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Abstract: A systemic review and meta-analysis were conducted to investigate the diagnostic
ability for staging and impact on management of F-18 fluorodeoxyglucose (FDG) positron emission
tomography/computed tomography (PET/CT) and PET/magnetic resonance imaging (MRI) in patients
with pancreatic ductal adenocarcinoma. A comprehensive search was performed in four databases
to retrieve studies of pancreatic ductal adenocarcinoma patients that have reported the diagnostic
ability of FDG PET/CT and PET/MRI for detecting metastasis and the proportion of patients whose
management was changed by its results. The sensitivity and specificity for detecting metastasis and
the proportion of patients with management changes were pooled using a random-effects model.
A total of 10 studies were included. The pooled sensitivity and specificity for detecting lymph node
metastasis were 0.55 and 0.94, respectively, while the pooled sensitivity and specificity for detecting
distant metastasis were 0.80 and 1.00, respectively. The areas under the summarized receiver operating
characteristic curves for detecting lymph node and distant metastasis were 0.88 and 0.92, respectively.
The pooled proportion of patients with management changes was 19%. FDG PET/CT and PET/MRI
showed high diagnostic accuracy for detecting lymph node and distant metastasis in pancreatic
ductal adenocarcinoma patients, and the use of these imaging tools led to management changes in a
significant portion of these patients.

Keywords: pancreatic carcinoma; fluorodeoxyglucose F-18; positron emission tomography; staging;
meta-analysis

1. Introduction

Pancreatic cancer is notorious for its extremely poor prognosis [1]. A previous study reported the
5-year survival rate of pancreatic cancer to be only 9%, and it is the seventh leading cause of cancer
death in both men and women worldwide [1,2]. The only potential curative treatment for pancreatic
cancer is radical surgical resection [3]. However, according to several recent reviews, at the time of
initial staging work-up, distant metastatic lesions are found in over 50% of pancreatic cancer patients
and only 20% of patients have resectable disease [1,3]. In order to choose the most suitable treatment
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and to prevent unnecessary surgery, accurate tumor staging is essential for patients with pancreatic
cancer [3,4]. Therefore, various anatomical imaging modalities including contrast-enhanced computed
tomography (CT), magnetic resonance imaging (MRI), and endoscopic ultrasonography are used in
the initial staging work-up of pancreatic cancer [5].

In addition to anatomical imaging examinations, positron emission tomography (PET) imaging
using F-18 fluorodeoxyglucose (FDG), a radiotracer preferentially taken up by malignant cells,
is currently used for the evaluation of pancreatic cancer [5]. In previous studies of pancreatic cancer,
FDG PET showed significant clinical value for differentiating malignant pancreatic lesions from
benign lesions, detecting metastatic lesions, predicting prognosis after treatment, and assessing cancer
recurrence [6–10]. Considering the high prevalence of distant metastasis in patients with pancreatic
cancer, it is reasonable to assume that FDG PET could play a significant role in the staging work-up
of pancreatic cancer; however, there remain controversies in defining its roll [11–15]. Furthermore,
previous meta-analyses of the role of FDG PET in staging pancreatic cancer consisted mainly of
studies that used a PET scanner [4,16]. With the advancement of medical technology, a dedicated
PET/CT or PET/MRI scanner is more commonly used in clinical practice currently, rather than a PET
scanner [5,17]. In FDG PET images, several intra-abdominal organs, such as the bowel and liver, can
exhibit physiological FDG uptake, which can lead to uncertain diagnoses and high false-positive rates
in cases using interpretation of stand-alone PET images for staging [5]. On the other hand, PET/CT
and PET/MRI are known to improve lesion identification and localization with the aid of anatomical
information provided by CT and MRI images, thereby increasing diagnostic accuracy [5,18]. Therefore,
a comprehensive review of studies using FDG PET/CT and PET/MRI, rather than PET alone, is required
to establish their role for staging pancreatic cancer in current clinical practice.

In the present study, we systematically reviewed the available literature and performed a
meta-analysis to investigate the diagnostic ability of staging FDG PET/CT and PET/MRI for detecting
lymph node and distant metastasis in patients with pancreatic ductal adenocarcinoma. We also
conducted a meta-analysis of the impact of staging FDG PET/CT and PET/MRI on management in
those patients.

2. Materials and Methods

The methodological approach of this meta-analysis complied with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) of Diagnostic Test Accuracy Studies [19].
All processes regarding study eligibility assessment, data extraction, and methodological quality
assessment were independently and repeatedly performed by two independent reviewers (J.W.L.,
J.Y.C.). Disagreement was resolved via discussion and consensus among the reviewers.

2.1. Literature Search

A systematic literature search was performed in four different bibliographic databases (PubMed,
Embase, Cochrane Library, and KoreaMed) for all studies published from 1 January 2000 to 6 November
2019 using combinations of the following keywords: “pancreatic neoplasm” or “pancreas tumor” or
“pancreas cancer” or “pancreas carcinoma” or “pancreas adenocarcinoma” or “pancreas malignancy”
AND “positron emission tomography” or “PET” or “PET/CT” or “PET-CT” or “PET/MRI” or “PET-MRI”
AND “staging” or “stage” or “diagnosis” or “detect” or “metastasis” AND “diagnostic accuracy” or
“sensitivity” or “specificity” or “receiver operating characteristic” or “ROC curve” or “area under the
curve” or “AUC” or “added value” or “diagnostic yield” or “predict” or “accuracy”. No language
restriction was applied for the literature search. In addition, reference lists of retrieved studies were
also screened to avoid missing eligible studies.

2.2. Inclusion and Exclusion Criteria

All relevant literature underwent evaluation for eligibility according to inclusion criteria based on
the patient/intervention/comparator/outcome/study (PICOS) approach [20], as follows: (1) individuals
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with newly diagnosed pancreatic ductal adenocarcinoma as the patients; (2) FDG PET/CT or PET/MRI
as the intervention; (3) no comparator; (4) the diagnostic performance for staging pancreatic cancer,
confirmed by histopathological evaluation or imaging studies, and the proportion of patients with
management changes as the outcomes; and (5) original articles as the study type. The exclusion
criteria were as follows: studies that (1) enrolled any patients with malignant pancreatic diseases other
than pancreatic ductal adenocarcinoma, such as neuroendocrine tumors, metastasis, or lymphoma;
(2) used PET, not PET/CT, or PET/MRI as the intervention; (3) provided insufficient information for
calculating true-positive, false-positive, true-negative, and false-negative rates for estimating diagnostic
performance during per-patient analysis or for calculating the proportion of patients with management
changes; (4) were publication types other than original articles, including case reports, reviews, letters,
editorials, and conference abstracts; (5) were in vitro or animal studies; (6) had study populations that
overlapped with other literature; (7) were published in languages other than English or Korean; or (8)
were not available in full text.

2.3. Data Extraction and Quality Assessment

The following information was extracted from each of the included studies: the first author,
publication year, country, study design, number and characteristics (age, sex, and enrollment criteria)
of patients, details of the intervention techniques (imaging modality and imaging analytical method),
reference standard, and outcomes. The methodological quality of the included studies was assessed
using the Quality Assessment of Diagnostic Accuracy Studies (QUADAS)-2 tool [21]. The QUADAS-2
tool consists of 14 questions with 4 key domains—patient selection, index test, reference standard,
and flow and timing. Each question was answered with “yes” for a low risk of bias, “no” for a high
risk of bias, and “unclear” if insufficient data were reported [21].

2.4. Statistical Analysis

The primary outcome of this meta-analysis was the diagnostic accuracies of FDG PET/CT and
PET/MRI for detecting lymph node metastasis (N staging) and distant metastasis (M staging) in patients
with pancreatic cancer. The secondary outcome was the impact of FDG PET/CT and PET/MRI on
patient management, as assessed by calculating the proportion of patients whose therapeutic plan was
changed due to the PET/CT or PET/MRI findings.

With the data extracted from the included studies, the pooled sensitivity, specificity, positive
likelihood ratio (PLR), negative likelihood ratio (NLR), and diagnostic odds ratio (DOR) in detecting
lymph node metastasis and distant metastasis were calculated by using a bivariate meta-analysis
method with a random-effects model. Furthermore, summarized receiver operating characteristic
(SROC) curves were generated for evaluating the diagnostic abilities of PET/CT and PET/MRI using
the calculated area under the curves (AUC). The proportion of patients with management changes was
calculated for each study, and the results were meta-analytically pooled using a random-effects model.
The I2 statistic was used to assess the heterogeneity among the included studies. An I2 value lies from
0% to 100%, with a value of >50% suggesting substantial heterogeneity [22]. In meta-analyses with
an I2 > 50%, subgroup analyses were further performed to investigate the sources of heterogeneity;
investigated subgroups were country (Asia vs. non-Asia), study design (prospective vs. retrospective),
and analytical method of PET images (qualitative analysis vs. quantitative analysis). Publication bias
was assessed using Deek’s funnel plot and Egger’s test. All statistical analyses were performed using
Stata software version 15.0 (StataCorp, College Station, TX, USA).

3. Results

3.1. Study Selection and Characteristics

The process of study selection is depicted in Figure 1. In the systematic literature search, a total of
1457 articles were initially retrieved (Supplementary Table S1). After excluding 384 duplicated articles
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and 1002 articles based on title and abstract screening, 71 articles were potentially eligible. On full-text
assessment for eligibility, 61 studies were excluded; hence, 10 studies comprising 852 patients were
finally included in our meta-analysis.

The characteristics of the 10 enrolled studies are shown in Table 1. All included studies were
published in English; three studies were prospective [14,15,23], while the remaining seven were
retrospective [6,11–13,24–26]. The number of enrolled patients in each study ranged from 37 to 261,
with two studies showing enrollment of >100 patients [11,15]. Of the 10 included studies, only one was
a multi-center study [15], while the remaining were single-center studies. As for imaging methods,
one study evaluated the diagnostic performance of PET/MRI [23], while in all other included studies
the diagnostic ability of PET/CT was assessed. For the imaging analytical method, six studies used
visual assessment for determining lesions with positive FDG uptake [6,14,23–26], whereas four studies
performed quantitative analysis using the cut-off standardized uptake value (SUV) of 2.5 [11,13],
3.0 [12], or 3.5 [15] for determining malignant involvement.
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Table 1. The characteristics of included studies.

First
Author/Year Country Study Design No. of

Patients
Median Age

(Years) Inclusion Criteria Imaging
Method

FDG Uptake
Time (min)

Analytical
Method Reference Standard

Crippa/2014 Italy Retrospective 72 65 Potentially resectable
pancreatic cancer PET/CT 60 QN Histopathological

confirmation

Ghaneh/2018 UK Prospective 261 66
Staging work-up for
suspected pancreatic

cancer
PET/CT 90 QN

Histopathological
confirmation and

follow-up imaging
studies

Heinrich/2005 Switzerland Prospective 59 61
Staging work-up for
suspected pancreatic

cancer
PET/CT 60 QL

Histopathological
confirmation and

imaging-based decisions

Joo/2017 Korea Prospective 37 63 * Potentially resectable
pancreatic cancer PET/MRI 50–90 QL

Histopathological
confirmation and

imaging-based decisions

Kim/2012 Korea Retrospective 125 62
Staging work-up for
histopathologically

proven pancreatic cancer
PET/CT 45 QN

Histopathological
confirmation and

follow-up imaging
studies

Kim/2018 Korea Retrospective 70 69 Pancreatic cancer patients
with radical surgery PET/CT 60–70 QL Histopathological

confirmation

Santhosh/2017 India Retrospective 54 58 *
Staging work-up for
histopathologically

proven pancreatic cancer
PET/CT 60 ± 10 QL

Histopathological
confirmation and

imaging-based decisions

Strobel/2008 Switzerland Retrospective 50 64 *
Staging work-up for
histopathologically

proven pancreatic cancer
PET/CT 60 QL

Histopathological
confirmation and

follow-up imaging
studies

Wang/2014 China Retrospective 79 63 *
Staging work-up for
histopathologically

proven pancreatic cancer
PET/CT NS QN Histopathological

confirmation

Yoneyama/2014 Japan Retrospective 45 67 *
Staging work-up for
suspected pancreatic

cancer
PET/CT 63 ± 5 QL

Histopathological
confirmation and

follow-up imaging
studies

FDG, F-18 fluorodeoxyglucose; NS, not specified; PET/CT, positron emission tomography/computed tomography; PET/MRI, positron emission tomography/magnetic resonance imaging;
QL, qualitative analysis; QN, quantitative analysis; UK, the United Kingdom. * mean age.
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3.2. Quality Assessment

The methodological quality assessment of the included studies is shown in Figure 2 (Supplementary
Table S2). In the domain of patient selection, six studies were judged to have high or unclear risk of
bias, which was mainly due to providing insufficient information regarding consecutive enrollment
of patients [6,11,13,24–26]. For the reference standard, three studies were judged to have high or
unclear risk of bias because the blinding method was not used in interpreting the references standard
results [11,23,26]. For the flow and timing, the major weaknesses were the lack of information regarding
the interval between the index tests and reference standard and the lack of a uniform reference test
for enrolled patients. Meanwhile, only a single study was judged to be high risk with regard to the
concerns about applicability in the domain of patient selection [6]. Furthermore, a single study was
considered to have unclear risk with regard to applicability concerns in both the index test [11] and
reference standard [23] domains.
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bias (A) and concerns about applicability (B). Each diagram shows the percentage of studies with low
(green), high (red), and unclear (yellow) risk of bias.

3.3. Diagnostic Performance of PET/CT and PET/MRI for Detection of Lymph Node and Distant Metastases

Six studies with a total of 357 patients with pancreatic ductal adenocarcinoma were
included in the meta-analysis of using FDG PET/CT and PET/MRI for diagnosing lymph node
metastasis [6,12,13,23,24,26]. The pooled results from these studies demonstrated that the sensitivity
and specificity of FDG PET/CT and PET/MRI for detecting lymph node metastasis were 0.55 (95%
confidence interval [CI]): 0.38–0.72) and 0.94 (95% CI: 0.81–0.98), respectively (Figure 3A). Furthermore,
the pooled PLR, NLR, and DOR were 9.87 (95% CI: 2.55–38.25), 0.47 (95% CI: 0.31–0.72), and 2.11 (95%
CI: 1.40–3.20), respectively, with an AUC of SROC of 0.88 (95% CI: 0.85–0.90; Figure 4A). Of the six
included studies, one study evaluated the diagnostic ability of PET/MRI [23], which showed a similar
sensitivity (0.40; 95% CI: 0.12–0.74) and specificity (1.00; 95% CI: 0.29–1.00) to those obtained from the
studies evaluating PET/CT.

Seven studies with a total of 296 patients provided data regarding the diagnostic ability of FDG
PET/CT and PET/MRI for detecting distant metastasis [6,12–14,23,25,26]. The pooled sensitivity and
specificity of FDG PET/CT and PET/MRI for diagnosing distant metastasis were 0.80 (95% CI: 0.67–0.89)
and 1.00 (95% CI: 0.89–1.00), respectively (Figure 3B). The pooled PLR, NLR, and DOR were 215.30
(95% CI: 7.39–6273.09), 0.20 (95% CI: 0.12–0.34), and 1084.20 (95% CI: 33.92–34,658.01), respectively,
with an AUC of SROC of 0.92 (95% CI: 0.90–0.94; Figure 4B). The study which evaluated PET/MRI [23]
found a sensitivity and specificity of 0.75 (95% CI: 0.19–0.99) and 1.00 (95% CI: 0.75–1.00), respectively,
for detecting distant metastasis, which were similar to the results of other studies evaluating PET/CT.
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3.4. Management Changes Following PET/CT

Six studies with a total of 650 patients assessed the proportions of patients who underwent
management changes following FDG PET/CT staging and compared it to that of conventional
staging [6,11–15]. All six studies performed PET/CT for initial staging of pancreatic cancer. The pooled
percentage of patients who underwent management changes following FDG PET/CT was 19% (95% CI:
5–34%, Figure 5). In all six studies, the most common reason of management change was identifying
unknown metastatic lesions by PET/CT. Additionally, PET/CT also changed the management plan
by detecting secondary primary malignancies and ruling out metastasis of lesions found on other
imaging modalities.

Among the six studies, two prospective studies have evaluated the cost-effectiveness of PET/CT
in staging of pancreatic cancer [14,15]. In a study by Heinrich et al. [14], PET/CT was cost saving by
avoiding patients from unnecessary surgery, showing cost-savings of USD 1066 per patient. In another
study by Ghaneh et al. [15], PET/CT was both less costly and more effective when compared to
contrast-enhanced CT. A subgroup of pancreatic cancer patients with resection showed the most
cost-effective results, showing cost-savings of GBP 1542 per patient.
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3.5. Heterogeneity Analysis

There was substantial heterogeneity in the sensitivity for lymph node metastasis (p < 0.001;
I2 = 77.1; 95% CI: 58.8–95.4%; Figure 3A), the specificity for distant metastasis (p < 0.001; I2 = 87.5;
95% CI: 79.7–95.4%; Figure 3B), and the proportion of patients who underwent management changes
following FDG PET/CT staging ((p < 0.001; I2 = 96.3; 95% CI: 91.1–98.7%; Figure 5) among the included
studies. The specificity for lymph node metastasis (p = 0.08; I2 = 49.1%; 95% CI: 2.0–96.1%; Figure 3A)
and the sensitivity for distant metastasis (p = 0.05; I2 = 52.9%; 95% CI: 12.7–93.1%; Figure 3B) showed
borderline significance with regard to the I2 statistic. No significant publication bias was shown for all
meta-analyses in the current study (p = 0.80 for diagnostic ability in detecting lymph node metastasis;
p = 0.81 for diagnostic ability in detecting distant metastasis; p = 0.31 for proportion of patients who
underwent management changes; Figure 6).

3.6. Subgroup Analysis

Subgroup analyses was performed based on the country, study design, and the analytical method
of each study (Table 2). For the diagnostic ability of FDG PET/CT and PET/MRI for lymph node
metastasis, because there was only one study performed in a non-Asian country and only one with a
prospective study design, we performed a subgroup analysis only based on the analytical method.
On this subgroup analysis, studies that used qualitative analytical methods showed a higher sensitivity
for detecting both lymph node metastasis (0.64 vs. 0.40, respectively) and distant metastasis (0.84 vs.
0.64, respectively) than those that used quantitative analytical methods (p < 0.05 for both). Meanwhile,
all analyzed factors failed to explain the heterogeneity in the specificity for detecting lymph node and
distant metastasis. In subgroup analysis of the proportion of subjects who underwent management
changes, studies in non-Asian countries, with a prospective study design, and with qualitative analytical
methods revealed higher proportions of patients with management changes following PET/CT (28.2
vs. 9.8%, respectively, for country; 39.9 vs. 10.2%, respectively, for study design; 25.5 vs. 14.8%,
respectively, for analytical method) than those in Asian countries, with a retrospective design, and
with quantitative analytical methods (p < 0.05 for all).
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Figure 6. Funnel plots of studies evaluating the diagnostic ability of FDG PET/CT and PET/MRI for
detecting lymph node metastasis (A), studies evaluating the diagnostic ability of FDG PET/CT and
PET/MRI for detecting distant metastasis (B), and studies evaluating the proportion of patients who
underwent management changes following imaging (C).



Diagnostics 2020, 10, 952 11 of 16

Table 2. The results of subgroup analysis.

Factors

Lymph Node Metastasis Distant Metastasis Management Change

No. of
Studies

Sensitivity
(95% CI)

Specificity
(95% CI) No. of Studies Sensitivity

(95% CI)
Specificity
(95% CI) No. of Studies Proportion

(95% CI)

Country

Asia 4 0.78
(0.54–0.95)

0.97
(0.87–1.00) 3 9.8 *

(2.8–20.4)

Non-Asia 3 0.81
(0.69–0.91)

0.99
(0.96–1.00) 3 28.2 *

(10.4–50.5)

Study design

Prospective 2 0.78
(0.58–0.92)

0.99
(0.95–1.00) 2 39.9 *

(31.5–48.5)

Retrospective 5 0.80
(0.63–0.93)

0.97
(0.91–1.00) 4 10.2 *

(4.7–17.5)

Analytical method

Qualitative 4 0.64 *
(0.45–0.81)

0.91
(0.80–0.98) 5 0.84 *

(0.71–0.94)
0.96

(0.89–1.00) 2 25.5 *
(13.3–40.1)

Quantitative 2 0.40 *
(0.18–0.65)

0.96
(0.85–1.00) 2 0.64 *

(0.48–0.79)
1.00

(0.98–1.00) 4 14.8 *
(1.6–37.8)

CI, confidence interval. * Significant difference between these subgroups (p < 0.05).
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4. Discussion

In patients with pancreatic cancer, contrast-enhanced CT is the preferred primary imaging modality
for the initial evaluation [27]. Additionally, MRI and endoscopic ultrasound have been commonly
used to delineate primary tumors, to evaluate blood vessel involvement, and to detect metastatic
lesions [27,28]. Although most pancreatic cancer lesions showed increased FDG uptake, the potential
benefits of FDG PET/CT in staging pancreatic cancer remains contentious [9,27,29]. In previous studies,
staging FDG PET/CT showed a high diagnostic accuracy for detecting metastatic lesions of pancreatic
cancer [13,14,25,26], and it has been recommended in patients with localized disease for detecting
metastatic lesions in guidelines from the Japan Pancreas Society, the United Kingdom National Institute
for Health and Care Excellence, and the National Comprehensive Cancer Network [30–32]. By contrast,
because of the relatively small proportion of patients in whom additional metastatic lesions were
found only by FDG PET/CT, other studies have suggested that PET/CT has a limited role in the staging
work-up of pancreatic cancer [11,12]. In guidelines from the American Society of Clinical Oncology
and the European Society for Medical Oncology, the use of FDG PET/CT is not routinely recommended
for the management of pancreatic cancer patients [28,33]. In the present meta-analysis, FDG PET/CT
and PET/MRI showed only moderate sensitivity for detecting lymph node metastasis. Meanwhile,
PET/CT and PET/MRI demonstrated high specificity for detecting lymph node metastasis and high
sensitivity and specificity for detecting distant metastasis, showing high AUC of the SROC values for
both lymph node and distant metastasis. Furthermore, the findings from FDG PET/CT and PET/MRI
led to management changes in 19% of pancreatic cancer patients mainly by identifying unknown
metastatic lesions, and PET/CT was cost-effective for pancreatic cancer staging with cost-savings of
more than USD 1000 per patient. The results of our study suggest that FDG PET/CT and PET/MRI
could be a valuable diagnostic imaging modality for initial staging in patients with pancreatic cancer
and could have a significant impact on determining therapeutic plans for these patients. Considering
that, in the included studies, FDG PET/CT and PET/MRI both had a high diagnostic accuracy for
distant metastasis, and most patients who underwent management changes following FDG PET/CT
or PET/MRI were upstaged to stage IV [6,12–15,26], FDG PET/CT and PET/MRI should be routinely
recommended in patients with localized pancreatic cancer who plan to receive curative treatment.

In previous meta-analyses of studies of pancreatic cancer patients, the sensitivity and specificity
of FDG PET and PET/CT were 32–67% and 75–81%, respectively, for identifying lymph node metastasis
and 57–67% and 96–100%, respectively, for distant metastasis [4,34]. Since those meta-analyses mainly
included studies that utilized a PET scanner or studies that enrolled patients with malignant pancreatic
diseases other than pancreatic ductal adenocarcinoma [4,16,34], it is difficult to make a direct comparison
of our results with the results of these previous meta-analyses. However, our results demonstrated
higher specificity for detecting lymph node metastasis and higher sensitivity for detecting distant
metastasis with FDG PET/CT or PET/MRI than the results of those previous meta-analyses [4,34].
Given that anatomical information gleaned from CT images from PET/CT scans can increase the
specificity for lymph node staging and the sensitivity for detecting metastatic lesions [5,18,25,35], these
results may suggest an incremental increase in the diagnostic value of PET/CT and PET/MRI compared
with PET alone.

Our meta-analyses found substantial heterogeneity across the included studies. Notably,
in subgroup analyses performed to investigate the source of this heterogeneity, the method of
analyzing PET images was found to be a significant factor for heterogeneity in all meta-analyses.
Qualitative analysis is subjective and known to be dependent on the clinical experience of the reader,
which might lead to significant inter-reader discrepancies [36–38]. Hence, quantitative analysis using
SUV has been widely used for objective assessment of malignant diseases and has shown comparable
results to those of qualitative analysis [36–38]. However, the results of our subgroup analysis revealed
that studies that used qualitative analytical methods showed significantly higher sensitivity for lymph
node and distant metastasis and a higher proportion of patients with management changes than
studies using quantitative methods. This might be due to the different cut-off values used in the
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individual studies that utilized quantitative analysis, as there is no determined cut-off SUV for defining
metastatic lesions [36]. Further studies would be needed to clarify the effects of analytical methods
on PET/CT and PET/MRI results. Another potential source of the heterogeneity between studies for
the proportion of subjects who underwent management changes was study design. In the subgroup
analysis, the prospective studies had significantly higher proportions of patients with management
changes than the retrospective ones. Given that retrospective studies use the data that might be
collected for another objective and are often assumed to have more bias than prospective ones [39],
this result might imply the underestimation of the effect of FDG PET/CT on therapeutic planning in
the retrospective studies. Additionally, variations in the country where the studies were performed
was another potential cause of heterogeneity seen between studies for the proportion of patients who
underwent management changes.

The present analysis had several limitations that need to be addressed. First, the number of
studies included in this meta-analysis was relatively small, and most of the included studies were
retrospectively performed (7 out of 10 studies) or single-center studies (9 out of 10 studies). Further
studies are necessary which include a large number of prospective and multi-center studies. Second,
the definition of a positive lesion on PET/CT, as well as reference standards, varied among the included
studies which could affect the accuracy of the results. Third, due to insufficient information regarding
the stages of those patients who underwent management changes following PET/CT, the pooled
proportion of patients with management changes could not be stratified by initial stage. However, given
this limitation, our results could support the clinical use of PET/CT in pancreatic cancer irrespective of
the initial stage. Fourth, the definition of changes in patient management following PET/CT staging
might differ among the enrolled studies. Furthermore, although the diagnostic performance of PET/MRI
was similar to that of PET/CT, because only a single study evaluated the diagnostic performance
of PET/MRI [23], we could not perform subgroup analysis to compare diagnostic ability between
PET/MRI and PET/CT. Lastly, there was substantial heterogeneity across the studies, and we were
unable to find the potential source for the heterogeneity in specificity. Hence, the general application
of our pooled results might be limited to specific clinical conditions.

5. Conclusions

In the present meta-analysis, FDG PET/CT and PET/MRI showed high specificity for detecting
lymph node metastasis and high sensitivity and specificity for identifying distant metastasis in patients
with pancreatic ductal adenocarcinoma. Furthermore, FDG PET/CT and PET/MRI had a significant
impact on the management of pancreatic ductal adenocarcinoma, with our results showing a pooled
proportion of 19% of patients who underwent management changes following imaging. Based on our
results, FDG PET/CT and PET/MRI would be considered to be one of the routine imaging examinations
used in the staging work-up of pancreatic cancer. However, because of the relatively small number of
included studies with substantial heterogeneity among them, further prospective studies with larger
populations are needed to further elucidate our results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4418/10/11/952/s1,
Table S1: The queries and results of electronic searches in the PubMed, Embase, Cochrane Library, and KoreaMed
databases; Table S2: Quality assessment of included studies using the QUADAS-2 tool.

Author Contributions: Conceptualization, J.W.L., J.H.O., and J.Y.C.; methodology, J.W.L., J.H.O., M.C., and J.Y.C.;
formal analysis, J.W.L., M.C., and J.Y.C.; data curation, J.W.L., J.H.O., M.C., and J.Y.C.; writing—original draft
preparation, J.W.L.; writing—review and editing, J.H.O., M.C., and J.Y.C.; funding acquisition, J.Y.C. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korea government (Ministry of Science and ICT) (No. NRF-2020M2D9A1094072).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

http://www.mdpi.com/2075-4418/10/11/952/s1


Diagnostics 2020, 10, 952 14 of 16

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
[PubMed]

2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J.
Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

3. Lau, S.C.; Cheung, W.Y. Evolving treatment landscape for early and advanced pancreatic cancer. World J.
Gastrointest. Oncol. 2017, 9, 281–292. [CrossRef] [PubMed]

4. Wang, Z.; Chen, J.Q.; Liu, J.L.; Qin, X.G.; Huang, Y. FDG-PET in diagnosis, staging and prognosis of pancreatic
carcinoma: A meta-analysis. World J. Gastroenterol. 2013, 19, 4808–4817. [CrossRef] [PubMed]

5. Pakzad, F.; Groves, A.M.; Ell, P.J. The role of positron emission tomography in the management of pancreatic
cancer. Semin. Nucl. Med. 2006, 36, 248–256. [CrossRef]

6. Santhosh, S.; Mittal, B.R.; Bhasin, D.K.; Rana, S.S.; Gupta, R.; Das, A.; Nada, R. Fluorodeoxyglucose-positron
emission tomography/computed tomography performs better than contrast-enhanced computed tomography
for metastasis evaluation in the initial staging of pancreatic adenocarcinoma. Ann. Nucl. Med. 2017, 31,
575–581. [CrossRef]

7. Lee, J.W.; Kang, C.M.; Choi, H.J.; Lee, W.J.; Song, S.Y.; Lee, J.H.; Lee, J.D. Prognostic value of metabolic
tumor volume and total lesion glycolysis on preoperative 18F-FDG PET/CT in patients with pancreatic cancer.
J. Nucl. Med. 2014, 55, 898–904. [CrossRef]

8. Kitajima, K.; Murakami, K.; Yamasaki, E.; Kaji, Y.; Shimoda, M.; Kubota, K.; Suganuma, N.; Sugimura, K.
Performance of integrated FDG-PET/contrast-enhanced CT in the diagnosis of recurrent pancreatic cancer:
Comparison with integrated FDG-PET/non-contrast-enhanced CT and enhanced CT. Mol. Imaging Biol. 2010,
12, 452–459. [CrossRef]

9. Kauhanen, S.P.; Komar, G.; Seppänen, M.P.; Dean, K.I.; Minn, H.R.; Kajander, S.A.; Rinta-Kiikka, I.; Alanen, K.;
Borra, R.J.; Puolakkainen, P.A.; et al. A prospective diagnostic accuracy study of 18F-fluorodeoxyglucose
positron emission tomography/computed tomography, multidetector row computed tomography, and
magnetic resonance imaging in primary diagnosis and staging of pancreatic cancer. Ann. Surg. 2009, 250,
957–963. [CrossRef]

10. Lee, J.W.; Lee, S.M. Radiomics in oncological PET/CT: Clinical applications. Nucl. Med. Mol. Imaging 2018,
52, 170–189. [CrossRef]

11. Kim, M.J.; Lee, K.H.; Lee, K.T.; Lee, J.K.; Ku, B.H.; Oh, C.R.; Heo, J.S.; Choi, S.H.; Choi, D.W. The value of
positron emission tomography/computed tomography for evaluating metastatic disease in patients with
pancreatic cancer. Pancreas 2012, 41, 897–903. [CrossRef] [PubMed]

12. Crippa, S.; Salgarello, M.; Laiti, S.; Partelli, S.; Castelli, P.; Spinelli, A.E.; Tamburrino, D.; Zamboni, G.;
Falconi, M. The role of (18)fluoro-deoxyglucose positron emission tomography/computed tomography in
resectable pancreatic cancer. Dig. Liver Dis. 2014, 46, 744–749. [CrossRef] [PubMed]

13. Wang, X.Y.; Yang, F.; Jin, C.; Guan, Y.H.; Zhang, H.W.; Fu, D.L. The value of 18F-FDG positron emission
tomography/computed tomography on the pre-operative staging and the management of patients with
pancreatic carcinoma. Hepatogastroenterology 2014, 61, 2102–2109. [PubMed]

14. Heinrich, S.; Goerres, G.W.; Schäfer, M.; Sagmeister, M.; Bauerfeind, P.; Pestalozzi, B.C.; Hany, T.F.; von
Schulthess, G.K.; Clavien, P.A. Positron emission tomography/computed tomography influences on the
management of resectable pancreatic cancer and its cost-effectiveness. Ann. Surg. 2005, 242, 235–243.
[CrossRef]

15. Ghaneh, P.; Hanson, R.; Titman, A.; Lancaster, G.; Plumpton, C.; Lloyd-Williams, H.; Yeo, S.T.; Edwards, R.T.;
Johnson, C.; Abu Hilal, M.; et al. PET-PANC: Multicentre prospective diagnostic accuracy and health
economic analysis study of the impact of combined modality 18fluorine-2-fluoro-2-deoxy-d-glucose positron
emission tomography with computed tomography scanning in the diagnosis and management of pancreatic
cancer. Health Technol. Assess. 2018, 22, 1–114. [CrossRef]

16. Ospina, M.; Horton, J.; Seida, J.; Vanermeer, B.; Liang, G. Positron emission tomography for nine cancers
(bladder, brain, cervical, kidney, ovarian, pancreatic, prostate, small cell lung, testicular). In Database of
Abstracts of Reviews of Effects (DARE): Quality-Assessed Reviews; Agency for Healthcare Research and Quality:
Rockville, MD, USA, 2008.

http://dx.doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.4251/wjgo.v9.i7.281
http://www.ncbi.nlm.nih.gov/pubmed/28808501
http://dx.doi.org/10.3748/wjg.v19.i29.4808
http://www.ncbi.nlm.nih.gov/pubmed/23922481
http://dx.doi.org/10.1053/j.semnuclmed.2006.03.005
http://dx.doi.org/10.1007/s12149-017-1193-0
http://dx.doi.org/10.2967/jnumed.113.131847
http://dx.doi.org/10.1007/s11307-009-0271-7
http://dx.doi.org/10.1097/SLA.0b013e3181b2fafa
http://dx.doi.org/10.1007/s13139-017-0500-y
http://dx.doi.org/10.1097/MPA.0b013e318252f4f5
http://www.ncbi.nlm.nih.gov/pubmed/22699202
http://dx.doi.org/10.1016/j.dld.2014.03.011
http://www.ncbi.nlm.nih.gov/pubmed/24721105
http://www.ncbi.nlm.nih.gov/pubmed/25722999
http://dx.doi.org/10.1097/01.sla.0000172095.97787.84
http://dx.doi.org/10.3310/hta22070


Diagnostics 2020, 10, 952 15 of 16

17. Yeh, R.; Dercle, L.; Garg, I.; Wang, Z.J.; Hough, D.M.; Goenka, A.H. The role of 18F-FDG PET/CT and
PET/MRI in pancreatic ductal adenocarcinoma. Abdom. Radiol. 2018, 43, 415–434. [CrossRef]

18. Lee, J.W.; Kim, B.S.; Lee, D.S.; Chung, J.K.; Lee, M.C.; Kim, S.; Kang, W.J. 18F-FDG PET/CT in mediastinal
lymph node staging of non-small-cell lung cancer in a tuberculosis-endemic country: Consideration of
lymph node calcification and distribution pattern to improve specificity. Eur. J. Nucl. Med. Mol. Imaging
2009, 36, 1794–1802. [CrossRef]

19. Frank, R.A.; Bossuyt, P.M.; McInnes, M.D.F. Systematic Reviews and Meta-Analyses of Diagnostic Test
Accuracy: The PRISMA-DTA Statement. Radiology 2018, 289, 313–314. [CrossRef]

20. Moher, D.; Shamseer, L.; Clarke, M.; Ghersi, D.; Liberati, A.; Petticrew, M.; Shekelle, P.; Stewart, L.A. Preferred
reporting items for systematic review and meta-analysis protocols (PRISMA-P) 2015 statement. Syst. Rev.
2015, 4, 1. [CrossRef]

21. Whiting, P.F.; Rutjes, A.W.; Westwood, M.E.; Mallett, S.; Deeks, J.J.; Reitsma, J.B.; Leeflang, M.M.; Sterne, J.A.;
Bossuyt, P.M. QUADAS-2: A revised tool for the quality assessment of diagnostic accuracy studies. Ann. Intern.
Med. 2011, 155, 529–536. [CrossRef]

22. Higgins, J.P.; Thompson, S.G.; Deeks, J.J.; Altman, D.G. Measuring inconsistency in meta-analyses. BMJ 2003,
327, 557–560. [CrossRef] [PubMed]

23. Joo, I.; Lee, J.M.; Lee, D.H.; Lee, E.S.; Paeng, J.C.; Lee, S.J.; Jang, J.Y.; Kim, S.W.; Ryu, J.K.; Lee, K.B. Preoperative
Assessment of Pancreatic Cancer with FDG PET/MR Imaging versus FDG PET/CT Plus Contrast-enhanced
Multidetector CT: A Prospective Preliminary Study. Radiology 2017, 282, 149–159. [CrossRef] [PubMed]

24. Kim, H.R.; Seo, M.; Nah, Y.W.; Park, H.W.; Park, S.H. Clinical impact of fluorine-18-fluorodeoxyglucose
positron emission tomography/computed tomography in patients with resectable pancreatic cancer:
Diagnosing lymph node metastasis and predicting survival. Nucl. Med. Commun. 2018, 39, 691–698.
[CrossRef] [PubMed]

25. Strobel, K.; Heinrich, S.; Bhure, U.; Soyka, J.; Veit-Haibach, P.; Pestalozzi, B.C.; Clavien, P.A.; Hany, T.F.
Contrast-enhanced 18F-FDG PET/CT: 1-stop-shop imaging for assessing the resectability of pancreatic cancer.
J. Nucl. Med. 2008, 49, 1408–1413. [CrossRef] [PubMed]

26. Yoneyama, T.; Tateishi, U.; Endo, I.; Inoue, T. Staging accuracy of pancreatic cancer: Comparison between
non-contrast-enhanced and contrast-enhanced PET/CT. Eur. J. Radiol. 2014, 83, 1734–1739. [CrossRef]
[PubMed]

27. Rhee, H.; Park, M.S. The role of imaging in current treatment strategies for pancreatic adenocarcinoma.
Korean J. Radiol. 2020. [CrossRef]

28. Ducreux, M.; Cuhna, A.S.; Caramella, C.; Hollebecque, A.; Burtin, P.; Goéré, D.; Seufferlein, T.;
Haustermans, K.; Van Laethem, J.L.; Conroy, T.; et al. Cancer of the pancreas: ESMO Clinical Practice
Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 2015, 26 (Suppl. 5), v56–v68. [CrossRef]

29. Lai, J.P.; Yue, Y.; Zhang, W.; Zhou, Y.; Frishberg, D.; Jamil, L.H.; Mirocha, J.M.; Guindi, M.; Balzer, B.; Bose, S.;
et al. Comparison of endoscopic ultrasound guided fine needle aspiration and PET/CT in preoperative
diagnosis of pancreatic adenocarcinoma. Pancreatology 2017, 17, 617–622. [CrossRef]

30. Yamaguchi, K.; Okusaka, T.; Shimizu, K.; Furuse, J.; Ito, Y.; Hanada, K.; Shimosegawa, T.; Okazaki, K. Clinical
Practice Guidelines for Pancreatic Cancer 2016 From the Japan Pancreas Society: A Synopsis. Pancreas 2017,
46, 595–604. [CrossRef]

31. O’Reilly, D.; Fou, L.; Hasler, E.; Hawkins, J.; O’Connell, S.; Pelone, F.; Callaway, M.; Campbell, F.; Capel, M.;
Charnley, R.; et al. Diagnosis and management of pancreatic cancer in adults: A summary of guidelines
from the UK National Institute for Health and Care Excellence. Pancreatology 2018, 18, 962–970. [CrossRef]

32. National Comprehensive Cancer Network. Pancreatic Adenocarcinoma (Version 3. 2019). Available online:
http://www.nccn.org/professionals/physician_gls/pdf/pancreatic.pdf (accessed on 6 November 2019).

33. Balaban, E.P.; Mangu, P.B.; Khorana, A.A.; Shah, M.A.; Mukherjee, S.; Crane, C.H.; Javle, M.M.; Eads, J.R.;
Allen, P.; Ko, A.H.; et al. Locally advanced, unresectable pancreatic cancer: American Society of Clinical
Oncology Clinical Practice Guideline. J. Clin. Oncol. 2016, 34, 2654–2668. [CrossRef] [PubMed]

34. Treadwell, J.R.; Mitchell, M.D.; Eatmon, K.; Jue, J.; Zafar, H.; Teitelbaum, U.; Schoelles, K. Imaging Tests for the
Diagnosis and Staging of Pancreatic Adenocarcinoma. Comparative Effectiveness Review No. 141 (Prepared
by the ECRI Institute-Penn Medicine Evidence-Based Practive Center under Contract No. 290-2012-00011-I).
Available online: www.effectivehealthcare.ahrq.gov/reports/final.cfm (accessed on 6 November 2019).

http://dx.doi.org/10.1007/s00261-017-1374-2
http://dx.doi.org/10.1007/s00259-009-1155-4
http://dx.doi.org/10.1148/radiol.2018180850
http://dx.doi.org/10.1186/2046-4053-4-1
http://dx.doi.org/10.7326/0003-4819-155-8-201110180-00009
http://dx.doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120
http://dx.doi.org/10.1148/radiol.2016152798
http://www.ncbi.nlm.nih.gov/pubmed/27556273
http://dx.doi.org/10.1097/MNM.0000000000000855
http://www.ncbi.nlm.nih.gov/pubmed/29893751
http://dx.doi.org/10.2967/jnumed.108.051466
http://www.ncbi.nlm.nih.gov/pubmed/18703604
http://dx.doi.org/10.1016/j.ejrad.2014.04.026
http://www.ncbi.nlm.nih.gov/pubmed/25043494
http://dx.doi.org/10.3348/kjr.2019.0862
http://dx.doi.org/10.1093/annonc/mdv295
http://dx.doi.org/10.1016/j.pan.2017.04.008
http://dx.doi.org/10.1097/MPA.0000000000000816
http://dx.doi.org/10.1016/j.pan.2018.09.012
http://www.nccn.org/professionals/physician_gls/pdf/pancreatic.pdf
http://dx.doi.org/10.1200/JCO.2016.67.5561
http://www.ncbi.nlm.nih.gov/pubmed/27247216
www.effectivehealthcare.ahrq.gov/reports/final.cfm


Diagnostics 2020, 10, 952 16 of 16

35. Gao, G.; Gong, B.; Shen, W. Meta-analysis of the additional value of integrated 18FDG PET-CT for tumor
distant metastasis staging: Comparison with 18FDG PET alone and CT alone. Surg. Oncol. 2013, 22, 195–200.
[CrossRef] [PubMed]

36. Shen, G.; Lan, Y.; Zhang, K.; Ren, P.; Jia, Z. Comparison of 18F-FDG PET/CT and DWI for detection of
mediastinal nodal metastasis in non-small cell lung cancer: A meta-analysis. PLoS ONE 2017, 12, e0173104.
[CrossRef]

37. Gormsen, L.C.; Vendelbo, M.H.; Pedersen, M.A.; Haraldsen, A.; Hjorthaug, K.; Bogsrud, T.V.; Petersen, L.J.;
Jensen, K.J.; Brøndum, R.; El-Galaly, T.C. A comparative study of standardized quantitative and visual
assessment for predicting tumor volume and outcome in newly diagnosed diffuse large B-cell lymphoma
staged with 18F-FDG PET/CT. EJNMMI Res. 2019, 9, 36. [CrossRef] [PubMed]

38. Chulroek, T.; Kordbacheh, H.; Wangcharoenrung, D.; Cattapan, K.; Heidari, P.; Harisinghani, M.G.
Comparative accuracy of qualitative and quantitative 18F-FDG PET/CT analysis in detection of lymph node
metastasis from anal cancer. Abdom. Radiol. 2019, 44, 828–835. [CrossRef]

39. Wang, X.; Kattan, M.W. Cohort studies: Design, analysis, and reporting. Chest 2020, 158, S72–S78. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.suronc.2013.06.004
http://www.ncbi.nlm.nih.gov/pubmed/23886614
http://dx.doi.org/10.1371/journal.pone.0173104
http://dx.doi.org/10.1186/s13550-019-0503-z
http://www.ncbi.nlm.nih.gov/pubmed/31054023
http://dx.doi.org/10.1007/s00261-019-01907-6
http://dx.doi.org/10.1016/j.chest.2020.03.014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Literature Search 
	Inclusion and Exclusion Criteria 
	Data Extraction and Quality Assessment 
	Statistical Analysis 

	Results 
	Study Selection and Characteristics 
	Quality Assessment 
	Diagnostic Performance of PET/CT and PET/MRI for Detection of Lymph Node and Distant Metastases 
	Management Changes Following PET/CT 
	Heterogeneity Analysis 
	Subgroup Analysis 

	Discussion 
	Conclusions 
	References

