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Abstract Published data on the diagnosis of bone metastases
of prostate cancer are conflicting and heterogeneous. We
performed a comprehensive meta-analysis to compare the
diagnostic performance of choline-PET/CT, MRI, bone
SPECT, and bone scintigraphy (BS) in detecting bone metas-
tases in parents with prostate cancer. Pooled sensitivity, spec-
ificity, and diagnostic odds ratios (DOR) were calculated both
on a per-patient basis and on a per-lesion basis. Summary
receiver operating characteristic (SROC) curves were also
drawn to obtain the area under curve (AUC) and Q* value.
Sixteen articles consisting of 27 studies were included in the
analysis. On a per-patient basis, the pooled sensitivities by
using choline PET/CT, MRI, and BS were 0.91 [95 % confi-
dence interval (CI): 0.83–0.96], 0.97 (95 % CI: 0.91–0.99),
0.79 (95 % CI: 0.73–0.83), respectively. The pooled specific-
ities for detection of bone metastases using choline PET/CT,
MRI, and BS, were 0.99 (95 %CI: 0.93–1.00), 0.95 (95 % CI:
0.90–0.97), and 0.82 (95 % CI: 0.78–0.85), respectively. On a
per-lesion basis, the pooled sensitivities of choline PET/CT,
bone SPECT, and BS were 0.84 (95 % CI: 0.81–0.87), 0.90
(95%CI: 0.86–0.93), 0.59 (95%CI: 0.55–0.63), respectively.
The pooled specificities were 0.93 (95 % CI: 0.89–0.96) for
choline PET/CT, 0.85 (95 % CI: 0.80–0.90) for bone SPECT,
and 0.75 (95 % CI: 0.71–0.79) for BS. This meta-analysis

indicated that MRI was better than choline PET/CTand BS on
a per-patient basis. On a per-lesion analysis, choline PET/CT
with the highest DOR and Q* was better than bone SPECT
and BS for detecting bone metastases from prostate cancer.
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Introduction

Prostate cancer is the fourth most common cancer worldwide,
the most common cancer in men, and the second most com-
mon malignant cause of death in 2011. In the USA, 241,740
new cases were diagnosed in 2012 [1]. Most frequently,
metastases occur in regional lymph nodes as well as in bone;
visceral metastases (e.g., lung and liver) occur usually in the
late stages, and bonemetastases are present in 90% of patients
who die of this disease [2, 3]. The detection of metastases has
a prognostic value, significantly evaluates the accuracy for
staging, and alters the approach to treatment. Therefore, the
imaging of bone metastases is of paramount importance in the
management of patients with prostate cancer. Patients with
bone metastases may not need local treatment such as surgery
or local radiotherapy, but may be eligible for hormone therapy
or chemotherapy [4, 5].

Thanks largely to its sensitivity, availability, and affordabil-
ity, in most institutions, bone scintigraphy (BS) with 99 m-
technetium methylene bisphosphonate (99mTc-MDP) remains
the mainstay investigation for bonymetastases in patients with
prostate cancer [6]. The main deficiency of BS is its relative
low specificity, because the uptake of the radiotracer is not
tumor-specific. Moreover, it is difficult to distinguish between
metastases and some pathological conditions such as trauma
or surgery, degenerative changes, and infection, which result
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in false-positive bone scans [7]. Due to three-dimensional
positional information provided by bone SPECT, the addition
of bone SPECT to planar acquisition maintains the sensitivity
and improves the PPVof BS for the detection of bone metas-
tases, which is reported to be equal to other tomography-based
techniques such as MRI and CT [8–10].

MRI involving non-radioactive contrast media has better
sensitivity and specificity for detecting bone metastases than
BS [11]. With the development of new sequences such as
diffusion-weighted imaging (DWI), whole-body MRI, we
can also detect extraskeletal involvement, including lymph
nodes and other soft-tissue metastases. In addition, MRI al-
lows assessment of tumor response in bone. Therefore, MRI
plays an important role in detecting bone metastases in pa-
tients with prostate cancer.

PET/CT offers a combination of excellent pharmacoki-
netic characteristics, functional information, high resolu-
tion of PET modality, and detailed, precise anatomic
localization and morphological correlation of tumor le-
sions of CT. It has proved itself as a noninvasive,
metabolic imaging modality for diagnosing malignant
disease as well as for assessing new therapies by dy-
namic acquisition and quantitative analysis [7]. Due to
low glucose metabolism in most prostate cancer cells
and urinary activity, the value of 18F-fludeoxyglucose
(FDG) was limited in prostate cancer work-up [12].
Recent developments of new PET tracers such as 11C-
and 18F-labeled choline, 11C-acetate, and 11C-methionine
have shown promising results for the evaluation of bone
metastasis in prostate cancer. To date, 11C- and 18F-
labeled choline are the most commonly used PET
tracers in prostate cancer imaging.

Choline, as an essential component of the phospholipids, is
part of the cell membrane and the increase in cell proliferation
as well as the activity of the enzyme choline kinase in prostate
cancer cells is associated with an increase in choline as an
indispensable component [13]. The most remarkable differ-
ence between 11C-choline and 18F-choline is the difference in
their half-lives (20 min for 11C-choline vs. 110 min for 18F-
choline). In addition, urinary excretion of 18F-choline is com-
paratively higher than that of 11C-choline, but the overall
imaging methods are similar between the different choline
agents [14]. Because of its high accuracy in the detection of
bone metastases from prostate cancer, choline PET/CT is
being increasingly evaluated and applied in the staging and
assessment of prognosis for prostate cancer patients with bone
metastases.

Despite the increasing numbers of publications concerning
choline PET/CT, bone SPECT, MRI, and BS in the diagnosis
procedure for bonemetastases in patients with prostate cancer,
the effectiveness of these modalities still remains unknown
and no consensus has been reached. Thus, the aim of our study
was to perform a meta-analysis to compare the diagnostic

value of choline PET/CT, bone SPECT,MRI, and BS imaging
in detecting bonemetastases in patients with prostate cancer to
provide better evidence-based advice to physicians in this
area.

Materials and methods

Literature search

We searched the PubMed, EBSCO, EMBASE, Web of
Knowledge, Ovid, and the Cochrane Library for articles about
the diagnostic value of MRI, BS, bone SPECT, and choline
PET/CT for detecting bone metastases in patients with pros-
tate cancer. Published year was limited between January 1990
and November 2012. The following search algorithm was
used for keywords: (prostate cancer OR prostate carcinoma)
AND (bony metastases OR skeletal metastases OR osseous
metastases OR bone metastases) AND (bone scan OR bone
scintigraphy OR ECT OR emission computed tomography
OR SPECT OR single-photon emission computed tomogra-
phy OR MRI OR magnetic resonance imaging OR PET/CT
OR positron emission tomography/computed tomography)
AND (sensitivity OR specificity OR false-negative OR
false-positive OR diagnosis OR detection OR accuracy).
Studies in human subjects were chosen, without language
limitation. In order to minimize the leak of checked articles,
we also manually searched the reference lists. Moreover, we
had a secondary retrieval for the references in included
articles.

Selection criteria

The included articles in our analysis had to meet the selection
criteria given as follows: (a) evaluating the diagnostic value of
MRI, BS, bone SPECT, and choline PET/CT in detecting
bone metastases from prostate cancer; (b) bone metastases
from prostate cancer confirmed by surgery or histopatholog-
ical analysis, or comprehensive diagnosis of other imaging
techniques, or clinical and imaging follow-up for at least
6 months; (c) absolute numbers of true-positive, true-
negative, false-positive, and false-negative results were pro-
vided or derived for either patient-based analysis or lesion-
based analysis compared with the standard; (d) the study at
least include ten or more patients; (e) when the data appeared
in more than one article, the article with most details or
recently published was included; in addition, although the
articles showed results about a combination of different imag-
ing modalities, we could also include the one that the
performance assessment on an individual modality could
be differentiated clearly.
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Exclusion criteria

We excluded the articles as the following criteria: (a) case
reports, letters, comments, animal experiments, review arti-
cles, and original articles with incomplete data; (b) radiophar-
maceuticals used in the study were not about 99mTc-MDP for
BS and choline for PET/CT, but others such as 131I, 99mTc-
MIBI for BS, and 18F-FDG for PET/CT. These articles were
also excluded; (c) repeatedly published literatures or similar
literatures were also excluded.

Selection of articles and data extraction

Two investigators independently assessed and included the
potentially eligible studies according to the inclusion and
exclusion criteria mentioned above after reading the title and
abstract. For the equivocal studies, we read the full text to
make a decision. If there was still a disagreement, a third
investigator evaluated the results and reached a consensus.

The same observers independently extracted relevant data
from the included articles based on a standardized form, with
disagreement resolved through discussion and consultation. It
had been proven that some information such as the journal
name, authors, and publication year did not influence the last
analysis of the results, so observers were not blinded during
data extraction [15].

We extracted the following common characteristics: (a)
information and characteristics of study design, we could
use the QUADAS (quality assessment of diagnostic accuracy
studies) tool to evaluate the studies from each article in details.
QUADAS criteria is a systematic, comprehensive quality-
assessment tool for diagnostic accuracy of a study [16, 17];
(b) publication time, authors, sample size, age and gender of
patients, the type of raw data, whether blinded or not, bias
level (no bias: all cases were confirmed by pathology or
surgery; some bias: partially confirmed by surgery or pathol-
ogy), reference standard of various tests (surgery or histopath-
ological analysis, or comprehensive diagnosis of other imag-
ing techniques, or clinical follow-up for at least 6 months); (c)
data about images or imaging techniques such as the amount
and type of tracer for BS and PET/CT, magnetic field strength,
and whether contrast agent used or not for MRI.

Quality assessment of each study and statistical analysis

The same researchers independently completed the quality
assessment of each literature, reaching an agreement through
discussion for the differences. There are 14 items in
QUADAS criteria, and for each question there are three an-
swers: “yes” “no”, and “unclear”. Due to answers to 14
questions, we should find out the reasons for bias and varia-
tion through comprehensive analysis.

We used the 2×2 tables to sort the data, including the
numbers of the true-positive, true-negative, false-positive,
and false-negative results both on a per-patient basis and
on a per-lesion basis. Raw data provided by literature
were separately analyzed for various diagnostic methods.
According to guidelines of meta-analysis by Deville et al.,
we calculated the pooled sensitivity, specificity, and DOR
with 95 % confidence intervals (CI). In addition, summary
receiver operating characteristic (SROC) curves and the
Q* index were also obtained. Then, we found out whether
the differences of all indicators (sensitivity, specificity,
DOR, and Q*) between different modalities were statisti-
cally significant by using the Z test. Statistical analyses
were performed by using Microsoft Excel 2003, SPSS
13.0, and Meta-Disc 1.4. All p values presented were
two-sided, and the result was considered significant only
if the p value was less than or equal to 0.05 [18].

Results

Literature search

After the first computer search, there were a total of 895
articles identified. By reading the title and abstract of each
article, according to the inclusion and exclusion criteria,
we excluded 596 articles and then 209 articles by reading
the full text. Reasons for the exclusion of the other 72
articles were as follows: not report data that could be used
to construct or calculate true-positive, false-positive, true-
negative, or false-negative numbers (n=62); concerned
other radiopharmacy imaging techniques such as 18F-NaF
PET/CT and 99mTc-MIBI BS (n=10). Finally, a total of 18
articles [2, 3, 11, 19–33] were included, consisting of nine
studies for choline PET/CT, three studies for bone SPECT,
six studies for MRI, and 12 studies for 99mTc-MDP BS
(Fig. 1).

Study design characteristics

There were four retrospective studies [20, 25, 26, 30] and ten
prospective studies [3, 11, 19, 21, 22, 27, 28, 31–33] in all
included articles and we identified 13 studies [3, 11, 19–21,
23, 25, 26, 28–31, 33] analyzed on a per-patient basis,
consisting of five studies for choline PET/CT, two for bone
SPECT, six for MRI, 11 for BS, respectively, and ten studies
[2, 3, 19, 20, 22, 24, 26, 27, 31–33] on a per-lesion basis,
including seven studies for choline PET/CT, three for bone
SPECT, one for MRI, five for BS, respectively. Patient enroll-
ment was consecutive in seven studies and no document in the
other 11 studies. A total of 12 researches were performed in
Europe, three in Asia, and three in Australia. In total, there
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were 1,102 patients in selected researches, with the publica-
tion year ranging from 2006 to 2012. The characteristics of the
included studies are presented in Table 1.

Some other relevant study characteristics about technical
aspects were also available. For choline PET/CT, the amount
of choline ranged from 250 to 555 MBq, especially 370 MBq
was most used, and some researchers injected choline by
4.07 MBq/kg bodyweight. However, all choline PET/CT stud-
ies were acquired in a short time after injection. For MRI, all
studies used 1.5-T and three used DWI sequences, two used
STIR sequences, and only some with contrast agent used. As to
BS, the type of tracer was 99mTc-MDP and the amount ranged
from 600 to 925 MBq. Furthermore, 740 MBq was the most
used in included research. In addition, bone SPECT was per-
formed on a two or three-head rotating camera.

Quality assessment

We used the QUADAS quality assessment tool to evaluate
each included study (Table 2). The table showed that we had
optimal answers to questions 1, 2, 3, 4, 5, 7, 8, 9, 10, 12, 13,
and 14. Due to the results of question 1, 2, and 3, patients in
selected studies were included in accordance with strict
criteria, which minimized the spectrum bias. There was also
low risk of bias in other aspects such as disease progression
(item 4), partial verification bias (item 5), incorporation bias

(item 7), index test review (item 10), clinical data analysis
(item 12), explanation of intermediate results (item 13) or
withdrawals (item 14) and the description of the execution
of index test (item 8) and the reference standard (item 9) was
sufficient [16]. However, patients in most studies did not
receive the same reference standard (item 6, only 24.1 % for
“Yes”) and interpreters were not blind in the interpretation of
reference standard results (item 11, 68.9 % for “No” or
“Unclear”). Actually, it was difficult to use histopathological
analysis or surgery as “the gold standard” to confirm bone
metastases. Then, we chose a suboptimal reference standard:
comprehensive diagnosis of other imaging techniques, or
clinical and imaging follow-up for at least 6 months.

Summary of the diagnostic performance

As to per-patient, the pooled sensitivity, specificity, DOR,
AUC, and Q* of those modalities are shown in Table 3. The
pooled sensitivities by using choline PET/CT, MRI, and BS
were 0.87 (95 % CI, 0.79–0.93), 0.95 (95 % CI, 0.90–0.98),
0.79 (95 % CI, 0.73–0.83), respectively. The pooled specific-
ities for detection of bone metastases using choline PET/CT,
MRI, and BS were 0.97 (95 % CI, 0.93–0.99), 0.96 (95 % CI,
0.92–0.98), and 0.82 (95 % CI, 0.78–0.85), respectively. The
pooled DOR estimates for choline PET/CT, MRI, and BS
were 150.70, 343.16, and 20.32, respectively. There were

Fig. 1 Reports evaluated for
inclusion in the meta-analysis.
PET/CT positron emission
tomography with computed
tomography, SPECT single-
photon emission computed
tomography, MRI magnetic
resonance imaging, BS bone
scintigraphy, TP true-positive, FP
false-positive, TN true-negative,
FN false-negative
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not enough data for meta-analysis of bone SPECT on a per-
patient basis.

The SROC curves, AUC, and Q* index are shown in
Fig. 2. We could conclude that MRI allowed for better diag-
nostic accuracy than choline PET/CT and BS (p<0.05). The
AUC for choline PET/CT, MRI, and BS were 0.9541, 0.9870,
and 0.8876, and Q* values were 0.8961, 0.9514, and 0.8182,
respectively.

On a per-lesion basis, the pooled sensitivities of choline
PET/CT, bone SPECT, and BS were 0.83 (95 % CI, 0.81–
0.85), 0.90 (95 % CI, 0.86–0.93), and 0.59 (95 % CI, 0.55–
0.63), respectively. The pooled specificities were 0.95 (95 %
CI, 0.94–0.97) for choline PET/CT, 0.85 (95%CI, 0.80–0.90)
for bone SPECT, and 0.75 (95 % CI, 0.71–0.79) for BS. The
pooled DOR estimates for choline PET/CT, bone SPECT, and
BS were 99.78, 78.16, and 6.21, respectively. There were not

Table 1 Study characteristics of the included research

Author Year of publication Country Patients/lesions (n) Mean age (range) Imaging modalities Study design Patient enrollment

Beheshti M 2009 Australia 70/318 68±7 PET-CT ND ND

Even-Sapir E 2006 Israel 44/156 71.6±8.8 BS/SPECT/PET-CT Prospective ND

Fuccio C 2010 Italy 25/56 70.2 (58–80) PET-CT Retrospective ND

Giovanella L 2011 Switzerland 194/245 72.4±9.7 BS/SPECT Orospective Consecutive

Lecouvet FE 2012 Belgium 100/ND ND BS/MRI Prospective Consecutive

McCarthy M 2010 Australia 26/159 75.4 (62–89) PET-CT Prospective ND

Venkitaraman R 2009 UK 99/ND 66 (44–83) BS/MRI Retrospective Consecutive

Mosavi F 2012 Sweden 49/ND 67 (57–80) BS/MRI ND Consecutive

Lecouvet FE 2007 Belgium 66/ND 74 (46–85) BS/MRI Prospective Consecutive

Nozaki T 2008 Japan 39/116 76.2 (65–93) BS/SPECT ND ND

Picchio M 2012 Italy 78/61 69 (47–82) BS/PET-CT Retrospective Consecutive

Poulsen MH 2012 Denmark 42/431 73.2 (53–92) BS/PET-CT Prospective ND

Takesh M 2012 Germany 37/ND 69±7 BS/PET-CT ND ND

Wang XY 2009 China 49/68 73±8 BS/MRI Prospective Consecutive

Venkitaraman R 2009 UK 39/ND 65 (54–82) BS/MRI Prospective ND

Picchio M 2010 Italy 65/ND 68 (47–81) BS/PET-CT Retrospective ND

Beheshti M 2008 Australia 38/321 69±8 PET-CT Prospective ND

Langsteger W 2011 France 42/360 66 (51–82) PET-CT Prospective ND

ND no document, PET/CT choline positron emission tomography with computed tomography, BS 99mTc-MDP bone scintigraphy, MRI magnetic
resonance imaging, SPECT single-photon emission computed tomography

Table 2 Results of quality assessment for 28 eligible studies

Item Response

Yes No Unclear

1 Was the spectrum of patients representative of the patients who received the test in practice? 28 1 0

2 Were selection criteria clearly described? 29 0 0

3 Is the reference standard likely to help correctly classify the target condition? 28 0 1

4 Is the time between performance of reference standard and index test short enough? 29 0 0

5 Did the whole sample or a random selection of the sample receive verification by using a reference standard? 28 0 1

6 Did patients undergo examination with the same reference standard regardless of the index test result? 7 22 0

7 Was the reference standard performed independently of the index test? 29 0 0

8 Was the execution of the index test described in sufficient detail to permit replication of the test? 26 2 1

9 Was the execution of the reference standard described in sufficient detail to permit replication of the test? 27 0 2

10 Were the index test results interpreted without knowledge of the results of the reference standard? 27 0 2

11 Were the reference standard results interpreted without knowledge of the results of the index test? 9 18 2

12 Were the same clinical data available when test results were interpreted as would be available in practice? 29 0 0

13 Were uninterpretable and/or intermediate test results reported? 28 1 0

14 Were withdrawals from the study explained? 27 0 2
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enough data for meta-analysis of MRI. The AUC for choline
PET/CT, bone SPECT, and BS were 0.9494, 0.9381, 0.7736,
and Q* values were 0.8896, 0.8751, 0.7132, respectively.
Results are shown in Table 3 and Fig. 3.

Subgroup analysis

The result of the subgroup analysis for BS (prospective design
vs. retrospective design) was also concluded in Table 3. For
BS, the sensitivity, specificity, and DOR of prospective design
studies were better than those of retrospective design studies
on a per-patient basis.

Assessment of study heterogeneity

Because only a limited number of data points were available
for bone SPECT on a per-patient basis and MRI on a per-
lesion basis, we could not detect whether or heterogeneity was
present in those studies. For per-patient, both sensitivity and
specificity of MRI and BS were more highly heterogeneous
compared to those of choline PET/CT. I2 index of choline
PET/CT were 0.0 % for sensitivity, 2.8 % for specific-
ity, of which sensitivity and specificity value were
found to be homogeneous. However, for per-lesion, both
sensitivity and specificity value for choline PET/CT,
bone SPECT, and BS were highly heterogeneous.
Results are shown in Table 4.

Discussion

In this meta-analysis, we found that MRI and choline PET/CT
were more accurate than bone SPECT and BS for detecting
bone metastases in patients with prostate cancer. As shown

above, the sensitivity and specificity of MRI on a per-patient
basis were 95 and 96 %, respectively, and those of choline
PET/CT were approximately 87 and 97 %, respectively.
Though choline PET/CT had the highest specificity on a
per-patient basis, MRI was significantly better than choline
PET/CT (p<0.05) and BS (p<0.05) for the detection of bone
metastases from prostate cancer. The AUC estimates for MRI
(0.9870) on a per-patient basis was also significantly higher
than that of choline PET/CT (0.9541, p<0.05), and that of BS
(0.8876, p<0.05). For per-lesion, choline PET/CT had higher
AUC (0.9494) than bone SPECT (0.9381) and BS (0.7736).

Heterogeneity was analyzed to evaluate whether multiple
studies included in this reviewwere homogeneous, and thus to
evaluate the accuracy of pooled diagnostic statistics and ex-
plore the influencing factors. According to Table 4, we found
that except for the sensitivity and specificity values of choline
PET/CT on a per-patient basis, other results were highly
heterogeneous. In addition, some studies had different thresh-
old settings that led to heterogeneity between studies. We
therefore chose the random-effects model, which accounted
not only for the heterogeneity but also for the error of estima-
tion of these indexes for diagnostic study [34]. Because of
limited data and the small sample size, we were not able to
evaluate the publication bias, which proved to be a limitation
of any meta-analysis. In addition, due to the subgroup analysis
of BS in two aspects (retrospective design and prospective
design), we concluded that diagnostic accuracy of prospective
studies was higher than that of retrospective studies. There
was no accepted gold standard, which may be a universal
drawback to all studies for detecting bone metastases from
various tumors with different modalities. In this study we had
to use “comprehensive diagnosis of other imaging techniques,
or clinical and imaging follow-up for at least 6 months” as the
suboptimal reference standard while histopathological or sur-
gery results could not be obtained for ethical reasons.

Table 3 Diagnostic performance for choline PET/CT, MRI, bone SPECT, and BS on a per-patient basis and per-lesion basis

Modality and group Study numbers Sensitivity (95 % CI) Specificity (95 % CI) DOR (95 % CI) AUC Q* index

Per patient

PET/CT 5 0.87 (0.79–0.93) 0.97 (0.93–0.99) 150.70 (49.67–457.23) 0.9541 0.8961

MRI 6 0.95 (0.90–0.98) 0.96 (0.92–0.98) 343.16 (111.04–1,060.57) 0.9870 0.9514

BS 11 0.79 (0.73–0.83) 0.82 (0.78–0.85) 20.32 (5.53–74.60) 0.8876 0.8182

PDa 6 0.76 (0.69–0.82) 0.80 (0.74–0.84) 12.73 (1.76–92.11) 0.8518 0.7829

RDa 5 0.86 (0.76–0.92) 0.84 (0.79–0.89) 35.30 (8.47–147.05) 0.9246 0.8587

Per lesion

PET/CT 7 0.83 (0.81–0.85) 0.95 (0.94–0.97) 99.78 (41.37–240.66) 0.9494 0.8896

SPECT 3 0.90 (0.86–0.93) 0.85 (0.80–0.90) 78.16 (5.45–1,119.91) 0.9381 0.8751

BS 5 0.59 (0.55–0.63) 0.75 (0.71–0.79) 6.21 (1.72–22.47) 0.7736 0.7132

There were no sufficient data for meta-analysis of SPECT on a per-patient basis and MRI on a per-lesion basis

PD prospective design, RD retrospective design
a Subgroup analysis for BS
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In prostate cancer, early detection of bone metastases is
important for selecting an appropriate therapy, determining
tumor staging, assessing a patient’s prognosis, and evaluating
the efficacy of treatments [35–37], especially the extent of
bonemetastatic disease from prostate cancer is an independent
prognostic factor [38]. In practice, choline PET/CT, MRI,
bone SPECT, and BS are widely used for detecting bone
metastases from prostate cancer. MRI offers anatomical and
structural information, while BS and bone SPECT show func-
tional imaging. They reflect the osteoblastic response to bone
destruction by tumor cells in the cortex and the accompanying
increase in blood flow, which is the visualization and mea-
surement of biological processes at molecular and cellular
levels using radio-labeled molecular probes [39, 40]. PET/
CT provides both the anatomical description of CT and the
metabolic processes and quantitative capabilities of PET,
which bridges the gap between molecular imaging and sys-
tematic diagnosis.

BS has been used as a standard technique for the assess-
ment of prostate cancer over last three decades because of its
entire skeleton screening at once and widespread availability
[41]. The compound (99mTc-MDP) is chemisorbed onto bone
surfaces depending on local blood flow and osteoblastic ac-
tivity. We can identify bone metastases as nearly all bone
metastases are accompanied by an osteoblastic reaction [35].
However, it strikingly lacks diagnostic specificity, without
distinguishing benign lesions (fracture, Paget’s disease, and
so on) from metastatic lesions [41]. Moreover, false-negative
bone scans can result from the absence of reactive changes
and rapid growing of pure osteolytic metastases [42, 43].
Thus, in this meta-analysis, BS was shown to have the lowest
specificity, DOR, and Q* index. It is reported that SPECT has
optimized the use of planar BS, with sensitivity ranging from
87 to 92 % and specificity of about 91 % because of good
morphological correlation [44, 45]. Nevertheless, bone
SPECT alone sometimes can not provide adequate informa-
tion for localization of bone lesions and are often insufficient-
ly specific for diagnostic purposes [46].

MRI is an anatomical imaging modality on the basis of
morphological appearance. Bone marrow metastases have
longer T1- and T2-weighted relaxation times than normal
marrow. Due to a high spatial resolution and high contrast
between fat and metastases in the marrow, we can detect early
metastases in the bones with large marrow cavities before any
cortical destruction or reactive processes, while BS reflects

�Fig. 2 The SROC curves for choline PET/CT, MRI, and BS on a per-
patient basis. Each solid circle represents each study in the meta-analysis.
The size of the circle indicates the study size. The AUC and Q* for
choline PET/CT, MRI, and BS were 0.9541, 0.9870, and 0.8876 and
0.8961, 0.9514, and 0.8182, respectively. MRI showed better diagnostic
accuracy than choline PET/CT and BS (p<0.05). Choline PET/CT was
better than BS (p<0.05)
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osteoblastic response only in the cortex [47]. In the present
study, MRI had better diagnostic value than choline PET/CT,
BS, and bone SPECT on a per-patient basis. However, it also
has a limitation in that MRI is less sensitive in detecting
lesions in small curved flat bones like ribs. The reason for this
is that cortical bone appears black on T1- and T2-weighted
sequences [48].

In some included studies dealing with MRI and bone
SPECT, the imaging protocols were deliberately limited to
the entire axial skeleton or spine, which ignored the skull, ribs,
and limbs in contrast to whole-body imaging. The probability
of finding metastases in these locations with no metastases in
the axial skeleton is indeed negligible, especially in prostate
cancer, which predominantly metastasizes to the spine and
pelvis [49–52]. Along with most relevant studies, any single
case of isolated peripheral metastasis was hardly detected in
prostate cancer patients with bone metastases. In addition,
MRI detects early marrow involvement with a high spatial
resolution because of the high contrast between fat and me-
tastasis in the marrow, which allows for the early detection of
metastasis in bones with large marrow cavities [41]. Bone
SPECT is useful in evaluations of complex areas that are
extensively surrounded by soft tissue such as the spine and
pelvis. Therefore, as suggested previously, the approach did
not result in any significant loss of accuracy in staging of
patients with prostate cancer [3, 53]. Although whole-body
MRI or bone SPECT is capable of meeting a variety of needs
in a single examination, it has been questioned because of
some limitations, especially the diagnosis of the skull and ribs
on MRI images [47]. Additionally, the enormous increase in
image data in whole-body MRI or bone SPECT not only
implies an increase in evaluation time for the radiologist but
also increases the potential for false-negative findings.

18F-FDG is the standard radiotracer in oncologic PET
imaging; however, some results proved that FDG PET did
not perform very well in prostate cancer patients, especially in
well-differentiated prostate cancer. The reasons for this were
probably renal excretion, bladder accumulation, and androgen
ablation [54–56]. Due to elevated expression of the rate-
limiting enzyme choline kinase in prostate cancer cells, many
kinds of choline (11C-choline, 18F-fluorethyl-choline, or 18F-
fluormethyl-choline) have been employed in studies [57]. It
was demonstrated that 18F radio-labeled choline was better
than FDG for detecting primary and metastatic prostate can-
cer. In practice, changes in metabolism occurred before a
physical change or symptoms, which showed a great potential

�Fig. 3 The SROC curves for choline PET/CT, bone SPECT, and BS on a
per-lesion basis. The size of the circle indicates the study size. The AUC
and Q* for choline PET/CT, bone SPECT, and BS were 0.9494, 0.9381,
and 0.7736 and 0.8896, 0.8751, and 0.7132, respectively. The result
showed that choline PET/CT and bone SPECT had better diagnostic
accuracy than BS (p<0.05)
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advantage in detecting metastases. However, because of its
limited anatomical resolution, we could not describe bone
metastases with the use of PET alone. Thus, the combination
of PET and CT largely improved sensitivity, especially those
false-negative PET findings [58]. In the present study, PET/
CT was a better imaging modality than BS and bone SPECT
on either a per-patient basis or a per-lesion basis. Moreover,
PET/CT has several additional advantages: evaluation of
osteolytic lesions in weight-bearing bones and particularly in
the spine and pelvis [59], dynamic acquisition and quantitative
assessment of choline allowing assessment of physiological
bone remodeling, characterization of bone pathology and
monitoring response to therapy [7].

Conclusions

In this meta-analysis, MRI was found to be better than choline
PET/CT and BS on a per-patient basis, though choline PET/
CT had the highest specificity. On a per-lesion analysis, cho-
line PET/CT with the highest DOR and Q* was better than
bone SPECT and BS for detecting bone metastases from
prostate cancer. Among these modalities, BS had the lowest
sensitivity and specificity while it is lowest in price. However,
without enough eligible studies, we could not carry out avail-
able subgroup analysis. Higher-quality studies and more in-
cluded articles with a large sample size are required for more
available research in the future.
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