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Abstract

Purpose

The aim of this study was to evaluate the diagnostic performance of choline positron emis-

sion tomography/computed tomography (PET/CT) for the detection of bone metastasis in

patients with prostate cancer.

Methods

MEDLINE, EMBASE and the Cochrane Library were searched up to 20 February 2018 for

studies that used 11C-choline or 18F-choline PET/CT for the detection of bone metastasis

in patients with prostate cancer and “histopathology and/or clinical follow-up” as the refer-

ence standard. Methodological quality was assessed using the Quality Assessment of Diag-

nostic Accuracy Studies-2 (QUADAS-2) tool. Pooled diagnostic accuracy with the 95%

confidence interval (CI) was calculated using a bivariate random effects model. We also

constructed hierarchical summary receiver operating characteristic curves and performed

meta-regression analyses.

Results

Fourteen studies with reasonable methodological quality were included in the analysis. On a

per-patient basis, the pooled sensitivity, specificity, positive likelihood ratio (PLR), negative

likelihood ratio (NLR), and diagnostic odds ratio (DOR) were 0.89 (95% CI 0.80–0.94), 0.98

(95% CI 0.95–0.99), 40.4 (95% CI 19.7–82.6), 0.12 (95% CI 0.07–0.20), and 344 (95% CI

148–803), respectively. On a per-lesion basis, the pooled sensitivity, specificity, PLR, NLR,

and DOR were 0.91 (95% CI 0.85–0.94), 0.97 (95% CI 0.95–0.98), 34.1 (95% CI 20.0–58.1),

0.10 (95% CI 0.06–0.16), and 358 (95% CI 165–778), respectively. In the meta-regression

analysis, the clinical setting (staging vs. restaging) was the only source of study heterogene-

ity on a per-patient basis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0203400 September 7, 2018 1 / 16

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Guo Y, Wang L, Hu J, Feng D, Xu L

(2018) Diagnostic performance of choline PET/CT

for the detection of bone metastasis in prostate

cancer: A systematic review and meta-analysis.

PLoS ONE 13(9): e0203400. https://doi.org/

10.1371/journal.pone.0203400

Editor: Giorgio Treglia, Ente Ospedaliero Cantonale,

SWITZERLAND

Received: April 25, 2018

Accepted: August 20, 2018

Published: September 7, 2018

Copyright: © 2018 Guo et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All relevant data are

within the paper and its Supporting Information

files.

Funding: The authors received no specific funding

for this work.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pone.0203400
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203400&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203400&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203400&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203400&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203400&domain=pdf&date_stamp=2018-09-07
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203400&domain=pdf&date_stamp=2018-09-07
https://doi.org/10.1371/journal.pone.0203400
https://doi.org/10.1371/journal.pone.0203400
http://creativecommons.org/licenses/by/4.0/


Conclusions

Choline PET/CT shows excellent diagnostic performance for the detection of bone metasta-

sis. However, a negative choline PET/CT result cannot ensure the lack of bone metastasis.

Introduction

Prostate cancer (PC) is the second most common malignancy in males worldwide, with an

incidence of approximately 1.1 million cases per year [1, 2]. Bone and lymph nodes are com-

mon sites of metastasis in PC [3]. Approximately 8–35% of PC patients at initial diagnosis and

65–75% of advanced PC patients will develop bone metastases [4–6]. It is universally acknowl-

edged that skeletal metastases are a major cause of death, disability, and that they decrease

quality of life and increase the cost of treatment [7, 8]. Therefore, it is critically important to

accurately detect bone metastasis in order to select appropriate patient management.

Currently, most institutions use conventional imaging modalities such as bone scan (BS),

computed tomography (CT) and magnetic resonance imaging (MRI) to detect bone metasta-

ses of PC. However, conventional modalities are not always reliable in the evaluation of meta-

static bone lesions [3, 9]. Therefore, a new imaging technique is needed for improving

diagnostic performance. In recent decades, integrated PET/CT has emerged as a new modality

for whole-body imaging; this modality provides both the metabolic processes and comprehen-

sive morphological information in a single examination [10]. 18F-fluorodeoxyglucose

(18F-FDG) is the most widely used tracer; however, it has limited value for clinical imaging in

PC due to the low glucose metabolism and confounding influence of bladder activity [11]. As

alternatives to 18F-FDG, more recent radiotracers, such as 11C-choline and 18F-choline, have

shown promising results [12–14]. Thus far, although there have been many studies investigat-

ing choline PET/CT for the diagnosis of bone metastases in PC patients, the results from these

studies remain inconsistent.

Up to date, only two meta-analyses have investigated the accuracy of choline PET/CT for

the diagnosis of skeletal metastases in PC with conflicting results and methodological limita-

tion [15, 16]. Since the publication of the last meta-analyses, new diagnostic studies mostly

with satisfactory methodology have been performed. Additionally, the bivariate random effects

regression model has been proposed to optimize diagnostic meta-analysis [17]. This statistical

approach estimates pairs of logit transformed sensitivity and specificity of a diagnostic test and

provides more precise estimates of the diagnostic accuracy.

Accordingly, we conducted a systematic review and meta-analysis to evaluate the diagnostic

performance of 11C-choline and 18F-choline PET/CT for the detection of bone metastasis in

PC patients.

Methods

Literature search

This systematic review and meta-analysis was conducted in accordance with the Preferred

Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines. We system-

atically searched the Medline, Embase and the Cochrane Library databases up to 20 February

2018. The following search terms were used: ([‘‘prostat� cancer”] OR [‘‘prostat� carcinoma”]

OR [‘‘prostat� neoplasm”] OR [‘‘prostat� tumor”]) AND ([choline] OR [18F-choline] OR

[18F-FCH] OR [11C-choline] OR [fluorocholine] OR [FCH]) AND ([‘‘positron emission
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tomography computed tomography”] OR [PET/CT] OR [‘‘positron emission tomography”]

OR [PET]) AND ([bone] OR [skeletal]). We also manually searched other relevant references

to identify potential articles.

Study selection

Two investigators independently screened titles and abstracts of all citations. Discrepancies

were resolved by mutual agreement. We then reviewed the full text of these studies deemed rele-

vant to determine eligibility. Studies were included based on the following criteria: (1) patients

diagnosed with PC regardless of disease stage and treatment status, (2) 11C-choline or 18F-cho-

line PET/CT used as the index test for detecting bone metastasis, (3) sufficient data to construct

2×2 contingency tables regarding sensitivity and specificity, (4) histopathological results and/or

clinical follow-up served as the reference standard, and (5) publications written in English. The

exclusion criteria were as follows: (1) case series with fewer than 10 patients; (2) insufficient

data to construct contingency tables; (3) duplicated studies enrolling the same cohort; and (4)

reviews, conference abstracts, case reports, and letters. In the case of an overlapping population,

only the largest and most informative study was included.

Data extraction and quality assessment

Two investigators independently performed data extraction, and disagreements were resolved

by consensus or consultation with a third reviewer. The following information was extracted

using a standardized form: authors, publication year, country, study design, reference stan-

dard, blinding to reference standard, patient characteristics, clinical setting, prostate specific

antigen (PSA) level, PET/CT characteristics, and absolute number of true positive, false posi-

tive, true negative, and false negative results for either patient-based analysis or lesion-based

analysis. The authors of the eligible studies with inadequate data were contacted through email

for additional information.

The quality of each study was independently appraised by two observers using the QUADAS-2

tool [18]. The QUADAS-2 tool assesses the risk of bias and applicability based on four domains:

patient selection, index text, reference standard, and flow and timing. The provided signaling ques-

tions of the QUADAS-2 tool were used to reach a judgment as ‘low’, ‘high’, or ‘unclear’ rating.

Statistical analysis

The pooled summary estimates of sensitivity, specificity, positive likelihood ratio (PLR), nega-

tive likelihood ratio (NLR), and diagnostic odds ratio (DOR) were calculated. We used a bivari-

ate random effects regression approach to synthesize data. This method estimated pairs of logit

transformed sensitivities and specificities from studies following a bivariate normal distribution,

incorporating both the between-study and within-study variability. Summary estimates of sensi-

tivity and specificity were plotted in forest plots and hierarchical summary receiver operating

characteristic (HSROC) curves with 95% confidence and prediction regions. A Spearman corre-

lation coefficient of greater than 0.6 was considered to indicate a considerable threshold effect.

Deeks’ funnel plot was conducted to detect publication bias [19].

Heterogeneity was assessed using Cochran’s Q test (p< 0.05 was considered significant) and

the I2 index (I2 > 50% was considered substantial heterogeneity) [20]. We performed meta-

regression to investigate the potential source of heterogeneity within the included studies. The

covariates included in the analysis were as follows: study design (prospective vs. retrospective),

tracer (11C-choline vs. 18F-choline), clinical setting (staging vs. restaging), reference standard

(histopathology or clinical follow-up vs. only clinical follow-up), diagnostic criteria (qualitative

and semi-quantitative vs. qualitative), and blinding to reference standard (yes vs. no). Statistical
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analyses were performed using STATA version 12.0 (STATA Corporation, College Station, TX,

USA). The association was considered statistically significant if the p value was less than 0.05.

Results

Eligible studies and study description

The process of study selection is shown in Fig 1. The systematic search retrieved 760 articles

after removing 231 duplicates. Among these articles, 57 articles were selected for reading of the

Fig 1. Flow diagram describing the process of the systematic search and selection.

https://doi.org/10.1371/journal.pone.0203400.g001
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full text. Finally, 14 studies [12–14, 21–31] were included based on the inclusion and exclusion

criteria. The general study characteristics are presented in Table 1. Six studies were analyzed

on a per-patient basis, four studies were analyzed on a per-lesion basis, and four studies were

analyzed on a per-patient basis as well as per-lesion basis. Five studies used “histopathology

and/or clinical follow-up” as the reference standard, while the other nine used only clinical fol-

low-up. The PET/CT characteristics are shown in Table 2. 11C-choline as a tracer was used in

seven studies, and 18F-choline was used in the other seven studies. There was a wide variation

in imaging protocols, particularly regarding the injection dose of tracers and the time from

injection to scan.

Quality assessment

The summary of the quality assessment is illustrated in Table 3. With regard to the patient selec-

tion domain, four studies [12, 13, 24, 30] were considered to have an unclear risk of bias because

they did not explicitly mention whether patient recruitment was consecutive or not. High appli-

cability concerns for patient selection domain were found in two studies because one study [13]

Table 1. Characteristics of the included studies.

Study

references

Country Design Clinical

setting

Number of

patients

Agea Analysis PSA (ng/ml) Reference standard Previous therapy

Mean Median Range

Beheshti et al,

2010 [12]

Austria Pro Staging and

restaging

70 68±7 L 39.65 NR 0.1–

239

Clinical follow-up None, RP, RT, HT,

chemotherapy

Evangelista

et al, 2015 [22]

Italy Retro Staging 48 70±9

(49–86)

P 38.34 ± 90.12 12.7 2.80–

581.0

Clinical follow-up None

Fuccio et al,

2010 [13]

Italy Retro Restaging 25 70.2

(58–80)

P, L 11.1 ± 14.38 6.3 0.2–

37.7

Histopathology and/

or clinical follow-up

RP, partial

prostatectomy, RT

Garcia et al,

2015 [27]

Spain Pro Restaging 169 65±11 P, L 4.8 NR 2.4–58 Histopathology and/

or clinical follow-up

Prostatectomy, RT

Huysse et al,

2017 [28]

Belgium Pro Restaging 64 NR P, L NR 3.1 1.2–6.5 Clinical follow-up RP, RT, ADT

Kitajima et al,

2014 [23]

America Retro Restaging 95 65.7

(49–87)

P 5.26 2.5 0.58–

68.3

Histopathology and/

or clinical follow-up

RP, salvage EBRT,

ADT, salvage

cryoablation

Kitajima et al,

2017 [26]

Japan Pro Staging and

restaging

21 70.6

±10.8

(47–90)

P 342.9 NR 0.2–

5916

Clinical follow-up None,

Prostatectomy, RT,

HT

Langsteger

et al, 2011 [14]

France,

Austria

Pro Staging and

restaging

40 66 (51–

82)

P, L NR NR 0.38–

617

Clinical follow-up NR

McCarthy

et al, 2011 [29]

Australia Pro Restaging 26 75.4±8.4

(62–89)

L NR 10.5 1.6–

250

Clinical follow-up NR

Nanni et al,

2016 [25]

Italy Pro Restaging 89 69 (55–

83)

P 6.99±17.5 3.35 0.20–

20.72

Histopathology and/

or clinical follow-up

RP, RT, HT

Picchio et al,

2012 [21]

Italy Retro Restaging 78 69 (47–

82)

P 21.1 2.4 0.2–

500

Clinical follow-up RP, RT, HT

Piccardo et al,

2014 [30]

Italy Pro Restaging 21 77.2±5.1

(70–85)

L 5.8 ± 3.4 4.9 2.2–

13.4

Clinical follow-up EBRT, ADT

Takesh et al,

2012 [24]

Germany Retro Restaging 37 69±7 P NR 2.6 0.3–21 Clinical follow-up RP, RT, HT, ADT

Wieder et al,

2017 [31]

Germany Pro Restaging 57 68 (54–

80)

L 29.9 NR 1.0–

670

Histopathology and/

or clinical follow-up

RP

aExpressed as median or mean ± standard deviation (range)

Pro, prospective; Retro, retrospective; L lesion-based; P, patient-based; PSA, prostate-specific antigen; RP, radical prostatectomy; RT, radiotherapy; HT, hormone

therapy; ADT, androgen deprivation therapy; EBRT, external beam radiotherapy; NR, not reported.

https://doi.org/10.1371/journal.pone.0203400.t001
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only included patients showing a single lesion on BS, and the other [27] excluded patients with

more than four metastatic bone lesions. In terms of the index test domain, there was high risk

of bias in two studies [12, 24], as the interpretation of PET/CT was not blinded to the reference

standard. There was no concern for applicability of the index test in all included studies. With

regard to the reference standard domain, there was an unclear risk of bias in all studies except

two [14, 25] because it was unclear whether the reference standard assessments were blinded to

the index test for most studies. The risk of bias for the flow and timing domain was judged as

high in five studies [12, 13, 25, 27, 29] because different reference standards were applied within

these studies. In general, the quality of the currently available studies was considered reasonable,

with 12 of the 14 studies satisfying at least four of the seven QUADAS-2 domains.

Diagnostic accuracy

Table 4 shows the pooled results. On a per-patient basis, 10 studies involving 655 patients were

included. The reported sensitivity and specificity of the included studies ranged from 50% to

100% and from 89% to 100%, respectively. For all 10 studies, the pooled sensitivity, specificity,

and PLR, NLR, and DOR values were 0.89 (95% CI 0.80–0.94), 0.98 (95% CI 0.95–0.99), 40.4

(95% CI 19.7–82.6), 0.12 (95% CI 0.07–0.20), and 344 (95% CI 148–803), respectively. We

Table 2. Characteristics of PET/CT.

Study references Tracer Injection

Dose

Imaging

analysis

Timea

(min)

Interpreters Blinding Manufacture Follow-up

(months)

Beheshti et al, 2010

[12]

18F 4.07 MBq/kg QL, Semi-QN 1 3 N Discovery LS (GE Medical Systems) 6–15

Evangelista et al,

2015 [22]

18F 3 MBq/kg QL 60 2 NR Siemens Biograph(Siemens) >6

Fuccio et al, 2010

[13]

11C 370–555

MBq

QL 5 2 NR Discovery LS (GE Healthcare) >6

Garcia et al, 2015

[27]

11C 296 MBq QL, Semi-QN 5 2 Y NR 6–15

Huysse et al, 2017

[28]

18F 3–4 MBq/kg NR 45 2 Y NR NR

Kitajima et al, 2014

[23]

11C 370–555

MBq

QL, Semi-QN 5 2 Y Discovery RX or Discovery 690 (GE Healthcare) >6

Kitajima et al, 2017

[26]

11C 3 MBq/kg QL, Semi-QN 5 2 Y Gemini TF64 (Philips Medical Systems) NR

Langsteger et al,

2011 [14]

18F 4 MBq/kg NR 10–20 2 Y Discovery LS (GE Medical Systems) or Gemini

Dual (Philips)

>6

McCarthy et al,

2011 [29]

18F 200 MBq QL, Semi-QN 5 2 Y GSO (Philips Allegro) or Siemens Biograph

(Siemens)

6–14

Nanni et al, 2016

[25]

11C 3.4 MBq/kg QL, Semi-QN 3–5 2 NR Discovery STE (GE Healthcare) 6–29

Picchio et al, 2012

[21]

11C 370 MBq QL 5 2 Y Discovery LS, Discovery ST or Discovery STE

scanner (GE Medical Systems)

18 (mean)

Piccardo et al, 2014

[30]

18F 3 MBq/kg QL, Semi-QN 10 NR NR Discovery ST (GE Healthcare) 12–18

Takesh et al, 2012

[24]

18F 250 MBq QL 10 2 N Siemens Biograph 6 (Siemens/CTI) 12(mean)

Wieder et al, 2017

[31]

11C 600–900

MBq

QL, Semi-QN 5 2 Y Siemens Sensation 16 Biograph (Siemens) 24–38

aTime from injection to scan.

QL, qualitative; Semi-QN, semi-quantitative; N, no; Y, yes; NR, not reported.

https://doi.org/10.1371/journal.pone.0203400.t002
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recorded no threshold effect (Spearman correlation coefficient = 0.457; p = 0.184). The forest

plot of the sensitivity and specificity also revealed the lack of a threshold effect (Fig 2). The het-

erogeneity was moderate in terms of specificity (Q = 16.70; p = 0.05; I2 = 46.10%); however, in

terms of sensitivity, it was substantial (Q = 19.17; p = 0.02; I2 = 53.05%). On a per-lesion basis,

8 studies involving 472 patients with 1,619 lesions were included. The reported sensitivity and

specificity ranged from 75% to 96% and from 92% to 100%, respectively. For all 8 studies, the

pooled sensitivity, specificity, PLR, NLR, and DOR values were 0.91 (95% CI 0.85–0.94), 0.97

(95% CI 0.95–0.98), 34.1 (95% CI 20.0–58.1), 0.10 (95% CI 0.06–0.16), and 358 (95% CI 165–

778), respectively (Table 4). No threshold effect was shown (Spearman correlation coeffi-

cient = 0.357; p = 0.385). The coupled forest plot of the sensitivity and specificity also indicated

no threshold effect (Fig 3). The heterogeneity was substantial with regard to sensitivity

(Q = 56.72; p = 0.00; I2 = 87.66%), and it was moderate with regard to specificity (Q = 12.95;

p = 0.07; I2 = 45.95%). The HSROC curves are presented in Fig 4, and the area under the

Table 3. QUADAS-2 risk of bias assessment.

Study references Risk of bias Applicability concerns

Patient selection Index test Reference standard Flow and timing Patient selection Index test Reference standard

Beheshti et al, 2010 [12] Unclear High Unclear High Low Low Low

Evangelista et al, 2015 [22] Low Unclear Unclear Low Low Low Low

Fuccio et al, 2010 [13] Unclear Unclear Unclear High High Low Low

Garcia et al, 2015 [27] Low Low Unclear High High Low Low

Huysse et al, 2017 [28] Low Low Unclear Low Low Low Low

Kitajima et al, 2014 [23] Low Low Unclear Low Low Low Low

Kitajima et al, 2017 [26] Low Low Unclear Low Low Low Low

Langsteger et al, 2011 [14] Low Low Low Low Low Low Low

McCarthy et al, 2011 [29] Low Low Unclear High Low Low Low

Nanni et al, 2016 [25] Low Unclear High High Low Low Low

Picchio et al, 2012 [21] Low Low Unclear Low Low Low Low

Piccardo et al, 2014 [30] Unclear Unclear Unclear Low Low Low Low

Takesh et al, 2012 [24] Unclear High Unclear Low Low Low Low

Wieder et al, 2017 [31] Low Low Unclear Low Low Low Low

https://doi.org/10.1371/journal.pone.0203400.t003

Table 4. Pooled analysis of the diagnostic performance for choline PET-CT on a per-patient basis and on a per-lesion basis.

Data Type Imaging

Methods

number of

studies

number of patients

(lesions)

Sensitivity (95%

CI)

Specificity (95%

CI)

PLR (95%

CI)

NLR (95%

CI)

DOR (95%

CI)

AUC

Patient

based

11C/18F 10 655 0.89(0.80–0.94) 0.98(0.95–0.99) 40.4(19.7–

82.6)

0.12(0.07–

0.20)

344(148–

803)

0.99(0.97–

0.99)

11C 6 466 0.87(0.74–0.94) 0.98(0.96–0.99) 50.3(22.5–

112.8)

0.13(0.06–

0.28)

376(120–

1180)

0.99(0.97–

0.99)

18F 4 189 0.90(0.78–0.96) 0.97(0.85–1.00) 31.3(5.5–

176.6)

0.10(0.05–

0.23)

298(47–

1893)

0.96(0.94–

0.97)

Lesion

based

11C/18F 8 472(1619) 0.91(0.85–0.94) 0.97(0.95–0.98) 34.1(20.0–

58.1)

0.10(0.06–

0.16)

358(165–

778)

0.99(0.97–

0.99)

18F 5 221(1017) 0.88(0.78–0.93) 0.97(0.94–0.98) 25.3(15.3–

41.6)

0.13(0.07–

0.23)

196(96–

401)

0.98(0.96–

0.99)

CI, confidence intervals; PLR, positive likelihood ratio; NLR, negative likelihood ratio; DOR, diagnostic odds ratio; AUC, area under the HSROC curve; 11C, 11C-

choline; 18F, 18F-choline.

https://doi.org/10.1371/journal.pone.0203400.t004
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HSROC curve was 0.99 (95% CI 0.97–0.99) for per-patient analysis and 0.99 (95% CI 0.97–

0.99) for per-lesion analysis.

Exploration of heterogeneity

The results of the meta-regression analyses are shown in Table 5. On a per-patient basis, the

clinical setting was likely the only source of study heterogeneity. Specifically, studies including

only restaging PC patients reported a significantly higher specificity than those including only

initial staging PC patients (0.99 vs. 0.91; p = 0); however, the pooled sensitivity estimates were

not significantly different (0.87 vs. 0.95; p = 0.16). Upon analysis of the other covariates, study

design, tracer, reference standard, diagnostic criteria and blinding to reference standard were

not shown to be significant factors affecting the heterogeneity. We also performed a sensitivity

analysis excluding a single study [25] that had a high risk of bias for the reference standard and

showed a particularly low sensitivity of 0.50. The analysis yielded a lower degree of heterogene-

ity (I2 = 0 and 46.12 for sensitivity and specificity, respectively), with a sensitivity of 0.90 (95%

Fig 2. Forest plot of the pooled sensitivity and specificity of choline PET/CT on a per-patient basis.

https://doi.org/10.1371/journal.pone.0203400.g002

Fig 3. Forest plot of the pooled sensitivity and specificity of choline PET/CT on a per-lesion basis.

https://doi.org/10.1371/journal.pone.0203400.g003
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CI 0.84–0.94) and a specificity of 0.98 (95% CI 0.94–0.99). We did not perform meta-regres-

sion analyses for per-lesion basis because of the limited number of included studies.

Publication bias

The Deek’s funnel plot asymmetry test suggested the presence of publication bias for per-

patient basis (p = 0), while no publication bias was found for per-lesion basis (p = 0.95) (Fig 5).

Discussion

Previously, two meta-analyses have investigated the diagnostic accuracy of choline-PET/CT

for detecting bone metastases in PC. Fanti et al. [15] conducted a meta-analysis of the literature

published until December 2014 assessing 11C-choline PET/CT for its accuracy in the restaging

Fig 4. Hierarchical summary receiver operating characteristic curves for choline PET/CT on a per-patient basis (A)

and on a per-lesion basis (B).

https://doi.org/10.1371/journal.pone.0203400.g004

Table 5. Meta-regression analysis on a per-patient basis.

Covariates Subgroup Univariate analysis Multivariate analysis

Sensitivity(95%CI) p value Specificity(95%CI) p value LRT χ2 p value

Study design Prospective 0.88(0.79–0.97) 0.20 0.98(0.96–1.00) 0.31 0.06 0.97

Retrospective 0.89(0.80–0.98) 0.98(0.95–1.00)

Tracer 11C-choline 0.87(0.78–0.95) 0.11 0.98(0.97–1.00) 0.56 1.71 0.43

18F-choline 0.91(0.82–1.00) 0.96(0.92–1.00)

Clinical setting Initial staging 0.95(0.85–1.00) 0.16 0.91(0.83–1.00) 0.00 6.55 0.04

Restaging 0.87(0.80–0.94) 0.99(0.97–1.00)

Reference standard Histopathology/ clinical follow up 0.85(0.73–0.96) 0.05 0.99(0.97–1.00) 0.91 2.96 0.23

Only clinical follow up 0.91(0.84–0.98) 0.96(0.93–0.99)

Diagnostic criteria Qualitative and semi-quantitative 0.86(0.74–0.97) 0.09 0.98(0.97–1.00) 0.49 1.23 0.54

Qualitative 0.90(0.83–0.97) 0.97(0.94–1.00)

Blinding Yes 0.91(0.85–0.97) 0.66 0.98(0.96–1.00) 0.51 2.16 0.34

No 0.83(0.71–0.95) 0.97(0.94–1.00)

CI, confidence intervals; LRT, likelihood ratio test.

https://doi.org/10.1371/journal.pone.0203400.t005
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of patients. He reported that in all eight studies the overall detection rate for bone metastases

was 25%. Unfortunately, in only four studies the data of sensitivity and specificity for skeletal

metastases were reported, and with very high heterogeneity. Thus, it is not wise to draw hasty

conclusion of diagnostic accuracy from this meta-analyses. In a meta-analysis from 2014, Shen

et al. [16] summarized the literature on choline PET/CT, MRI, SPECT, and BS in detecting

bone metastases for PC. Shen indicated that MRI was better than choline PET/CT and BS on a

per-patient basis, and choline PET/CT was better than BS and SPECT on a per-lesion analysis.

However, this meta-analysis has substantial shortcomings in its quantitative data analysis. It

summarized pairs of sensitivity and specificity into a single measure of diagnostic accuracy.

Thus, important information is missing, and furthermore, the researchers did not assess the

heterogeneity of patients from different settings or other study-specific covariates. To retain

the two-dimensional character, we used the bivariate random effects regression model to syn-

thesize data, which was more likely to be scientific. In this meta-analysis, we demonstrated

that choline PET/CT performs well as a diagnostic modality for assessing skeletal metastases in

PC, with an area under the HSROC curve of 0.99 both on a per-patient basis and on a per-

lesion basis. Such adjacency of the area under the HSROC curve to 1 is a strong indicator of

high diagnostic accuracy. According to our analysis, the pooled DOR values on a per-patient

basis and on a per-lesion basis were respectively 344 and 358, also suggesting a high level of

overall accuracy.

Currently, given its low cost, easy availability and large clinical experience, 99mTc-phospho-

nates BS (99mTc-BS) is the most widely used agent for assessing bone metastases in PC despite

its well-known limited diagnostic performance [9]. A recent meta-analysis by Treglia discovered

that the discordance rate was 10.9% between choline PET/CT and BS in detecting bone metasta-

ses in PC [32]. Treglia considered that discordant findings were likely related to the different

mechanism of uptake of radioactive tracers. 99mTc-phosphonates accumulate in osteoplastic

lesions, which are the response to bone destruction and are not tumor specific [8]. Thus, meta-

static bone lesions are identified indirectly by 99mTc-BS. Conversely, choline is a substrate for

the synthesis of phospholipids that are necessary for the formation of cell membranes [33, 34].

Accordingly, PET radiotracers such as 11C-choline or 18F-choline are supposed to target

tumor cells directly [35]. In this study, choline PET/CT showed a pooled sensitivity of 89% and

specificity of 98% to diagnose bone metastases in PC, which is superior to the reported perfor-

mance of BS (i.e., pooled sensitivity and specificity of 71% and 91%, respectively) [36].

The optimum tracer for PET/CT in PC remains a matter of debate. Both 11C-choline and

18F-choline have been investigated. 11C-choline presents a shorter half-life (20 min) that

makes its use limited to institutions with a cyclotron [37]. In contrast, 18F-choline is available

Fig 5. Deeks’ funnel plot test of choline PET/CT on a per-patient basis (A) and on a per-lesion basis (B).

https://doi.org/10.1371/journal.pone.0203400.g005
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to institutions without an onsite cyclotron because of its longer half-life (110 min), but the uri-

nary excretion of 18F-choline is higher than 11C-choline, which may interfere with the inter-

pretation of imaging findings in the pelvis [38, 39]. A previous review reported that 11C-

choline and 18F-choline had similar diagnostic performance for malignant lesions in different

clinical settings [40]. Our meta-analysis also found that both 11C-choline and 18F-choline

PET/CT had excellent sensitivity (0.87 vs. 0.90) and specificity (0.98 vs. 0.97) for detecting

bone metastases in PC patients. Our findings strengthen the current evidence for the use of

PET/CT with 11C-choline or 18F-choline as tracers.

In the restaging setting, it is important to determine whether there is recurrent disease,

lymph nodes or bone metastases, for the purpose of seeking an appropriate therapeutic plan-

ning [13]. Many researchers have demonstrated that choline PET/CT is useful for restaging

PC, especially for detecting distant skeletal metastases. Fuccio et al. [41] detected a total of 30

bone lesions not revealed by BS in 18 of 123 restaging PC patients (14.6%) through 11C-cho-

line PET/CT. Garcia et al. [27] found that choline PET/CT allowed early detection of bone

metastases in 19.6% of restaging patients with negative BS results, thereby avoiding unneces-

sary treatment. Usefulness of choline PET/CT in initial staging setting is limited but encourag-

ing. It was reported that choline PET/CT was not recommended for the initial diagnosis

considering its low sensitivity in detecting primary lesions [42]. However, Evangelista’s study

had emerged that 18F-choline PET/CT could accurately stage PC patients with an intermedi-

ate to high risk of systemic disease [22]. A prospective study [43] demonstrated that based on

choline PET/CT results, the therapy plan was changed from curative intent to palliative care in

20% of staging patients. The application of choline PET/CT in initial staging of PC patients

warrants further investigation.

We further examined the diagnostic accuracy by calculating the PLR and NLR, which were

more clinically meaningful than the HSROC and DOR. A PLR greater than 10 or an NLR less

than 0.1 provide convincing evidence to rule in or rule out disease [44]. Our study revealed that

the pooled PLR values on a per-patient basis and on a per-lesion basis were 40.4 and 34.1,

respectively, which were high enough to verify bone metastases. At the same time, the pooled

NLR values on a per-patient basis and on a per-lesion basis were 0.12 and 0.10, respectively.

Hence, a negative choline PET/CT result may be insufficient to exclude bone metastases in PC.

Lower 11C-choline uptake was observed in osteoblastic metastases compared to osteolytic

lesions [45, 46]. Beheshti et al. [12] confirmed that there was a significant correlation between

tracer uptake and the density of malignant lesions with HU (Hounsfield unit) levels< 825 on

CT. Besides, no choline uptake was detected in sclerotic bone lesions (with HU> 825). These

performances, therefore, proves that the imaging may yield false-negative results. Moreover, it

has been demonstrated that the PSA level significantly influenced the sensitivity of choline

PET/CT [31, 47]. Choline PET/CT may not be routinely indicated in case the serum PSA level

rises< 1 ng/ml. Reported data showed a variable detection rate according to PSA level, ranging

from 36% if PSA at relapse was lower than 1 ng/ml to 73% if PSA was higher than 3 ng/ml [25,

48]. However, few papers included in this meta-analysis reported accurate data stratified by

PSA values, which made it impossible to deliver a reasonable comparison. The recent introduc-

tion of gallium-68 prostate specific membrane antigen (Ga-68 PSMA) as a PET tracer might

further improve results [49]. Ga-68 PSMA PET/CT has a detection rate of 50% and 68%, respec-

tively for PSA levels< 0.5 ng/ml and 0.5–2 ng/ml [50]. However, its use is restricted due to lim-

ited availability and high costs.

There was significant heterogeneity among the included studies. The meta-regression

analysis indicated that the clinical setting may be the only source of heterogeneity on a per-

patient basis. Compared with studies including only initial staging patients, studies includ-

ing only restaging patients showed a significantly higher specificity (0.99 vs. 0.91; p = 0) and
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a tendency for lower sensitivity (0.87 vs. 0.95; p = 0.16). We hypothesized that if patients

have already received systemic therapies, the imaging features of malignant bone lesions

may change. As mentioned above, Beheshti et al. [46] found that no choline uptake was

detected in densely sclerotic bone lesions, almost all of which were observed in patients

with hormone therapy. Another study [51] reported a significant reduction of choline

uptake following androgen deprivation therapy in androgen-sensitive patients with recur-

rent PC. The presence of systemic therapies may cause false-negative PET/CT findings and

affect diagnostic performance. However, Picchio et al. [21] documented that the accuracy of

11C-choline PET/CT for detecting skeletal metastasis in hormone-resistant patients did not

significantly differ from patients who did not receive anti-androgenic treatment. A similar

phenomenon was described by Kitajima1 et al [26]. In our study, we were unable to perform

separate analyses based on the type of treatments, as the separate diagnostic performance

values could not be extracted from the included studies. The impact of systemic therapies

prior to choline PET/CT scanning remains unclear.

Among the included studies, only a few used “histopathology and clinical follow-up” as the

gold standard, while most relied on clinical follow-up and conventional imaging modalities to

confirm the existence of bone metastasis. Different reference standards might be an important

source of heterogeneity, although our analysis suggested no significant difference among the

subgroups. Furthermore, other covariates, including study design, tracer, diagnostic criteria

and blinding to the reference standard, were not shown to be significant factors influencing

the heterogeneity. However, in one study [25], all negative PET/CT scans were considered

false negatives due to a PSA rise, except in two patients, who had a negative 24-month follow-

up. This study showed an unusually inferior sensitivity of 0.50 and was considered to have a

high risk of bias for the reference standard. Therefore, a sensitivity analysis was performed

excluding this single study as a result, we achieved consistent diagnostic performance with

substantially decreased heterogeneity, with a sensitivity of 0.90 (95% CI 0.84–0.94, I2 = 0) and

a specificity of 0.98 (95% CI 0.94–0.99, I2 = 46.12).

This meta-analysis has several limitations [52]. First, the lack of a well-accepted gold

standard may have affected the evaluation of choline PET/CT. The gold reference standard

for any diagnostic study is histological confirmation of the findings. Nevertheless, in clinical

practice, we could not perform a biopsy on each lesion. In this meta-analysis, we had to use

“histopathology and/or clinical follow-up” as the suboptimal reference tests. Another limi-

tation is that we detected publication bias on a per-patient basis. Generally, studies with

desirable results may be more likely to be published than those with neutral or unfavorable

results [53]. To minimize the possibility of publication bias, we searched the databases and

reference lists of included articles again for further potential studies, but we could not

obtain additional relevant publications. In addition, limiting the search to the English lan-

guage and the exclusion of abstracts, case reports, letters, and comments may have also pro-

duced potential publication bias. Furthermore, the characteristics of the clinical variables

among these selected studies, such as PSA level, technical parameters and measurements,

were heterogeneous, making a stratified analysis for different risk groups impossible.

Finally, caution is needed when applying our results because most of the included studies

were from the United States and Europe, and only one Asian study with a relatively small

sample size was included.

In conclusion, this systematic literature review and meta-analysis demonstrated that cho-

line PET/CT had excellent sensitivity and specificity for the detection of bone metastasis in PC

patients, both on a per-patient basis and on a per-lesion basis. However, a negative choline

PET/CT result could not ensure the lack of bone metastasis.
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