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Abstract

This study aimed to investigate the combined efficacy in prediction of major adverse cardiac events (MACE) by coronary
regional physiological indices including coronary flow reserve (CFR) or fractional flow reserve (FFR) and high-sensitivity
cardiac troponin-I (hs-cTnl) or N-terminal pro brain natriuretic peptide (NT-proBNP). Impaired CFR, decreased FFR,
elevated cardiac troponin, and NT-proBNP are all associated with increased MACE, while these interaction or collinearity
remains uncertain. The study included 429 patients with stable coronary artery disease (CAD) evaluated hs-cTnl and NT-
proBNP levels before regional physiological measurement during coronary angiography. Patients were followed up for MACE
including all-cause death, myocardial infarction, hospital admission for heart failure and target vessel remote revasculariza-
tion. Median hs-cTnl and NT-proBNP values were 4 ng/L and 85 ng/L, respectively. Regional CFR was significantly albeit
weakly correlated with hs-cTnl and NT-proBNP, while fractional flow reserve (FFR) was only linked to hs-cTnl. The addi-
tion of hs-cTnl and NT-proBNP on clinical backgrounds and angiographic score significantly improved predictive accuracy
for MACE incidence, and further consideration of FFR and CFR could refine the model. The combined stratification using
hs-cTnl, NT-proBNP, FFR and CFR could efficiently stratify patient risk for MACE. In patients with stable CAD, integrated
assessment of cardiac biomarkers and physiological indices could be useful for predicting future cardiovascular events.

Keywords High-sensitivity cardiac troponin-I - N-terminal pro brain natriuretic peptide - Coronary flow reserve -
Fractional flow reserve

Introduction

Coronary flow reserve (CFR) is an index of integrated
coronary vasomotor function including epicardial stenosis,
diffuse narrowing, and microvascular dysfunction. Impair-
ment in CFR is associated with a high incidence of adverse
cardiac events [1]. Although the prognostic value of global
CFR measured by positron emission tomography (PET) has
been recognized, the technique has limited availability in a
majority of institutions. A Doppler-flow wire can be used
to measure regional coronary flow velocity reserve together
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with fractional flow reserve (FFR), which might be useful
in patient risk stratification [2]; however, this Doppler-based
technique is time-consuming and may not be practical in
clinical settings.

Cardiac troponins (cTn) and N-terminal pro-brain
natriuretic peptide (NT-proBNP) are the two major car-
diac biomarkers whose increased levels are independently
linked to the risk of future adverse events [3]. Recently
introduced high-sensitivity assays for cTn can detect cir-
culating troponin levels in healthy individuals. The minor
differences in the values within the upper reference limit
(URL) can allow patient stratification for the future event
risk [4]. Indeed, the high detection sensitivity of these
assays has revolutionized clinical practice, because con-
ventional assays cannot distinguish cTn values below the
URL. NT-proBNP is an established marker of heart failure
(HF), and its elevation is associated with major adverse
cardiac events (MACE) in patients with or without HF
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[5]. However, more robust risk stratification is required
for improving current clinical practice.

A previous study demonstrated both a relationship
between PET-derived global CFR and the cTn level
measured using conventional assays, and the independ-
ent contributions of the respective values to the predic-
tion of MACE [6]. Therefore, the present study aimed to
investigate the association of regional FFR/CFR, deter-
mined using a pressure—temperature sensor-tipped wire,
and high-sensitivity cardiac troponin-I (hs-cTnl) and NT-
proBNP in the prediction of cardiovascular outcomes of
patients with stable coronary artery disease (CAD). We
hypothesized that regional CFR, hs-cTnl and NT-proBNP
can be used complementarily to predict future cardiovas-
cular events.

Methods
Patient population

Patients with stable CAD who underwent hs-cTnl and
NT-proBNP measurements before their scheduled coro-
nary angiography (CAG) and subsequent physiological
study at Tsuchiura Kyodo General Hospital between June
2014 and August 2017 were prospectively, but not con-
secutively, enrolled. A physiological study was indicated
for the most diseased vessel with intermediate coronary
lesions (30-80% diameter stenosis on visual assessment).
Patients with angiographically significant left main dis-
ease,>80% diameter stenosis on visual assessment, vis-
ible collateral development, extremely tortuous or calci-
fied coronary arteries, previous coronary artery bypass
or other cardiac surgery, unstable symptoms (worsening
angina or rest angina within a month) or acute changes
on electrocardiogram (ECG), acute coronary syndrome
or cardiac catheterisation within 6 months before index
CAGQG, cardiogenic shock, renal insufficiency with base-
line creatinine > 2.0 mg/dL, severe valvular diseases, left
ventricular ejection fraction (LVEF) < 50%, previous heart
failure, documented atrial fibrillation or other tachyar-
rhythmia, previous pacemaker implantation, suboptimal
physiological recording, and unavailable informed consent
were excluded from the study. From the 1022 patients who
were screened, a total of 429 patients were included in the
study. The Institutional Ethics Committee of our hospital
approved the study protocol. Prompt optimal medical ther-
apy was initiated in all patients after enrolment, and early
revascularization based on the index CAG results was per-
formed following current guidelines [7]. All patient data
and procedural details were obtained from medical records
and telephone interviews.

Biochemical measurement analysis

Baseline hs-cTnl and NT-proBNP levels were determined
from blood samples obtained using the radial sheath inserted
before CAG. Sampling was conducted in the morning in
clinically stable patients at a fasting state, to reduce diur-
nal variations of the biomarkers [8]. Hs-cTnl was meas-
ured using the ARCHITECT 2000 STAT hs-cTnl assay
(Abbott Laboratories, North Chicago, IL, USA); The 99th
percentile cut-off values (URLs) were 32.7 ng/L for men
and 17.9 ng/L for women, according to a previous Asian
community-cohort study [9]. The lower limit of detection
(LOD) was 1.5 ng/L. NT-proBNP levels were determined
using the Elecsys proBNP assay (Roche Diagnostics, Basel,
Switzerland). The LOD was 5 ng/L.

Angiographic assessment

Quantitative coronary angiography (QCA) analyzes were
performed using dedicated offline software (QAngio XA
7.3; Medis Medical Imaging Systems BV, Leiden, The
Netherlands). In order to assess the complexity of coronary
lesions, SYNTAX score was determined using the online,
most recently updated calculator (SYNTAX SCORE I from
https://www.SYNTAXscore.com).

Cardiac catheterization and physiological studies

All patients underwent standard CAG via a radial artery
and using a 5-French system. Physiological indices were
measured using a pressure—temperature sensor-tipped wire,
as described previously [10]. After calibration, a coronary
0.014-inch PressureWire™ (St. Jude Medical, St. Paul,
MN, USA) was used to measure the intracoronary pres-
sure distal to the coronary stenosis. Subsequently, 3 mL of
saline at room temperature was administered three times,
and the baseline mean transit time (7,,,) was determined.
For both measurements, maximal hyperaemia was induced
by an intravenous infusion of adenosine 5'-triphosphate
(160 pg kg~! min~!). FFR was calculated as the ratio of
mean distal-to-aortic coronary pressure (P4/P,) during
maximum hyperaemia. CFR was defined as the resting 7,
divided by the hyperaemic T, values.

Clinical follow-up

Clinical follow-up data were collected via a review of the
medical records and/or telephonic interviews. The primary
endpoint was a composite of death, non-fatal spontaneous
myocardial infarction (MI) defined by current guidelines,
hospital admission owing to congestive heart failure, and
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target vessel revascularization (TVR) occurring at least
3 months after CAG. All revascularizations based on the
index CAG results were performed within 3 months after
the procedure and were not counted as the endpoint. All MIs
occurred>30 days after the CAG procedures.

Statistical analysis

Categorical data, expressed as frequencies and percentages,
were compared using the X2 or Fisher’s exact test, as appro-
priate. Continuous variables were expressed as the median
(interquartile range [IQR]) and compared using Student’s ¢
test or Mann—Whitney U test for variables with a normal or
non-normal distribution, respectively. Kruskal-Wallis test
was applied for comparisons among three or more groups.
A Cox proportional hazards regression model was used to
assess the association between FFR, CFR, hs-cTnl, NT-
proBNP and clinical outcomes. The logarithmic transformed
values of hs-cTnl and NT-proBNP were entered into the
models. The prognostic information of each biomarker or
physiological index was compared based on the c-statistic
calculated from the model comprising the baseline char-
acteristics and each factor. Baseline characteristics show-
ing p <0.05 in univariate COX regression models (age and
SYNTAX score) were selected and entered into the models.
Further, to evaluate the added effect of cardiac biomarkers
and physiological indices on the discrimination of MACE,
we constructed four clinical models and calculated the
c-statistic, tested using integrated discrimination improve-
ment (IDI) and net reclassification improvement (NRI).
Receiver operating characteristic (ROC) analyzes were used
to determine the best cut-offs of hs-cTnl and NT-proBNP
in predicting the incidence of MACE. Based on the total
number of worse profiles of hs-cTnl, NT-proBNP, FFR and
CFR, patients were divided into five groups. In these groups,
event rates over time were estimated using the Kaplan—-Meier
method, and linear trends were tested using log-rank tests.
Statistical analyzes were performed using JMP 11.2.0 (SAS
Institute Inc., Cary, NC) or R 3.4.4 (The R Foundation). A
two-sided p value <0.05 was considered to indicate statisti-
cal significance.

Results
Baseline clinical features

The baseline clinical characteristics of the total cohort are
presented in Table 1. The mean age of the study popula-
tion was 68.0+9.5 years, and 336 patients (78.3%) were
male. The median hs-cTnl and NT-proBNP values were 4
(2-8) ng/L and 85 (45-176) ng/L, respectively. Hs-cTnl lev-
els exceeded the URL in 10 (2.3%) patients, and 33 patients
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(7.7%) had hs-cTnl levels below the LOD. One patient had
an NT-proBNP level below the LOD. Hs-cTnl and NT-
proBNP levels were mildly correlated (R=0.22, p <0.001).
The median FFR and CFR values were 0.81 (0.75-0.86)
and 2.8 (1.8-3.9), respectively. CFR <2.0 was determined
in 126 (29.4%) patients. The association between FFR and
CFR was significant (R =0.43, p <0.001). The distributions
of hs-cTnl, NT-proBNP, FFR and CFR in the total cohort
are shown in Fig. 1.

Association between regional physiological indices
and cardiac biomarkers

Linear correlations were found for hs-cTnl and FFR, hs-
cTnl and CFR, NT-proBNP and CFR (p =0.049, 0.015,
and <0.001, respectively) but not for NT-proBNP and FFR
(p =0.76). Figure 2 shows the biomarker levels in groups
divided by the cut-offs of CFR =2.0 and FFR =0.80. Patients
with CFR <2.0 or FFR <0.8 had higher hs-cTnl levels than
those of patients with CFR >2.0 or FFR >0.8 (p <0.001 and
p =0.005, respectively). NT-proBNP values were higher
in patients with CFR <2.0 than in those with CFR >2.0
(p <0.001), whereas the difference of values between
patients with FFR <0.8 and FFR >0.8 was not significant

(p=0.11).

Comparison of the prognostic information
of cardiac biomarkers and physiological parameters

During a median follow-up period of 18 (12-29) months,
27 patients (6.3%) met the primary endpoint; specifically, 9
deaths, 3 non-fatal MlIs, 2 admissions for worsening HF and
13 TVRs were documented. In univariate COX regression
models, the cumulative incidence of MACE was signifi-
cantly associated with patient age, SYNTAX score, impaired
CFR, decreased FFR, elevated hs-cTnl and NT-proBNP lev-
els (Table 2).

The prognostic accuracy of FFR, CFR, hs-cTnl and
NT-proBNP was compared in models comprising age and
SYNTAX score plus one of these factors. The c-statistic
was 0.73 (0.63-0.84) for FFR, 0.78 (0.67-0.89) for CFR,
0.72 (0.61-0.83) for hs-cTnl, and 0.72 (0.61-0.83) for NT-
proBNP (Fig. 3). There was no significant difference in
the c-statistic of every pair among these four models (all
p>0.05).

Integrated assessment of hs-cTnl, NT-proBNP, FFR
and CFR in the prediction of future adverse events

We constructed four clinical models in order to assess the
additive prognostic ability of the biomarkers and physiologi-
cal indices on baseline and angiographic variables (Table 3).
The addition of cardiac biomarkers to a model consisting of
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Table 1 Baseline clinical Total, n=429  MACE (<), n=402 MACE (+),n=27 p
characteristics
Demographics
Age, years 68.0+9.5 67.6+9.5 73.7+8.2 0.001
Male 336 (78.3) 314 (78.1) 22 (81.5) 0.68
Body mass index 24.5 (22.5-26.8) 24.5(22.6-26.8) 24.5 (20.1-26.8) 0.23
Hypertension 307 (71.6) 287 (71.4) 20 (74.1) 0.76
Dyslipidemia 282 (65.7) 264 (65.7) 18 (66.7) 0.92
Diabetes mellitus 171 (39.9) 160 (39.8) 11 (40.7) 0.92
Smoking 121 (28.2) 113 (28.1) 8 (29.6) 0.87
Medication
Aspirin 353 (82.7) 331 (82.8) 22 (81.5) 0.87
Statin 333 (77.8) 313 (78.1) 20 (74.1) 0.64
Angiotensin inhibitors 276 (64.3) 256 (63.7) 20 (74.1) 0.26
Beta blocker 201 (46.9) 187 (46.5) 14 (51.9) 0.59
Ejection fraction, % 66 (61-70) 66 (61-70) 62 (57-68) 0.065
Angiographic data
Minimum lumen diameter, mm 1.4 (1.1-1.8) 1.4 (1.1-1.8) 1.4 (1.1-1.5) 0.20
Reference diameter, mm 2.8 (2.4-3.3) 2.8 (2.4-3.3) 2.7 (2.5-3.4) 0.93
Diameter stenosis, % 49.6 (40.0-58.4) 49.1 (39.8-58.2) 53.8 (45.0-60.6) 0.13
Lesion length, mm 10.7 (7.4-14.9)  10.6 (7.4-14.8) 11.8 (8.3-16.1) 0.32
SYNTAX score 5(2-9) 5(2-9) 7 (4-10) 0.034
Interrogated location 0.59
RCA 58 (13.5) 56 (13.9) 2(7.4)
LAD 325 (75.8) 303 (75.4) 22 (81.5)
LCx 46 (10.7) 43 (10.7) 3(11.1)
Early revascularization* 172 (40.1) 157 (39.0) 15 (55.6) 0.22
Biomarker
C-reactive protein, mg/dL 0.06 (0.03-0.12) 0.06 (0.03-0.12) 0.07 (0.03-0.19) 0.57
eGFR, mL/min/1.73m? 71.5(59.5-84.5) 71.5(59.8-84.2) 78.2 (56-90.7) 0.88
hs-cTnl, ng/L 4 (2-8) 4 (2-7) 11 (5-18) <0.001
NT-proBNP, ng/L 85 (45-176) 79 (41-165) 210 (105-456) <0.001
Coronary physiology
FFR 0.81 (0.75-0.86) 0.82 (0.75-0.87) 0.75 (0.67-0.81) 0.002
CFR 2.8 (1.8-3.9) 2.8 (1.9-4.0) 1.4 (1.1-2.4) <0.001

*Early revascularization was the elective revascularization performed based on the index coronary angiog-

raphy results

Values are mean +SD, median (Interquartile range) or number (percentage)

MACE major adverse cardiac events, RCA right coronary artery, LAD left anterior descending artery, LCx
left circumflex, eGFR estimated glomerular filtration rate, hs-cTnl high-sensitivity cardiac troponin-I, NT-
proBNP N-terminal pro brain natriuretic peptide, FFR fractional flow reserve, CFR coronary flow reserve

age and SYNTAX score significantly improved the predic-
tive accuracy (NRI 0.479, p=0.015; IDI 0.099, p=0.016).
Consideration of FFR in the model increased the predictive
accuracy (NRI 0.563, p =0.004; IDI 0.012, p =0.18). The
addition of CFR could further refine the model (NRI 0.507,
p =0.006; IDI 0.020, p =0.005).

Patients were then categorized into five groups accord-
ing to the total number of worse profiles in hs-cTnl, NT-
proBNP, FFR and CFR (0/4 to 4/4). The cut-off values of
hs-cTnl and NT-proBNP were determined according to the
ROC analysis of each factor in the prediction of MACE

(8 ng/L for hs-cTnl and 104 ng/L for NT-proBNP), and the
established cut-off values of FFR =0.80 and CFR =2.0 were
used. Figure 4 illustrates survival from MACE in patients of
each group. The categorization powerfully stratified patient
risk for MACE (log-rank chi-square=112.1, p <0.001). Of
note, patients with elevated levels of both biomarkers and
impaired FFR as well as CFR had an extremely high inci-
dence of MACE (11/24, 45.8%). The incidence of MACE
was low if patients had fewer than two risk factors (9/353,
2.5%). Integrated assessment of cardiac biomarkers and
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Fig. 1 Distributions of hs-cTnl, NT-proBNP, FFR and CFR. His-
tograms showing the distributions of cardiac biomarkers and physi-
ological indices. The median values (lower—upper interquartile range)
of high-sensitivity cardiac troponin-I (hs-cTnl), N-terminal pro brain
natriuretic peptide (NT-proBNP), fractional flow reserve (FFR), and
coronary flow reserve (CFR) are 4 (2-7) ng/L, 85 (45-175) ng/L,
0.81 (0.75-0.86) and 2.8 (1.8-3.9), respectively

physiological indices was practically useful for estimation
of future risk in patients with stable CAD.

Discussion

To the best of our knowledge, this is the first study to dem-
onstrate the association of regional coronary physiologi-
cal parameters with circulating levels of hs-cTnl and NT-
proBNP in patients with stable CAD, and the combined
efficacy of these measurements in the prediction of future
cardiovascular events. The novel findings of this study are
as follows: (1) hs-cTnl levels were significantly related to
CFR and FFR whereas NT-proBNP levels were associated
only with CFR; (2) the addition of hs-cTnl and NT-proBNP
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Fig.2 Association between biomarkers and coronary physiology.
Circulating levels of hs-cTnl (ng/L) (a) and NT-proBNP (ng/L) (b)
in patients divided according to the validated thresholds of CFR and
FFR. Patients with FFR <0.8 or CFR <2.0 had higher hs-cTnl levels
compared to those with FFR>0.8 or CFR >2.0. NT-proBNP values
were higher in patients with CFR <2.0 than with CFR >2.0, although
there was no significant difference between patients with FFR <0.8
and FFR >0.8. Abbreviations as in Fig. 1

Table 2 Univariate COX proportional analyzes for MACE prediction

Hazard ratio  95% confidence p
interval
Age, per year 1.110 1.050-1.182 <0.001
SYNTAX score, per  1.090 1.020-1.156 0.012
unit
FFR, per 0.01 0.946 0.920-0.977 0.001
CFR, per 0.1 0.908 0.864-0.948 <0.001
Hs-cTnlig ransformea ~ 2-400 1.723-3.232 <0.001
NT-proBN- 2.921 1.973-4.322 <0.001

Plog-lransformed

These models were based on univariate COX-proportional regression
analyses

levels to clinical backgrounds and angiographic score sig-
nificantly improved the predictive accuracy for the incidence
of MACE, and further consideration of FFR and CFR could
refine the model; (3) the combination of cardiac biomarkers
and physiological indices could enable efficient stratification
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Fig.3 Adjusted ROC curves in the prediction of MACE. Receiver
operating characteristic (ROC) curves for determining major adverse
cardiac events (MACE) by hs-cTnl (a), NT-proBNP (b), FFR (c¢) and
CFR (d). These models were adjusted by age and SYNTAX score,

of future risk for adverse events; and (4) patients were at an
extremely high risk for MACE if they had elevated hs-cTnl
and NT-proBNP levels as well as impaired CFR and FFR.
Our results revealed significant relationships between
CFR and hs-cTnl or NT-proBNP, whereas FFR was signifi-
cantly associated only with hs-cTnl, suggesting that circu-
lating subclinical hs-cTnl and NT-proBNP levels provide

1-Specificity
False Positive

which were selected based on criteria of p <0.05 in univariate COX-
proportional regression analyses. There was no significant difference
in the predictive accuracy in every pair of the models (all: p>0.05).
Abbreviations as in Fig. 1

different coronary physiological information. Given that
previous studies identified CFR as a potential marker of
reduced vasomotor function or endothelium-independent
coronary microvascular disease, an impaired CFR would be
strongly associated with future adverse events [11]. Elevated
cardiac troponin levels are also associated with an increased
incidence of cardiovascular death and HF in patients with
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Table 3 Risk prediction improvement by cardiac biomarkers and physiological indices

C statistics NRI NRI p value IDI IDI p value
Model 1: 0.70 (0.59-0.81) Reference - Reference —
Age + SYNTAX score
Model 2: 0.73 (0.63-0.84) 0.479 0.015 0.099 0.016 vs. Model 1
Age + SYNTAX score +hs-cTnl +NT-proBNP
Model 3: 0.78 (0.69-0.87) 0.756 <0.001 0.111 0.005 vs. Model 1
Age + SYNTAX score +hs-cTnl +NT-proBNP + 0.563 0.004 0.012 0.18 vs. Model 2
FFR
Model 4: 0.78 (0.68-0.89) 0.776 <0.001 0.132 0.001 vs. Model 1
Age + SYNTAX score +hs-cTnl +NT-proBNP + 0.641 <0.001 0.033 0.001 vs. Model 2
FFR + CFR 0.507 0.006 0.020 0.005 vs. Model 3

NRI net reclassification improvement, /DI integrated discriminative improvement. Other abbreviations as in Table 2
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Fig.4 Survival from MACE in patients divided according to the
combination of biomarkers and physiological indices. Kaplan-Meier
curves demonstrating survival from MACE in patients divided
according to the total number of worse profiles in hs-cTnl, NT-
proBNP, FFR and CFR (0/4 to 4/4). The cut-offs were 8 ng/l for hs-
c¢Tnl, 104 ng/l for NT-proBNP, 0.80 for FFR and 2.0 for CFR. The
categorization powerfully stratified patient risk for MACE (log-rank
chi-square=112.1, p<0.001). The table shows the adjusted hazard
ratio (HR) and the corresponding 95% confidence interval (CI) in
each group. Abbreviations as in Figs. 1 and 3
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stable CAD and a preserved LVEEF, suggesting an interaction
between decreased vasomotor function and subclinical myo-
cardial injury in the course of microvascular dysfunction,
diastolic dysfunction and HF [12-14]. Increased BNP or
NT-proBNP level has been proposed as markers of preclini-
cal cardiovascular disease, including endothelial dysfunc-
tion [15, 16]. Our findings suggest that elevated Hs-cTn and
NT-proBNP are indicators of a shared process of vasomotor
dysfunction, whereas NT-proBNP release might be linked
to atherosclerosis that is not necessarily linked to epicardial
obstruction.

Taqueti et al. demonstrated the independent association
of an impaired global CFR with cardiac troponin elevation
measured by conventional assays, and that CFR modified
the effect of a positive troponin level on cardiovascular out-
comes [6]. In accordance with that study, we showed the
complementary effects of regional CFR and cardiac bio-
marker levels on the prediction of future adverse cardiovas-
cular events. Although the prognostic implication of global
CFR determined by PET myocardial perfusion imaging has
been established, that of coronary regional CFR has yet to
be fully validated. Hoef et al. showed that Doppler-flow
wire-derived regional CFR was related to the incidence of
MACE with a normal or abnormal FFR [2]. The present
study indicated the significant association between the inci-
dence of MACE and impaired regional CFR, determined
using a pressure—temperature sensor-tipped wire. This tech-
nique is highly feasible and practically available in clinical
settings, unlike Doppler-flow wire methods, and the simulta-
neous measurement of FFR may provide a better understand-
ing of the regional coronary physiology [17].

The high-sensitive assays for cardiac troponin can detect
subtle myocardial injury, which could not be determined by
the conventional ones. Less than 3% of the patients in this
study had hs-cTnl levels above the URL. Previous studies
included a number of patients with “positive troponin’ levels
determined by conventional assays, although those assays
are unable to distinguish troponin levels below the URL
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[6, 18]. In our population, we were able to demonstrate the
prognostic implication of hs-cTnl based on a cut-off value
of 8 ng/L, which could be determined only by the high-sen-
sitivity assay. We also demonstrated the prognostic efficacy
of NT-proBNP on patient outcomes. In contrast to the rela-
tionship between cardiac troponin and CAD, the relationship
between NT-proBNP and CAD has not been well investi-
gated. A recent study showed that myocardial ischemia was
an independent predictor of increased NT-proBNP level
[19]. As our study included only patients with a preserved
LVEEF and no history of HF, the association between high
NT-proBNP and the incidence of MACE may be linked to
an impaired coronary circulation, that is, low CFR. In our
study, almost all the future cardiovascular events occurred
in patients with combined elevated biomarkers and impaired
physiological function. This implies that the prognostic
information of these biomarkers is largely contributed from
that of the regional physiological parameters or vice versa,
with partly the same mechanistic relevance in terms of coro-
nary vasomotor dysfunction or ischemia.

An integrated approach to vasomotor function via a
focused therapeutic strategy aiming at the revascularization
of an epicardial stenosis may improve patient prognosis.
To date, no clinical trial has shown that improving CFR
strategy lowers the risk of MACE. Nonetheless, previous
studies have suggested that statins can improve measures
of endothelial dysfunction, microvascular dysfunction
or coronary flow [20, 21]. Accordingly, the simultaneous
assessment of regional physiological indices and cardiac
biomarkers may be useful to evaluate the causal effects of
medical interventions on the reduction of future cardiovas-
cular events. A recent prospective study showed a decrease
in hs-cTn levels by statin therapy [22]. Prospective studies
are warranted to further elucidate the prognostic efficacy
and clinical utility of the integrated assessment of cardiac
biomarkers and coronary physiology.

Limitations

The results of the present study should be interpreted with
several important limitations. As this was an observational
study conducted at a single center, it cannot escape selec-
tion bias. Strict exclusion criteria were required in order to
investigate the tiny differences of the highly sensitive cardiac
biomarkers; however, this could lead to selection bias, and
the present population would not reflect real clinical set-
tings. Further, patients with unrecognized cardiomyopathy,
which could have influenced hs-cTnl or NT-proBNP val-
ues, were not excluded. Our relatively modest sample size
limited extensive subgroup analysis related to, for example,
diabetes mellitus, sex, dyslipidaemia and revascularization.
The difference in the hs-cTnl and NT-proBNP levels of the
patients was statistically significant but numerically small,

potentially within the diurnal individual variation. Thus, hs-
cTnl level itself could not be used to reliably predict the rela-
tionship with physiological indices at the individual patient
level. However, higher hs-cTnl levels in patients with CAD
who showed reduced CFR suggest ongoing, low-grade myo-
cyte damage. Finally, as this study included only patients
with stable CAD, the event rate and number were limited,
and the study may have been underpowered for multivariate
analyses. The independent association between biomarkers
or physiological indices and MACE incidence could not be
determined in this sample size. However, the incidence of
MACE in patients with elevated hs-cTnl and NT-proBNP as
well as impaired physiological indices was extremely high,
and the clinical implication is clear. A larger, prospective
study is warranted in this regard.

Conclusion

In patients with stable CAD, integrated assessment of car-
diac biomarkers and physiological indices could be useful for
predicting future cardiovascular events. Patients with mildly
elevated hs-cTnl and NT-proBNP along with impaired phys-
iological function had eminently poor prognosis.
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