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Abstract
Acute coronary syndrome (ACS) includes myocardial infarction (MI) and unstable angina (UA). MI is defined by elevated 
necrosis markers, preferably high-sensitivity cardiac troponins (hs-cTn). However, it takes hours for cTn to become elevated 
after coronary occlusion; therefore, difficulties are associated with diagnosing early post-onset MI or UA. The aim of this 
prospective cohort study was to examine the diagnostic ability of serum nardilysin (NRDC) for the early detection of ACS. 
This study consisted of two sequential cohorts, the Phase I cohort, 435 patients presenting to the emergency room (ER) with 
chest pain, and the Phase II cohort, 486 patients with chest pain who underwent coronary angiography. The final diagnosis 
was ACS in 155 out of 435 patients (35.6%) in the phase I and 418 out of 486 (86.0%) in the phase II cohort. Among 680 
patients who presented within 24 h of onset, 466 patients (68.5%) were diagnosed with ACS. Serum NRDC levels were 
significantly higher in patients with ACS than in those without ACS. The sensitivity of NRDC in patients who presented 
within 6 h after the onset was higher than that of hsTnI, and the AUC of NRDC within 1 h of the onset was higher than that 
of hsTnI (0.718 versus 0.633). Among hsTnI-negative patients (300 of 680 patients: 44.1%), 136 of whom (45.3%) were 
diagnosed with ACS, the sensitivity and the NPV of NRDC were 73.5 and 65.7%, respectively. When measured in combina-
tion with hsTnI, NRDC plays auxiliary roles in the early diagnosis of ACS.
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Abbreviations
ACS  Acute coronary syndrome
MI  Myocardial infarction
UA  Unstable angina
hs-cTn  High-sensitivity cardiac troponins
NRDC  Nardilysin
ER  Emergency room
AUC   Area under the curve
PPV  Positive predictive value
NPV  Negative predictive value
STEMI  ST elevation myocardial infarction
NSTE-ACS  Non-ST elevation ACS
ADAM  A disintegrin and metalloproteinases
TNF-alpha  Tumor necrosis factor alpha
CK  Creatine kinase
CT  Computed tomography
CK-MB  Creatine kinase-muscle/brain
SD  Standard deviation
MACE  Major cardiac adverse events
SE  Standard error
ANOVA  Analysis of variance
ROC  Receiver operating characteristics curve
CCU   Critical care unit
AMI  Acute myocardial infarction
CVD  Cardiovascular diseases
TTS  Takotsubo syndrome
CHF  Congestive heart failure
ESC  European Society of Cardiology

Introduction

Acute coronary syndrome (ACS), the leading cause of death 
worldwide, consists of ST elevation myocardial infarction 
(STEMI) and non-ST elevation ACS (NSTE-ACS). NSTE-
ACS is further divided into NSTE-MI and unstable angina 
(UA) by the presence or absence of myocardial injury, which 
is defined by an increase in a necrosis marker, preferably 
cardiac troponins (cTn). Since cTn, the structural proteins 
of the myocardium, are expressed almost exclusively in the 
heart, elevated cTn values specifically reflect injury to cardi-
omyocytes. However, since it takes hours for cardiomyocyte 
necrosis after coronary occlusion in human, elevation of cTn 
is sometimes undetectable in the early post-onset patients 
with MI [1]. Difficulties are associated with the diagnosis 
of early post-onset MI, particularly if its clinical presenta-
tion, including symptoms and electrocardiogram, is atypical.

High-sensitivity (hs)–cTn assays have enabled the detec-
tion of even small myocardial injuries, and this has resulted 
in an increase in the diagnosis of MI and a reciprocal 
decrease in that of UA [2, 3]. Although the risk of death is 
lower among patients with UA than among those with MI 
patients, it is important to correctly diagnose UA because 

a substantial proportion of UA patients will develop MI 
[1]. There are currently no biomarkers for transient severe 
ischemia in UA.

ACS is characterized by atherosclerotic plaque rupture 
and intraluminal thrombosis. Chronic inflammation and the 
resulting tissue damage underlie the pathology of athero-
sclerosis, in which innate and adaptive immune systems play 
important roles [4]. We previously screened autoantibodies 
using serum from ACS patients and identified 19 candidate 
antigens including nardilysin (N-arginine dibasic convertase; 
NRDC) [5]. NRDC is a metalloendopeptidase of the M16 
family, which is expressed in a wide range of organs includ-
ing the heart. NRDC shows a unique pattern of cellular 
localization in the cytosol, mitochondria, and nucleus, and 
is exported out of cells via an unconventional secretory path-
way. In the extracellular space, NRDC enhances the activity 
of a dis-integrin and metalloproteinases (ADAM) to release 
an ectodomain of membrane proteins such as tumor necrosis 
factor alpha (TNF-α), while NRDC in the nucleus coregu-
lates transcription with transcription factor partners [6, 7]. 
Analyses of the gene-manipulated mice revealed the critical 
in vivo roles of NRDC in several biological processes and 
the pathology of inflammatory diseases and cancers [8–18]. 
We established a highly sensitive measurement system for 
NRDC that enables the detection of serum NRDC, and 
applied it to human studies [15, 16]. We previously demon-
strated that serum NRDC levels were significantly higher in 
patients with than in those without ACS [5]. Furthermore, 
NRDC was elevated in patients with UA in whom the necro-
sis marker creatine kinase (CK) was negative [5]. Since the 
positive rate of NRDC was very high at the admission of 
ACS patients, NRDC has potential as a marker for the very 
early detection of ACS [5].

Our previous clinical study was a single-center retro-
spective cohort study; therefore, we herein conducted a 
multicenter prospective cohort study to examine the actual 
value of serum NRDC measurements for the early detection 
of ACS. In the Phase I primary cohort, we consecutively 
enrolled patients with chest pain at the emergency room 
(ER) to confirm the clinical performance of NRDC testing. 
In the Phase II cohort, which sequentially followed the pri-
mary cohort, we have enrolled patients with chest pain who 
underwent cardiac catheterization or coronary computed 
tomography (CT) angiography to specifically focus on the 
patients with ACS early after its onset.

Methods

Study design and participants

The prospective evaluation of Nardilysin for the early detec-
tion of patients with Acute Coronary Syndrome (Nardi-ACS 
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study) was conducted as a multicenter, prospective, obser-
vational, cohort study in six hospitals in Japan (Kyoto Uni-
versity Hospital, Kokura Memorial Hospital, Mitsubishi 
Kyoto Hospital, Kurashiki Central Hospital, Saiseikai Noe 
Hospital, and Osaka Red Cross Hospital). The present study 
conformed to the principles outlined in the Declaration of 
Helsinki and the study protocol was approved by the Eth-
ics Committee of each participating institution. Written 
informed consent was obtained from each participant. This 
study consisted of two sequential Phase I and II cohorts. 
In the Phase I cohort, we prospectively and consecutively 
enrolled 441 patients with chest pain at the ER to evaluate 
the diagnostic ability of NRDC for ACS in a general ER 
setting. We analyzed 435 patients because six patients were 

excluded because blood was not collected or due to a request 
to withdraw (Analysis 1: Fig. 1A, Supplementary Table 2). 
In the Phase II cohort, we prospectively and consecutively 
enrolled 507 patients with chest pain at the ER who were 
suspected of having ACS and underwent cardiac catheteriza-
tion or coronary CT angiography, in which 21 patients were 
excluded because blood was not collected or due to a request 
to withdraw. Since the major aim of the present study was to 
evaluate the clinical value of NRDC in the early detection of 
ACS, patients in the Phase I and II cohorts with known times 
of onset were stratified by the time from the onset of chest 
pain to blood collection, and 680 patients who presented 
the ER within 24 h of the onset were separately analyzed 
(Early presenting cohort, Analysis 2: Fig. 1A, Table 1). 

Fig. 1  A Flow diagram of the 
process of enrollment, exclusion 
and analysis. B Distribution 
of serum NRDC values in the 
healthy volunteers (N = 246)
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Table 1   Patient characteristics of 680 patients who presented within 24 h of symptom onset (phase I & II cohorts)

BMI body mass index, STEMI ST elevation myocardial infarction, NSTE-ACS non-ST elevation acute coronary syndrome, UA unstable angina, 
OMI old myocardial infarction, PCI percutaneous coronary intervention, CABG coronary artery bypass graft, WBC white blood cell, AST aspar-
tate aminotransferase, ALT alanine aminotransferase, LDH lactate dehydrogenase, CK creatine kinase, CK-MB creatine kinase-muscle/brain, 
BUN blood urea nitrogen, HDL high-density lipoprotein, LDL low-density lipoprotein, BNP brain natriuretic peptide

N = 680 ACS Non-ACS

N 466 68.5% 214 31.5%
Phase I 121 41.2% 173 58.8%
Phase II 345 89.4% 41 10.6% (P)
Age (mean ± SD) 70.4 12.5 70.8 15.8 0.7042
Gender (male: N, %) 356 52.4% 127 18.7% <0.0001
BMI (mean ± SD) 23.6 3.82 23.1 4.04 0.2117
STEMI (N, %) 340 50.0%
NSTE-ACS (N, %) 126 18.5%
Hs troponin-I-negative (N, %) 136 29.2% 164 76.6%

     STEMI (N, % of ACS) 96 20.6%
     NSTE-ACS (N, % of ACS) 40 8.6%
     UA (N, % of ACS) 29 6.2%

<Past history> N % N % (P)

 Diabetes mellitus 173 25.4 52 7.7 0.0011
 Hypertension 309 45.4 125 18.4 0.1234
 OMI 63 9.3 34 5.0 0.6873
 PCI 92 13.5 54 7.9 0.1742
 CABG 15 2.2 9 1.3 0.4185
 Vascular disease 66 9.7 25 3.7 0.617
 Dyslipidemia 223 32.8 86 12.7 0.0342
 Current smoking 137 20.2 32 4.7 <0.0001
 Hemodialysis 18 2.7 8 1.2 0.9818
 Chronic kidney disease (eGFR < 30) 46 6.8 15 2.2 0.4731
 Malignancy 51 7.5 20 2.9 0.3645

<Laboratory data> Mean SD Mean SD (P)

 WBC/μL 9190.7 3066.0 7148.8 2666.1 <0.0001
 Hemoglobin, g/dL 13.8 2.1 13.2 2.0 0.0006
 Platelets ×104/μL 22.1 6.9 22.3 9.1 0.8176
 AST, IU/L 58.1 75.3 36.0 54.1 0.0001
 ALT, IU/L 32.7 38.2 25.9 26.1 0.0183
 LDH, IU/L 291.3 184.4 225.9 71.6 <0.0001
 CK, IU/L 408.5 733.8 159.9 283.9 <0.0001
 CK-MB, IU/L 34.8 67.9 12.7 44.0 <0.0001
 Peak CK,IU/L 2004.1 2267.0 202.6 585.0 <0.0001
 Peak CK-MB, IU/L 192.1 222.8 17.2 99.5 <0.0001
 Serum creatinine, mg/dL 1.21 1.55 1.10 1.21 0.3509
 BUN, mg/dL 19.4 10.0 18.5 13.5 0.2817
 Uric acid, mg/dL 5.7 2.2 5.5 1.5 0.1304
 Total cholesterol, mg/dL 190.9 47.7 184.4 41.3 0.1099
 HDL-cholesterol, mg/dL 48.4 12.9 55.1 16.2 <0.0001
 LDL-cholesterol, mg/dL 118.3 37.9 104.3 31.4 <0.0001
 Triglyceride, mg/dL 143.9 104.1 137.6 87.3 0.4984
 C-reactive protein, mg/dL 0.90 2.27 0.63 1.57 0.1295
 Hemoglobin A1C, % 6.5 1.30 6.1 0.91 0.0045
 BNP, pg/mL 195.5 408.3 213.4 451.1 0.6705
 NRDC, pg/mL 4009.4 4614.0 2325.0 2142.7 <0.0001
 hsTnI, pg/mL 11,596.9 37,060 522.1 2152.8 <0.0001
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Of 680 patients, 300 patients with negative hsTnI at initial 
blood test were separately analyzed (Analysis 3: Fig. 1A, 
Table 3). Patient enrollment periods differed among the hos-
pitals, details of which are as follows: November 2016 to 
August 2017 for Phase I and August 2017 to January 2020 
for Phase II in Kyoto University Hospital, December 2016 
to February 2017 for Phase I and February 2017 to October 
2019 for Phase II in Kokura Memorial Hospital, February 
2017 to August 2017 for Phase I and September 2017 to 
March 2020 for Phase II in Mitsubishi Kyoto Hospital, Janu-
ary 2017 to February 2017 for Phase I and November 2018 
to February 2019 for Phase II in Kurashiki Central Hospital, 
May 2017 to June 2017 for Phase I and June 2017 to May 
2018 for Phase II in Saiseikai Noe Hospital, May 2018 to 
September 2018 for Phase II Osaka Red Cross Hospital. 
This study was registered in UMIN Clinical Trials Registry 
as UMIN000024577.

Diagnosis of ACS

ACS, including STEMI, NSTEMI, and UA was defined 
according to the standard criteria as previously described 
[1, 19, 20]. The diagnosis of MI was based on the universal 
definition of MI (third and fourth Universal Definition 2012 
& 2018). UA was diagnosed in patients with symptoms of 
myocardial ischemia, which was judged by the attending 
physicians, and the severe stenosis (> 90%) of a major coro-
nary artery in the absence of cardiomyocyte necrosis (no 
elevations in CK, CK-MB, and hsTn). In-house hsTn was 
measured by the laboratory at each institution and reflected 
in actual clinical decisions. hsTnI values used in the present 
study were measured in batches at the core laboratory of 
Abbott Japan using the ARCHITECT STAT High Sensitive 
Troponin-I assay kit. The cut-off level for hsTnI was set at 
52 pg/mL according to the 0 h/1 h rule-in and rule-out algo-
rithms described in the 2015 European Society of Cardiol-
ogy (ESC) guideline for the management of ACS in patients 
presenting without persistent ST-segment elevation [20].

Data and blood sample collection

Clinical and laboratory parameters at baseline were collected 
from medical records at each hospital. Venous blood sam-
ples were obtained from patients at the ER and placed in 
test tubes containing polyolefin resin (Terumo). Serum was 
separated by centrifugation and stored at −80 ℃ for later 
analyses. In patients diagnosed with acute myocardial infarc-
tion (AMI), additional serum sampling was performed every 
4 h (Kurashiki Central Hospital) or 6 h (the other five hospi-
tals) after admission until peak CPK or CK-MB levels were 
reached, which is routinely conducted according to the local 
rules of coronary care units. Serum hsTnI and NRDC levels 

were measured at the core laboratories of Abbott Japan and 
Sanyo Chemical Industries, Ltd., respectively.

Measurement of serum NRDC

Serum NRDC was quantified by a chemiluminescent 
enzyme immunoassay as previously described, in which 
mouse monoclonal anti-NRDC antibody clones #231 and 
#304 were used for the capture and detection antibodies, 
respectively [5, 15]. In the present study, NRDC in all sam-
ples was measured using an automated chemiluminescent 
immune assay analyzer, the Accuraseed system (FUJIFILM 
Wako Pure Chemical Corporation). Briefly, 25 μL of serum 
was mixed with the capture antibody (clone #231) immobi-
lized to magnetic particles  (MAGRAPID®) and incubated 
at 37 ℃ for 180 s. After washing the magnetic particles, the 
detection antibody (#304) conjugated with peroxidase was 
added and incubated at 37 ℃ for 180 s. Magnetic particles 
were aggregated by a magnet and the solution was removed. 
After washing the magnetic particles, they were dispersed 
by removing the magnet, and then 200 μL of the substrate 
solution was then added to measure chemiluminescence. The 
assay for serum NRDC was calibrated using human recom-
binant NRDC, synthesized using a silkworm protein expres-
sion system (Sysmex), as reference material.

To determine the diagnostic cut-off level in the new Accu-
raseed system, NRDC was measured in 246 healthy individu-
als (169 males and 77 females, mean age; 48.8 ± 9.35), who 
were selected from 1466 individuals who underwent medical 
check-ups at the Preemptive Medicine and Lifestyle Disease 
Research Center in Kyoto University Hospital between July 
2019 and June 2020. Exclusion criteria were as follows: (1) 
those receiving treatment for any chronic disease at the time of 
the medical check-up; (2) those in whom new diseases requir-
ing treatment were identified in the medical check-up; (3) 
those whose blood tests showed any abnormality in the medi-
cal check-up. The mean and standard deviations (SD) of serum 
NRDC in the 246 healthy individuals selected were 561.9 pg/
mL and 394.5 pg/mL, respectively. We defined the cut-off 
value as the mean + 2SD, 1350.9 pg/mL (Fig. 1B), which was 
close to the previous cut-off level (1418.3 pg/mL) determined 
by the old measurement system using the SphereLight 180 
analyzer (Olympus) [5]. The one-way layout of serum NRDC 
in each final diagnosis (Phases I & II) is described in Sup-
plementary Fig. A.

Follow‑up

The incidence of major cardiac adverse events (MACE), the 
components of which were defined as new lethal or non-lethal 
MI, sudden death, and heart failure, in all participants was 
analyzed for 30 days from the time of the first blood sample 
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collection. The 30-day follow-up of MACE was performed by 
the attending physician through the medical records or contact 
by phone calls.

Statistical analysis

Continuous variables are presented as the mean ± SD or stand-
ard error (SE) as described, or the median with the interquar-
tile range, and were compared using the Student’s t-test (two 
groups) or an analysis of variance (ANOVA) (n > 2 groups) 
with Turkey’s post hoc tests. Categorical variables were pre-
sented as numbers with percentages and were compared using 
the χ2 test. To evaluate the test performance of serum NRDC 
and hsTnI as diagnostic markers for ACS, the area under the 
curve (AUC) of the receiver operating characteristics curve 
(ROC) was calculated. Additionally, sensitivity, specificity, 
positive predictive values (PPV), and negative predictive val-
ues (NPV) for the target markers were assessed by the defined 
marker-specific cut-off value and a 2 × 2 table in the usual 
manner. All statistical analyses were performed using the JMP 
version 10 statistical package.

Results

Baseline characteristics

The Phase I cohort included 435 patients with chest pain 
at the ER, with 155 being diagnosed with ACS (36%). The 
Phase II cohort consisted of 486 patients with chest pain 
who were highly suspected of having ACS and underwent 
cardiac catheterization or coronary CT angiography, and 418 
patients were finally diagnosed with ACS (86%) (Fig. 1A 
and Supplementary Table 1). Among the 921 patients ana-
lyzed in the Phase I & II cohort, 680 visited the ER within 
24 h after the onset of chest pain (Early presenting cohort). 
Of the 680 patients in the Early presenting cohort, 300 
patients had negative hsTnI on the initial blood test (hsTnI-
negative cohort). The baseline characteristics of patients in 
the Phase I and the Early presenting cohort are shown in 
Supplementary Table 2 and Table 1, respectively.

Diagnostic ability of serum NRDC in a general ER 
setting (Analysis 1)

In the Phase I primary cohort, serum NRDC levels in the ini-
tial blood test at the ER were significantly higher in patients 
with than in those without ACS (2639.0 ± 3115.9 pg/mL 
versus 2113.2 ± 2200.2 pg/mL, P = 0.041; Supplementary 
Table 2). The sensitivity, specificity, PPV, and NPV of 

NRDC for ACS were 63.2, 47.9, 51.3, and 70.2 (%), respec-
tively. The ROC analysis showed that the AUC of NRDC 
was 0.5834, while that of hsTnI was 0.7966 (Supplementary 
Fig. B, C).

Diagnostic ability of serum NRDC in patients 
presented early after the onset (Analysis 2)

Since the major aim of the present study was to evaluate 
the clinical value of NRDC in the early detection of ACS, 
patients in the Phase I and II cohorts with known times of 
onset were stratified by the time from the onset of chest 
pain to blood collection. As described in Table 1, blood 
was collected from 680 (466 ACS and 214 non-ACS) 
patients within 24 h of the onset, with the highest num-
ber of patients presenting within 1–3 h of the onset. In 
these patients, serum NRDC levels were higher in patients 
with than in those without ACS (4009.4 ± 4614.0 pg/mL 
versus 2325.0 ± 2142.7 pg/mL, P < 0.001; Table 1). Simi-
lar results were observed when the patients were divided 
into the following groups: within 1 h, between 1 and 3 h, 
between 3 and 6 h, and between 6 and 24 h after the onset 
(Fig. 2A). In contrast, there were no significant differ-
ences in hsTnI levels between ACS and non-ACS patients 
in the groups within 6 h, while hsTnI levels were mark-
edly higher in patients with ACS from 6 to 24 h after the 
onset (Fig. 2B). Consistent with this result, the sensitivity 
of NRDC for the diagnosis of ACS within 6 h after the 
onset was higher than that of hsTnI (0.955 versus 0.409 
within 1 h, 0.746 versus 0.529 between 1 and 3 h, 0.851 
versus 0.819 between 3 and 6 h; Table 2), whereas the 
specificity of NRDC was markedly lower than that of 
hsTnI. The AUC of NRDC within 1 h of the onset was 
also higher than that of hsTnI (0.718 versus 0.633).

Diagnostic ability of serum NRDC in hsTnI‑negative 
patients (Analysis 3)

We then focused on hsTnI-negative patients. Among 680 
patients who presented within 24 h of the onset, 300 patients 
(44.1%) were negative for hsTnI at the initial blood draw, 
136 of whom (45.3%) were ultimately diagnosed with ACS. 
Among hsTnI-negative patients, the sensitivity, specificity, 
PPV, and NPV of NRDC for ACS were 73.5, 42.1, 51.3, and 
65.7 (%), respectively. The AUC of NRDC in these patients 
was 0.608 (Table 3). When divided into four groups by the 
time from the onset of chest pain onset to blood collection, 
the AUC of NRDC was 0.712 within 1 h, 0.567 between 1 
and 3 h, 0.736 between 3 and 6 h, and 0.516 between 6 and 
24 h (Table 3). These results indicate that the diagnostic 
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capacity of NRDC for ACS remained constant regardless of 
positive or negative hsTnI.

In ACS, the diagnosis of NSTE-ACS including UA in 
hsTnI-negative patients is particularly challenging. There-
fore, we analyzed the AUC of NRDC (NSTE-ACS versus 
non-ACS in hsTnI-negative patients), which was 0.499 in 
total (0.781 within 1 h, 0.437 between 1 and 3 h, 0.672 
between 3 and 6 h, and 0.573 between 6 and 24 h) (Supple-
mentary Table 3). The sensitivity, specificity, PPV, and NPV 
of NRDC for NSTE-ACS in hsTnI-negative patients were 
62.5, 42.1, 20.8, and 82.1 (%), and for UA were 58.6, 42.1, 
15.2, and 85.2 (%), respectively (Supplementary Tables 3, 
4).

Time course of serum NRDC in patients with ACS

A serial blood test until CK peaks is routinely performed 
in coronary care units in Japan to estimate the extent of 
the infarcted region. To assess the dynamic state in blood, 
NRDC and hsTnI were measured in ASC patients on admis-
sion and every 6 h after the admission (Fig. 3A, B). NRDC 
and hsTnI values at the first and second blood sampling were 
also blotted with the time from the onset of chest pain to the 
blood collection (Fig. 3C–F). For hsTnI, the shorter the time 
since onset, the lower the value tended to be (Fig. 3B, D), 
whereas NRDC was already high at the time on admission 
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Table 2   Diagnostic performance of NRDC (left) and hsTnI (right) for ACS in patients who presented ER within 24 h of onset

NRDC hsTnI

Time from 
onset (h)

N Sensitivity Specificity PPV NPV AUC Time from 
onset (h)

N Sensitivity Specificity PPV NPV AUC 

≪ 1 22 0.955 0.227 0.553 0.833 0.718 ≪ 1 22 0.409 0.727 0.600 0.552 0.633
1 ≪ 3 189 0.746 0.351 0.746 0.351 0.592 1 ≪ 3 189 0.529 0.797 0.870 0.399 0.746
3 ≪ 6 94 0.851 0.432 0.792 0.533 0.745 3 ≪ 6 94 0.819 0.730 0.885 0.614 0.777
6 ≪ 24 161 0.752 0.407 0.716 0.452 0.638 6 ≪ 24 161 0.894 0.765 0.883 0.785 0.913
Total 466 0.779 0.374 0.730 0.437 0.643 Total 466 0.708 0.766 0.868 0.547 0.803

Table 3  Diagnostic 
performance of NRDC for ACS 
in hsTnI-negative  patients

a hsTnI-negative ACS and hsTnI-negative non-ACS

Time from onset Sensitivity Specificity PPV NPV AUC ACS (N) Non-ACS (N) Total (N)a

≪ 1 0.923 0.250 0.500 0.800 0.712 13 16 29
1 ≪ 3 0.708 0.373 0.630 0.458 0.567 89 59 148
3 ≪ 6 0.824 0.481 0.500 0.813 0.736 17 27 44
6 ≪ 24 0.647 0.484 0.256 0.833 0.516 17 62 79
Total 0.735 0.421 0.513 0.657 0.608 136 164 300
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regardless of the time since onset (Fig. 3A, C). In the second 
blood sampling, almost all patients have an increase in both 
NRDC and hsTnI (Fig. 3E, F).

Thirty days MACE

We also estimated MACE, defined as the composite of 
new MI, sudden death, and heart failure, by following up 
patients for 30 days after the initial blood test. Among 881 
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Fig. 3  A, B Time course analysis of NRDC (A) and hsTnI (B) in 
ACS patients who required hospitalization. Blood tests were per-
formed at admission (Time 0) and every 6  h after the admission. 
Time after the onset of chest pain to the initial blood sampling is 
within 1 h (open circle), between 1 and 3 h (open square), between 3 

and 6 h (closed circle), and between 6 and 24 h (closed square). C–F 
NRDC (C, E) and hsTnI (D, F) values at the first (C, D) and second 
(E, F) blood sampling were blotted with the time from the onset of 
chest pain to the blood sampling
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(847 + 34) patients in the phase I and II cohorts (follow-up 
rate of 95.7%), 34 (3.7%) developed MACE (Supplemen-
tary Table 5). Serum NRDC levels in the initial blood test 
were significantly higher in MACE-positive patients com-
pared with MACE-negative patients (5344.1 ± 3780.9 pg/
mL versus 3192.5 ± 3780.8 pg/mL, P = 0.0012; Supplemen-
tary Table 3). hsTnI levels were also significantly higher in 
MACE-positive patients (18,945.1 ± 26,933.7 pg/mL versus 
6677.6 ± 26,935.1 pg/mL, P = 0.0094).

Discussion

This prospective study was conducted to evaluate the diag-
nostic performance of NRDC in ACS. Our previous retro-
spective cohort study provided two important findings: (1) 
serum NRDC was elevated in the very early phase of ACS, 
and (2) serum NRDC was elevated not only in patients with 
AMI, but also in those with UA [5]. These clinical findings 
suggested that NRDC is a biomarker with a pathophysiologi-
cal background independent of cell necrosis. This hypothesis 
was also supported by cell-based experiments, in which the 
short treatment of rat cardiomyocytes with  H2O2 or A23187 
induced the secretion of NRDC without cell toxicity [5].

To verify whether the measurement of serum NRDC is 
useful for the early diagnosis of ACS, we have prospectively 
enrolled patients with chest pain at the ER. In the Phase 
I primary cohort, we consecutively enrolled all patients 
with chest pain to evaluate the general diagnostic power of 
NRDC. In the Phase II cohort, we enrolled patients who 
presented to the ER with chest pain and underwent cardiac 
catheterization or coronary CT angiography. As a result, 
36% of patients in the Phase I cohort and 86% in the Phase 
II cohort were finally diagnosed with ACS. When restricted 
to patients who presented within 24 h of the onset, the per-
centage of ACS patients was 41% in the Phase I cohort and 
89% in the Phase II cohort, indicating that the change in the 
enrollment process resulted in the 2.2-fold more efficient 
registration of early post-onset ACS patients. One possible 
reason for the high percentages of ACS both in the Phase I 
and II cohorts is that two out of the six participating hospi-
tals are high-volume centers for ACS.

The AUC of NRDC in the Phase I primary cohort 
(0.5834) was lower than that reported in the previous study 
(0.822) [5]. This may have been due to control cases in the 
previous study including patients with arrhythmia or stable 
angina who were admitted for standby procedures, whereas 
control cases in the present study were non-ACS patients 
presenting to the ER with chest pain. In early post-onset 
ACS patients (within 24 h), serum NRDC levels were higher 
in patients with than in those without ACS. The AUC of 
NRDC in patients presenting within 1 h of the onset was 
higher than that of cTnI. In patients presenting between 1 

and 3 h and between 3 and 6 h, serum NRDC levels, but 
not cTnI levels were significantly higher in ACS patients 
than in non-ACS patients. These results indicate that serum 
NRDC is useful for the early diagnosis of ACS, whereas the 
specificity of NRDC was lower than that of hsTnI. NRDC is 
expressed in a wide range of organs and cells and is involved 
in inflammatory diseases. The present results demonstrated 
that serum NRDC levels were also elevated in some patients 
with non-ACS cardiovascular diseases (CVD), such as acute 
pericarditis, Takotsubo syndrome (TTS), and congestive 
heart failure (CHF), and also in those with non-CVD, such 
as pneumonia, which may account for low specificity in 
the diagnosis of ACS. In consistent, serum NRDC was sig-
nificantly correlated with WBC, CRP, and several necrosis 
markers (LDH, peak CK) (Supplementary Table 6), suggest-
ing that serum NRDC increased with the intensity of inflam-
mation and myocardial damage. NRDC may also be useful 
in terms of the triage of patients requiring hospitalization.

Since ACS is a life-threatening disease, its rapid and 
accurate diagnosis is critical. At the same time, the ability 
to rule out ACS safely and promptly is highly valuable in 
terms of saving medical resources. Regarding triage, ESC 
proposed the 0 h/1 h rule-out and rule-in algorithm using 
the high-sensitivity cardiac troponins (hs-cTn) assay [21]. 
Several large cohort studies showed that the NPV for MI 
in patients assigned ‘rule-out’ exceeded 99%, while the 
PPV for MI in patients assigned ‘rule-in’ was approxi-
mately 70–75% [3, 22]. However, one of the issues with 
this algorithm is that a large percentage of patients do not 
qualify for rule-out or rule-in and, thus are assigned to the 
‘observe’ zone. In this study, blood samples were not taken 
1 h after the visit; therefore, if the 0 h algorithm in 2020 
ESC guidelines [21] was applied, 243 out of 680 patients 
(36%) who presented within 24 h of the onset were assigned 
to the ‘observe’ zone (4 < hsTnI < 64) by the initial blood 
sampling. Among these patients, 137 patients (56%) were 
finally diagnosed with ACS. The simultaneous measurement 
of NRDC at presentation may have assisted the quick rule-
in and rule-out by the PPV of 62.0% and NPV of 55.0%. 
Although this diagnostic capability is not perfect, but it will 
facilitate a diagnosis under conditions where cTn is nega-
tive. The number of patients in the ‘observe’ zone has been 
reported to increase with age, which decreases the efficacy 
of the triage [23]. It would be interesting to examine if the 
diagnostic ability of NRDC is affected by age or not.

In this study, sensitivity and specificity of hsTnI for ACS 
in early presenting cohort are 71% and 77%, respectively. 
The relatively low sensitivity can be attributed to the high 
cutoff value at 52 ng/L, which was set according to the rule-
in level of the 0 h algorithms described in the 2015 ESC 
guideline. We set this high cutoff because we would like to 
test the use of serum NRDC with hsTnI for the quick rule-
in. The low sensitivity can be also attributed to the fact that 
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there were many patients who presented to the ER very early 
after the onset (< 3 h).

The mechanisms by which NRDC increases very early 
after the onset and its significance in the pathogenesis of 
ACS currently remain unclear. Given the role of NRDC in 
the activation of TNF-alpha, which was validated in some 
inflammatory disease models including rheumatoid arthri-
tis and steatohepatitis [13, 24], NRDC may aggravate the 
pathology of ACS by enhancing inflammation. Another pos-
sible involvement of NRDC in ACS pathology is through the 
production of platelet [25, 26], because NRDC secretion is 
induced by turbulent flow, which promotes thrombopoiesis 
in vitro [27]. Based on these findings, a novel therapy target-
ing NRDC may inhibit the progression of ACS by suppress-
ing inflammation and thrombosis.

Limitation

There are several limitations that need to be addressed. The 
present study was conducted on patients who presented 
to the ER with chest pain. Further studies are needed to 
examine the utility of NRDC in patients with a lower prob-
ability of ACS in a general practitioner setting. Although 
we used a stringent method to adjudicate the presence or 
absence of ACS, including central measurements of hs-cTn 
and invasive or non-invasive coronary artery imaging, we 
still may have misclassified a small number of patients. The 
cut-off level of hsTnI was set at 52 pg/mL according to the 
0 h rule-in and rule-out algorithms described in the 2015 
ESC guidelines, which has since changed to 64 pg/mL in the 
revised 2020 ESC guidelines [21]. As the detailed echocar-
diographic data were not included in this study, the relation-
ship between serum NRDC and left ventricular function or 
valvular diseases could not be addressed. Since we did not 
perform specific sample size calculations, the present study 
may have been underpowered for some comparisons.

Conclusions

The present study demonstrated the potential of NRDC as 
a biomarker for the early detection of ACS. The AUC of 
NRDC for the diagnosis of ACS in patients who presented 
within 1 h after the onset was higher than that of hsTnI. 
When we focused on hsTnI-negative patients, the sensitiv-
ity, specificity, PPV, and NPV of NRDC for ACS were 73.5, 
42.1, 51.3, and 65.7 (%). These results suggest auxiliary 
roles for NRDC in the early diagnosis of ACS.
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