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Abstract: Risk stratification is crucial for guaranteeing the beneficial effects and safety of exercise-based cardiac re-
habilitation (CR). Additionally, cardiac troponin is believed to be of great diagnostic and prognostic value. This study 
was designed to investigate the value of cardiac troponin I (cTnI) and high-sensitivity cardiac troponin I (hs-cTnI) in 
risk stratification for exercise-based CR. Changes in the serum concentrations of cTnI, hs-cTnI, and other cardiac 
biomarkers from baseline to 6 hours after an exercise test were evaluated in relation to their prognostic accuracy 
in predicting cardiac and noncardiac events during exercise-based CR in 525 patients with coronary artery disease 
(CAD). The change increments for hs-cTnI, cTnI, myoglobin, creatine kinase-muscle/brain (CK-MB), and N-terminal 
pro-B type natriuretic peptide (NT-proBNP) were 0.002, 0, -0.14, 0.02, and 1.30 (ng/L), respectively. After 90 days of 
exercise-based CR, follow-up was completed in 461 patients (87.81%). The change increments for hs-cTnI and cTnI 
were superior to the reference line in the prediction of cardiac events and all events, with a statistically significant 
higher area under the curve (AUC) for both. Furthermore, the fourth quartile (Q4) of the hs-cTnI increase seemed 
to identify a group of patients with a particularly worse prognosis compared with the rest of the patients (Q1-3) 
(P<0.05). The results showed that both the hs-cTnI and cTnI levels increased significantly 6 hours after exercise 
testing compared with the baseline values. Furthermore, the hs-cTnI change increments displayed a superior ability 
to predict significant cardiac and noncardiac events during exercise-based CR.
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Introduction

Exercise-based cardiac rehabilitation (CR) has 
become a widely recommended, multidisci-
plinary, systematic intervention in secondary 
prevention settings for coronary artery disease 
(CAD) [1, 2]. Exercise-based CR has proven to 
be cost-effective and to improve patients’ qual-
ity of life, functional status, and cardiovascular 
risk profiles; exercise-based CR has also been 
shown to reduce the incidence of myocardial 
infarction (MI) and mortality, hospitalization, 
and psychological disorders [2-4].

To guarantee the beneficial effects and safety 
of exercise-based CR, risk stratification should 
be conducted to evaluate the clinical and func-

tional status of CAD patients [4-6]. Among vari-
ous predictors, the assessment of unstable 
myocardial ischemia is considered to be a core 
component in risk stratification protocols from 
the United States, Europe, China, and other 
countries [1, 4, 6]. Additionally, cardiac troponin 
(cTn), which has been proven to be analytically 
sensitive and specific, may lead to more accu-
rate diagnoses of acute myocardial ischemia 
and risk stratification [7, 8] for other manifesta-
tions in the existing risk stratification protocols, 
such as symptoms, electrocardiogram (ECG) 
changes and exercise test results [6]. 

For these reasons, the aim of our study was to 
investigate the values of cardiac troponin I 
(cTnI) and high-sensitivity cardiac troponin I (hs-
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cTnI) in risk stratification for exercise-based CR. 
For comparison, myoglobin, creatine kinase-
muscle/brain (CK-MB), and N-terminal pro-B 
type natriuretic peptide (NT-proBNP) were mea-
sured simultaneously.

Materials and methods

Patients and study design 

This clinical study was conducted between 1 
January 2017 and 31 March 2019 at 2 coro-
nary care centers: West China Hospital, Sichuan 
University, Chengdu, and the People’s Hospital 
of Deyang City, Deyang. The study protocol was 
approved by the research ethics committees of 
West China Hospital and the People’s Hospital 
of Deyang City, and each patient provided a 
written informed consent.

The CAD outpatients with coronary revascular-
ization, via either percutaneous coronary inter-
vention (PCI) or coronary artery bypass grafting 
(CABG), were assessed to determine whether 
they met the criteria for stable CAD with a low 
risk for complications with exercise during CR 
[6]. The detailed inclusion criteria included the 
following: (1) New York Heart Association class 
I or II; (2) exercise capacity >6 METs (metabolic 
equivalent, MET), as assessed by the patients’ 
reported capacity for a jog/walk combination 
(The 2011 Compendium of Physical Activities: 
Tracking Guide); (3) no evidence of heart failure 
decompensation; (4) no evidence of myocardial 
ischemia or angina at rest or on the exercise 
test at or below 6 METs; (5) an appropriate rise 
in systolic blood pressure during exercise; (6) 
the absence of sustained or nonsustained VT 
at rest or with exercise; and (7) the ability to 
satisfactorily self-monitor activity intensity.

Patients were excluded if they met any of the 
following criteria: (1) <18 years of age; (2) obvi-
ous renal, liver, or lung impairment requiring 
medical intervention; (3) lactating or pregnant; 
(4) neuromuscular disorders leading to abnor-
mal motor function; or (5) inability to complete 
the exercises or follow-up after the evaluation.

After assessments applying the inclusion and 
exclusion criteria, a total of 627 CAD candi-
dates were qualified to be evaluated by an exer-
cise test. The patients with normal exercise 
test results received hospital-based cardiac 
rehabilitation for 16 weeks.

Exercise test

All 627 CAD candidates completed a treadmill 
exercise test following the standards recom-
mended by the American Heart Association 
(AHA) scientific statement [6], using the modi-
fied Bruce protocol. The 85% age-predicted 
maximum heart rate was set as the target heart 
rate. The exercise test was terminated if the 
recommended absolute or relative indications 
for test termination were recorded. A positive 
result was recorded if typical ischemic symp-
toms or significantly abnormal responses were 
recorded. Of the 627 candidates, a total of 92 
patients (14.67%) were considered positive, 
and the testing was terminated for non-medical 
reasons in 10 patients (1.59%). 

Cardiac biomarkers

Peripheral venous blood samples were ob- 
tained from all the CAD candidates immediately 
before and 6 hours after the exercise tests. All 
cardiac biomarkers in this study were from 
samples drawn at the same time point. All 
assays were performed by personnel blinded to 
the exercise test results. The diagnostic thresh-
olds for all the cardiac biomarkers were deter-
mined by a combination of the manufacturer’s 
recommendations and the measured range of 
the local population.

The cTnI levels were measured by a point-of-
care testing (POCT) cTnI rapid quantitative test 
using the FS-203 Fincare III platform (Wondfo, 
Guangzhou, China), based on immunofluores-
cence technology. The range of detection 
extended from 0.03 to 32 ng/mL, with the 99th 
percentile of the upper reference limit (URL) at 
0.3 ng/mL.

The remaining the cardiac biomarkers, includ-
ing hs-cTnI, myoglobin, CK-MB, and NT-proBNP, 
were measured using the ADVIA Centaur XP 
platform (Siemens, Munich, Germany), which 
utilizes chemiluminescence technology. The 
range of detection of hs-cTnI extended from 
0.006 to 50 ng/mL, with the 99th percentile of 
the URL at 0.1 ng/mL. Myoglobin had a range 
of detection that extended from 3 to 1000 ng/
mL, with a recommended diagnostic threshold 
of 110 ng/L. CK-MB had a range of detection 
that extended from 0.18 to 300 ng/mL, with a 
recommended diagnostic threshold of 5 ng/L. 
NT-proBNP had a range of detection that 
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extended from 2 to 500 pg/mL, with recom-
mended diagnostic thresholds that varied with 
age.

Cardiac rehabilitation

After the exercise test, a total of 525 CAD out-
patients were assessed as having a low risk for 
complications and were enrolled in exercise-
based CR. All patients participated in 16 weeks 
of exercise-based CR in the hospital, and car-
diac and noncardiac events were followed 
simultaneously. The CR was designed to focus 
on the exercise component. Briefly, the exer-
cise training was a combination of aerobic-
resistance training for approximately 30-40 
min, three times per week, at a moderate inten-
sity (60-70% of target heart rate reserve) [6, 9]; 
all sessions were supervised by a cardiologist 
and a nurse. All participants were given instruc-
tions on smoking cessation, diet/nutrition, 
weight/lipid/blood pressure management, psy-
chosocial management, and medications.

Outcomes

The primary endpoints for our analysis were 
noncardiac hospitalization and severe cardiac 
events, which were defined as cardiac death, 
acute myocardial infarction (AMI), revascular-
ization, and hospitalization for other cardiac 
causes (such as ischemic cardiac events, heart 
failure and arrhythmia). The secondary end-
points were mild and moderate cardiac events. 
To ensure that every cardiovascular event was 
captured, mild cardiac events were defined as 
patient self-reports of possible symptoms of 
myocardial ischemia that did not interrupt car-
diac rehabilitation. Moderate cardiac events 
were defined as reported probable symptoms 
of myocardial ischemia or silent myocardial 
ischemia (documented by ECG) during exercise, 
regardless of whether they interrupted cardiac 
rehabilitation.

Follow-up

Transport subsidies and free medical consult-
ing were provided to all patients to encourage 
adherence to CR and the reporting of events. A 
follow-up visit using a preformatted standard 
protocol was conducted by nurses before and 
after each exercise training session. The pa- 
tients were required to report their symptoms, 
medication use, medical consultations, and 
hospitalizations. Additionally, the patients were 

encouraged to voluntarily report any events 
outside of the regular visits by telephone. 
Furthermore, the patients who missed a pro-
grammed exercise session were contacted by 
telephone or in face-to-face interviews.

Statistical analysis

The continuous variables are summarized as 
the medians and quartiles, and categorical 
variables are presented as the counts and per-
centages. The ability of the cardiac biomarkers 
to predict outcome events during CR was deter-
mined using receiver operating characteristic 
(ROC) curves and the areas under the ROC 
curves (AUCs). Survival times were defined as 
the date of the first exercise session to the 
dates of the outcome events, and the survival 
analysis was conducted using Kaplan-Meier 
curves. A two-tailed P<0.05 was considered 
statistically significant. All the statistical analy-
ses were performed using SPSS software ver-
sion 16.0 (IBM, Armonk, NY, USA).

Results

Patient characteristics 

A total of 525 CAD patients were involved in our 
study; their characteristics are presented in 
Table 1. The median age was 60 years, and 
61.52% were female. Among the 525 CAD 
patients, 491 patients (93.52%) received PCI 
treatment, and the rest were treated with 
CABG. The median interval time between PCI/
CABG and the exercise test was 65 days. During 
the 90 days of exercise-based CR, follow-up 
was completed on 461 patients (87.81%), with 
63 cardiac events and 10 noncardiac events 
recorded without a death. A total of 15 patients 
had two types of cardiac events with different 
severities.

Changes in cardiac biomarkers from baseline 
to 6 hours after the exercise test. The changes 
in the cardiac biomarkers from baseline to after 
the exercise test are shown in Table 2. The 
change increments for hs-cTnI, myoglobin, 
CK-MB and NT-proBNP were 0.002, -0.14, 
0.02, and 1.30, respectively. However, the 
median for cTnI before and after the exercise 
test, and the median of the change increment, 
were all under the lower limit of detection (0.03 
ng/L). The concentrations of both hs-cTnI and 
cTnI were significantly higher after the exercise 
test than at baseline (P<0.05).
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Ability to predict prognosis

The sensitivity and specificity of the different 
cardiac biomarker change increments in pre-
dicting cardiac events and noncardiac events 
were investigated using ROC curves (Table 3 
and Figure 1). The change increments for hs-

cTnI and cTnI were superior to the reference line 
in the prediction of moderate and severe cardi-
ac events (n=21), all cardiac events (n=63), and 
all events (n=73), with a significantly higher 
area under the curve (AUC) for each. However, a 
similar statistically significant difference in fa- 
vor of myoglobin, CK-MB, and NT-proBNP was 
not detected.

Furthermore, the Kaplan-Meier curves showed 
the cumulative incidence of cardiac events and 
noncardiac events according to the quartiles of 
the hs-cTnI change increments (Figure 2). The 
fourth quartile (Q4) of the hs-cTnI change incre-
ment seemed to identify a group of patients 
with particularly worse prognoses compared 
with the rest of the participants (Q1-3). This 
finding remained comparable for the mild car-
diac events, moderate and severe cardiac 
events, all cardiac events, and all events out-
comes (Figure 2). However, a similar analysis 
was not carried out on cTnI because the 25th, 
50th, and 75th percentiles of the cTnI change 
increment were simultaneously equal to zero. 

Discussion

This is the first study designed to investigate 
whether changes in cTnI and hs-cTnI after an 
exercise test could predict a clinically signifi-
cant increased risk of exercise-induced myo-
cardial ischemia, which may be beneficial in the 
risk stratification of CAD patients for exercise 
training during CR. We found a significant 
increase in cTnI and hs-cTnI 6 hours after the 
exercise tests compared with the baseline con-
centrations. Furthermore, the hs-cTnI incre-
ment displayed the ability to predict significant 
cardiac and noncardiac events during CR.

Although the safety of cardiac rehabilitation 
has been well established for patients with a 
low risk of cardiovascular complications [10], 
risk stratification before exercise training is still 
required to guarantee beneficial effects and 
safety [4-6]. In the existing risk stratification 
protocols from the United States, Europe, and 
China, evidence of current myocardial ischemia 
or infarction is considered a marker of high risk 
for exercise training [4-6]. To detect myocardial 
ischemia or infarction, cTn and hs-cTn assays 
are recommended as biomarkers with better 
sensitivity and specificity and as predictors of 
risk stratification and prognosis for patients 
with acute coronary syndrome [7, 11]. For this 

Table 1. Patient characteristics

Characteristics No. of patients 
(N=525)

Age, median (IQRa)a 60 (52-68)
Female sex, no. (%) 323 (61.52)
History of CADb, no. (%)
    Angina 350 (66.67)
    MIc 175 (33.33)
Revascularization, no. (%)
    PCId 491 (93.52)
    CABGe 34 (6.48)
Risk factors, no. (%)
    Hypertension 228 (43.43)
    Hyperlipidemia 104 (19.81)
    Diabetes 119 (22.67)
    Smoking 155 (29.52)
    BMIf, kg/m2, median (IQR) 23.66 (22.89-25.51)
Clinical findings
    ECGg abnormityh, no. (%) 462 (88.0)
    EFi<50% 27 (5.14)
Medications, no. (%)
    Aspirin 511 (97.33)
    Clopidogrel/Ticagrelor 509 (96.95)
    Statins 519 (98.86)
    ACEI/ARBj 213 (40.57)
    β-Blocker 418 (79.62)
    Diuretic 46 (8.76)
    Intervalsk, day (IQR) 65 (50-105)
    Cardiac events, no. (%) 63 (12.00)
    Mild, no. (%) 56 (10.67)
    Moderate, no. (%) 17 (3.24)
    Severe, no. (%) 5 (0.95)
    Noncardiac events, no. (%) 10 (1.90)
    All events, no. (%) 73 (13.90)
aIQR, interquartile range; bCAD, coronary artery disease; 
cMI, myocardial infarction; dPCI, percutaneous coronary 
intervention; eCABG, coronary artery bypass grafting; fBMI, 
body mass index; gECG, electrocardiography; hEF, ejection 
fraction; iECG abnormity includes abnormal Q wave, ST 
depression or elevation, T-wave inversion, left ventricular 
hypertrophy and left bundle-branch block; jACEI/ARB, an-
giotensin converting enzyme inhibitors/angiotensin recep-
tor blocker; kIntervals, the times between PCI/CABG and 
the exercise tests.
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reason, we speculated that cTn and hs-cTn 
would have extraordinary operability and practi-
cability values in risk stratification for exercise-
based CR.

A number of studies have demonstrated that 
exercise increases the cTn and hs-cTn levels, 
with a higher sensitivity for hs-cTn than for cTn. 
The meta-analysis by Farbod et al. (2015, 
including 45 studies) reported that the mea-
sured pooled increase from baseline due to 
strenuous exercise was 40 ng/L (95% CI, 21.4; 
58.0) for cTnI and 26 ng/L (95% CI, 5.2-46.0) 
for hs-cTn [12]. Furthermore, Liebetrau et al. 
(2015) [13] reported that the increase in hs-cTn 
concentrations in response to an exercise test 
were higher in patients with significant CAD. 
The study by Marc et al. (2009) [14] reported 
that a quantifiable increase in cTn was associ-
ated with transient exercise test-induced myo-
cardial ischemia, and a 1.3 pg/mL increase in 
cTnI in the setting of an exercise test was an 
independent predictor of ischemia. These 
results have been reproduced in a series of 
studies using hs-cTn and various cTn assays by 
Jarolim et al. (2016) [15]. However, few studies 
have aimed to explore the value of changes in 
cTn or hs-cTn associated with exercise tests in 

the field of risk stratification to predict the safe-
ty of exercise-based CR. In our study, the medi-
an change increment for hs-cTnI was very small 
(0.002 ng/L) but statistically significant. Both 
hs-cTnI and cTnI concentrations after the exer-
cise test were significantly higher than the con-
centrations at baseline (P<0.05), which is 
essentially consistent with previous studies. 
The exercise-induced increase in hs-cTnI and 
cTnI could be due to myocardial ischemia, 
increased mechanical stress, an overload of 
free radicals, increased body temperature, or 
prolonged acidosis, all of which lead to an 
increase in the membrane permeability of car-
diomyocytes [12, 16, 17]. 

In our study, the change increment of hs-cTnI 
predicted moderate and severe cardiac events, 
all cardiac events and all events, with statisti-
cally significant higher AUCs. Furthermore, the 
patients with a fourth quartile (Q4) hs-cTnI 
change increment demonstrated particularly 
worse prognoses compared with the rest of the 
participants (Q1-3). The differences between 
hs-cTnI and other biomarkers in prognosis pre-
diction during CR can be explained by the supe-
rior sensitivity and specificity of hs-cTnI in eval-
uating myocardial injury [11]. Meanwhile, hs-

Table 2. Changes in cardiac biomarkers at baseline and 6 hours after the exercise test

Cardiac biomarkers Baseline, ng/L, median 
(IQR)

Posttest, ng/L, median 
(IQR)

Increment, ng/L, median 
(IQR) P Valueb

hs-cTnI 0.002 (0.000-0.059) 0.004 (0.002-0.011) 0.002 (0-0.005) 0.000
cTnIa 0.015 (0.015-0.015) 0.015 (0.015-0.015) 0.000 (0.000-0.000) 0.000
Myoglobin 35.44 (27.66-55.45) 36.20 (27.88-54.88) -0.14 (-7.60-8.71) 0.170
CK-MB 0.56 (0.32-1.32) 0.54 (0.30-1.30) 0.02 (-0.10-0.11) 0.124
NT-proBNP 40.40 (26.60-61.10) 45.90 (28.7-58.20) 1.30 (-8.7-11.50) 0.142
aBoth the medians for cTnI at baseline and at 6 hours after the exercise tests were considered half of the lower limit of detec-
tion (0.03 ng/L). bPaired-samples T test.

Table 3. ROC curves demonstrating the ability of the different cardiac biomarker increments to pre-
dict cardiac and noncardiac events during exercise-based CR

Cardiac biomarkers
Mild cardiac events Moderate and severe 

cardiac events Cardiac events All events

AUCa P Valueb AUC P Value AUC P Value AUC P Value
hs-cTnI 0.559 0.151 0.773 0.000 0.587 0.025 0.594 0.010
cTnI 0.612 0.006 0.767 0.000 0.627 0.001 0.598 0.007
Myoglobin 0.526 0.526 0.448 0.415 0.504 0.911 0.531 0.392
CK-MB 0.509 0.816 0.480 0.761 0.509 0.825 0.479 0.571
NT-proBNP 0.471 0.476 0.515 0.814 0.502 0.945 0.505 0.894
aAUC, area under the curve; bP value vs. diagonal reference line.
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cTn has been proven to demonstrate a strong 
prognostic value for myocardial ischemia and 
nonischemic cardiac conditions, such as aortic 
stenosis, heart failure and atrial fibrillation [18]. 
Therefore, our findings support the notion that 
hs-cTn may be useful as a component of risk 
stratification for exercise-based CR. The inabil-
ity of hs-cTnI to predict mild cardiac events 
might be due to the subjective and arbitrary 
nature of the definition of mild cardiac events. 

In our study, cardiac or noncardiac events 
occurred in 73 (13.90%) of the patients during 

CR without any deaths reported; this event rate 
seems to be higher than  the rate found previ-
ous studies. An analysis of 4 previous studies 
indicated 1 cardiac arrest per 116,906 patient-
hours, 1 myocardial infarction per 219,970 
patient-hours, 1 fatality per 752,365 patient-
hours, and 1 major complication per 81,670 
patient-hours of participation [19]. The possible 
explanations for the higher incidence of events 
in our study may include the definition of events 
(for example, 56 of the 63 events were mild 
events, which were defined as subjective, pos-
sible symptoms of myocardial ischemia that 

Figure 1. ROC curves demonstrating the ability of different cardiac biomarker increments to predict mild cardiac 
events (A), moderate and severe cardiac events (B), cardiac events (C), and all events (D).
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were self-reported by the patients), the inclu-
sion of participants with coronary revascular-
ization, a higher proportion of participants with 
a history of MI, and the inclusion of events that 
occurred during the whole CR period, not just 
during the exercise training.

During the 90-day follow-up period, 38 (52.05%) 
of the 73 cardiac or noncardiac events in our 
study occurred within 7 days of the first exer-
cise training session; 33 (86.84%) of these 38 
events were mild cardiac events. The possible 

explanations for this concentration of events in 
the early stages of exercise training include a 
lack of self-confidence, the necessary process 
of improving sports ability, a decrease in exer-
cise-related LV function, inducible ischemia, 
arrhythmias, or hemodynamically significant 
residual coronary stenosis [6]. Although no 
deaths were recorded in our study, this concen-
tration of risk events in the early stage indi-
cates that some level of supervision and moni-
toring are still needed to guarantee safety and 
to provide physiological or psychological sup-

Figure 2. Kaplan-Meier curves demonstrating the cumulative incidence of mild cardiac events (A), moderate and 
severe cardiac events (B), all cardiac events (C), and all events (D), according to the quartiles of hs-cTnI.
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port, even for stable CAD patients at a low risk 
according to the current risk stratification 
protocols.

Limitations

Our study has several limitations that should be 
noted. First, this was a clinical study with a rela-
tively small sample size, which may have intro-
duced bias due to the referral characteristics. 
Second, the exact etiology of the events (espe-
cially the mild events) during CR was not clear 
due to unclear imaging or the absence of other 
tests. However, the transient nature of mild 
events makes it impossible to identify a mani-
festation of ischemia. Third, our study involved 
participants with documented CAD with coro-
nary revascularization and a higher proportion 
of histories of MI, which could prevent our find-
ings from being extended to a wider CAD 
population.

Conclusion

Both cTnI and hs-cTnI concentrations signifi-
cantly increased 6 hours after exercise testing 
compared with baseline. Furthermore, the hs-
cTnI change increment displayed a superior 
ability to predict significant cardiac and no- 
ncardiac events during exercise-based CR. 
Therefore, hs-cTnI might be considered a prog-
nostic marker for myocardial ischemia predic-
tion and the risk stratification of patients being 
considered for exercise-based CR.
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