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and performed in vitro diagnostic tests with prespecified end 
points using 2732 plasma samples. The clinical equivalence 
and significance of apoA2-is were compared with CA19-9.
Results  The point estimate of the area under the curve to 
distinguish between pancreatic cancer (n = 106) and healthy 
controls (n = 106) was higher for apoA2-ATQ/AT [0.879, 
95% confidence interval (CI): 0.832–0.925] than for CA19-9 
(0.849, 95% CI 0.793–0.905) and achieved the primary end 
point. The cutoff apoA2-ATQ/AT of 59.5 μg/mL was defined 
based on a specificity of 95% in 2000 healthy samples, and 
the reliability of specificities was confirmed in two inde-
pendent healthy cohorts as 95.3% (n = 106, 95% CI 89.4–
98.0%) and 95.8% (n = 400, 95% CI 93.3–97.3%). The sensi-
tivities of apoA2-ATQ/AT for detecting both stage I (47.4%) 
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Abstract 
Background  We have previously reported apolipoprotein 
A2-isoforms (apoA2-is) as candidate plasma biomarkers for 
early-stage pancreatic cancer. The aim of this study was the 
clinical development of apoA2-is.
Methods  We established a new enzyme-linked immuno-
sorbent sandwich assay for apoA2-is under the Japanese 
medical device Quality Management System requirements 
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and I/II (50%) pancreatic cancers were higher than those of 
CA19-9 (36.8% and 46.7%, respectively). The combination 
of apoA2-ATQ/AT (cutoff, 59.5 μg/mL) and CA19-9 (37 U/
mL) increased the sensitivity for pancreatic cancer to 87.7% 
compared with 69.8% for CA19-9 alone. The clinical perfor-
mance of apoA2-is was blindly confirmed by the National 
Cancer Institute Early Detection Research Network.
Conclusions  The clinical performance of ApoA2-ATQ/AT 
as a blood biomarker is equivalent to or better than that of 
CA19-9.

Keywords  Blood biomarker · Apolipoprotein 
A2-isoform · Early detection of pancreatic cancer · 
Carbohydrate antigen 19-9 (CA19-9)

Abbreviations
ApoA2-is	� Apolipoprotein-A2 isoforms
AUC​	� Area under the curve
CA19-9	� Carbohydrate antigen 19-9
HRIs	� High-risk individuals
ELISA	� Enzyme-linked immunosorbent assay
HRP	� Horseradish peroxidase
IPMN	� Intraductal papillary mucinous neoplasm
IVD	� In vitro diagnostics
NCI EDRN	� National Cancer Institute Early Detection 

Research Network
NPV	� Negative predictive value
PDAC	� Pancreatic ductal adenocarcinoma
P-EBED	� Platform for evaluating biomarkers of cancer 

early detection
PPV	� Positive predictive value
RUO	� Research use only
ROC	� Receiver-operating characteristic
SD	� Standard deviation
SOP	� Standard operating procedure
UICC	� The Union for International Cancer Control

Background

To reduce the mortality of patients diagnosed with pancre-
atic cancer, there is an urgent need for non-invasive screening 
methods using circulating blood biomarkers for pancreatic 
cancer. Carbohydrate antigen 19-9 (CA19-9) is widely used 
as a serum biomarker for the detection of pancreatic cancer in 
clinical practice, clinical follow-up of the efficacy of chemo-
therapy, monitoring of tumor recurrence, and prediction of 

prognosis of pancreatic cancer patients [1, 2]. However, the 
sensitivity of CA19-9 is not sufficiently high to detect patients 
eligible for curative surgery, and approximately 5–10% of the 
individuals who develop pancreatic cancer lack the enzyme 
for synthesizing CA19-9 [3]. Due to these limitations, CA19-9 
is not currently recommended for use as a biomarker for the 
early detection and screening of pancreatic cancer [4]. Con-
sequently, for the early detection of pancreatic cancer, it is 
necessary to replace CA19-9 or supplement with biomarkers 
that are complementary to CA19-9.

We recently identified unique processing patterns at the 
C-terminal ends of circulating homodimers of apolipopro-
tein-A2 (apolipoprotein-A2 isoform, apoA2-i) in patients 
with pancreatic cancer and high-risk individuals (HRIs) [5]. 
Circulating apoA2-i comprises five isoforms, apoA2-ATQ/
ATQ, apoA2-ATQ/AT, apoA2-AT/AT, apoA2-AT/A, and 
apoA2-A/A, which are named according to the C-terminal 
sequences of the dimers. The alterations of processing pat-
terns, referred to as hyper- or hypo-processing patterns, at 
the C-terminal ends of the amino acids of apoA2 dimers 
are caused by the morbid exocrine function involved in the 
secretion of exopeptidases by the pancreas (Supplemental 
Fig. 1) [6, 7]. In a previous study, we showed that apoA2-
ATQ/AT is significantly reduced in patients with pancreatic 
cancer because the alteration of pancreatic exocrine func-
tions causes aberrant processing of apoA2 dimers. To eas-
ily measure the concentration of apoA2-i, we previously 
developed sandwich enzyme-linked immunosorbent assay 
(ELISA) kits for Research Use Only (RUO) [8] and dem-
onstrated the clinical application of the ELISA RUO kit 
for apoA2-i in several clinical studies focusing on the early 
detection of pancreatic cancer and HRIs [8].

However, the apoA2-i ELISA RUO kit was not designed 
for in vitro diagnostics (IVD) applications in clinical prac-
tice. We established two new assays in which apoA2-ATQ 
and apoA2-AT are measured separately and regenerated a 
sandwich ELISA kit with a novel combination of specific 
antibodies of IVD grade that was produced under the Japa-
nese medical device Quality Management System require-
ments (QMS). In the present study, the performance of the 
apoA2-i ELISA kit for IVD use to discriminate pancreatic 
cancer was compared with that of CA19-9 using predefined 
end points as described in “Materials and methods”.

Materials and methods

Sample collection

Plasma samples and clinical information of all diseased 
and healthy individuals were collected retrospectively and 
managed using the Platform for Evaluating Biomarkers of 
Cancer Early Detection (P-EBED), which was administered 
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by the National Cancer Center Hospital (Tokyo, Japan), 
Hyogo Medical University Hospital (Mukogawa, Japan), 
Yokohama City University Hospital (Yokohama, Japan), 
and Kagoshima Prefectural Comprehensive Health Center 
(Kagoshima, Japan) using the same standard operating pro-
cedure, between April 2017 and May 2021. All participants 
agreed to sample collection and provided written informed 
consent.

Study design

Enrollment criteria for plasma samples

Plasma samples were collected from patients with pan-
creatic, esophageal, gastric, liver, and colorectal cancers, 
intraductal papillary mucinous neoplasms (IPMNs), and 
chronic pancreatitis. Malignancies that received no treat-
ment before sample collection were collected. Healthy 
plasma samples were collected by experimental pancreatic 
cancer screening conducted in Kagoshima Prefecture, Japan 
(UMIN000028015). Experimental pancreatic cancer screen-
ing was performed by enrolling an asymptomatic population 
aged 50 years, as well as individuals who would become 
older than 50 years of age between April 1 and March 31 of 
the following year.

Exclusion of plasma samples

To accurately define the cutoff for healthy persons, par-
ticipants who claimed or originally identified themselves 
healthy but later were with a definitive cancer diagnosis or 
any pancreatic disease were excluded from the study.

Cancer patients with treatment before blood collec-
tion or with a history of other cancer were excluded. One 
patient with pancreatic cancer who could not be diagnosed 
definitively as having pancreatic cancer at the time of blood 
collection was excluded at the discretion of the pancreatic 
specialist.

The healthy samples were selected separately from 8327 
healthy individuals for cutoff setting, cutoff evaluation, and 
clinical performance evaluation testing so as not to duplicate 
each other. The details are described below and are shown 
in Fig. 1.

Cutoff setting for apoA2‑ATQ/AT

From the plasma samples of 8327 healthy individuals, 2000 
were randomly selected for testing. The selection criteria 
are shown in Fig. 1A. The cutoff for apoA2-ATQ/AT was 
defined as specificity of 95% in the 2000 individuals.

Clinical performance test for cutoff evaluation 
of the apoA2‑i ELISA kit for IVD under in vitro diagnostic 
testing conditions

After excluding the 2000 of the 8327 asymptomatic partici-
pants who were the population for setting the cutoff, 400 
healthy individuals were randomly selected. The eligibility 
criteria are shown in Fig. 1A.

Clinical performance evaluation of the apoA2‑i ELISA 
kit for IVD to distinguish pancreatic cancer, chronic 
pancreatitis, and IPMNs compared to CA19‑9 under IVD 
testing conditions

An additional healthy group of 106 individuals was ran-
domly selected from the population of 8327 participants; 
the 2400 healthy individuals used in the two previous tests 
were excluded from this selection (Fig. 1B). Of the plasma 
samples collected from 140 patients with pancreatic cancer 
by P-EBED, samples from a total of 106 patients with pan-
creatic cancer were selected (Fig. 1C). The samples of 30 
patients with IPMN (Fig. 1D) and 10 patients with chronic 
pancreatitis (Fig. 1E) were evaluated. Figure 1 shows the 
selection criteria for the plasma samples of healthy indi-
viduals, pancreatic cancer, chronic pancreatitis, and IPMNs.

Confirmatory test for cross‑reactivity with other cancers

Samples from 30 patients with esophageal cancer, 30 
patients with colorectal cancer, 10 patients with liver cancer, 
and 10 patients with gastric cancer were evaluated.

Ethics approval

The present clinical study was approved by the ethics com-
mittee of Nippon Medical School (A-2020-064, A-2020-
026, and A-2020-044), the central ethics committee of Nip-
pon Medical School (M-2021-018), and the ethics review 
committee of Toray Industries, Inc. (HC2021-49, HC2021-
54, HC2022-19, and HC2022-35).

Configuration and measurement methods for IVD 
evaluation of the apoA2‑i ELISA kit

The concentrations of apoA2-ATQ/ATQ and apoA2-AT/
AT were defined using the apoA2-ATQ and apoA2-AT 
values, respectively, measured by IVD ELISA. Using these 
defined values, the concentration of apoA2-ATQ/AT was 
t h e n  c a l c u l a t e d  u s i n g  t h e  f o r m u l a 
[(apoA2ATQ/AT) = 

√

(

apoA2ATQ*apoA2AT
)

 ], hereafter 
referred to as the APOA2-i Index. Participants with 
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Random selection

Total available (n = 5560)*
*duplicates were excluded

Participants in cut-off setting test of
apoA2-ATQ/AT (n = 2000)

Suspected history or complications of cancer, 
pancreatic disease, or abnormalities (n = 686)

For 2nd use without agreement (n = 85)

Experimental pancreatic cancer screening in Kagoshima 
Prefecture, Japan (n = 8327)

Enrolled (n = 400)

Healthy individuals for the cut-off setting test 
(n = 2000) and cut-off evaluation test (n = 400)A

Participants already enrolled in the clinical 
performance test for cut-off evaluation of 
apoA2-i ELISA kit for IVD under the condition 
of in vitro diagnostic test (n = 400)

Healthy individuals in the clinical 
performance test for evaluating IVD (n = 106)

Random selection

Total available (n = 5372)*
*duplicates were excluded

Participants already enrolled in the cut-off 
setting test of apoA2-ATQ/AT (n = 2000)

Suspected history or complications of cancer 
(n = 370)

For 2nd usage without agreement (n = 85)

Experimental pancreatic cancer screening in Kagoshima 
Prefecture, Japan (n = 8327)

B

Enrolled (n = 106)

Complication of distinct pancreatic diseases or 
abnormalities (n = 112)

C Pancreatic cancer in the clinical performance 
test for evaluating IVD (n = 106)

Pancreatic cancer collected in P-EBED (n = 
140)

Suspected history or 
complications of other cancers 
(n = 10)

Collected after treatment (n = 23)

Judged ineligible by pancreatic 
oncologists (n = 1)

Total available (n = 106)

Enrolled (n = 106)

IPMNs in the clinical performance test for 
evaluating IVD (n = 30)

IPMN collected in P-EBED (n = 57)

Total available (n = 54)

Enrolled (n = 30)

Random selection

D

Suspected history or 
complications of cancers 
(n = 3)

E Chronic pancreatitis in the clinical 
performance test for evaluating IVD (n = 10)

Pancreatitis collected in P-EBED
(n = 19)

Suspected history or complication 
of cancers (n = 3)

Total available (n = 16)

Enrolled (n = 10)

Random selection

Random selection

Fig. 1   Selection criteria and eligibility requirements for enroll-
ment of plasma samples in clinical investigations and the apoA2-i 
ELISA kit for the in vitro diagnostic (IVD) test. A Healthy individ-
uals in the cutoff setting test (n = 2000) and in the cutoff evaluation 
test (n = 400). B Healthy individuals in the clinical performance test 
for evaluating the apoA2-i ELISA kit for IVD (n = 106). C Pancre-

atic cancer in the clinical performance test for evaluating the apoA2-i 
ELISA kit for IVD (n = 106). D IPMNs in the clinical performance 
test for evaluating the apoA2-i ELISA kit for IVD (n = 30). E Chronic 
pancreatitis in the clinical performance test for evaluating the apoA2-
i ELISA kit for IVD (n = 10)
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apoA2-AT or apoA2-ATQ concentrations below the lower 
limit of quantification (< 3.25 μg/mL and < 5.75 μg/mL, 
respectively) were defined as positive cases; i.e., these cal-
culated values were set to 0 μg/mL. The apoA2-i ELISA 
kit for IVD is based on a two-step sandwich method and 
is designed to measure two types of apoA2-i (apoA2-AT 
and apoA2-ATQ) in plasma samples diluted up to 10,000-
fold with sample diluent. The quantitative ranges for 
apoA2-AT and apoA2-ATQ are 0.325–20.8 ng/mL and 
0.575–36.8 ng/mL, respectively.

A total of 100 µL of diluted plasma sample and stand-
ard solution were added to a pan-apoA2-antibody-coated, 
96-well microplate and incubated at room temperature for 
30 min. After washing, horseradish peroxidase (HRP)-con-
jugated-anti-apoA2-AT or HRP-conjugated-anti-apoA2-
ATQ antibody was added for the detection of apoA2-AT or 
apoA2-ATQ, respectively, and the plates were incubated at 
room temperature for 30 min. After further washing, 100 
µL of 3,3ʹ,5,5ʹ-tetramethylbenzidine solution were added 
as the substrate and incubated at room temperature for 
30 min, and the absorbance of each well was measured at 
450 and 650 nm as reference wavelengths. A four-parame-
ter logistic curve generated from the absorbance values of 
the standard solutions was used to calculate the concentra-
tion of each apoA2-i in the sample.

Measurement of CA19‑9 and DUPAN2

CA19-9 concentration was measured using a chemilumi-
nescent enzyme immunoassay kit for CA19-9 measure-
ment (Lumipulse Presto CA19-9; FUJIREBIO Inc., Tokyo, 
Japan). CA19-9 concentrations of < 1.0 U/mL were treated 
as 1.0 U/mL, and those > 10,000 U/mL were treated as 
10,000 U/mL. The cutoff value of CA19-9 was prespecified 
as 37.0 U/mL, as used in clinical settings. ApoA2-i and 
CA19-9 were measured by independent laboratories that 
were not associated with this study group. DUPAN2 was 
measured with plasma using DETERMINER DUPAN-2 
N (Minaris Medical Co., Ltd., Tokyo, Japan). The cut-
off value of DUPAN2 to diagnose pancreatic cancer was 
set > 150 U/mL.

End points and achievement criterion for the clinical 
development of the apoA2‑i IVD ELISA kit for IVD 
and clinical study

The primary and secondary end points, as well as the 
achievement standards, were predefined before starting 
measurements with the apoA2-i and CA19-9.

Primary end point

The primary end point was the area under the curve (AUC) 
on receiver-operating characteristic (ROC) curve analysis 
of apoA2-ATQ/AT to distinguish patients with pancreatic 
cancer from healthy individuals. The first achievement 
standard was a point estimation by AUC to distinguish indi-
viduals with pancreatic cancer from healthy individuals by 
calculating apoA2-ATQ/AT and CA19-9, defined as when 
the difference between the AUC values of apoA2-ATQ/AT 
and CA19-9 was greater than –0.05 [(AUC of apoA2-ATQ/
AT)–(AUC of CA19-9) > –0.05].

Secondary end point

The concentration of apoA2-ATQ/AT was measured with 
the apoA2-i IVD ELISA using the 2000 plasma samples that 
were enrolled in the apoA2-ATQ/AT cutoff setting test, with 
the cutoff value of apoA2-ATQ/AT defined as specificity of 
95%. The specificity of apoA2-ATQ/AT was then evaluated 
in the apoA2-ATQ/AT cutoff evaluation test. The achieve-
ment standard was specificity of apoA2-ATQ/AT confirmed 
as > 95% in the apoA2-ATQ/AT cutoff evaluation test. The 
sensitivities and 95% confidence intervals (95%CIs) of each 
of apoA2-ATQ/AT and CA19-9 were calculated in the clini-
cal performance test for evaluating the apoA2-i IVD ELISA. 
The sensitivities and 95%CIs of stage I and II pancreatic 
cancers were calculated with apoA2-ATQ/AT and CA19-9, 
respectively, in the clinical performance test. The positive 
rate and 95%CI of apoA2-ATQ/AT were also calculated in 
individuals negative for CA19-9.

The specificity and positive rate of apoA2-ATQ/AT for 
chronic pancreatitis and IPMN were calculated. The positive 
predictive value (PPV) and negative predictive value (NPV) 
of each of apoA2-ATQ/AT and CA19-9 were calculated for 
incidences of pancreatic cancer ranging from 0.1 to 20%.

Additional analyses beyond the in vitro diagnostic test

The positive rates of apoA2-ATQ/AT for cancers other than 
pancreatic cancer were also calculated for the IVD test.

Blinded confirmation of performance for early 
detection of pancreatic cancer by the National Cancer 
Institute Early Detection Research Network (NCI 
EDRN)

The positive and negative rates of the apoA2-i Index and 
CA19-9 were blindly confirmed by using the reference sets 
that were obtained from the NCI EDRN by the Toray Molec-
ular Oncology Laboratory (Brisbane, CA). The data were 
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analyzed by the EDRN Data Management and Coordina-
tion Center (DMCC). The reference set consisted of: healthy 
controls (n = 61), stage IA (n = 7); stage IB (n = 40); stage 
IIA (n = 8); stage IIB (n = 42), and stage II (-A/B unknown) 
(n = 1) of pancreatic cancer (total n = 98), acute benign bil-
iary obstruction (n = 31), and chronic pancreatitis (n = 62). 
The pancreatic adenocarcinomas of EDRN were staged 
according to the criteria in the American Joint Committee 
on Cancer (AJCC) Staging Manual 7th edition.

Statistical analysis

To determine the sample size for the clinical performance test 
for the evaluation of apoA2-ATQ/AT compared to CA19-9, 
it was necessary to control for the power of achieving the 
primary end point [(AUC of apoA2-ATQ/AT)–(AUC of 
CA19-9) > –0.05]. Simulations were conducted to calculate 
the probability of achieving the primary end point by per-
forming 20,000 repeated samplings. Simulations assumed 
that apoA2-ATQ/AT and log-transformed CA19-9 followed 
a bivariate normal distribution with a correlation coefficient 

of 0, that both AUCs would be 0.80, and that the standard 
deviation (SD) in the pancreatic cancer patients would be 
twice that in healthy individuals. The probability of success 
was 86.9% when 107 patients with pancreatic cancer and 107 
healthy individuals were included. To determine the sample 
size for the cutoff setting test, a precision-based approach was 
used to control for variability in the cutoff value (estimated 
value − true value). This sample size estimation used the 
apoA2-I data and an RUO reagent (Human APOA2 C-ter-
minal ELISA kit; Toray Industries, Inc., Tokyo, Japan) from 
another study performed in Kagoshima Prefecture, Japan. The 
true cutoff value was the value of the 95% negative propor-
tion for all 8327 participating healthy individuals. Simula-
tions were conducted to calculate bias by performing 5000 
repeated samplings in the 8327 healthy individuals. Bias fell 
within the range of approximately ± 1 μg/mL in 95% of repli-
cations when sampling 2000 healthy individuals. Therefore, 
bias was sufficiently controlled in 2000 healthy individuals. 
A precision-based approach to control the width of the 95%CI 
for specificity was used to determine the sample size for the 
cutoff validation. Assuming a specificity of 95% for apoA2-
ATQ/AT, 400 healthy individuals enabled control of the width 
of the 95% CI to within ± 2.5% using Wilson’s score method.

For the primary end point, ROC analyses were performed 
separately for both apoA2-ATQ/AT and CA19-9 to estimate 
AUC and the difference, and two-sided 95%CIs were esti-
mated using the Delong method. For each secondary end point, 
95%CIs for binomial proportion were estimated using Wilson’s 
score method. PPV and NPV for detecting patients with pancre-
atic cancer for prevalences ranging from 0.1 to 20% were cal-
culated using Bayes’ theorem. On post hoc analyses, subgroup 
analyses were performed by tumor size, and logistic regression 
analyses were conducted. Any missing data were treated as 
unknown, and no data were imputed. All statistical analyses 
were performed using SAS® version 9.4 (SAS Institute Inc., 
Cary, NC, USA), Microsoft® Excel® for Microsoft 365 MSO 
version 2108 (Microsoft Corporation, Redmond, WA, USA), 
EZR [9], and GraphPad PRISM® version 9 (MDF, Tokyo, 
Japan).

Results

Configuration and performance of the apoA2‑i IVD 
ELISA

Differences in the configuration between the new IVD ELISA 
and the previous ELISA for RUO are shown in Fig. 2. IVD 
ELISA kits were produced under Japanese medical device 
QMS (Fig. 2A and B). 

Fig. 2   Configuration of the apoA2-i ELISA kit for research use 
only (RUO) and in  vitro diagnostic (IVD) use (A, B). Distribu-
tions and discrimination performances of apoA2-i and CA19-9 
in pancreatic cancer, high-risk individuals, and healthy controls 
(C–G). A The ELISA IVD configuration comprises two ELISAs 
for measuring apoA2-AT and apoA2-ATQ. Both assays for apoA2-
AT and apoA2-ATQ use Pan-apoA2 monoclonal antibody as the 
solid phase antibody. The assay for apoA2-AT uses apoA2-AT-
specific rabbit polyclonal antibody for the HRP-conjugated anti-
body. The assay for apoA2-ATQ uses ApoA2-ATQ-specific mono-
clonal antibody for the HRP-conjugated antibody. B The ELISA 
RUO kit comprises two ELISAs (classical type). The assay for 
apoA2-AT uses apoA2-AT-specific rabbit polyclonal antibody for 
the immobilized antibody and Pan-apoA2 monoclonal antibody 
for the HRP-conjugated antibody. The assay for apoA2-ATQ uses 
Pan-apoA2 polyclonal antibody for the immobilized antibody and 
ApoA2-ATQ-specific monoclonal antibody for the HRP-conjugated 
antibody. (C) Distribution of apoA2-ATQ/AT [APOA2-i Index; 
(apoA2ATQ/AT) = 

√

(apoA2ATQ ∗ apoA2AT) ] in the plasma of healthy 
controls, each stage of pancreatic cancer, IPMNs, and chronic pan-
creatitis. Black bars: median values. The asterisks indicate signifi-
cance on the Wilcoxon rank sum test compared to healthy controls 
(*p < 0.05; **p < 0.01; ***p < 0.001). D Distribution of CA19-9 lev-
els in plasma of healthy controls and each stage of pancreatic can-
cer. Black bars: median values. The asterisks indicate significance on 
the Wilcoxon rank sum test compared to healthy controls (*p < 0.05; 
**p < 0.01; ***p < 0.001). E Primary end point: ROCs and AUCs of 
apoA2-ATQ/AT and CA19-9 (red line: apoA2-ATQ/AT, blue dashed 
line: CA19-9) between healthy controls and all stages of pancreatic 
cancer. F ROCs and AUCs of apoA2-ATQ/AT and CA19-9 (red line: 
apoA2-ATQ/AT, blue dashed line: CA19-9) between healthy controls 
and stage I pancreatic cancer. G ROCs and AUCs of apoA2-ATQ/AT 
and CA19-9 (red line: apoA2-ATQ/AT, blue dashed line: CA19-9) 
between healthy controls and TS1 (tumor size ≤ 2 cm) of pancreatic 
cancer

◂
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Selective criteria for plasma samples obtained 
from participants and participants’ background 
clinical characteristics; discriminatory performance 
between pancreatic cancer and healthy controls 
as the primary end point; distribution of plasma 
apoA2‑i concentration and discriminatory performance 
for stage I pancreatic cancer and pancreatic 
cancer < 2 cm

The criteria used for plasma samples obtained from par-
ticipants are shown in Fig. 1 (details are provided in the 
Materials and methods section). The clinical characteris-
tics of healthy controls and patients with pancreatic cancer, 
IPMN, and chronic pancreatitis are shown in Table 1. The 
concentration of plasma apoA2-ATQ/AT was significantly 
lower in individuals with any stage of pancreatic cancer 
than in healthy individuals (Fig. 2C). Figure 2D shows the 
distributions of CA19-9. The AUC of apoA2-ATQ/AT for 

Table 1   Clinical characteristics 
of plasma samples in the 
in vitro diagnostic test

PDAC pancreatic ductal adenocarcinoma, IPMN intraductal papillary mucinous neoplasm, SD standard 
deviation, TS1 tumor size ≤ 2.0 cm
a Union for International Cancer Control (UICC) classification 8th edition

PDAC Chronic pancreatitis IPMN Healthy
(N = 106) (N = 10) (N = 30) (N = 106)

Sex
 Male 60 7 19 54
 Female 46 3 11 52

Age (y)
 N 106 10 30 106
 Mean (SD) 65.2 (10.5) 62.8 (11.6) 66.7 (9.2) 63.2 (7.7)
 Median 65 69 68 62.5
 Min, Max 38, 86 47, 77 50, 85 50, 89

Age (y)
  < 65 51 4 12 61
  ≥ 65 55 6 18 45

Height (cm)
 N 106 0 3 88
 Mean (SD) 161.45 (9.97) – 170.20 (2.44) 160.51 (7.84)
 Median 162.35 – 169.1 160.55
 Min, Max 136.3, 183.2 – 168.5, 173.0 145.3, 178.0

Weight (kg)
 N 106 0 3 88
 Mean (SD) 56.82 (11.34) – 62.60 (1.22) 60.24 (10.69)
 Median 56.05 – 62 60.3
 Min, Max 34.5, 90.2 – 61.8, 64.0 36.5, 92.2

Stagea

 I 19 – – –
 IA 8
 IB 11
 IIB 11 – – –
 III 22 – – –
 IV 54 – – –

TS1 15 – – –
Location
 Pancreatic head 40 – – –
 Pancreatic body 30 – – –
 Pancreatic body and tail 6 – – –
 Pancreatic tail 17 – – –
 Pancreatic head and body 1 – – –
 Unknown 12 – – –
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distinguishing patients with pancreatic cancer from healthy 
individuals was 0.879 (95% CI 0.832–0.925), and the point 
estimate of AUC of apoA2-ATQ/AT was greater than 0.849 
(95% CI 0.793–0.905) in CA19-9. The AUC obtained by 
subtracting CA19-9 from apoA2-ATQ/AT [AUC (apoA2-
ATQ/AT)–AUC (CA19-9)] was + 0.029 (Fig. 2E). The pri-
mary end point that was predefined before starting meas-
urement was achieved. The AUC values of apoA2-ATQ/
AT and CA19-9 for detection of stage I were 0.756 (95% 
CI 0.616–0.895) and 0.709 (95% CI 0.559–0.860), respec-
tively (Fig. 2F, Supplemental Table 1). The point estimate of 
AUCs of apoA2-ATQ/AT for stage I was greater than that of 
CA19-9. In addition, AUCs of apoA2-ATQ/AT and CA19-9 
for detection of tumors < 2 cm (TS1) were 0.714 (95% CI 
0.547–0.881) and 0.695 (0.517–0.873), respectively, and 
the AUC of apoA2-ATQ/AT was also greater than that of 
CA19-9 (Fig. 2G, Supplemental Table 1). The AUCs of 
apoA2-ATQ/AT and CA19-9 for detecting stage III and IV 
pancreatic cancers are shown in Supplemental Table 1.

Definition and validity of the cutoff value 
of apoA2‑ATQ/AT as secondary end points

The frequency diagram in the cutoff setting test of apoA2-
ATQ/AT that included 2000 healthy individuals (Table 2) 
showed a Gaussian distribution (Fig. 3A). The cutoff value 
of apoA2-ATQ/AT was identified as 59.5 μg/mL accord-
ing to the predesigned protocols as the 95% point overall. 
The specificity for 400 healthy individuals (Table 2) of 
apoA2-ATQ/AT (≥ 59.5 μg/mL) was 95.8% (specificity 
95% CI 93.3–97.3%). The reproducibility of the specificity 
of apoA2-ATQ/AT, the secondary end point, was achieved 
(details of secondary end points and the achievement criteria 
are provided in “Materials and methods”). A Gaussian dis-
tribution was also seen in 400 healthy individuals (Fig. 3B). 
Clinical performance tests of healthy controls (n = 106) con-
firmed the reliability of specificity as 95.3%. The frequencies 
of apoA2-AT and apoA2-ATQ are shown in Supplemental 
Fig. 2 and Supplemental Fig. 3, respectively.

Sensitivity for pancreatic cancer, positive rate 
for benign pancreatic disease, and the combined 
apoA2‑ATQ/AT assay for negative CA19‑9 
in pancreatic cancer

When the cutoff values of apoA2-ATQ/AT and CA19-9 
were set to 59.5 μg/mL and 37 U/mL, respectively, the sen-
sitivities of apoA2-ATQ/AT and CA19-9 for detecting any 
stage of pancreatic cancer were 63.2% and 69.8%, respec-
tively. In healthy individuals, specificity was 95.3% for both 
apoA2-ATQ/AT and CA19-9. The sensitivities of apoA2-
ATQ/AT and CA19-9 for stage I pancreatic cancer were 
47.4% and 36.8%, respectively, 50% and 46.7% for stage 

I/II, respectively, and 46.7% and 33.3% for TS1, respec-
tively. The sensitivity of apoA2-ATQ/AT was thus higher 
than that of CA19-9 for the detection of stage I, stage I/II, 
and TS1 of pancreatic cancer (Table 3). The sensitivities 
of apoA2-ATQ/AT and CA19-9 for stage III and stage IV 
pancreatic cancers are shown in Table 3. The positive rates 
of apoA2-ATQ/AT for IPMN and chronic pancreatitis were 
16.7% (95% CI 7.3–33.6%) and 40% (95% CI 16.8–68.7%), 
respectively (Supplemental Table 2).

Two-dimensional scatter plots of apoA2-ATQ/AT and 
CA19-9 in patients with pancreatic cancer and healthy indi-
viduals are shown in Fig. 3C. Of the 106 healthy individu-
als, 97 (91.5%, 95% CI 84.6–95.5%) were double-negative 
for apoA2-ATQ/AT (≥ 59.5 μg/mL) and CA19-9 (≤ 37 U/
mL) (Fig. 3C). The sensitivity of the combination assay with 
apoA2-ATQ/AT and CA19-9 was 87.7%, which was signifi-
cantly higher than the 69.8% for CA19-9 alone (Table 3). 
Figure 3D shows the distribution of apoA2-ATQ/AT and 
CA19-9 for each stage of pancreatic cancer. The sensitivities 
of the combination assay with apoA2-ATQ/AT and CA19-9 
for stages I, IA, IB, IIB, I/II, and TS1 of pancreatic can-
cer were 63.2%, 62.5%, 63.6%, 81.8%, 70.0%, and 66.7%, 
respectively. In comparison, the sensitivities of CA19-9 
alone for each stage were 36.8% (I), 37.5% (IA), 36.4% (IB), 
63.6% (IIB), 46.7% (I/II), and 33.3% (TS1). These data and 
those obtained for other stages are shown in Table 3. The 
sensitivities of the combination assay with apoA2-ATQ/AT 
and CA19-9 to detect all stages, stage I, stage IV, stage I/II, 
and TS1 of pancreatic cancer were significantly higher than 
those of the CA19-9 assay alone (Table 3). The cross-tabu-
lation results are shown in Supplemental Table 3. Although 
measurement of DUPAN2 had been not predefined before 
the design of this study, the results for DUPAN2 are shown 
in Supplemental Table 4 and Supplemental Fig. 4 as refer-
ence data.

PPV and NPV for various prevalences of pancreatic 
cancer using Bayesian inference

PPV and NPV were calculated to identify patients in popula-
tions with various prevalences of pancreatic cancer (Fig. 3E, 
F). At prevalences of 0.1%, 1%, 10%, and 20%, the PPVs 
of apoA2-ATQ/AT were 1.3%, 12.0%, 59.9%, and 77.1%, 
respectively, and those of NPVs of apoA2-ATQ/AT were 
100%, 99.6%, 95.9%, and 91.2%, respectively (Fig. 3E, Sup-
plemental Table 5). The PPV and NPV of CA19-9 are shown 
in Fig. 3F and Supplemental Table 6.

Cross‑reactivity for other cancers

The reactivities of apoA2-ATQ/AT toward esophageal, gas-
tric, colon, and liver cancer were 30% (9/30), 20% (2/10), 



	 J Gastroenterol

1 3

Table 2   Clinical characteristics 
of healthy individuals in the 
cutoff selection and evaluation 
test

SD standard deviation, BS blood sugar, HDL high-density lipoprotein, LDL low-density lipoprotein

Healthy individuals
Cutoff setting test

Healthy individuals
Clinical performance test for cutoff 
evaluation of the apoA2-i ELISA kit 
for IVD

Sex
 N 2000 400
 Male 1025 205
 Female 975 195

Age (y)
 N 2000 400
 Mean (SD) 62.9 (8.0) 63.4 (8.6)
 Median 63 63
 Min, Max 49, 91 49, 94

Height (cm)
 N 1522 320
 Mean (SD) 161.51 (8.60) 160.76 (8.75)
 Median 161.4 160.35
 Min, Max 134.0, 184.4 139.5, 180.3

Weight (kg)
 N 1522 320
 Mean (SD) 61.38 (11.79) 60.40 (11.55)
 Median 60.6 59.75
 Min, Max 32.9, 120.0 36.7, 110.3

BS (mg/dL)
 N 1512 318
 Mean (SD1) 102.6 (18.5) 102.7 (16.6)
 Median 98 99
 Min, Max 73, 313 78, 252

HbA1c (%)
 N 1505 314
 Mean (SD) 5.60 (0.59) 5.65 (0.63)
 Median 5.5 5.5
 Min, Max 4.5, 11.2 4.4, 9.7

Amylase (U/L)
 N 1008 228
 Mean (SD) 80.0 (29.6) 80.6 (32.1)
 Median 74 75.5
 Min, Max 26, 320 33, 359

HDL (mg/dL)
 N 1522 320
 Mean (SD) 63.9 (16.7) 63.5 (15.5)
 Median 62 62
 Min, Max 25,126 33, 119

LDL (mg/dL)
 N 1522 320
 Mean (SD) 127.5 (30.1) 128.4 (38.8)
 Median 126 127
 Min, Max 35, 256 43, 546
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30% (9/30), and 20% (2/10), respectively (Supplemental 
Table 7).

Logistic regression analyses of healthy individuals

To identify the clinical factors associated with apoA2-
ATQ/AT, logistic regression analysis of samples from 2000 
healthy individuals was performed (Table 4). On univari-
ate analysis, significant odds ratios were identified for sex 
(male), age (≥ 65 years), hemoglobin A1c (≥ 6.5%), amyl-
ase (< 37 or > 125 U/L), and high-density lipoprotein (HDL) 
(< 40 mg/dL). On multivariate analysis, significant odds 
ratios were obtained for HbA1c, amylase, HDL, and low-
density lipoprotein (LDL). HbA1c had the highest odds ratio 
in the multivariate analysis; the odds ratio of subjects with 
HbA1c ≥ 6.5% was 4.45 (95% CI 1.63–12.2%, p = 0.004) 
(Table 4).

Blinded confirmation by the NCI EDRN

The point estimation of the AUC of the apoA2-i Index to dis-
tinguish stage I and II of pancreatic cancer from healthy con-
trols was 0.836 (95% CI 0.774–0.898), higher than that of 
CA19-9 (0.783, 95% CI 0.710–0.855) (Supplemental Fig. 5). 
When the cutoff value of the apoA2-i Index was defined 
to be 54.47 (µg/mL) to achieve 95% specificity for healthy 
controls of the reference set of the NCI EDRN as the Japa-
nese IVD test, the positive rates (sensitivities) of the apoA2-i 
Index for overall stage IA, IB, IIA, IIB, and overall stages 
were 57.1%, 55.0%, 37.5%, 69.0%, and 60.2%, respectively 
(Supplemental Table 8). Positive rates of CA19-9 using the 
cutoff of 37 U/mL were 28.6%, 55.0%, 50.0%, 57.1%, and 
54.1%, respectively (Supplemental Table 8). Distributions 
of the concentration of the apoA2-i Index and CA19-9 are 
shown in Supplemental Fig. 6 and Supplemental Fig. 7. The 
estimated specificities for healthy controls of the apoA2-i 
Index and CA19-9 were both 95.1%.

Discussion

This is the first study of the clinical performance of the new 
apoA2-i ELISA kit for IVD that meets Japanese medical 
device QMS and was produced to develop an in vitro diag-
nostic test for detecting pancreatic cancer.

Because apoA2 homodimers undergo a characteristic 
cleavage of C-terminal amino acids by pancreatic carboxy-
peptidase, each of the circulating apoA2 homodimers has a 
different C-terminal amino acid sequence. Pancreatic exo-
crine insufficiency and aberrant carboxypeptidase activity 
are often seen in patients with pancreatic cancer and in HRIs 
for pancreatic cancer [10, 11]. Therefore, it is considered 
that the predominance of apoA2-AT/AT (light isoform) or 

apoA2-ATQ/ATQ (heavy isoform) depends on the increase 
or decrease in exocrine function of the pancreas in patients 
with pancreatic cancer and HRIs. Patients who predomi-
nantly showed apoA2-AT/AT were referred to as the hyper-
processing type, and those who predominantly showed 
apoA2-ATQ/ATQ were referred to as the hypo-processing 
type. In any case, apoA2-ATQ/AT (intermediate type) 
decreased in both hyper-processing and hypo-processing 
patterns due to the predominance of apoA2-ATQ/ATQ or 
apoA2-AT/AT (Supplemental Fig. 1).

In fact, after having been first reported by us, the reduc-
tion of specific homodimers of apoA2-i with C-terminal 
amino acid sequences has been confirmed in pancreatic 
cancer by several international research groups [12, 13]. 
Changes in the cleavage of C-terminal amino acid sequences 
are observed not only in pancreatic cancer, but also in auto-
immune pancreatitis [14] and in radiation therapy for pancre-
atic cancer [15]. It is well known that exocrine dysfunction 
is seen in patients with autoimmune pancreatitis. In addi-
tion to destroying the pancreatic substrate, radiation therapy 
also leads to exocrine dysfunction. These observations do 
not contradict our hypothesis that the cleavage mechanism 
of apoA2-i is associated with the exocrine function of the 
pancreas.

Because CA19-9 is widely used in clinical practice, it 
is inevitable that the present study would have included 
patients whose discovery was triggered by high CA19-9 
levels, and it is likely that there is bias in favor of CA19-9 
compared to apoA2-i. Therefore, abnormal biomarker per-
formance equivalence between CA19-9 and apoA2-i was 
defined as a difference in AUCs greater than − 0.05, cal-
culated by the formula [(AUC of apoA2-ATQ/AT) – (AUC 
of CA19-9)]. However, the actual difference in AUC point 
estimates between apoA2-i and CA19-9 was + 0.029 (i.e., 
the point estimate was higher for apoA2-i than for CA19-
9). These results are not only consistent within the present 
study, but also with previous studies using mass spectrom-
etry [5, 16, 17] and the results of the previous RUO ELISA 
that cannot be used in clinical practice. In a previous meta-
analysis using CA19-9 to identify patients with pancreatic 
cancer, the AUC for detecting pancreatic cancer was 0.84 
[18]. The AUC of CA19-9 that was calculated from the 
meta-analysis did not contradict the results of the present 
study (AUC = 0.849).

In addition, when the cutoff for apoA2-ATQ/AT (apoA2-i 
Index) was defined as 59.5 μg/mL according to the prespeci-
fied criterion, the sensitivities of apoA2-ATQ/AT for stage I 
and TS1 of pancreatic cancer were 47.4% and 46.7%, respec-
tively, and both of these sensitivities were higher than those 
of CA19-9. The specificities of apoA2-ATQ/AT and CA19-9 
were the same (95.3%). It was concluded that the clinical 
performance of apoA2-ATQ/AT as an apoA2-i ELISA kit 
for IVD is at least comparable to, or even greater than, that 
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of CA19-9, because the prespecified primary and secondary 
end points could be achieved in the present study.

Interestingly, apoA2-ATQ/AT increased the detection 
rate of pancreatic cancer in patients with pancreatic cancer 
who were not detected by CA19-9. These results suggest 

that using a combination assay of both biomarkers might 
improve the rate of early detection of pancreatic cancer in 
clinical practice.

ApoA2-i is a biomarker used on a different basis from 
that of general liquid biopsy using a marker such as 
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CA19-9. Although it is typically considered that liquid 
biopsy involves assessment of biomaterials that were spe-
cifically leaked from tumor tissues, apoA2-i is not leaked 
from tumor tissue. It was considered that the alteration 
of the cleavage of C-terminal of apoA2 homodimers was 
induced by activation of carboxypeptidases, which were 
leaked and activated from the microenvironment reflected 
by pancreatic disorders. Because apoA2-i clearly reflects 
pancreatic exocrine function, it has the potential to enable 
detection of patients with stage I and II pancreatic cancers 
and HRIs such as IPMNs. On the other hand, apoA2-i was 
also reacting to advanced stages of pancreatic cancer, and 
sensitivities increased with the progression of the clinical 
stage. It was considered that the exocrine function of the 
pancreas would decrease in patients with advanced stages 
of pancreatic cancer.

The positive rates of CA19-9 for gastric, colorectal, and 
liver cancers have been shown to vary from 30 to 60% [7]. 
The cross-reactivities of apoA2-i were less than those of 
CA19-9. However, because the results of cross-reactivities 
were obtained from a small sample size, we should con-
tinue a validation study using massive real-world datasets 
obtained from the clinical setting with the apoA2-i IVD 
kit.

The US Prevention and Screening Task Force has given 
a grade of “recommendation D” to screening for pancreatic 
ductal adenocarcinoma (PDAC) in the general population, 
suggesting that not only is it not helpful, but there is poten-
tial for significant harm. Because the incidence of PDAC in 
the general population is low, at 12 per 100,000 population, 
it is considered that it will not be possible to establish an 
efficient program for pancreatic cancer screening [19]. In 
fact, Singhi et al. proposed that pancreatic cancer screen-
ing be restricted to the at-risk population of PDAC with 
cystic precursor lesions such as IPMNs and newly developed 
adult-onset diabetes mellitus (NOD), but not in the general 
population [20].

A high-risk group for sporadic PDAC has been identi-
fied as subjects > 50 years old who have NOD [21]. In a 
retrospective, population-based study of 2122 NOD subjects, 
Chari et al. first reported that 18 (0.85%) cases of pancreatic 
ductal adenocarcinoma were diagnosed within 3 years of 
meeting the criteria for NOD, resulting in a six to eightfold 
higher risk for PDAC than in the general population [22]. A 
recent study suggested that hyperglycemia precedes PDAC 
diagnosis by approximately 36 months, providing a possible 
window of opportunity for the early detection of pancreatic 
cancer in NOD patients [23]. In the present study, multivari-
ate logistic regression analysis showed that HbA1c ≥ 6.5% 
had the highest odds ratio for positivity of apoA2-ATQ/AT. 
This result suggests that there is some association between 
diabetes mellitus and the blood concentration of apoA2-
ATQ/AT. In the USA, the US Congress passed the Recalci-
trant Cancer Act, and the National Institutes of Health (NIH) 
proposed a list of priorities for PDAC research, foremost 
among them being the study of the relationship between dia-
betes mellitus and developing screening strategies for PDAC 
[23]. In future studies, we consider that the causal relation-
ship of NOD with the risk of pancreatic cancer and apoA2-
ATQ/AT should be investigated in screening for PDAC in 
the NOD population using blood biomarkers.

IPMN is considered to be a precancerous lesion of PDAC, 
and IPMN can progress from IPMN low-grade dysplasia 
(LGD) to high-grade dysplasia (HGD) and, subsequently, 
invasive carcinoma [24–26]. The results of our previous 
study on IPMN HGD, which is considered to be a non-
invasive cancer, indicated that apoA2-ATQ/AT (sensitivity 
70.6%, specificity 96.7%) had sufficiently higher sensitiv-
ity than CA19-9 (sensitivity 14.5%, specificity 98.9%) for 
detecting patients with IPMN HGD [27]. The results of pre-
vious IPMN HGD studies are consistent with the present 
findings that showed that apoA2-ATQ/AT detected patients 
with early-stage pancreatic cancer, such as stage I, with 
greater sensitivity than CA19-9.

Moreover, the detection of high-grade pancreatic intraepi-
thelial neoplasia (HG PanIN), which is considered carci-
noma in situ, is very important for the improvement of the 
overall survival of patients with PDAC [26]. However, there 
is no efficient modality for detecting HG PanIN. Therefore, 
in the present study, the clinical performance for HG PanIN 
could not be evaluated because no samples were available. 
To accurately evaluate sensitivity for the early stage of pan-
creatic cancer, it will be necessary to continue clinical stud-
ies of the detection of early-stage pancreatic cancer, includ-
ing HG PanIN.

In addition, the positive rate of apoA2-ATQ/AT for 
chronic pancreatitis was 40% in the present study. The sub-
population of patients with chronic pancreatitis could not be 
distinguished from PDAC by blood testing for apoA2-i. Pre-
vious studies of risk stratification of IPMN have shown that 

Fig. 3   Validity of the cutoff value of apoA2-ATQ/AT, combina-
tion assay with apoA2-ATQ/AT and CA19-9, and positive predictive 
value (PPV) and negative predictive value (NPV) of apoA2-ATQ/
AT and CA19-9. A Kernel density estimation of apoA2-ATQ/AT 
in the cutoff setting test. ApoA2-ATQ/AT with specificity of 95% is 
59.5 μg/mL (dashed line: 95% specificity). B Kernel density estima-
tion of apoA2-ATQ/AT in the cutoff estimation test. The specificity 
of apoA2-ATQ/AT of 59.5  μg/mL is 95.8% (dashed line: apoA2-
ATQ/AT 59.5  μg/mL). Two-dimensional scatter plots of apoA2-
ATQ/AT and CA19-9 in healthy controls and pancreatic cancer (C) 
(blue dots: healthy controls, red crosses: pancreatic cancer) and in 
each stage of pancreatic cancer (D) (black triangles: stage I, purple 
circles: stage II, purple squares: stage III, and gray crosses: stage IV 
pancreatic cancer) [black dashed lines: cutoff values of apoA2-ATQ/
AT (59.5 μg/mL) and CA19-9 (37 U/mL)]. PPV and NPV of apoA2-
ATQ/AT (E) and CA19-9 (F) in the population according to the prev-
alence of pancreatic cancer calculated by Bayesian estimation (red 
line: PPV, blue dashed line: NPV)

◂
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apoA2-ATQ/AT is a potential biomarker for risk stratifica-
tion of IPMN with malignant potential. Patients with chronic 
pancreatitis are also at risk for pancreatic cancer, similar to 
those with IPMN. It may be necessary to follow-up patients 

with chronic pancreatitis who are positive for apoA2-ATQ/
AT.

We are considering that the clinical performance of the 
RUO and IVD of apoA2-i is almost the same, because Sato 

Table 3   Sensitivities and specificities of the in vitro diagnostic test

CI confidence interval, PDAC pancreatic ductal adenocarcinoma, TS1 tumor size ≤ 2.0 cm
a Stage: Union for International Cancer Control (UICC) classification 8th edition
b Cutoff value, significance of differences in sensitivity between combination of apoA2-ATQ/AT with CA19-9 and CA19-9 alone: *p < 0.05, 
**p < 0.01, and ***p < 0.001 (McNemar test)

Sensitivity (%) [95%CI] Sensitivity [95% CI] Specificity (%) [95%CI] Specificity [95%CI]

Stagea N ApoA2-ATQ/AT
(< 59.5 μg/mLb)

CA19-9
(> 37 U/mLb)

ApoA2-ATQ/AT 
(< 59.5 μg/mLb) 
CA19-9
(> 37 U/mLb)

ApoA2-ATQ/AT
(< 59.5 μg/mLb)

CA19-9
(> 37 U/mLb)

ApoA2-ATQ/AT 
(< 59.5 μg/mLb) 
CA19-9
(> 37 U/mLb)

PDAC All 106 63.2 [53.7, 71.8] 69.8 [60.5, 77.7] 87.7*** [80.1, 92.7] – – –
I 19 47.4 [27.3, 68.3] 36.8 [19.1, 59.0] 63.2* [41.0, 80.9] – – –
IA 8 37.5 [13.7, 69.4] 37.5 [13.7, 69.4] 62.5 [30.6, 86.3] – – –
IB 11 54.5 [28.0, 78.7] 36.4 [15.2, 64.6] 63.6 [35.4, 84.8] – – –
IIB 11 54.5 [28.0, 78.7] 63.6 [35.4, 84.8] 81.8 [52.3, 94.9] – – –
III 22 72.7 [51.8, 86.8] 77.3 [56.6, 89.9] 90.9 [72.2, 97.5] – – –
IV 54 66.7 [53.4, 77.8] 79.6 [67.1, 88.2] 96.3** [87.5, 99.0] – – –
I, II 30 50.0 [33.2, 66.8] 46.7 [30.2, 63.9] 70.0** [52.1, 83.3] – – –
TS1 15 46.7 [24.8, 69.9] 33.3 [15.2, 58.3] 66.7* [41.7, 84.8] – – –

Healthy 
indi-
viduals

106 – – – 95.3 [89.4, 98.0] 95.3 [89.4, 98.0] 91.5 [84.6, 95.5]

Table 4   Subgroup analysis of specificity and odds ratios for the cutoff setting test (N = 2000)

Missing data were excluded
Odds: number of positive cases/number of negative cases
FBG fasting blood glucose, HDL high-density lipoprotein, LDL low-density lipoprotein

ApoA2-ATQ/
AT negative 
frequency

Univariate analysis (N = 2000) Multivariate analysis (N = 986)

Factor Specificity (%) [95% CI] Crude odds ratio [95% 
CI]

p value Adjusted odds ratio 
[95% CI]

p value

Male 962/1025 93.9 [92.2, 95.2] 1.66 [1.10, 2.52] 0.017 0.94 [0.46, 1.92] 0.865
Female 938/975 96.2 [94.8, 97.2] 1 – 1 –
Age < 65 y 1104/1152 95.8 [94.5, 96.8] 1 – 1 –
Age ≥ 65 y 796/848 93.9 [92.0, 95.3] 1.50 [1.00, 2.25] 0.047 0.82 [0.41, 1.63] 0.574
FBG < 100 mg/dL 792/823 96.2 [94.7, 97.3] 1 – 1 –
FBG ≥ 100 mg/dL 652/689 94.6 [92.7, 96.1] 1.45 [0.89, 2.36] 0.136 1.02 [0.48, 2.16] 0.952
HbA1c < 6.5% 1343/1402 95.8 [94.6, 96.7] 1 – 1 –
HbA1c ≥ 6.5% 93/103 90.3 [83.0, 94.6] 2.45 [1.21, 4.94] 0.013 4.45 [1.63, 12.20] 0.004
Amylase 37—125 U/L 903/935 96.6 [95.2, 97.6] 1 – 1 –
Amylase < 37 or > 125 

U/L
67/73 91.8 [83.2, 96.2] 2.53 [1.02, 6.26] 0.045 2.82 [1.10, 7.23] 0.031

HDL < 40 mg/dL 53/67 79.1 [67.9, 87.1] 6.72 [3.52, 12.85]  < 0.001 3.75 [1.29, 10.92] 0.015
HDL ≥ 40 mg/dL 1400/1455 96.2 [95.1, 97.1] 1 – 1 –
LDL < 120 mg/dL 592/627 94.4 [92.3, 96.0] 1 – 1 –
LDL ≥ 120 mg/dL 861/895 96.2 [94.7, 97.3] 0.67 [0.41, 1.08] 0.102 0.35 [0.17, 0.73] 0.005
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et al. reported that the AUC value was 0.889 in the previ-
ous study, which was investigated in a cross-sectional study 
using data obtained from the experimental cancer screening 
using the RUO reagent of apoA2-i. This result was very 
close to the IVD AUC (0.879) obtained in the present study 
[28].

In the present and previous studies [6, 27–29], we sug-
gested that the blood concentration of apoA2-ATQ/AT is 
associated with not only early-stage PDAC, but also IPMN 
with a high-risk phenotype for pancreatic cancer and dia-
betes mellitus. ApoA2-ATQ/AT has the potential for risk 
stratification of pancreatic cancer in screening a population 
with NOD, pancreatic cysts, and IPMN.

To prove this hypothesis, it will be necessary to perform 
measurements in large global prospective studies using IVD 
ELISA in clinical practice.

The present study has several limitations. Many patients 
with pancreatic diseases in this study were referred and 
came to the National Cancer Center Hospital. Many of these 
patients had symptoms and were diagnosed on imaging or 
were positive for other biomarkers, so the true clinical per-
formance of apoA2-i cannot be identified based solely on 
these results.

In the IVD test in the present study, only 30 patients with 
stage I/II pancreatic cancer were investigated. However, 
though it was not a prespecified clinical study, the blinded 
test by the NCI EDRN using 98 plasma samples of stage I/
II showed that sensitivities for detecting stage IA, stage IIB, 
and stage I/II of the apoA2-i Index were higher than those 
of CA19-9. In addition, the point estimate of the AUC of 
apoA2 was higher than that of CA19-9. The results of the 
IVD test were reproducible in the NCI EDRN blinded test.
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Supplemental Table 1. Area under the curve for distinguishing pancreatic 
cancer cases from healthy individuals 
 Stage* ApoA2-ATQ/AT CA19-9 

AUC 
[95%CI] 

ALL 0.879 [0.832, 0.925] 0.849 [0.793, 0.905] 

I 0.756 [0.616, 0.895] 0.709 [0.559, 0.860] 

IA 0.627 [0.363, 0.892] 0.656 [0.391, 0.921] 

IB 0.849 [0.726, 0.972] 0.748 [0.571, 0.924] 

IIB 0.797 [0.620, 0.975] 0.920 [0.840, 1.000] 

III 0.908 [0.832, 0.984] 0.913 [0.825, 1.000] 

IV 0.926 [0.885, 0.967] 0.858 [0.777, 0.939] 

I, II 0.771 [0.661, 0.881] 0.787 [0.680, 0.894] 

TS1** 0.714 [0.547, 0.881] 0.695 [0.517, 0.873] 

CI: confidence interval, *Union for International Cancer Control (UICC) 
classification 8th edition, **TS1: tumor size ≤2.0 cm 

 

 

 
  



 

Supplemental Table 2. Positive rates of apoA2-ATQ/AT for IPMN and 
chronic pancreatitis 
  Positive rate [95%CI]  

 IPMN 16.7 [7.3, 33.6]  
 Chronic pancreatitis 40.0 [16.8, 68.7]  

 
IPMN: intraductal papillary mucinous neoplasm, CI: confidence interval  

 
  



 

Supplemental Table 3. Cross-tabulation table of judgment results for 
apoA2-ATQ/AT and CA19-9 
     

  CA19-9 

 ApoA2-
ATQ/AT 

Negative Positive Total 

Healthy individuals Negative 97 4 101 
 Positive 4 1 5 
 Total 101 5 106 
     

PDAC Negative 13 26 39 
 Positive 19 48 67 
 Total 32 74 106 
     

Stage I* Negative 7 3 10 
 Positive 5 4 9 
 Total 12 7 19 
     

Stage II* Negative 2 3 5 
 Positive 2 4 6 
 Total 4 7 11 
     

Stage III* Negative 2 4 6 
 Positive 3 13 16 
 Total 5 17 22 
     

Stage IV* Negative 2 16 18 
 Positive 9 27 36 
 Total 11 43 54 
     

Stage I.II* Negative 9 6 15 
 Positive 7 8 15 
 Total 16 14 30 
     



 

Tumor size ≤ 2.0 cm 
Negative 5 3 8 
Positive 5 2 7 

Total 10 5 15 
     

Tumor size > 2.0 and ≤ 4.0 
cm 

Negative 7 15 22 
Positive 10 31 41 

Total 17 46 63 
     

Tumor size > 4.0 cm 
Negative 1 6 7 
Positive 3 11 14 

Total 4 17 21 
     

Tumor size unknown 

Negative 0 2 2 

Positive 1 4 5 

Total 1 6 7 

PDAC: pancreatic ductal adenocarcinoma 
*The Union for International Cancer Control (UICC) classification 8th edition 
  



 

 

Supplemental table 4. Positive rates of DUPAN2, CA19-9, apoA2-ATQ/AT, and those combination for healthy controls and 
pancreatic cancer  

  
Cases 

(number)  
DUPAN2 CA19-9 ApoA2-ATQ/AT DUPAN2 + CA19-9 

CA19-9 +  
ApoA2-ATQ/AT 

Healthy controls 106 4.7 4.7 4.7 9.4 8.5 
Pancreatic cancer 106 57.5 69.8 63.2 84.0 87.7 

Stages*       

IA 8 25.0 37.5 37.5 50.0 62.5 
IB 11 18.2 36.4 54.5 45.5 63.6 
IIB 11 54.5 63.6 54.5 72.7 81.8 

III 22 40.9 77.3 72.7 86.4 90.9 
IV 54 77.8 79.6 66.7 98.1 96.3 
I 19 21.1 36.8 47.4 47.4 63.2 

I+II 30 33.3 46.7 50.0 56.7 70.0 

* Union for International Cancer Control (UICC) classification 8th edition, cut-off; DUPAN2 (150 U/mL), CA19-9 (37 U/mL), and 
apoA2-ATQ/AT (59.5 μg/mL). The concentrations of each biomarker were calculated to one decimal place by rounding.  

 
  



 

 

Supplemental Table 5. PPV and NPV of apoA2-ATQ/AT according to the prevalence of 
pancreatic cancer in the population 
 Prevalence PPV NPV  

 0.1% 1.3% 100%  

 1% 12% 99.6%  

 10% 59.9% 95.9%  

 20% 77.1% 91.2%  

   

PPV: positive predictive value, NPV: negative predictive value 
  



 

Supplemental Table 6. PPV and NPV of CA19-9 according to the 
prevalence of pancreatic cancer in the population 
     

Prevalence PPV NPV   

0.1% 1.5% 100%   

1% 13% 99.7%   

10% 62.3% 96.6%   

20% 78.8% 92.7%   

PPV: positive predictive value, NPV: negative predictive value   

 
  



 

Supplemental Table 7. Positive rates of apoA2-ATQ/AT in other 
cancers 
   

  Positive rate [95%CI] 
 Esophageal cancer  30 [16.7, 47.9] 
 Gastric cancer 20 [5.7, 51.0] 
 Colon cancer  30 [16.7, 47.9] 
 Liver cancer 20 [5.7, 51.0] 
 CI: confidence interval 



 

PDAC: pancreatic ductal adenocarcinoma,  
* American Joint Committee on Cancer (AJCC) Staging Manual 7th edition,  
**cut-off value, *** unknown of stage-IIA or IIB. 
 

 
 
 

Supplemental Table 8. Blinded confirmation study for positive rates of apoA2-
ATQ/AT and CA19-9 by NCI EDRN 
   Sensitivity (%) 

PDAC Stage* N 
ApoA2-ATQ/AT 

(< 54.47μg/mL**) 
CA19-9 

(> 37 U/mL**) 

 All 98 60.2 54.1 
 IA 7 57.1 28.6 
 IB 40 55.0 55.0 
 IIA 8 37.5 50.0 
 IIB 42 69.0 57.1 

 II*** 1 100 100 

Acute Benign Biliary Obstruction  31 38.7 48.4 

Chronic Pancreatitis  62 50.0 12.9 

Healthy individuals positive rates 
(Specificities) 

 61 4.9 
(Specificity 95.1) 

4.9 
(Specificity 95.1) 
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Supplemental Figure 1. Scheme of apoA2-dimers and aberrant processing of C-terminal 
amino acids in circulating apoA2-dimers, as reflected in pancreatic exocrine function.1, 2

Amino acid sequences of apolipoprotein A2-isoforms (apoA2-is) (heavy isoforms, apoA2-ATQ/ATQ; 
intermediate isoforms, apoA2-ATQ/AT; and light isoforms, apoA2-AT/AT). Circulating apoA2-
ATQ/AT levels decrease with decreasing exocrine function of the pancreas. It is considered that C-
terminal amino acids of apoA2-is are aberrantly cleaved by carboxypeptidases leaked from the 
pancreas and indicate pancreatic exocrine function.



Supplemental Figure 2

Supplemental Figure 2. (A) Kernel density estimation of apoA2-AT in the cut-off setting test. The 
5th percentile of apoA2-AT is 26.735 μg/mL (dashed line: 95% specificity). (B) Kernel density 
estimation of apoA2-AT in the cut-off evaluation test. The specificity of 26.735 μg/mL of apoA2-AT is 
94.75% (dashed line: apoA2-AT 26.735 μg/mL). 
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Supplemental Figure 3

Supplemental Figure 3 (A) Kernel density estimation of apoA2-ATQ in the cut-off setting test. The 
5th percentile of apoA2-ATQ is 68.95 μg/mL (dashed line: 95% specificity). (B) Kernel density 
estimation of apoA2-ATQ in the cut-off evaluation test. The specificity of 68.95 μg/mL of apoA2-ATQ 
is 95.5% (dashed line: apoA2-ATQ 68.95 μg/mL).
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Supplemental Figure 4
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Supplemental Figure 4: Distribution of the plasma concentration of DUPAN2 in healthy 
controls and pancreatic cancer. 
Significance was calculated by the Wilcoxon rank sum test  (***p < 0.001). Clinical stages 
are classified according to UICC 8th edition.
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Supplemental Figure 5
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Supplemental Figure 5. Blinded confirmation study for ROCs and AUCs of apoA2-
ATQ/AT and CA19-9 (red line: apoA2-ATQ/AT, blue line: CA19-9) between healthy 
controls and all stages of pancreatic cancer by NCI EDRN.
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Supplemental Figure 6

Supplemental Figure 6. Distribution of apoA2-ATQ/AT [APOA2-i Index; (apoA2ATQ/AT) 
= (apoA2□□□ ∗ apoA2□□) ] in the plasma of healthy controls, chronic pancreatitis, acute 
benign biliary obstruction and each stage of pancreatic cancer in reference set of NCI EDRN. 
Black bars: median values. The asterisks indicate significance on the Wilcoxon rank sum test 
compared to healthy controls (* p < 0.05, ** p < 0.01, *** p < 0.001).

*** *** *** ****** ** ***
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Supplemental Figure 7. Distribution CA19-9 in the plasma of healthy controls, chronic pancreatitis, 
acute benign biliary obstruction and each stage of pancreatic cancer in reference set of NCI EDRN. 
Black bars: median values. The asterisks indicate significance on the Wilcoxon rank sum test 
compared to healthy controls (* p < 0.05, ** p < 0.01, ***, p < 0.001).

* *** ****** * ***
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