of inadequate initial 
fixation and mechanical loss of fixation over time.42,43 In 
addition, particles of wear debris may lead to macro-
phage activation, which in turn releases bone-resorbing 
products.43,44 This results in bone osteolysis around the 
implant, resulting in the biological loss of fixation.35,43 
Therefore, AL may be accompanied by an inflammatory 
immune reaction to the prosthetic material, which makes 
it possible for the imaging of patients with AL to show the 
uptake of 68Ga-citrate to a certain extent. However, the 

Fig. 2

Positive findings for infection in the three-phase bone scan, single-photon emission CT (SPECT)/CT, and positron emission tomography (PET)/CT in a patient 
with periprosthetic joint infection (PJI) confirmed by microbiological culture of Staphylococcus aureus and Escherichia coli. A 46-year-old woman underwent 
right hip arthroplasty for traumatic osteoarthritis in 2018, and developed pain in the right hip joint in April 2020. a) and b) Anteroposterior (AP) and lateral 
radiographs of the right hip joint at two years postoperatively showed an uneven decrease in bone density around the prosthesis. c) to e) 99mTc-MDP three-
phase bone scan showed positive perfusion, blood pool, and delayed phase in the right hip (arrowheads) (red circles of c) to d) – region of interest of the 
affected side; yellow circles of c) to d) – region of interest of the normal side). f) and g) SPECT/CT revealed a diffuse increase in bone metabolism in the 
femoral prosthesis (arrowheads). h) to l) 68Ga-citrate PET/CT showed uneven diffuse uptake of the right femur trochanter around the soft-tissue and the 
distal femoral prosthesis (arrowheads). The patient underwent surgical treatment, and a large amount of pus was found in the right hip joint. m) and n) 
Histopathological examination revealed many neutrophils, lymphocytes, and plasma cells (haematoxylin and eosin (H&E) 200×). Microbial culture showed 
the presence of Staphylococcus aureus and Escherichia coli. PJI of the right hip was diagnosed.
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degree of inflammatory reaction associated with AL may 
be lower than that of PJI, and the inflammatory reaction of 
the former may be mainly limited to the articular surface 
that causes wear and tear. In addition, neutrophils are 
common in PJI, but the proportion of AL cases associated 
with non-specific inflammation is small (< 10%).45,46 The 
difference in cell composition and inflammatory reaction 
between AL and PJI may explain the difference in 68Ga-ci-
trate uptake. However, the efficacy of semi-quantitative 
analysis parameter SUVmax in the differential diagnosis of 
AL and PJI was lower than that of all PET/CT visual analysis 
methods. Tseng et al12 found that the SUVmax of 68Ga-ci-
trate PET/CT could not distinguish AL from PJI. In addi-
tion, some studies on 18F-FDG34,37,47,48 and 18F-NaF4,39 to 
differentiate PJI from AL have shown that the visual inter-
pretation of site and pattern of uptake appeared more 
important and reliable than intensity of SUV. Therefore, 
focus on different uptake patterns of the tracer rather 
than through SUVmax in distinguishing AL from PJI may 
be a more accurate method.

The 68Ga-citrate PET/CT uptake model had been proven 
to have a certain false negative rate (2/23) (Figure  4), 
which may limit its application in PJI. Two false negative 
patients in this study showed no tracer uptake. The result 
of bacterial culture in one patient was Gram-negative 
bacteria Enterococcus faecalis, but the bacterial culture of 

another patient failed and the diagnosis was confirmed by 
pathology and intraoperative findings. We suspect that 
false negative results may be associated with chronic low-
grade bacterial infections, but our study cannot confirm 
this, as not all PJI patients have successfully cultured 
bacteria. In addition, AC may cause increased tracer 
uptake artifacts around the prosthesis of patients with 
metal implants.49 However, the visual analysis of AC did 
not affect the results in this study whether at ten minutes 
or 60 minutes, and the diagnosis of AC is consistent with 
that of non-AC. In addition, the diagnostic efficiency of 
visual analysis at 60 minutes was higher than that at ten 
minutes. Therefore, imaging within 60 minutes may be a 
better choice.

Our study showed that three-phase bone scan had 
a very high sensitivity (100%) for the diagnosis of PJI, 
which was consistent with the results of Magnuson et 
al.50 Therefore, PJI could be excluded when the three-
phase bone scan was negative.51,52 However, its specificity 
was limited and there was a high false positive rate in AL 
patients (6/16) (Figure 5).

In this study, we regarded focal periprosthetic uptake 
on SPECT/CT as AL, whereas diffuse uptake was associ-
ated with infection.17,53 This visual analysis method had 
a high specificity (100%), but there was also a high false 
negative rate (4/23) (Figure  3), which was consistent 

Fig. 3

True positive findings in three-phase bone scan and positron emission tomography (PET)/CT, and false negative findings for infection in single-photon 
emission CT (SPECT)/CT, in a patient with periprosthetic joint infection (PJI) caused by Staphylococcus epidermidis. A 66-year-old man underwent right knee 
arthroplasty for osteoarthritis (OA) in December 2019, and he developed pain and exudate in the right knee in March 2020. Further, physical examination 
showed swelling of the right knee joint, with a sinus tract that communicated with the prosthesis. a) and b) Anteroposterior (AP) and lateral radiographs 
of the right knee joint at three months postoperatively showed obvious swelling of the right knee joint and an uneven decrease in bone density around 
the prosthesis. The patient was diagnosed with PJI, considering the above symptoms. The patient was included in our prospective study, and he signed 
an informed consent form for further imaging. c) to e) 99mTc-MDP three-phase bone scan showed positive perfusion, blood pool, and delayed phase in the 
right knee (arrowheads) (red circle and region of interest of the affected side (ROIA); yellow circle and region of interest of the normal side (ROIB)). f) and g) 
SPECT/CT revealed focal increased bone metabolism at the right patella-prosthesis interface (arrowheads), and e) and f) the uniform and symmetrical uptake 
distributed along the edge of tibial and femoral component was regarded as non-specific uptake (dotted arrows). In addition, e) and g) show that focal 
uptake with hyperosteogeny was found on the medial articular surface of the left knee, which was considered to be OA (arrows). h) to l) 68Ga-citrate PET/CT 
showed an obvious diffuse uptake around the right knee prosthesis (arrowheads). h), j), and l) PET/CT also showed a focal uptake in the left knee joint, which 
was consistent with the findings of SPECT/CT (arrows). Subsequently, the patient underwent surgical treatment. m) and n) Histopathological examination 
showed the presence of acute suppurative inflammation (m, haematoxylin and eosin (H&E) 100×; n, H&E 400×). Staphylococcus epidermidis was found in 
three of the five samples.
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with the findings of Mountford et al.54 The false nega-
tive on SPECT/CT may be related to the fact that some 
of the infected lesions occurred in the soft-tissue around 
the prosthesis rather than the bone-prosthesis inter-
face. Compared to SPECT/CT, we found that 68Ga-citrate 
may be concentrated around the soft-tissue with severe 

inflammatory reaction in PJI, while the tracer uptake at 
the bone-prosthesis interface may be relatively unclear 
(Figure 2). Therefore, the combination of the two imaging 
methods may have complementary value, especially for 
patients whose PJI mainly occurs in the soft-tissue around 
the prosthesis. Our combined models further confirmed 

Fig. 4

True positive findings in the three-phase bone scan and single photon emission CT (SPECT)/CT, and false negative findings in positron emission tomography 
(PET)/CT, for infection in a patient with periprosthetic joint infection (PJI) confirmed by microbiological culture of Enterobacter faecalis. A 59-year-old man 
underwent a right hip arthroplasty for traumatic arthritis of the right hip after fracture of the right femur in 2012. Further, he underwent revision surgery 
for aseptic loosening (AL) of the right hip joint in 2019. He developed pain and swelling of the right hip joint one month ago. a) and b) No obvious positive 
signs were found in the anteroposterior (AP) and lateral radiographs postoperative at one year of the right hip joint. c) to e) 99mTc-MDP three-phase bone scan 
showed positive perfusion, blood pool, and delayed phase in right hip (arrows) (red circle and region of interest of the affected side (ROIA); yellow circle and 
region of interest of the normal side (ROIB)). f) and g) SPECT/CT revealed diffusely increased bone metabolism at the right acetabulum-prosthesis interface 
(arrows). h) to l) 68Ga-citrate PET/CT showed no abnormal focal or diffuse uptake (arrows). Subsequently, the patient underwent surgical treatment. m) and 
n) Histopathological examination of synovial tissue showed chronic inflammatory changes (haematoxylin and eosin (H&E) 400×). However, Enterobacter 
faecalis was found in two of the five samples. PJI of the right hip was diagnosed.

Fig. 5

False positive findings in three-phase bone scan and true negative findings in single-photon emission CT (SPECT)/CT and positron emission tomography 
(PET)/CT in a patient with aseptic loosening (AL). A 66-year-old man underwent left knee arthroplasty for traumatic osteoarthritis of the left knee after fracture 
of the left femur in 2009, and he developed pain in the left knee joint one week ago. a) and b) No obvious positive signs were found in the anteroposterior 
(AP) and lateral radiographs postoperative at ten years of the left knee joint. c) to e) 99mTc-MDP three-phase bone scan showed positive perfusion, blood pool, 
and delayed phase in the left knee (arrows) (red circles of c) to d) – region of interest of the affected side; yellow circles of c) to d) – region of interest of the 
normal side). f) and g) SPECT/CT revealed several points of focally increased bone metabolism at the bone-prosthesis interface of the left knee (arrows). h) 
to l) 68Ga-citrate PET/CT showed mild uptake distributed uniformly and symmetrically along the edge of the prosthesis (arrows). The patient then underwent 
surgical treatment, and a large amount of proliferated synovial tissue was found; the prosthetic joint was obviously loose. m) and n) Histopathological 
examination showed proliferative fibrous connective tissue (haematoxylin and eosin (H&E) 400×). The postoperative microbial cultures were both negative. 
The patient was diagnosed with AL.
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that the combination of SPECT/CT and AC at 60 minutes 
can improve the sensitivity.

There were some limitations to our study. First, the 
major limitation was its single-centre nature and the 
limited sample size. This might have affected the accu-
racy of our findings and prevented a more detailed anal-
ysis. A study with a larger sample size and more detailed 
assessment of the utility of 68Ga-citrate is warranted. 
Second, our image analysis standards (including visual 
analysis and semi-quantitative analysis) of 68Ga-citrate 
were formulated comprehensively based on experience 
from relevant studies of 18F-NaF and 18F-FDG, combined 
with the small number of existing studies of 68Ga-citrate. 
Different evaluation criteria may lead to different research 
results, which is a potential flaw. In addition, there may 
be non-specific uptake on 99mTc-MDP bone scan within 
one to two years after prosthesis replacement,15 and we 
did not study the potential effect of postoperative time 
on the diagnostic performance of various study parame-
ters. More patient data are needed to analyze these vari-
ables properly in the future.
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