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Background and Purpose: Cardiac biomarkers including, elevated troponin (ET)
and prolonged heart rate-corrected QT (PQTc) interval on electrocardiography
are known to frequent and have a prognostic significance in patients with acute
ischemic stroke (AIS). However, it is still challenging to practically apply the
results for appropriate risk stratification. This study evaluate whether combining
ET and PQTc interval can better assess the long-term prognosis in AIS patients.
Methods: In this prospectively registered observational study between May 2007
and December 2011, ET was defined as serum troponin-I≥ 0.04 ng/ml and
PQTc interval was defined as the highest tertile of sex-specific QTc interval
(men≥ 469 ms or women≥ 487 ms).
Results: Among the 1,668 patients [1018 (61.0%) men; mean age 66.0± 12.4 years],
patients were stratified into four groups according to the combination of ET and
PQTc intervals. During a median follow-up of 33 months, ET (hazard ratio [HR]:
4.38, 95% confidence interval [CI]: 2.94–6.53) or PQTc interval (HR: 1.53, 95% CI:
1.16–2.01) alone or both (HR: 1.77, 95% CI: 1.16–2.71) was associated with increased
all-cause mortality. Furthermore, ET, PQTc interval alone or both was associated
with vascular death, whereas only ET alone was associated with non-vascular death.
Comorbidity burden, especially atrial fibrillation and congestive heart failure, and
stroke severity gradually increased both with troponin value and QTc-interval.
Conclusions: In patients with AIS, combining ET and PQTc interval on ECG enhances
risk stratification for long-term mortality while facilitating the discerning ability for the
burden of comorbidities and stroke severity.

KEYWORDS

ischemic stroke, electrocardiography, troponin, QTc interval, mortality

Introduction

According to the Global Burden of Disease, stroke remains the predominant cause of death

and disability worldwide (1), and cardiovascular complications are the second leading cause of

death, followed by stroke (2). Therefore, assessment of biomarkers for cardiac injury and

dysfunction, in particular serum cardiac troponin assay and electrocardiography (ECG), has

been recommended for early recognition of cardiovascular abnormalities in patients with
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acute ischemic stroke (AIS) (3). Consequently, according to the

guideline-based routine cardiac monitoring, the elevated troponin

(ET, 18%–34%) (4) and prolonged heart rate-corrected QT (PQTc,

presenting at least a quarter of stroke patients) (5) intervals on

ECG are frequently detected, and also associated with long-term

prognosis (6, 7) in these patients.

However, in response to the extensive and sensitive capability of

cardiac biomarkers to reflect an overall alteration of the brain–heart

axis during AIS (8, 9), beyond indicating cardiac comorbidities (10),

it is still challenging to apply the results for appropriate risk

stratification (11, 12). ET indicates myocardial injury but does not

define the cause of the injury from coronary artery disease (CAD)

or non-CAD types of cardiac disease and even non-cardiac

conditions (13). Likewise, PQTc interval indicates delayed

ventricular repolarization and, in turn, risk of ventricular

arrhythmias leading to sudden cardiac death (14) and future

adverse outcomes in the general population (15), or those with

various cardiac diseases (16–18), but can be affected by various

medical conditions, even including drugs (19). Furthermore, in the

setting of AIS, changes in the cardiovascular system affected by

neurogenic stress (i.e., alteration of brain-heart axis via disturbances

of catecholamine homeostasis and systematic inflammatory

response) (20) can also lead to ET, PQTc interval, or both.

Therefore, we aimed to evaluate whether combining ET and

PQTc interval can better assess the prognosis of long-term

mortality, primarily focusing on the risk stratification power for

cause-specific mortality in patients with AIS.
Methods

Study population

Prospectively registered data on patients with AIS admitted to

Asan Medical Center between May 2007 and December 2011 within

24 h of symptom onset were analyzed. All patients underwent

routine cardiac testing, including cardiac troponin I and creatine

kinase MB isoenzyme (CK-MB). Additionally, 12-lead ECG

investigations were performed upon admission according to the

stroke protocols of our center, which abide by the 2007 guidelines

(21). Patients underwent additional cardiac evaluations by a

cardiologist if suspected of having acute coronary syndrome (ACS).

Patients were excluded if: (1) they were diagnosed with concomitant

ACS (22) upon admission, (2) their brain images or ECGs were of

poor quality, or (3) they had a complete bundle branch block (QRS

interval >120 ms), ventricular rhythm, or pacemaker-paced rhythm.

The study protocol was approved by the Institutional Review Board

of Asan Medical Center, which waived the requirement for informed

consent because of the registered data analysis design of the study.
Assessment of troponin value and QT
interval duration

The lower limit of serum cardiac troponin I detection was

0.006 ng/ml, and the calculated 99th percentile of the URL was
Frontiers in Cardiovascular Medicine 02
0.040 ng/ml (Abbott Laboratories, Abbott Park, IL, USA).

Troponin values were stratified into elevated (≥0.04 ng/ml) and

non-elevated, including minimally-elevated (0.039 and

0.010 ng/ml) and non-detectable (<0.010 ng/ml) levels (23),

groups.

A 12-lead ECG (GE Healthcare, Waukesha, WI), with the

results processed using the Marquette 12SL ECG Analysis

Program, was interpreted by a cardiologist. The QT interval was

defined as the duration between the earliest QRS onset to the

latest T-wave offset in the 12 ECG leads. QTc intervals were

stratified by tertiles for each sex based on Fridericia’s formula for

calculation of the QTc interval because it is suitable for patients

with tachycardia and bradycardia (24) or atrial fibrillation (AF),

leading to beat-to-beat variability in the RR interval (25).
Data acquisition

Clinical data were obtained from the registered data,

including demographic characteristics, conventional risk

factors, and comorbidities. Comorbidities included ischemic

heart disease (IHD, defined as a history or evidence of prior

IHD on admission by 12-lead ECG), AF (defined as history or

proof of AF on 12-lead ECG), ventricular hypertrophy (VH,

defined as a history of hypertrophic cardiomyopathy or proof

of VH on 12-lead ECG), congestive heart failure (CHF, defined

as a history of cardinal manifestations and treatment for heart

failure), chronic kidney disease (CKD, defined as an estimated

glomerular filtration rate <60 ml/min/1.73 m2 on admission)

and active cancer (defined as cancer within six months before

enrollment, any treatment for cancer within the previous six

months, or recurrent or metastatic cancer) (26). Characteristics

of stroke included prior history of stroke and the National

Institutes of Health Stroke Scale (NIHSS) (27) score

quantifying stroke severity.
Collection of mortality data

The nationwide official data for death certificates produced by

the Korean National Statistical Office are updated annually. Follow-

up patient information was obtained using the national death

certificate data from the Korean National Statistical Office until

December 31, 2012. Deaths were classified according to the

International Classification of Diseases, Tenth Revision (28).

Causes of death were classified as vascular death, including

stroke (ICD codes: I60–I69) and cardiac causes (ICD codes: I20–

I25 or I30–I52), and non-vascular death, including malignancies

(ICD codes: C00–C96) and other causes.
Statistical analysis

Continuous variables were expressed as mean ± standard

deviation or median [interquartile ranges (IQR)] and compared

using the Student’s t-test and Wilcoxon rank sum test.
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Categorical variables were expressed as numbers (%) and compared

by the chi-square and Fisher’s exact tests.

Multivariate Cox proportional hazards models were used to

determine the relationship between the combination of ET and

PQTc interval and long-term mortality, including all-cause and

cause-specific mortality related to vascular and non-vascular

death. The hazard ratio (HR) was reported with a 95%

confidence interval (CI). Variables were included in a stepwise

method based on previous research, with a consideration of the

impact of stroke severity on changes in cardiac biomarkers as

well as long-term mortality (7, 29, 30). Model 1 included

adjustments for age, sex, conventional risk factors, comorbidities,

and all laboratory results, and model 2 additionally included the

NIHSS scores on top of the Model 1 for estimating HR. The

timing of events according to the combination of ET and PQTc

interval was assessed by the Kaplan–Meier method, with curves

compared by log-rank tests. All reported p-values are two-sided,

with p < 0.05 considered statistically significant. All statistical

analyses were performed using SPSS for Windows version 17.0

(SPSS Inc., Chicago, IL, USA).
Results

Baseline characteristics

A total of 1,668 patients were eligible for this study, with a

mean age of 66.0 ± 12.4 years (range, 24–96 years), and 1,018

(61.0%) were men. They had a mean of 0.06 ± 0.70 ng/ml of

troponin value and a mean of 462.3 ± 43.9 ms (range, 343–
FIGURE 1

Flowchart of the patient selection process and classification by the tro
electrocardiogram; ET, elevated troponin; PQTc, prolonged heart rate-correc
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809 ms) of QTc interval. After measuring the troponin level, 161

(9.7%) patients were assigned to the ET group. Next, according

to the sex-specific QTc interval, patients with the highest tertile

of QTc interval (≥469 ms in men and ≥487 ms in women) were

classified into the PQTc interval group. Then, patients were

stratified into four groups based on the combination of ET and

PQTc intervals (Figure 1).

Of the characteristics, patients with ET, PQTc interval, or

both were older and had a higher prevalence of comorbidities,

including AF, VH, IHD, CHF, CKD, active cancer, and a

higher NIHSS score than those with neither ET nor PQTc

interval. They also had higher leukocyte and lower platelet and

hemoglobin counts, lower albumin, and higher C-reactive

protein concentrations than patients with neither ET nor PQTc

interval (Table 1).
Prognostic significance of combined ET and
PQTc interval

Over a median follow-up period of 33 months (IQR, 20–48

months), 323 (19.4%) patients died, including vascular death (n

= 190) and non-vascular death (n = 133).

Kaplan–Meier analysis of long-term survival revealed that the

risk of all-cause and cause-specific mortality increased in patients

with ET, in combination with PQTc interval. Overall, patients

with ET alone showed the highest all-cause and non-vascular

mortality, followed by patients with concurrent ET and PQTc,

showing the 2nd highest all-cause mortality and the highest

vascular mortality, and those with PQTc alone (Figure 2).
ponin value and the QTc interval. AIS, acute ischemic stroke; ECG,
ted QT.
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TABLE 1 Patient characteristics according to the combination of ET and PQTc interval.

Variable Stratified by the combination of ET and PQTc interval p-valuea

ET (N = 161) Non-ET (N = 1507)

PQTc
(n = 83)

Non-PQTc
(n = 78)

PQTc
(n = 473)

Non-PQTc
(n = 1034)

Age (years) 69.6 ± 13.6 67.6 ± 12.4 66.5 ± 12.2 65.4 ± 12.4 0.01

Male 49 (59.0) 45 (57.7) 290 (61.3) 634 (61.3) 0.91

Conventional risk factors
Hypertension 58 (69.9) 52 (66.7) 319 (67.4) 632 (61.1) 0.06

Diabetes mellitus 17 (20.5) 19 (24.4) 129 (27.3) 252 (24.4) 0.49

Hyperlipidemia 17 (20.5) 14 (17.9) 106 (22.4) 241 (23.3) 0.69

Current smoking 19 (22.9) 25 (32.1) 143 (30.2) 327 (31.6) 0.41

Comorbidities
AF 44 (53.0) 25 (32.1) 166 (35.1) 237 (22.9) <0.01

VH 33 (39.8) 34 (43.6) 131 (27.7) 231 (22.3) <0.01

IHD 22 (26.5) 15 (19.2) 60 (12.7) 132 (12.8) <0.01

CHF 23 (27.7) 11 (14.1) 66 (14.0) 73 (7.1) <0.01

CKD 23 (27.7) 10 (12.8) 73 (15.4) 117 (11.3) <0.01

Active cancer 8 (9.6) 17 (21.8) 17 (3.6) 46 (4.4) <0.01

Characteristics of stroke
Previous stroke 21 (25.3) 21 (26.9) 132 (27.9) 259 (25.0) 0.70

NIHSS score 11 [3, 15] 5 [2, 10.25] 5 [2, 11] 4 [2, 8] <0.01

Laboratory results
White blood cell (103/ul) 9.1 ± 3.3 8.1 ± 2.9 8.7 ± 3.2 7.9 ± 2.7 <0.01

Platelet (103/ul) 216.2 ± 88.7 196.7 ± 85.6 226.0 ± 72.2 223.0 ± 61.2 0.01

Hemoglobin (g/dl) 13.1 ± 2.0 13.2 ± 2.1 14.0 ± 2.1 13.9 ± 1.8 <0.01

Glucose (mg/dl) 150.3 ± 60.0 137.6 ± 43.2 149.6 ± 52.9 143.7 ± 58.8 0.16

Low-density lipoprotein (mg/dl) 107.3 ± 38.9 106.0 ± 36.2 105.9 ± 33.3 109.8 ± 34.5 0.25

High-density lipoprotein (mg/dl) 43.6 ± 11.5 43.0 ± 12.5 43.3 ± 11.9 42.9 ± 11.9 0.91

Albumin (g/dl) 3.6 ± 0.5 3.7 ± 0.5 3.8 ± 0.5 3.8 ± 0.4 <0.01

Homocysteine (mmol/ml) 15.0 ± 6.1 14.8 ± 5.5 14.5 ± 5.8 14.9 ± 7.7 0.81

C-reactive protein (mg/dl) 1.1 ± 2.4 1.2 ± 2.6 0.9 ± 2.5 0.6 ± 1.8 0.02

Variables are presented as mean ± SD, median [interquartile range], or number (%).

AF, atrial fibrillation; CHF, congestive heart failure; CKD, chronic kidney disease; ET, elevated troponin; IHD, ischemic heart disease; NIHSS, National Institutes of Health

Stroke Scale; PQTc, prolonged heart rate-corrected QT; VH, ventricular hypertrophy.
ap-values are calculated by Pearson chi-square test, Fisher’s exact test, ANOVA test, and Kruskal–Wallis test as appropriate.
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Adjusted multivariable analysis using the Cox-regression

model with stepwise selection of clinically relevant variables

indicated that ET (HR: 4.38, 95% CI: 2.94–6.53) or PQTc

interval (HR: 1.53, 95% CI: 1.16–2.01) alone or together (HR:

1.77, 95% CI: 1.16–2.71) was significantly associated with

increased risk of all-cause mortality in the model 1, and

predictive value of ET alone (HR: 4.05, 95% CI: 2.72–6.04) was

still preserved even after additional adjusting for stroke severity

on top of the model 1 (Table 2).

In the cause-specific mortality analysis, patients with ET (HR:

4.16, 95% CI: 2.40–7.22) or PQTc interval (HR: 1.76, 95% CI: 1.23–

2.51) alone or both (HR: 2.41, 95% CI: 1.45–4.03) had a higher risk

of vascular death, whereas patients with ET (HR: 3.95, 95% CI:

2.08–7.51) alone had a higher risk of non-vascular death, than

those neither ET nor PQTc interval. In addition, the predictive

value of ET alone for vascular death (HR: 3.88, 95% CI: 2.26–

6.68) and non-vascular death (HR: 3.76, 95% CI: 1.97–7.15) was

still preserved even after additional adjusting for stroke severity

on top of the model 1 (Table 2).
Frontiers in Cardiovascular Medicine 04
Overall burden according to the troponin
value and QTc interval

For the reappraisal of the prognostic significance of

combining ET and PQTc interval, a substudy based on the

three by three subgroups according to the troponin value and

QTc interval was done to verify the dose-response relationship

to the comorbidity burden and stroke severity as evidence of

the causality.

The overall prevalence of comorbidities, especially AF and

CHF, gradually increased with the elevation of troponin values

and further increased by prolonging QTc intervals. In contrast,

the prevalence of VH, IHD, CKD, and active cancer gradually

increased with the elevation of troponin value regardless of QTc

interval (Figure 3). In addition, the mean NIHSS score gradually

increased with the elevation of troponin value and increased

further with the prolongation of QTc intervals (Figure 4).

Finally, the incidence of all-cause and vascular death increased

gradually with the elevation of troponin value and further
frontiersin.org
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FIGURE 2

Kaplan–meier plots of overall survival (A) and survival by vascular death and non-vascular death (B,C) according to the combination of ET and PQTc
interval. ET, elevated troponin; PQTc, prolonged heart rate-corrected QT. *p-values determined using the log-rank test.

TABLE 2 Incidence rate per 1,000 person-months and unadjusted and adjusted hazard ratios for the combination of ET and PQTc interval to predict
clinical outcomes during the 6-year follow-up period.

Quartiles Number of events Incidence, % Unadjusted Adjusteda Adjustedb

HR 95% CI HR 95% CI HR 95% CI

All-cause mortality
ET (−) and PQTc (−) 149/1034 (14.4) 4.0 Reference Reference Reference
ET (−) and PQTc (+) 101/473 (21.4) 6.6 1.59 1.23–2.04 1.53 1.16–2.01 1.30 0.98–1.72

ET (+) and PQTc (−) 38/78 (46.6) 19.6 4.39 3.07–6.27 4.38 2.94–6.53 4.05 2.72–6.04

ET (+) and PQTc (+) 35/83 (42.2) 14.5 3.47 2.40–5.02 1.77 1.16–2.71 1.23 0.80–1.89

C-index 0.624 0.819 0.854

Vascular death
ET (−) and PQTc (−) 79/1034 (7.6) 2.1 Reference Reference Reference
ET (−) and PQTc (+) 66/473 (14.0) 4.3 1.95 1.40–2.70 1.76 1.23–2.51 1.42 0.98–2.06

ET (+) and PQTc (−) 19/78 (24.4) 9.8 4.05 2.45–6.68 4.16 2.40–7.22 3.88 2.26–6.68

ET (+) and PQTc (+) 26/83 (31.3) 10.8 4.77 3.06–7.43 2.41 1.45–4.03 1.58 0.94–2.68

C-index 0.639 0.812 0.859

Non-vascular death
ET (−) and PQTc (−) 70/1034 (6.8) 1.9 Reference Reference Reference
ET (−) and PQTc (+) 35/473 (7.4) 2.3 1.18 0.79–1.77 1.33 0.85–2.10 1.27 0.81–2.01

ET (+) and PQTc (−) 19/78 (24.4) 9.8 4.83 2.91–8.02 3.95 2.08–7.51 3.76 1.97–7.15

ET (+) and PQTc (+) 9/83 (10.8) 3.7 1.95 0.98–3.91 0.91 0.41–2.04 0.78 0.35–1.77

C-index 0.599 0.902 0.907

CI, confidence interval; ET, elevated troponin; HR, hazard ratio; NIHSS, National Institutes of Health Stroke Scale; PQTc, prolonged heart rate-corrected QT.
aModel 1, adjusted for age, sex, conventional risk factors, six comorbidities, and all laboratory results in Table 1.
bModel 2, adjusted for model 1 plus NIHSS score.
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FIGURE 3

Prevalence of comorbidities according to the troponin level and QTc interval. Troponin level was classified by the elevated (≥0.040 ng/ml), minimally-elevated
(0.039–0.010 ng/ml) and non-detectable (<0.010 ng/ml) levels, and QTc-interval was classified by the tertile of QTc interval in each sex (cut-off points: 437
and 469 ms for men and 455 and 487 ms for women). AF, atrial fibrillation; CHF, congestive heart failure; CKD, chronic kidney disease; IHD, ischemic heart
disease; VH, ventricular hypertrophy. *p-value <0.05 by Pearson chi-square test according to the categorized troponin value in each categorized QTc interval
group. †p-value <0.05 by Pearson chi-square test according to the categorized QTc interval in each categorized troponin value group.

Ahn et al. 10.3389/fcvm.2023.1253871
increased with the prolongation of QTc intervals. In contrast, the

incidence of non-vascular death was the highest in patients with

ET alone without PQTc interval (Figure 5).
Discussion

Summary of the main findings

This study reveals the prognostic significance of ET and PQTc

interval on long-term mortality after stroke, which improved,

especially when combined, for risk stratification to predict all-

cause and cause-specific mortality (Figure 2 and Table 2),
Frontiers in Cardiovascular Medicine 06
compared to the results of dichotomized ET or PQTc

(Supplementary Table S1, S2 and Figure S1). Furthermore,

comorbidity burden, especially AF and CHF, and stroke severity

gradually increased both with troponin value and QTc-interval

(Figures 3, 4). Thus, as the issues mentioned above, due to the

extensive and sensitive capability of cardiac biomarkers to reflect

an overall alteration of the brain–heart axis during AIS,

combining ET and PQTc interval enhances risk stratification for

long-term mortality while facilitating the discerning ability for

the burden of comorbidities and stroke severity. For these

reasons, ET, PQTc interval alone or both can be helpful in

predicting future vascular death, whereas ET alone can be helpful

in predicting future non-vascular death (Figure 5).
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FIGURE 5

Incidence rate per 1,000 person-months of all-cause mortality (A), and cause-specific mortality related to vascular and non-vascular death (B,C)
according to the troponin level and QTc interval. Troponin level was classified by the elevated (≥0.040 ng/ml), minimally-elevated (0.039–0.010 ng/
ml) and non-detectable (<0.010 ng/ml) levels, and QTc-interval was classified by the tertile of QTc interval in each sex (cut-off points: 437 and
469 ms for men and 455 and 487 ms for women).

FIGURE 4

NIHSS score according to the troponin level and QTc interval. Troponin level was classified by the elevated (≥0.040 ng/ml), minimally-elevated (0.039–
0.010 ng/ml) and non-detectable (<0.010 ng/ml) levels, and QTc-interval was classified by the tertile of QTc interval in each sex (cut-off points: 437 and
469 ms for men and 455 and 487 ms for women). NIHSS, National Institutes of Health Stroke Scale. *p-value <0.05 by ANOVA with Duncan post-hoc test
according to the categorized troponin value group. †p-value <0.05 by ANOVA with Duncan post-hoc test according to the categorized QTc interval in
each categorized troponin value group.

Ahn et al. 10.3389/fcvm.2023.1253871
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Risk stratification value of combined ET and
PQTc interval

In our study, ET or PQTc alone, or together was closely

associated with all-cause and vascular death after adjusting for

clinically-relevant variables, otherwise their prognostic

significance somewhat diminished after additional adjustment

for stroke severity, particularly in patients with ET and

concurrent PQTc interval (Table 2). This finding indicates the

close and commonly shared interaction of these cardiac

biomarkers to the stroke severity in patients with AIS, as

mentioned in a previous study (29). Furthermore, we still

reconfirmed their close correlation in the current substudy. At

first, a combined analysis of three by three subgroups according

to the troponin value and QTc interval indicated a more precise

relationship between cardiac biomarkers and underlying

conditions, including cardiac comorbidities (i.e., in particular,

AF and CHF) and neurological statuses (i.e., stroke severity

measured by the NIHSS score), in a dose-responsive manner

(Figures 3, 4). In addition, we also recognized a strong

interaction within these biomarkers because there is a gradually

increasing trend of prolonging QTc interval according to

increasing troponin value in a dose-dependent manner

(Supplementary Figure S2). Thus, ET combined with PQTc

interval can be regarded as a specialized indicator for high-risk

subjects, accompanying high-risk cardiogenic embolic sources

(31), which, in turn, leads to more extensive stroke attributed to

a cardiogenic embolism (32, 33).
Risk stratification value of ET and PQTc
interval alone

Interestingly, regardless of PQTc interval, ET alone showed

the most robust predictive value for all-cause and cause-specific

mortality, including both vascular and non-vascular death, even

after adjusting for stroke severity on top of the clinically-

relevant variables (Table 2). This finding indicates the

capability of serum troponin value, reflecting a wide range of

comorbidity burdens in line with previous studies (9), and this

study. In a combined analysis of three by three subgroups

according to the troponin value and QTc interval, the

prevalence of comorbidities, including AF, CHF, LVH, IHD,

CKD, and active cancer, gradually increased with increasing

troponin in a dose-responsive manner, regardless of QTc

interval (Figure 3). Therefore, in contrast with the value of ET

combined with PQTc interval as a specialized indicator for

vascular burden primarily reflecting the change of brain–heart

axis in AIS patients, ET alone without PQTc interval remarks

overall comorbidity burden, particularly in a relatively low-

stress situation, such as a minor stroke accompanying less

severe neurological deficits (9). For this reason, ET alone shows

a good performance in predicting non-vascular death, primarily

due to cancer or cancer-related stroke, which is notable

(Figure 5) (34, 35).
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Likewise, the clinical value of QTc interval was also

further improved with a combination of troponin values in

patients with AIS. In a separate analysis, the prognostic

value of dichotomized PQTc interval showed a limited

clinical value because it’s statistical significance was

completely diminished after additional adjusting stroke

severity (Supplementary Table 2). However, PQTc alone

without ET still tended to be associated with all-cause and

vascular death, even after adjusting for stroke severity on

top of the clinically relevant variables (Table 2). Thus,

likewise, ET without PQTc interval, PQTc interval alone

without ET also remarks comorbidity burden primarily in

high-risk cardiac conditions, such as AF and CHF, especially

in the setting of a minor stroke, as mentioned.
Issues of generalizability

In this cohort, the overall incidence of ET was 9.7% which was

in line with a previous systematic review showing a 7.8%–33%

incidence of ET across heterogeneous cohorts with AIS (4). On

the contrary, this cohort’s proportion of the PQTc interval was

not comparable with previous studies due to different cut-off

values and calculating formulas for defining the PQTc interval.

We used a tertile for defining the PQTc interval instead of the

generally adopted cut-off value (i.e., QTc interval >440–450 ms

in men and >460 ms in women) and also used the Fridericia

formula for calculating QTc interval instead of the Bazett

formula as following reasons.

Until now, there has been no consensus on a fair cut-off value to

define the clinically-significant PQTc interval, especially for patients

with AIS. Traditionally, an abnormal range of QTc values was

defined as more prolonged than the 97.5th percentile among the

general population, conforming to a Gaussian distribution of QTc

interval (36). The community-based definition of PQTc interval

shows a good performance in predicting all-cause and coronary

heart disease mortality, particularly in a healthy population, even

in a meta-analysis (37). However, in the present study targeting

patients with AIS, the mean QTc interval (462.3 ± 43.9 ms) was

almost 50 ms longer than in normal populations. Thus, we

previously proposed that an appropriate cut-off value defining

PQTc interval in stroke patients should be higher than the

standard range to improve its practical value, considering many

factors contributing to PQTc intervals in these patients, such as

older age, more burden of comorbidities (i.e., cardiac disease and

drugs), and neurological status (i.e., autonomic dysregulation

induced by neurogenic stress) (7).

Furthermore, in terms of an algorithm to calculate the QTc

normalized to a heart rate of 60 beats/min (24), the Bazett

formula, regarded as a standard method, has a limitation to its

usage, including over-estimating the QTc interval at high heart

rates and in the setting of the instantaneous preceding RR

interval or the interval between beats on ECG (25). In this sense,

AF is frequently associated with rapid heart rates and irregular

RR intervals, which often prolong the QT interval and cause

QTc estimation to become highly variable even at the average
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heart rate (38). Consequently, QTc measurement has been revisited

recently, using the Fridericia formula instead of the Bazett to

improve its accuracy in patients with AF (39). Therefore, with

consideration of the vital importance of AF in ischemic stroke

patients as a prevalent arrhythmia, a significant source of

embolic stroke, and a major determinant of outcomes (40),

reassessments of the QTc interval with the Fridericia formula

could be more helpful for improving the clinical value of QTc

interval for risk stratification.
Study limitations

This study had several limitations. First, this study was

performed in a single center, which may limit the generalizability

of our results. Furthermore, we could not show the prognostic

value for non-fatal long-term outcomes, such as major adverse

cerebro-cardiovascular events (MACCE), because patient follow-up

information was obtained using the national death certificate data

from the Korean National Statistical Office. In addition, as our

study covers a 5-year follow-up period, we have a limitation of a

lack of temporal trend analysis, considering possible bias that

more recently included AIS patients might have benefited from

improved therapeutic approaches and post-stroke care. However,

we initially selected prospectively registered data between 2007 and

2011 because all consecutive AIS patients underwent routine

cardiac testing upon admission according to the protocols, abide

by the 2007 guidelines (21). Furthermore, in this period, the

strategy for managing AIS focused on intravenous thrombolysis

until endovascular treatment’s proven efficacy and safety, which

was initially mentioned as a complementary treatment in the 2013

guideline (41) and confirmed as the primary treatment in the

2015 guideline (42). Therefore, issues of variation of patients or

different treatment protocols may be lessened for this enrollment

period. Second, the precise incidence of ET and PQTc interval

remains tentative because serum cardiac enzyme and ECG were

performed at single time points rather than over time.

Furthermore, the definition of comorbidities was primarily based

on the historical information or ECG results upon admission,

thus, a risk of underestimation of subclinical conditions remains.

In addition, based on the single measurement of cardiac

biomarkers, we still have a risk of underestimating concomitant

ACS or stress-induced cardiomyopathy, which should be

diagnosed by serial measurement of serum troponin with serial

ECG tests to confirm the dynamic pattern compatible with the

ACS (22) or repeated echocardiography to show the compatible

structural abnormalities (i.e., reversible apical ballooning) (43). To

overcome these problems, we are conducting a prospective trial

with serial measurements of troponin and ECG in patients with

AIS (Clinical implications of elevated cardiac troponin-I elevation

in acute stroke patients; KCT0000682; https://cris.nih.go.kr/cris).

This study aims to reveal serial changes in serum troponin values

and QTc intervals and their association with MACCE in these

patients (6). Finally, the cut-off value for the dichotomized PQTc

interval according to the highest tertile of sex-specific QTc interval

is still arbitrary. Thus, in a separate analysi, we investigated an
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appropriate cut-off value for defining PQTc interval considering

sensitivity and specificity. Finally, the cut-off value of QTc interval

at 458.65 ms showed the highest sensitivity (0.506) and specificity

(0.576), and QTc interval at 444.93 ms showed the highest

Youden J value (0.187) in male patients. In addition, the cut-off

value of QTc interval at 470.83 ms showed the highest sensitivity

(0.537) and specificity (0.535), and QTc-interval at 530.76 ms

showed the highest Youden J value (0.101) in female patients

(Supplemental Figure S3). Therefore, a future study is needed to

identify an appropriate cut-off value for defining PQTc interval in

AIS patients, especially based on the serially measured QTc

interval, considering the dynamic change of QTc interval during

the acute stage of stroke. Furthermore, various medications that

affect QTc interval should be adjusted, considering the dosage and

duration of treatment. However, the effect of various medications

on QTc interval did not differ significantly across our study’s

tertiles of QTc intervals.
Conclusions

In patients with AIS, cardiac biomarkers, including ET and

PQTc interval, were associated with an increased risk of long-

term mortality, parallel with the increasing prevalence of

cardiovascular risk profile and stroke severity according to the

troponin value and QTc interval. Furthermore, the combination

of troponin value and QTc interval may enhance risk assessment

to adjust for the influence of stroke severity on long-term

mortality while facilitating appropriate reappraisal of cause-

specific mortality in patients with AIS.
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