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Summary
Background Novel blood-based protein biomarkers may be of value for efficient, accurate, and non-invasive diagnosis
of pancreatic cancer. This study assesses the diagnostic accuracy of newly recognized blood-based protein biomarkers
for detecting pancreatic cancer, and investigates their added value to CA19-9, the common blood-based biomarker in
clinical use for pancreatic cancer.

Methods PubMed, Embase, Web of Science, and the Wiley/Cochrane Library were systematically searched from
inception until June 2022. A meta-analysis of aggregate and individual participant data was conducted using
frequentist and Bayesian hierarchical random-effects models. The added clinical utility of protein biomarkers was
investigated using bootstrap bias-corrected decision curve analyses.

Findings Aggregate data from 28 primary studies (6127 participants) were included, of which 8 studies (1790 par-
ticipants) provided individual participant data. CA19-9 was significantly more accurate than MIC-1 for distinguishing
pancreatic cancer from benign disease (AUC, 0.83 vs 0.74; relative diagnostic odds ratio [rDOR], 2.10 [95% CI,
0.98–4.48]; p = 0.002), THBS2 (AUC, 0.87 vs 0.69; rDOR, 4.53 [2.16–9.39]; p < 0.0001), TIMP-1 (AUC, 0.91 vs
0.70; rDOR, 8.00 [3.81–16.9]; p < 0.0001), OPN (AUC, 0.89 vs 0.74; rDOR, 4.22 [1.13–15.6]; p < 0.0001), ICAM-1
(AUC, 0.91 vs 0.68; rDOR 9.30 [0.87–99.5]; p < 0.0001), and IGFBP2 (AUC, 0.91 vs 0.68; rDOR, 4.48 [0.78–24.3];
p < 0.0001). The addition of these novel protein biomarkers to CA19-9 did not significantly improve the AUC,
and resulted in minor increases or limited decreases in clinical utility.

Interpretation Novel protein biomarkers have moderate diagnostic accuracy, do not outperform CA19-9 in
differentiating pancreatic cancer from benign disease, and show limited added clinical value to CA19-9. We
propose recommendations to aid the development of minimally invasive diagnostic tests with sufficient clinical
utility to improve the management of patients with suspected pancreatic cancer.
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Research in context

Evidence before this study
Pancreatic ductal adenocarcinoma (PDAC) is an aggressive
disease with an overall poor prognosis and poses a major
diagnostic challenge due to a lack of accurate biomarkers.
Carbohydrate antigen 19-9 (CA19-9) is currently the main
blood-based biomarker in clinical use for pancreatic
cancer, but has a very low diagnostic power. Although
numerous protein biomarkers for diagnosing PDAC have
been discovered in recent years, it is unclear whether
these proteins outperform CA19-9 or have added clinical
value to CA19-9. To investigate the diagnostic accuracy
and added value of these proteins, we conducted
systematic literature searches in the bibliographic
databases Medline, Embase, Wiley/Cochrane Library, and
Web of Science (Core Collection) from inception up to
June 15, 2022, in collaboration with a medical
information specialist. We included diagnostic accuracy
studies that evaluated the diagnostic performance of
blood-based protein biomarkers for PDAC, and we
requested individual participant data of all included
studies.

Added value of this study
To date, this meta-analysis is the most comprehensive in
evaluating the diagnostic accuracy of novel blood-based
proteins to detect PDAC, and their added clinical utility to
CA19-9. Our findings indicate that novel protein biomarkers
show poor or moderate diagnostic accuracy, and do not
outperform CA19-9 in distinguishing PDAC from benign
disease. In addition, the added clinical value of novel protein
biomarkers to CA19-9 is either limited or unknown.

Implications of all the available evidence
This study shows that currently recognized protein
biomarkers are not sufficiently accurate to be prospectively
validated or clinically implemented. Novel biomarkers and
prediction models should demonstrate sufficient added value
over CA19-9 in terms of diagnostic accuracy and clinical
utility, before validation or implementation. We propose
recommendations for future studies investigating diagnostic
blood-based protein biomarkers for PDAC. These will help to
improve blood-based diagnostic biomarker research practice,
stimulate efficient use of laboratory resources, and prevent
unnecessary diagnostic testing of patients.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) poses a ma-
jor diagnostic and therapeutic challenge as symptoms
often develop in an advanced disease stage and these
patients typically are diagnosed too late.1 Consequently,
the prognosis for patients with PDAC is poor, with a
dismal relative 5-year survival rate of 10.8%.2 The op-
portunity for improving this prognosis lies foremost in
accurate and early disease detection, which could aid
earlier treatment initiation, and increase the possibility
of surgical intervention.3

The modalities currently used for diagnosing PDAC
are a combination of clinical symptoms combined with
radiological findings, and pathological confirmation of
the diagnosis by fine-needle aspiration or brush
cytology. These diagnostic measures are invasive and
time-consuming – and often the diagnosis remains
inconclusive until after surgery is performed.3 Carbo-
hydrate antigen 19-9 (CA19-9) is a protein most
commonly used as a non-invasive tumor biomarker for
patients suspected of PDAC. CA19-9 is produced in
normal pancreas tissue, but can be highly expressed by
cancerous pancreatic cells and is therefore regarded as a
tumor marker that can support the diagnosis of PDAC.
However, as its diagnostic power is perceived to be
limited – with a reported sensitivity and specificity be-
tween 82% and 91% – it is mainly used for monitoring
disease and follow-up after therapy.4 Additionally, Lewis-
negative patients are not able to produce CA19-9, which
hampers its diagnostic utility. As such, an efficient,
accurate, and minimally invasive method for diagnosing
PDAC remains an unmet medical need.

In recent years, many potential blood-based diag-
nostic biomarkers have been investigated, such as
circulating tumor cells and DNA, or microRNAs.
However, none of these potential biomarkers have
reached the phase of validation and implementation in
the clinic. The addition of protein biomarkers to CA19-9
could offer a feasible and easily implementable diag-
nostic aid.5,6 These blood-based biomarkers would likely
not replace but complement the current diagnostic
pipeline at the onset of presentation of a patient, and
could potentially save time and prevent invasive
procedures.

Several studies have focused on detection of blood
proteins or protein panels which may be of diagnostic
value for patients with PDAC. A systematic review and
meta-analysis of blood-based diagnostic proteins in
comparison with and in addition to CA19-9 is currently
lacking. This systematic review and meta-analysis eval-
uates the pooled diagnostic accuracy of blood-based
proteins to detect PDAC, and their incremental clin-
ical utility over CA19-9.
Methods
This systematic review and meta-analysis is reported in
accordance with the Preferred Reporting Items for
Systematic Review and Meta-Analysis of Diagnostic Test
Accuracy Studies Statement.7,8
www.thelancet.com Vol 55 January, 2023
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Search strategy
Systematic literature searches were conducted in the
bibliographic databases Medline, Embase, Wiley/
Cochrane Library and Web of Science (Core Collec-
tion) from inception up to November 2, 2021, in
collaboration with a medical information specialist. An
updated search was conducted on June 15, 2022.
Reference lists of primary studies and review articles
were screened for additional publications. The full
search strategies for all databases can be found in the
Supplementary Appendix.
Eligibility criteria
Articles were included that collected blood samples at
the time of diagnosis and reported the diagnostic ac-
curacy of blood-based protein biomarkers for PDAC in
adults. Studies were excluded that collected blood sam-
ples after chemotherapy, included less than ten patients
in either the PDAC or the control group, did not use
histopathological diagnosis as the reference standard for
diagnosing PDAC, or did not provide enough data to
construct two-by-two diagnostic contingency tables. For
comparative studies between CA19-9 and blood-based
proteins, articles were included that used a fully paired
or randomized design.
Study selection and screening
Two reviewers (L.N.C.B. and M.A.) independently
screened all potentially relevant titles and abstracts for
eligibility. The full text of potentially eligible articles
was checked for the inclusion criteria (Supplementary
Table S1), and differences in judgement were resolved
through a consensus procedure. Corresponding au-
thors of all included studies were contacted three
times over the course of a month to request individ-
ual participant data (IPD) and to inquire whether any
unpublished data regarding diagnostic protein bio-
markers for PDAC were available. IPD data of eight
studies were obtained, the data of five other studies
were not available anymore, six studies did not have
the requested information readily available, and au-
thors of nine studies did not respond.
Data extraction and quality assessment
Two authors (L.N.C.B. and M.A.) independently
extracted data from primary studies using piloted
forms. A modified Quality Assessment of Diagnostic
Accuracy Studies 2 (QUADAS-2) tool was used for
diagnostic test accuracy studies and the QUADAS-C
tool for comparative designs.9,10 These tools were
adapted to incorporate additional signaling questions
regarding the use of data-driven selection of optimal
cutoffs, timing of blood collection, and choice of
reference standards.
www.thelancet.com Vol 55 January, 2023
Data synthesis and statistical analysis
To account for expected between-study variability in
reported thresholds and jointly synthesize sensitivity
and specificity, the diagnostic test accuracy of each
biomarker was summarized across studies using a
generalized nonlinear mixed modeling approach, ie,
with the Rutter and Gatsonis hierarchical summary
receiver operating characteristic (HSROC) model.11 Due
to a low number of studies, a symmetric HSROC model
(ie, without the shape parameter) was fitted to facilitate
convergence of the model.

Direct comparisons between index tests, eg, MIC-1
and CA19-9, were performed by including test type as a
covariate to the symmetric HSROC model and calcu-
lating the diagnostic odds ratio (DOR) of each index test.
The DOR is a summary measure of diagnostic accuracy
and describes how many times higher the odds of a
positive test are for a patient with PDAC than for a pa-
tient without PDAC. Non-informative tests have a DOR
close to 1, while highly accurate tests have a DOR
considerably higher than 1. For comparisons between
single blood-based proteins and CA19-9, the relative
diagnostic odds ratio (rDOR) is the ratio of the bio-
markers’ respective DORs and describes the extent to
which protein biomarkers outperform CA19-9. There-
fore, an rDOR higher than 1 indicates a superior accuracy
of protein biomarkers compared to CA19-9. Additionally,
the diagnostic performance of protein biomarkers in
distinguishing PDAC from healthy controls was
compared with their accuracy in distinguishing PDAC
from benign disease. In these meta-regression analyses,
an rDOR lower than 1 indicates that the protein
biomarker has a lower accuracy in PDAC vs benign dis-
ease compared with PDAC vs healthy controls. The area
under the summary receiver operating characteristic
(SROC) curve was estimated with numerical integration.

If frequentist HSROC models gave unreliable vari-
ance estimates of the accuracy parameter despite at-
tempts at improving estimation of model parameters, a
Bayesian symmetric HSROC model was fitted instead
using Markov Chain Monte Carlo simulation, and 95%
credible intervals (CrIs) were computed for parameters
of interest. Prior distributions and other components of
the modelling process (eg, the number of iterations and
chains) were taken from version 2.0 of the Cochrane
Handbook for Systematic Reviews of Diagnostic Test
Accuracy.

For all HSROC meta-regression analyses, frequentist
likelihood ratio tests were used to determine the statis-
tical significance of removing covariates from the
HSROC meta-regression model, if the model’s conver-
gence criterion was satisfied. If the variance of the ac-
curacy parameter was estimated with high uncertainty
despite convergence of the frequentist HSROC model, a
likelihood ratio test was performed for statistical testing
and a Bayesian HSROC model was used for estimation
of model parameters.
3
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Additionally, a pooled area under the curve (AUC)
was estimated in a meta-analysis of the AUC of the
primary studies, unless AUC estimates from fewer than
three studies were available or very high between-study
heterogeneity was observed. Specifically, the logit-
transformed AUC from each study was used to esti-
mate a pooled AUC in a random-effects meta-analysis
with a restricted maximum likelihood estimator and
Jackson’s modification of the Hartung-Knapp-Sidik-
Jonkman variance correction.12 If studies did not
report confidence intervals, the standard error of the
AUC was approximated with Newcombe’s method.13

Heterogeneity in the HSROC analysis was assessed
through visual inspection of SROC plots and was
explored through meta-regression analyses. Between-
study heterogeneity in the meta-analysis of AUC esti-
mates was assessed using τ2 (reported on the logit
scale), whereas the proportion of variability due to
between-study heterogeneity was assessed using the I2

statistic.14 We used meta-regression analyses to identify
possible sources of heterogeneity, and used an R2 sta-
tistic to study the potential importance of predictor
variables (eg, serum vs blood, or the type of control
group [healthy donors or benign disease]), as described
previously.15 This R2 statistic was defined as the pro-
portion of total between-study heterogeneity that can be
explained by incorporating a predictor variable into the
meta-regression model.

A two-stage IPD meta-analysis was performed to
assess the added diagnostic value of protein biomarkers
to CA19-9. In the first stage, the increase in AUC and
corresponding confidence intervals were obtained using
either the Hanley-McNeil method or using bootstrap
resampling to account for the correlation between the
AUCs of the two models.16,17 In the second stage, results
were pooled across studies in a random-effects meta-
analysis with a restricted maximum likelihood estimator
and modified Hartung-Knapp-Sidik-Jonkman confi-
dence intervals.

The added clinical value of protein biomarkers to
CA19-9 was evaluated using the IPD data of primary
studies. For each study, overoptimism-corrected deci-
sion curve analyses were performed using 1000 repeats
of Harrell’s bootstrap resampling procedure to compare
the clinical utility of a prediction model using both
CA19-9 and another protein biomarker with the clinical
utility of a prediction model using CA19-9 only.18–20 At
each decision threshold, the difference in standardized
net benefit of the models was calculated to obtain the
incremental clinical utility of the single protein
biomarkers.

Two sets of sensitivity analyses were performed.
First, for all eighteen HSROC meta-regression analyses,
we restricted the analysis to comparative studies, which
give unbiased estimates of relative accuracy.10,21 Second,
for the decision curve analysis, we varied the prevalence
of early-stage PDAC (ie, the pre-test probability), as pre-
test probabilities cannot be estimated from multiple-
gate (‘diagnostic case–control’) studies.

A formal statistical investigation of potential publi-
cation bias, ie, with Deeks’ test, was not performed,
given the low power of funnel plot asymmetry tests to
detect publication bias and small-study effects in the
context of diagnostic test accuracy studies.8,22

A two-sided p-value of less than 0.05 was considered
as statistically significant. All analyses were performed
in R, version 4.2.1 (R Foundation for Statistical
Computing), Stata, version 17.0 (StataCorp LLC), and
SAS, version 9.4 (SAS Institute Inc.). Additional infor-
mation regarding the statistical analyses is provided in
the supplements.
Role of the funding source
The funders had no role in the study design, data
collection, analysis, interpretation, writing of the report,
and in the decision to submit the paper for publication.
L.N.C.B. and M.A. had full access to and verified the
data in the study, and all authors had final responsibility
for the decision to submit for publication.
Results
Search results
The literature search yielded 11,999 records, of which
7752 remained after removal of duplicates. Upon initial
title and abstract screening, 7450 articles were excluded,
and the remaining 302 articles were retained for full-text
screening (Fig. 1). Of these, 28 studies met the eligibility
criteria, reporting data on 6127 individuals (2770
patients with PDAC, 2082 healthy controls, and 1275
patients with benign disease).23–50 Additionally, individ-
ual participant data from eight studies were
obtained.24,25,28,33,38,43,48,49
Study characteristics and risk of bias
The characteristics of all included studies are summa-
rized in Supplementary Table S2. In total, 23 included
studies (82%) assessed the diagnostic accuracy of blood-
based proteins in 2579 patients with PDAC and 2082
healthy controls with a median of 62 patients with
PDAC (IQR, 50–85) and a median of 50 healthy controls
(IQR, 37–93) per study.23,25–29,32–34,36–43,45–50 The diagnostic
test performance of protein biomarkers in PDAC vs
benign disease was investigated in 21 studies (75%),
comprising a total of 2229 patients with PDAC patients
(median number per study, 62; IQR, 40–84) and 1275
patients with benign disease (median, 40; IQR,
24–86).23–26,29–35,37,38,40,42–45,48–50

The risk of bias of all included studies is summa-
rized in Supplementary Fig. S1. All studies, except for
the study of Byrling et al.25 and Hogendorf et al.,30 were
rated at high or unclear risk of bias in the patient
www.thelancet.com Vol 55 January, 2023
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Fig. 1: Overview of the study selection process.
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selection domain due to the use of multiple-gate (‘case–
control’) designs or clinically unrepresentative control
populations (ie, only healthy controls as the control
group). Four studies (14%) were rated at high risk of
bias in the index test domain30,35,38,46 because they used
data-driven cut-off selection methods (eg, with the
Youden index) to obtain optimal thresholds, which
overestimate diagnostic performance estimates, espe-
cially in cases of low sample sizes.51 For an additional
four studies it was unclear whether thresholds were pre-
specified.27,40,45,47

In total, six proteins were analyzed in a sufficient
number of studies to warrant their inclusion in the
diagnostic meta-analysis: macrophage inhibitory
www.thelancet.com Vol 55 January, 2023
cytokine 1 (MIC-1), thrombospondin-2 (THBS2), tissue
inhibitor of metalloproteinase 1 (TIMP-1), osteopontin
(OPN), intercellular adhesion molecule 1 (ICAM-1), and
insulin-like growth factor-binding protein 2 (IGFBP2).
MIC-1
MIC-1 was the best performing protein in distinguish-
ing PDAC from healthy controls (Fig. 2A and
Supplementary Fig. S2A) with an area under the SROC
curve (AUSROC) of 0.93 (95% CI 0.88–0.97). In
HSROC meta-regression models, MIC-1 demonstrated
higher accuracy than CA19-9 (rDOR 2.32 [95% CI
1.28–4.14]; p < 0.0001; Fig. 3A). However, there was
5
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Fig. 2: SROC curves for PDAC vs healthy controls (A) and PDAC vs benign disease (B). SROC curves are truncated at their respective maximal
and minimal observed specificities. Extrapolation beyond these regions is indicated by the dashed lines. 95% CrI, 95% credible interval; AUC,
area under the summary receiver operating characteristic (SROC) curve; BD, benign pancreatic diseases; HC, healthy controls; N, number of
studies; PDAC, pancreatic ductal adenocarcinoma.
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strong evidence that MIC-1 was less accurate than
CA19-9 for PDAC vs benign disease (rDOR 0.48 [95% CI
0.22–1.02]; p = 0.002; Fig. 3B). MIC-1 was substantially
less accurate in distinguishing PDAC from benign dis-
ease than in distinguishing PDAC from healthy controls
(rDOR 0.14 [95% CrI 0.04–0.48]; p < 0.0001; Fig. 4). The
addition of MIC-1 to CA19-9 did not significantly
improve the diagnostic accuracy for differentiating
PDAC from benign disease (increase in AUC 0.07 [95%
CI −0.07 to 0.21]; τ2 0.00 [0.00–0.13]; I2 73% [0–99%];
Supplementary Fig. S5A). However, the confidence in-
terval for the increase in AUC was wide and was
compatible with both large decreases and substantial
increases in diagnostic accuracy.
THBS2
THBS2 showed a lower diagnostic accuracy than CA19-
9, both for PDAC vs healthy controls (rDOR 0.37 [95%
CI 0.10–1.46]; p = 0.002) and for PDAC vs benign dis-
ease (rDOR 0.22 [95% CI 0.11–0.46]; p < 0.0001). Like
MIC-1, THBS2 demonstrated lower accuracy in PDAC
vs benign disease than in PDAC vs healthy controls
(rDOR 0.12 [95% CI 0.06–0.27]; p < 0.0001). The com-
bination of CA19-9 and THBS2 did not substantially
improve diagnostic accuracy over CA19-9 alone for
PDAC vs benign disease (increase in AUC 0.03 [95%
CI −0.01 to 0.07]; τ2 0.00 [0.00–0.01]; I2 60% [0–94%];
Supplementary Fig. S5B). However, for PDAC vs
healthy controls, a significant increase in the AUC was
observed when combining THBS2 with CA19-9 in a
prediction model (increase in AUC 0.07 [95% CI
0.03–0.11]; τ2 0.00 [0.00–0.01]; I2 32% [0–95%];
Supplementary Fig. S5C). For both comparisons, con-
fidence intervals for I2 were very wide, indicating high
uncertainty around the proportion of total variability that
is due to between-study heterogeneity. However, the τ2

statistic and its corresponding confidence interval indi-
cated low between-study heterogeneity.
TIMP-1
Like THBS2, TIMP-1 was significantly less accurate
than CA19-9 for PDAC vs healthy controls (rDOR 0.33
[95% CI 0.19–0.58]; p < 0.0001), and for PDAC vs benign
disease (rDOR 0.12 [95% CI 0.06–0.26]; p < 0.0001).
TIMP-1 performed markedly worse for PDAC vs benign
disease compared with PDAC vs healthy controls
(AUSROC 0.73 vs 0.92; rDOR 0.13 [95% CI 0.06–0.30];
p < 0.0001). Results were similar when restricting the
analysis to comparative studies only (Supplementary
Figs. S6 and S7).
OPN
Five studies provided AUC values for the detection of
PDAC by OPN with healthy controls as the control
population (pooled AUC 0.82 [95% CI 0.67–0.91]).
Substantial between-study heterogeneity was observed
in this meta-analysis (τ2 0.35 [95% CI 0.09–3.09]),
although the confidence interval for τ2 was wide and
was compatible with both modest and very high
www.thelancet.com Vol 55 January, 2023
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Fig. 4: Relative diagnostic accuracy of protein biomarkers for PDAC vs healthy controls and PDAC vs benign disease. An rDOR lower than 1
indicates that the protein biomarker has a lower accuracy for pancreatic ductal adenocarcinoma vs benign disease compared with the protein’s
accuracy for pancreatic ductal adenocarcinoma vs healthy controls. CrI, credible interval (derived from Bayesian hierarchical models); PDAC,
pancreatic ductal adenocarcinoma.
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between-study heterogeneity. For PDAC vs healthy
controls, there was strong evidence that OPN had a
lower accuracy compared with CA19-9 (AUSROC 0.87 vs
0.93; rDOR 0.33 [95% CI 0.17–0.64]; p < 0.0001;
Fig. 4A). Similarly, CA19-9 outperformed OPN for
PDAC vs benign disease (AUSROC 0.89 vs 0.74; rDOR
0.24 [95% CI 0.06–0.89]; p < 0.0001). With PDAC vs
healthy controls as the reference group, the perfor-
mance of OPN was significantly lower for PDAC vs
benign disease (AUSROC 0.89 vs 0.71; rDOR 0.17 [95%
CI 0.08–0.38]; p < 0.0001).
ICAM-1
The discriminatory power of ICAM-1 was similar to
CA19-9 when assessing their performance in PDAC vs
healthy controls (AUSROC 0.83 vs 0.85), and there was
no evidence that ICAM-1 had a higher accuracy
compared to CA19-9 (p = 0.53). However, there was
evidence of a lower accuracy (p = 0.003) of ICAM-1 for
Fig. 3: Relative diagnostic accuracy of proteins and CA19-9 as diagn
benign disease (B). Individual studies are presented as symbols, and he
connecting two symbols. An rDOR lower than 1 indicates that the protein
interval (derived from Bayesian hierarchical models); PDAC, pancreatic du
PDAC vs benign disease compared with PDAC vs
healthy controls, and ICAM-1 demonstrated both a
significantly lower test positivity rate (p < 0.0001) and a
lower overall accuracy than CA19-9 (AUSROC 0.68 vs
0.91; rDOR 0.11 [95% CI 0.01–1.15]; p < 0.0001) when
assessed as a diagnostic biomarker for PDAC vs benign
disease (Fig. 3B).
IGFBP2
IGFBP2 had the lowest accuracy of all included proteins
in distinguishing PDAC from healthy controls with a
pooled AUC of 0.75 (95% CI 0.58–0.86). Although
moderate between-study heterogeneity was observed in
this meta-analysis (τ2 0.18 [95% CI 0.03–2.82]), no def-
inite inference about the extent of heterogeneity can be
drawn due to a wide confidence interval. In HSROC
meta-regression analyses, IGFBP2 performed markedly
worse than CA19-9, both as a diagnostic biomarker for
PDAC vs healthy controls (AUSROC 0.72 vs 0.90; rDOR
ostic biomarkers for PDAC vs healthy controls (A) and PDAC vs
ad-to-head comparisons within studies are indicated with grey lines
biomarker has a lower diagnostic accuracy than CA19-9. CrI, credible
ctal adenocarcinoma.
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0.16 [95% CI 0.04–0.55]; p < 0.0001), and as a diagnostic
biomarker for PDAC vs benign disease (0.68 vs 0.86;
rDOR 0.22 [95% CrI 0.04–1.28]; p < 0.0001).
Clinical implications
The clinical implications of implementing blood-
based protein biomarkers as a triage test in the
management of suspected PDAC are summarized in
Supplementary Table S8. In a hypothetical cohort of
1000 patients with suspected PDAC, assuming a
prevalence of 30%, the use of MIC-1 — the best
performing protein — as a triage test would
correctly classify 186 out of 300 patients with PDAC
(ie, 114 PDAC patients would be missed), whereas
154 out of 700 patients without PDAC would be
incorrectly classified as having PDAC. The results
for other pre-test probabilities are provided in
Supplementary Table S8.
Added clinical value of protein biomarkers to
CA19-9
In a re-analysis of eight primary studies that pro-
vided patient-level data,24,25,28,33,38,43,48,49 the addition of
protein biomarkers to CA19-9 resulted in either
minor improvements or limited decreases in clinical
utility, both for early-stage PDAC vs healthy controls
(Fig. 5A) and for early-stage PDAC vs benign dis-
ease (Fig. 5B). Differences in clinical utility were
negligible at relevant decision thresholds (5–30%).
Results were consistent across several sensitivity
analyses, in which different pre-test probabilities
were assumed (Supplementary Fig. S8A–D). The
discrimination, calibration, and clinical utility of
CA19-9, protein biomarkers, and their combination
for all studies that provided patient-level data are
provided in Supplementary Figs. S9–S16 for all-stage
PDAC vs benign disease.
Discussion
This first meta-analysis on the accuracy of diagnostic
blood-based proteins in comparison to CA19-9 in pa-
tients with PDAC, identified the following potentially
promising proteins: MIC-1, THBS2, TIMP-1, OPN,
ICAM-1, and IGFBP2. These proteins did not outper-
form CA19-9 in differentiating between PDAC and
benign disease, and resulted in limited added clinical
value when combined with CA19-9 in a prediction
model. The identification and implementation of accu-
rate diagnostic biomarkers is crucial for fast and effi-
cient diagnosis, to ultimately improve outcomes and
prevent unnecessary interventions for patients with
suspected PDAC.

Studies included in this systematic review and meta-
analysis which analyzed protein expression in pre-
www.thelancet.com Vol 55 January, 2023
treatment blood samples of patients with PDAC vs
non-PDAC controls, generally found divergent results,
and many of the investigated protein biomarkers have
not been evaluated across multiple studies. Neverthe-
less, research suggests that these proteins play a sig-
nificant role in PDAC carcinogenesis related activities,
such as proliferation, migration, apoptosis, or angio-
genesis, and therefore could prove to be of diagnostic
value for patients with PDAC.50 For instance, MIC-1, a
macrophage inhibitory cytokine, is dysregulated under
pathological conditions such as inflammation and in the
presence of various cancers and it could indeed be an
indicator for PDAC development.45 TIMP-1 plays a
crucial role in extracellular matrix composition, and
aberrant expression of this protein could indeed indicate
stroma development.52 These proteins could possibly be
further evaluated for their predictive or prognostic
capability, but, considering their pooled diagnostic ac-
curacy compared to CA19-9, are not likely to singularly
replace CA19-9 as diagnostic biomarker in the near
future.

MIC-1 was slightly more accurate than CA19-9 in the
pooled comparison between patients with PDAC and
healthy controls, a group which does not accurately
reflect the clinical setting in which these biomarkers
most likely would be implemented. In further analyses
of MIC-1, THBS2, TIMP-1, OPN, ICAM-1, and IGFBP2
in cohorts with PDAC patients vs benign disease, the
performance of all biomarkers deteriorates significantly,
and CA19-9 consistently showed a superior diagnostic
performance. This could be because these proteins are
aberrantly expressed in both inflammatory and malig-
nant processes. As the majority of the investigated non-
PDAC control groups consists of healthy controls, the
protein biomarkers are often not validated in clinically
representative cohorts and therefore their accuracy may
be overestimated due to spectrum effects.53,54 To accu-
rately map a clinical setting, a cohort consisting of pa-
tients with PDAC and patients with benign pancreatic
diseases is indispensable, as distinguishing malignant
from benign disease forms an important aspect of the
clinical diagnostic problem. Few studies indeed include
this rationale and focus primarily on PDAC vs healthy
controls, in which the protein biomarkers generally will
perform better than CA19-9, as serum levels of this
protein biomarker will not be elevated in both groups,
contrary to a comparison of malignant and benign
conditions.55

Considering the methodological deficiencies
described above, it is of value to propose recommen-
dations for future diagnostic biomarker research for
PDAC patients.

First, the design of the study should match the
clinical setting in which the test is intended to be used.
As such, discovery and particularly validation of novel
serum or plasma protein biomarkers for PDAC should
primarily be conducted using benign pancreatic
9
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diseases as control group, rather than solely healthy
controls. In general, use of a single-gate design is rec-
ommended, and studies should aim to assess bio-
markers in patients with suspected PDAC as their target
population. Specifically, this means recruiting a cohort
of patients with suspected PDAC (ie, prior to final
diagnosis), rather than using a multiple-gate design
(‘case–control design’) in which patients with PDAC and
controls (eg, chronic pancreatitis) are recruited
separately.

Second, studies that aim to discover or validate novel
protein biomarkers should preferably also assess the
diagnostic performance of previously discovered prom-
ising biomarkers. This approach would facilitate more
accurate estimation of the diagnostic performance of
protein biomarkers across a range of studies.

Third, novel biomarkers should be assessed for
their added value to CA19-9 and other routinely
measured biomarkers. High diagnostic accuracy of a
single protein biomarker is, on its own, generally
insufficient to warrant further consideration of the
protein in external validation or clinical impact
studies. Rather, novel protein biomarkers should
demonstrate sufficient added value – in terms of
diagnostic accuracy and potential clinical utility –

when added to prediction models using inexpensive
and routinely measured markers, such as clinical
symptoms, CA19-9, and bilirubin.

Fourth, clinical prediction models should adhere to
minimum sample size requirements, both during
development56 and external validation,57 to prevent
overoptimism in model performance estimates, in-
crease the likelihood of adequate performance at
external validation, and allow accurate estimation of key
performance metrics of the model. In general, predic-
tion models should be developed, validated, and re-
ported in accordance with the TRIPOD-statement.58

Lastly, the cost-effectiveness and impact of success-
fully externally validated prediction models on clinical
decision making and patient outcomes should be eval-
uated in prospective studies.

The evidence base of this meta-analysis should be
assessed in light of several limitations. First, there is
considerable heterogeneity among the included studies.
The most important source of heterogeneity was
whether the control group consisted of healthy controls
or benign diseases. This factor alone explained 66%
Fig. 5: Incremental clinical utility of protein biomarkers in individu
standardized net benefit. The sNB can have negative values (clinical harm)
clinical utility). The threshold probability of disease indicates the minimum
are considered. For instance, if a clinician performs 100 biopsies to find 20
detecting one PDAC case is deemed to be ([100-20]/20=) 4 times higher
sNB of 0 indicates that adding a protein biomarker to CA19-9 in a predi
difference in sNB of lower than 0 (grey shaded region in the plots) indicat
harm compared with using CA19-9 only in the management of suspecte

www.thelancet.com Vol 55 January, 2023
(median R2 for all biomarkers; range, 24–82%) of the
heterogeneity that was observed in the AUC of the
biomarkers. To account for this source of heterogeneity
and explore its impact on the diagnostic accuracy of
biomarkers, we performed stratified analyses and meta-
regression analyses, respectively. However, due to a lack
of studies we could not account for the specific
composition of the benign disease control group. Thus,
it is not possible to conclude whether the performance
of biomarkers varies per patient group; eg, to specify
whether MIC-1 accurately distinguishes PDAC from
chronic pancreatitis but cannot accurately distinguish
PDAC from acute pancreatitis or a benign biliary
obstruction. For this reason, our meta-analysis merges
the benign group as one group, even though important
clinically distinct benign diseases then remain unac-
knowledged. The impact of other potential sources of
heterogeneity, such as type of blood sample (serum vs
plasma [R2, 0.63%]) and type of test comparison (direct
vs indirect comparisons), was limited and did not
change the conclusions of our analyses.

Second, the use of optimal threshold selection
methods (eg, with the Youden index) for protein bio-
markers could have resulted in overoptimistic perfor-
mance estimates of the proteins compared with CA19-9
in the HSROC analysis. Therefore, a separate meta-
analysis of the AUCs was also conducted, as this
approach is invariant to data-driven cut-off selection
methods.

In conclusion, the present findings suggest that not
one protein biomarker outperforms CA19-9 as a diag-
nostic marker for distinguishing PDAC from benign
disease in clinically relevant studies, and that these
single protein biomarkers offer limited added clinical
value over CA19-9 alone. There is room for improve-
ment of the pipeline for biomarker discovery. Initially,
biomarkers should be critically assessed for their added
value to readily available clinical information and
biomarkers, especially CA19-9. Subsequently, the
clinical consequences of implementing a novel test
should prospectively be assessed to determine the
clinical utility of the test in addition to or relative to
routinely measured markers and the current diagnostic
pathway. These outcomes should intensively be
researched and reported, to benefit diagnostics and
ultimately treatment and prognosis for patients
suffering from PDAC.
al studies. PDAC indicates pancreatic ductal adenocarcinoma; sNB,
, and typically ranges between 0 (no clinical utility) and 1 (maximum
risk of disease a patient needs to have before certain interventions

PDAC cases, then the threshold probability is 20%, and the benefit of
than the harm of performing one unnecessary biopsy. A difference in
ction model has no added clinical value over using CA19-9 alone. A
es that adding a protein biomarker to CA19-9 would result in clinical
d PDAC.

11

www.thelancet.com/digital-health


Articles

12
Contributors
The study was designed by L.N.C.B. and M.A. L.N.C.B. and M.A.
collected and verified the data. M.A. performed the statistical analyses.
All authors were involved in interpretation of the data, and contributed
to drafting the manuscript and critical revision of the manuscript with
regard to important intellectual content. All authors approved the final
version of the manuscript prior to submission.

Data sharing statement
Individual patient data are available upon permission from corre-
sponding authors of the primary studies. Aggregate data are provided in
the main text and the supplemental material.
Declaration of interests
We declare no competing interests.
Acknowledgements
This study was supported by the Bennink Foundation (L.N.C.B., M.A.,
T.Y.S.L.L.,. E.G., and G.K.). E.G. and G.K. were additionally supported
by the Dutch Cancer Foundation (grant #13598 and grant #10401) and
start-up AIRC grant.
Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.eclinm.2022.101747.

References
1 McGuigan A, Kelly P, Turkington RC, Jones C, Coleman HG,

McCain RS. Pancreatic cancer: a review of clinical diagnosis,
epidemiology, treatment and outcomes. World J Gastroenterol.
2018;24(43):4846.

2 Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021.
CA Cancer J Clin. 2021;71(1):7–33.

3 Chu LC, Goggins MG, Fishman EK. Diagnosis and detection of
pancreatic cancer. Cancer J. 2017;23(6):333–342.

4 Zhang Y, Yang J, Li H, Wu Y, Zhang H, Chen W. Tumor markers
CA19-9, CA242 and CEA in the diagnosis of pancreatic cancer: a
meta-analysis. Int J Clin Exp Med. 2015;8(7):11683.

5 Wood LD, Canto MI, Jaffee EM, Simeone DM. Pancreatic cancer:
pathogenesis, screening, diagnosis and treatment. Gastroenterology.
2022;163(2):386–402.

6 Pereira SP, Oldfield L, Ney A, et al. Early detection of pancreatic
cancer. Lancet Gastroenterol Hepatol. 2020;5(7):698–710.

7 McInnes MD, Moher D, Thombs BD, et al. Preferred reporting items
for a systematic review and meta-analysis of diagnostic test accuracy
studies: the PRISMA-DTA statement. JAMA. 2018;319(4):388–396.

8 Salameh J-P, Bossuyt PM, McGrath TA, et al. Preferred reporting
items for systematic review and meta-analysis of diagnostic test
accuracy studies (PRISMA-DTA): explanation, elaboration, and
checklist. BMJ. 2020;370:m2632.

9 Whiting PF, Rutjes AW, Westwood ME, et al. QUADAS-2: a revised
tool for the quality assessment of diagnostic accuracy studies. Ann
Intern Med. 2011;155(8):529–536.

10 Yang B, Mallett S, Takwoingi Y, et al. QUADAS-C: a tool for
assessing risk of bias in comparative diagnostic accuracy studies.
Ann Intern Med. 2021;174(11):1592–1599.

11 Rutter CM, Gatsonis CA. A hierarchical regression approach to
meta-analysis of diagnostic test accuracy evaluations. Stat Med.
2001;20(19):2865–2884.

12 Jackson D, Law M, Rücker G, Schwarzer G. The Hartung-Knapp
modification for randomeffects meta-analysis: a useful refinement
but are there any residual concerns? Stat Med. 2017;36(25):
3923–3934.

13 Newcombe RG. Confidence intervals for an effect size measure
based on the Mann–Whitney statistic. Part 2: asymptotic methods
and evaluation. Stat Med. 2006;25(4):559–573.

14 Rücker G, Schwarzer G, Carpenter JR, Schumacher M. Undue
reliance on I2 in assessing heterogeneity may mislead. BMC Med
Res Methodol. 2008;8(1):1–9.
15 Higgins JP, Li T. Exploring heterogeneity. In: Systematic reviews in
health research: meta-analysis in context. 2022:185–203.

16 Hanley JA, McNeil BJ. A method of comparing the areas under
receiver operating characteristic curves derived from the same
cases. Radiology. 1983;148(3):839–843.

17 Demler OV, Pencina MJ, D’Agostino Sr RB. Misuse of DeLong test
to compare AUCs for nested models. Stat Med. 2012;31(23):2577–
2587.

18 Vickers AJ, Elkin EB. Decision curve analysis: a novel method for
evaluating prediction models. Med Decis Making. 2006;26(6):565–
574.

19 Harrell FE. Regression modeling strategies: with applications to linear
models, logistic regression, and survival analysis. Springer; 2001.

20 Steyerberg EW, Pencina MJ, Lingsma HF, Kattan MW, Vickers AJ,
Van Calster B. Assessing the incremental value of diagnostic and
prognostic markers: a review and illustration. Eur J Clin Invest.
2012;42(2):216–228.

21 Takwoingi Y, Leeflang MM, Deeks JJ. Empirical evidence of the
importance of comparative studies of diagnostic test accuracy. Ann
Intern Med. 2013;158(7):544–554.

22 Deeks JJ, Macaskill P, Irwig L. The performance of tests of publi-
cation bias and other sample size effects in systematic reviews of
diagnostic test accuracy was assessed. J Clin Epidemiol.
2005;58(9):882–893.

23 Koopmann J, Buckhaults P, Brown DA, et al. Serum macrophage
inhibitory cytokine 1 as a marker of pancreatic and other peri-
ampullary cancers. Clin Cancer Res. 2004;10(7):2386–2392.

24 Berger AW, Schwerdel D, Reinacher-Schick A, et al. A blood-based
multi marker assay supports the differential diagnosis of early-stage
pancreatic cancer. Theranostics. 2019;9(5):1280.

25 Byrling J, Hilmersson K, Ansari D, Andersson R, Andersson B.
Thrombospondin-2 as a diagnostic biomarker for distal chol-
angiocarcinoma and pancreatic ductal adenocarcinoma. Clin Transl
Oncol. 2022;24(2):297–304.

26 Capello M, Bantis LE, Scelo G, et al. Sequential validation of blood-
based protein biomarker candidates for early-stage pancreatic can-
cer. J Natl Cancer Inst. 2017;109(4):djw266.

27 Chang ST, Zahn JM, Horecka J, et al. Identification of a biomarker
panel using a multiplex proximity ligation assay improves accuracy
of pancreatic cancer diagnosis. J Transl Med. 2009;7(1):1–12.

28 Cohen JD, Javed AA, Thoburn C, et al. Combined circulating tumor
DNA and protein biomarker-based liquid biopsy for the earlier
detection of pancreatic cancers. Proc Natl Acad Sci U S A.
2017;114(38):10202–10207.

29 Faca VM, Song KS, Wang H, et al. A mouse to human search for
plasma proteome changes associated with pancreatic tumor devel-
opment. PLoS Med. 2008;5(6):e123.
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