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Sex Differences in Outcomes of Acute
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BACKGROUND: Sex differences in presentation, treatment, and prognosis of cardiovascular disorders are well recognized.
Although an association between acute myocardial injury and mortality after ischemic stroke has been demonstrated, it is
unclear whether prevalence and outcome of poststroke acute myocardial injury differ between women and men.

METHODS AND RESULTS: We prospectively screened consecutive patients with acute ischemic stroke and serial high-sensitivity
cardiac troponin T measurements admitted to our center. Acute myocardial injury was defined as at least 1 high-sensitivity
cardiac troponin T value above the upper reference limit (14 ng/L) with a rise/fall of >20%. Rates of acute myocardial injury were
also calculated using sex-specific high-sensitivity cardiac troponin T cutoffs (women upper reference limit, 9ng/L; men upper
reference limit, 16ng/L). Logistic regression analyses were performed to evaluate the association between acute myocardial
injury and outcomes. Of 1067 patients included, 494 were women (46%). Women were older, had a higher rate of known atrial
fibrillation, were more likely to be functionally dependent before admission, had higher stroke severity, and more often had
cardioembolic strokes (all P values <0.05). The crude prevalence of acute myocardial injury differed by sex (29% women ver-
sus 23% men, P=0.024). Statistically significant associations between acute myocardial injury and outcomes were observed
in women (7-day in-hospital mortality: adjusted odds ratio [aOR], 3.2 [95% ClI, 1.07-9.3]; in-hospital mortality: aOR, 3.3 [95%
Cl, 1.4-7.6]; modified Rankin Scale score at discharge: aOR, 1.6 [95% CI, 1.1-2.4]) but not in men. The implementation of sex-
specific cutoffs did not increase the prognostic value of acute myocardial injury for unfavorable outcomes.

CONCLUSIONS: The prevalence of acute myocardial injury after ischemic stroke and its association with mortality and greater
disability might be sex-dependent.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT03892226.
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ardiac complications in the setting of acute isch-
emic stroke are a leading cause of poststroke
mortality, second only to primary neurological
death.! For the early detection of concomitant car-
diac events, current American Heart Association/
American Stroke Association guidelines recommend
the measurement of cardiac troponin as a biomarker of

myocardial injury in all patients with acute ischemic.?3
Elevated high-sensitivity cardiac troponin T (hs-cTnT),
defined as a concentration above the assay-specific
upper reference limit (URL), is detected in up to 30%
to 60% of patients with acute ischemic stroke and cor-
relates with poor functional outcome and mortality.**
However, a single elevated hs-cTnT value does not
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CLINICAL PERSPECTIVE
What Is New?

Our prospective observational study with serial
measurement of high-sensitivity cardiac tro-
ponin shows that the crude prevalence of acute
myocardial injury after ischemic stroke is higher
in women than in men.

e The association between acute poststroke my-
ocardial injury and increased early mortality and
disability was stronger in women than in men.

e The application of sex-specific high-sensitivity
troponin cutoffs did not increase the prognostic
value of acute myocardial injury for unfavorable
outcomes.

What Are the Clinical Implications?

e (Clinicians should be aware that the prevalence
of acute myocardial injury after ischemic stroke
and its association with mortality and greater
disability might be sex-dependent.

e A sex-specific approach might be relevant for
cardiac risk stratification and targeting of inva-
sive diagnostic tests and interventions for acute
myocardial injury in patients with acute ischemic
stroke.

* As women may experience a more pronounced
brain—heart axis dysfunction after acute brain
injury, translational studies are need to inves-
tigate the role of hormonal factors in sex dif-
ferences in acute cardiac complications after
stroke.

Nonstandard Abbreviations and Acronyms

CORONA-IS  Cardiomyocyte injury Following

Acute Ischemic Stroke
mRS modified Rankin Scale

NIHSS National Institutes of Health
Stroke Scale
URL upper reference limit

sufficiently characterize the cardiac injury, and serial
hs-cTnT measurements are required to differentiate an
acute myocardial injury from chronic conditions.?®
Sex differences in the presentation, treatment, and
outcome of both stroke and cardiac disorders are well
recognized.®'® Overall, women with acute cardiovas-
cular disorders are more likely to be underdiagnosed
or less likely to receive guideline-directed care affect-
ing outcomes."® Specific sex differences in post-
stroke cardiac complications have also recently been
reported: women with stroke appear to have an 8-fold
lower burden of typical atherosclerotic coronary artery

J Am Heart Assoc. 2024;13:e032755. DOI: 10.1161/JAHA.123.032755

Sex Differences in Poststroke Myocardial Injury

disease than men yet have double the risk of develop-
ing an acute myocardial event after stroke.'®'”

The analyticalaccuracy of hs-cTnT assays shows that
healthy women have lower circulating hs-cTnT concen-
trations than men, reflecting known sex differences in
cardiac structure and mass.'®?" Consequently, expert
consensus panels recommend the use of sex-specific
hs-cTnT cutoff values for the diagnosis of myocardial
infarction, in the attempt of reducing women’s risk to
be underdiagnosed with cardiac events.>'"?2 However,
whether the implementation of sex-specific hs-cTnT
thresholds for early detection of stroke-related cardiac
injury improves risk stratification in patients with acute
ischemic stroke has not been studied yet.

We investigated sex differences in the prevalence
and outcome of acute myocardial injury after stroke in
a prospective cohort of patients with acute ischemic
stroke, applying both sex-neutral and sex-specific hs-
cInT cutoffs. Considering the high frequency of ele-
vated hs-cTnT in patients with stroke and the presence
of concomitant cardiac disorders,*® it is possible that
the current hs-cTnT thresholds used for the diagno-
sis of myocardial infarction in the general population
are not optimal for the stratification of cardiac risk in
the setting of ischemic stroke. Therefore, we also at-
tempted to identify the optimal sex-specific hs-cTnT
peak cutoffs for the association with early mortality in
patients with stroke.

METHODS

The data that support the findings of this study are
available from the corresponding author and the last
author upon reasonable request.

Study Population

The CORONA-IS (Cardiomyocyte Injury Following
Acute Ischemic Stroke) study (clinicaltrials.gov identi-
fier NCT03892226) is a prospective study designed to
gain mechanistic insight into stroke-associated myo-
cardial injury. The study was approved by the local
Ethics Committee of the Charité—Universitatsmedizin
Berlin (EA4/123/18) and a study protocol has been
published previously.?®> As described earlier, all con-
secutive patients with acute ischemic stroke admitted
to the Stroke Unit of the Department of Neurology,
Charité-Universitatsmedizin Berlin, Campus Benjamin
Franklin were prospectively screened for participation
in the CORONA-IS study.” Basic demographic informa-
tion and anonymized routine clinical data were entered
into a screening database. As only routine clinical data
were collected, informed consent was not required ac-
cording to the laws and regulations of the Federal State
of Berlin (§25 Landeskrankenhausgesetz). The pres-
ent analysis evaluates all patients admitted between


http://clinicaltrials.gov
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January 2019 and December 2020. Inclusion criteria
were the presence of acute ischemic stroke confirmed
by neuroimaging, serial hs-cTnT measurements, and
hospital admission within 48 hours of stroke symp-
tom onset (Figure 1). This study complies with the
Strengthening the Reporting of Observational Studies
in Epidemiology guidelines.?*

Data Collection

Demographics (age and sex were obtained from health
insurance card presented at hospital admission), car-
diovascular risk factors, revascularization treatments,
and stroke characteristics were collected as previously
published.” Stroke severity and functional status were
assessed with the National Institutes of Health Stroke
Scale (NIHSS) at admission and the modified Rankin
Scale (MRS) at discharge, respectively. Prestroke func-
tional dependency was defined as regular nursing care
at home or living in a nursing home.

Laboratory Measures

High-sensitivity Troponin T assay Roche Elecsys, Gen
5 (sex-neutral 99th percentile URL=14ng/L accord-
ing to the European package insert; 10% coefficients
of variation precision=13ng/L; lower limit of detec-
tion=5ng/L) was obtained in all patients with acute is-
chemic stroke at admission and again within the first
2days of hospitalization. Acute myocardial injury was
defined as at least 1 hs-cInT value above the URL with
a rise or fall of >20% in serial measurements, based
on the 2018 Fourth Universal Definition of Myocardial

Sex Differences in Poststroke Myocardial Injury

Infarction and as described previously.>"23 If more than
2 hs-cTnT values were available, only the first and sec-
ond consecutive measurements were considered. All
patients with normal hs-cTnT values or elevated values
but without a dynamic change >20% were classified
as no acute myocardial injury. Rates of acute myocar-
dial injury were first determined using the sex-neutral
URL of 14ng/L. Patients were then reclassified apply-
ing sex-specific hs-cInT cutoffs (women URL=9ng/L;
men URL=16ng/L), based on the original multicenter
study evaluating the Roche Elecsys hs-cTnT.25:26

Outcomes

The main outcomes were (1) 7-day in-hospital mortal-
ity, defined as any cause of death within the first 7 days
of hospitalization, (2) all-cause in-hospital mortality,
and (3) functional status at discharge (based on docu-
mented MRS score at discharge). Patients who were
discharged from the hospital earlier than 7 days were
considered to be alive on day 7.

Statistical Analysis

Categorical variables were presented as frequencies
and continuous variables as mean+SD or median
with interquartile range based on their distribution.
No imputation was performed for missing data. When
data were missing, we reported the denominator
of the population with available data. In univariable
analysis, women and men were compared using an
independent-sample t test for continuous normally dis-
tributed variables, Wilcoxon-Mann—-Whitney U Test for

to the Stroke Unit

n = 2536 patients admitted

n = 1243 patients with other diagnoses or
no stroke lesion in brain imaging

n = 82 patients with admission >48h after
symptom onset

acute ischemic stroke

n = 1211 patients with imaging
confirmed diagnosis of

n = 144 patients without
serial hs-cTnT measurements

n = 1067 patients

included in the analysis

n= 353 (71.5%) n=141(28.5 %)

Women I Men

n =494 n=573
no acute myocardial || acute myocardial no acute myocardial || acute myocardial
injury injury injury injury

n =444 (77.5%)

n =129 (22.5 %)

Figure 1. Flow chart of patient inclusion.

Acute myocardial injury is defined as at least 1 hs-cTnT value above the sex-neutral upper reference limit
(14ng/L) and a rise/fall >20% in serial measurement. hs-cTnT indicates high-sensitivity cardiac troponin T.
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continuous non-normally distributed or ordinal varia-
bles, and chi-square or Fisher’s exact test for categori-
cal variables. Unadjusted and adjusted multivariable
logistic regression analyses were performed in order
to calculate odds ratios (ORs) and 95% Cls for associa-
tion of sex with acute myocardial injury. Adjustments
were made for age, medical history of chronic kidney
disease, coronary artery disease (including history of
myocardial infarction), chronic heart failure, history of
known atrial fibrillation or flutter, NIHSS score at ad-
mission, and prestroke dependency. For the asso-
ciation between acute myocardial injury and mortality
outcomes (7-day in-hospital mortality and in-hospital
mortality), adjusted multivariable logistic regression
analyses were performed. Ordinal logistic regression
analysis was conducted to estimate the adjusted OR
(@OR) for the association of acute myocardial injury and
a shift toward increased disability at discharge (higher
category of mRS score at discharge).

In the primary model regarding the association
between acute myocardial injury and each outcome
of interest, we adjusted for age, sex, medical history
of chronic kidney disease, coronary artery disease,
chronic heart failure, history of known atrial fibrillation
or flutter, NIHSS score at admission, and prestroke
dependency. Analyses were performed in the whole
cohort and then stratified by sex. Given the small
number of outcome events for 7-day in-hospital mor-
tality, sensitivity analyses were performed including
only age and NIHSS as covariates for adjustments,
to avoid overfitting. Covariates were selected a priori.
Sensitivity analyses for association of acute myocardial
injury and outcomes including revascularization treat-
ments (thrombolytic and mechanical thrombectomy)
were performed a posteriori. To further assess the
role of sex on the predictive value of acute myocar-
dial injury for clinical outcomes, the analyses were also
performed for men and women separately. All of the
analyses were repeated after acute myocardial injury
was reclassified using sex-specific hs-cTnT cutoffs.
Finally, receiver operating characteristic (ROC) curve
analysis was used to evaluate the performance of sex-
specific cutoffs of hs-cTnT peak values as markers for
7-day in-hospital mortality. The optimal cutoff with the
highest Youden index and corresponding sensitiv-
ity and specificity was identified for men and women
respectively.?” The predictive performance of the sex-
specific cutoff of the peak hs-cTnT value for 7-day in-
hospital mortality was assessed using area under the
ROC curve.

All tests were 2-tailed, and values of P<0.05 were
considered statistically significant. No sample size es-
timation was performed, as this is an exploratory anal-
ysis of observational data. No corrections were made
for multiple comparisons. Statistical analyses were

J Am Heart Assoc. 2024;13:e032755. DOI: 10.1161/JAHA.123.032755

Sex Differences in Poststroke Myocardial Injury

performed using IBM SPSS (SPSS, Inc., Chicago,
IL, version 29.0) and RStudio (RStudio: Integrated
Development for R. RStudio, PBC, Boston, MA, ver-
sion 2023.06).

RESULTS

Patient Characteristics

The final cohort consisted of 1067 patients: 494
women (46%) and 573 men (54%) (Figure 1). Detailed
patient characteristics stratified by sex are summarized
in Table 1.

Women were older, had higher rates of known atrial
fibrillation, and were more likely to be functionally de-
pendent before admission. Men were more likely to
have experienced a previous ischemic or hemorrhagic
stroke. Women had a higher median NIHSS score at
admission and they had cardioembolic strokes more
often. Women were found more frequently with large
vessel occlusion and underwent thrombectomy more
often than men.

Cardiac Troponin Values and Outcomes in
Women and Men

Although no statistically significant sex differences
were observed regarding the median first hs-cTnT
value, a higher median second hs-cTnT value and a
greater absolute difference between first and second
hs-cInT values were detected in women compared
with men. Women showed a higher NIHSS score and
mRS score at hospital discharge compared with men
(Table 2). Median time from stroke onset to first and
second hs-cInT measurement, as well as median time
between the hs-cTnT measurements, did not differ be-
tween sexes (all P>0.05).

Thirty patients (20 women and 10 men) died within
7days of admission (22 from neurological causes, 5
from cardiac causes, and 3 from other conditions;
Tables S1-S6). A total of 56 deaths occurred (34
women and 22 men) during hospitalization (35 from
neurological causes, 8 from cardiac causes, and 13
from other conditions). Seven-day in-hospital mortality
as well as overall in-hospital mortality were higher in
women than men (4% versus 2%, P=0.023 and 7%
versus 4%, P=0.026, respectively).

Women had a higher crude prevalence of acute
myocardial injury than men (29% versus 23%,
P=0.024). In univariable regression analysis, female sex
was associated with acute myocardial injury (OR, 1.38
[95% ClI, 1.04-1.81]), but this association was not sta-
tistically significant after adjustments (@OR, 1.06 [95%
Cl, 0.78-1.43]) (Table S2). Detailed characteristics and
outcomes of women and men with acute myocardial
injury are reported in Table S3.
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Table 1. Demographics, Comorbidities, and Stroke Characteristics Stratified by Sex

Total cohort (n=1067)
Women, n=494 Men, n=573
(46.3%) (53.7%) P value
Demographics
Mean age, y 78.2+10.8 72.7+11.8 <0.001
Comorbidities
Hypertension 385 (78%) 423 (74%) 0.118
Previously known atrial fibrillation 112 (22.7) 102 (17.8) 0.048
Coronary artery disease 78 (16%) 116 (20%) 0.060
Prior stroke 148 (30%) 208 (36%) 0.029
Diabetes 104 (21%) 148 (26%) 0.067
Dyslipidemia 241 (49%) 285 (50%) 0.756
Chronic kidney disease 106 (21%) 107 (19%) 0.257
Congestive heart failure 30 (6.1%) 10 (1.7%) <0.001
Prestroke dependency* 127 (26%) 69 (12%) <0.001
Ischemic stroke
National Institutes of Health Stroke Scale score at admission® 4 (1-9) 3 (1-6) <0.001
Thrombolysis 129 (26%) 158 (28%) 0.59
Thrombectomy 84 (17%) 67 (12%) 0.013
Presence of large vessel occlusion 106/427 (25%) 85/534 (16%) <0.001
Stroke cause
Cardioembolic 194 (39%) 172 (30%) 0.001
Small vessel disease 40 (8%) 69 (12%) 0.034

Categorical variables are presented as frequency (column percent), continuous variables are presented as mean+SD or median (interquartile range) when

nonnormally distributed.
*Data available n=1065 patients (492 women and 573 men).
Data available n=1055 patients (489 women and 566 men).

Association of Acute Myocardial Injury
and Outcomes

In multivariable analysis, patients with acute myocardial
injury had a higher 7-day in-hospital mortality (@OR, 2.7
[95% CI, 1.2-6.2]), in-hospital mortality (aOR, 3.0 [95%
Cl, 1.6-5.6]), and a shift toward greater disability on
mRS score at discharge (@OR, 1.5 [95% CI, 1.1-1.9])
(Figure 2).

To further characterize the role of sex on the associ-
ation between acute myocardial injury and outcomes,
multivariable analyses were conducted for women and
men separately. In women, a robust association was
found between acute myocardial injury and all end
points of interest (7-day in-hospital mortality: aOR, 3.2
[95% Cl, 1.07-9.3], in-hospital mortality: aOR, 3.3 [95%
Cl, 1.4-7.6], and mRS score at discharge: aOR, 1.6
[95% CI, 1.1-2.4]). In men, we did not find a significant
association between acute myocardial injury and out-
comes (Figure 2). Sensitivity analyses for the associa-
tion between acute myocardial injury and end points
of interest are reported in Tables S4 and S5. In the re-
stricted model, as well as in the sensitivity analysis in-
cluding revascularization treatments as covariate, there
was still a statistically significant association between

J Am Heart Assoc. 2024;13:e032755. DOI: 10.1161/JAHA.123.032755

acute myocardial injury and outcomes in women but
not in men.

The Predictive Role of Sex-Specific
hs-cTnT Cutoffs for Outcomes

With the implementation of sex-specific hs-cTnT
thresholds, the crude prevalence of acute myocardial
injury was 35% in women and 21% in men (P<0.001). A
significant association between female sex and acute
myocardial injury was observed after adjustments
(@OR, 1.7 [95% Cl, 1.28-2.33]; Table S2).

After reclassification using sex-specific cutoffs,
the association of acute myocardial injury with all 3
outcomes of interest remained statistically significant
(7-day in-hospital mortality: aOR, 2.4 [95% CI, 1.04—
5.6], in-hospital mortality: aOR, 2.7 [95% ClI, 1.4-51],
functional outcome: aOR, 1.3 [95% CI, 1.02-1.7];
Figure 2). When regression analyses were performed
separately for women and men, the implementation
of sex-specific thresholds did not strengthen the
association between acute myocardial injury and
outcomes. In women, the association of acute myo-
cardial injury persisted only for in-hospital mortality
(@aOR, 2.6 [95% ClI, 1.1-6.2]; Figure 2); no association
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Table 2. Cardiac Troponin Values, Acute Myocardial Injury, and Outcomes Stratified by Sex

Total cohort (n=1067)

Women, n=494 (47.3%) Men, n=573 (53.7%) P value
First hs-cTnT 17 (10-31) 16 (9-26) 0.108
Second hs-cTnT 20 (11-40) 19 (11-31) 0.010
Median delta first to second hs-cTnT 3 (1-7.25) 2 (1-5.5) 0.019
Time from symptoms onset to first hs-cTnT 10 (3-19) 8 (3-19) 0.315
Time from symptoms onset to second hs-cTnT 25 (18-37) 25 (16-36) 0.981
Time interval between first and second hs-cTnT 16 (7-21) 16 (6-21) 0.217
First hs-cTnT >URL (14 ng/L) 285 (58%) 305 (53%) 0.144
Second hs-cTnT >URL (14ng/L) 328 (66%) 357 (62%) 0.164
Acute myocardial injury 141 (29%) 129 (23%) 0.024
7-d in-hospital mortality 20 (4%) 10 (2%) 0.023
In-hospital mortality 34 (7%) 22 (4%) 0.026
National Institutes of Health Stroke Scale score at discharge 2 (0-5) 1(0-3) <0.001
Modified Rankin Scale score at discharge 2(1-4) 2(0-4) <0.001

Acute myocardial injury is defined as at least 1 hs-cInT above the sex-neutral upper reference limit and a rise/fall of >20% in serial measurement (following
the 2018 Fourth Universal Definition of Myocardial Infarction). Categorical variables are presented as frequency (column percent), continuous variables are
presented as median (interquartile range) when nonnormally distributed. hs-cTnT indicates high-sensitivity cardiac troponin T, IQR, interquartile range; and

URL, upper reference limit.

between acute myocardial injury and outcomes was
observed in men.

The ROC-derived optimal sex-specific cutoffs of
hs-CTnT peak values with the highest Youden index
for predicting early in-hospital mortality were 29.5ng/L
in women (sensitivity: 0.75, specificity: 0.67, Youden

index: 0.42, area under the ROC curve=0.73, negative
predictive value [NPV]: 98.46%) and 66ng/L in men
(sensitivity: 0.60, specificity: 0.91, Youden index: 0.51,
area under the ROC=0.84, NPV: 99.23%). Figure 3
shows the ROC curve of hs-cTnT peak values for 7-day
in-hospital mortality in women and men.

Sex-neutral URL Sex-specific URL
Group End point aOR (95%Cl) P aOR (95%Cl) P
Total cohort  7-day in—hospital mortality —— 2.7 (1.2-6.2) 0.02 —— 2.4 (1.03-5.6) 0.04
in—hospital mortality ] 3.0 (1.6-5.8) <0.001 e 2.7 (1.4-5.2) 0.002
functional outcome i 1.5 (1.2-2.0) 0.003 —m— 1.4(1.03-1.8) 0.03
Women 7-day in—hospital mortality ——&— 3.1(1.04-9.1) 0.04 ———&%— 24(0.8-7.3) 0.11
in—hospital mortality ——&— 3.4(15-7.9) 0.005 ——a— 27(1.2-6.5) 0.02
functional outcome —a— 1.6 (1.1-2.4) 0.01 - 1.3 (0.9-1.8) 0.18
Men 7-day in—hospital mortality = 1.5 (0.3-6.6) 0.62 | = 1.5(0.3-6.8) 0.59
in—hospital mortality —_—— 2.1(0.7-6.1) 0.18 ——a8— 2.2(0.8-6.4) 0.15
functional outcome —a— 1.4 (0.9-2.0) 0.12 ] 1.4 (0.95-2.1) 0.08
| R I R | | |
0.50 1.0 log SFC; 4.0 8.0 0.50 1.()|<Jg OS.O 4.0

Figure 2. Adjusted logistic and ordinal regression analysis of association of acute myocardial injury (identified with sex-
neutral and sex-specific thresholds) and main outcomes for the whole cohort and stratified per sex.

Adjusted odd ratios (aORs) and corresponding 95% Cls for association of acute myocardial injury and 7-day in-hospital mortality,
in-hospital mortality, functional outcome based on modified Rankin Scale score (mRS) at discharge in the total cohort, in women,
and in men. On the left side aOR for acute myocardial injury is based on a sex-neutral cutoff (14ng/L), on the right side it is based
on a sex-specific cutoff (9ng/L for women and 16ng/L for men). Adjustments were made for age, medical history of chronic kidney
disease, coronary artery disease, congestive heart failure, previous atrial fibrillation or flutter, National Institutes of Health Stroke
Scale at admission, and prestroke dependency. URL indicates upper reference limit.
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Figure 3. Receiver operating characteristic curve of sex-
specific high-sensitivity cardiac troponin (hs-cTn) peaks for
7-day in-hospital mortality.

Sensitivity and specificity for 7-day in-hospital mortality of
the optimal sex-specific hs-cTn peak levels (identified with the
highest Youden index) in women (29.5ng/L) and men (66ng/L).
AUC indicates area under the receiver operating characteristic
curve.

DISCUSSION

The findings of our study add to the growing evidence
supporting sex differences in the prevalence and out-
comes of cardiac complications after stroke (Figure 4).
First, in our cohort of prospective patients with acute
ischemic stroke, the crude prevalence of acute myo-
cardial injury was higher in women than men. Second,
as previously reported, the presence of acute myo-
cardial injury was associated with a higher risk of
discharge disability and mortality.” However, when
stratifying by sex, a statistically significant association
between acute myocardial injury and outcomes was
observed in women but not in men. Third, the applica-
tion of sex-specific hs-cTnT cutoffs did not increase the
prognostic value of acute myocardial injury for unfa-
vorable outcomes. Finally, the optimal hs-cTnT values
for the prediction of early in-hospital mortality in our
cohort were higher than current cutoff values, were
sex-specific, with women’s hs-cTnT values being ap-
proximately half of those of men, and showed a high
NPV.

Women in our cohort were older and more likely
to be care dependent before hospital admission.
They more frequently had known atrial fibrillation,
more severe strokes, higher mortality rates, and less
favorable functional outcomes at hospital discharge
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than men, which is consistent with previous studies
(Table S6).6-3" Looking at the overall cohort, rate of
female participants was lower than male participants
(46% women versus 54% men), whereas this was re-
versed for the prevalence of acute myocardial injury
(52% women versus 48% men, using the sex-neutral
hs-cTnT cutoff). Because age, stroke severity, and pre-
morbid functional status play an important role in sex
differences on stroke outcomes,?®=%° the higher crude
prevalence of acute myocardial injury in women in our
cohort should also be considered in the context of
baseline demographic sex differences. However, when
the association of acute myocardial injury and unfa-
vorable outcomes was stratified by sex, women had
statistically significantly increased odds of 7-day and
in-hospital mortality and greater disability at discharge.
On the other hand, we did not find a significant asso-
ciation between acute myocardial injury and prespec-
ified outcomes in men. Because sex differences in the
cause and extent of cardiac injury after acute ischemic
stroke have already been suggested,"”3 it is possible
that women may have a more pronounced brain—heart
axis dysfunction after acute brain injury, which in turn
leads to worse outcomes.

Biologically, sex hormones play an important role in
modulating sex differences of sympathovagal balance
and, with aging and menopause, important changes
in the regulation of the brain-heart axis occur.3%34
Estrogen, in particular, is an important regulator of en-
dothelial function and catecholamine-mediated vaso-
constriction: age-related estrogen deprivation and sex
differences in myocardial sensitivity to catecholamine
have already been shown to increase the suscepti-
bility of elderly women for Takotsubo syndrome.3%:36
Further, an elevated baseline cardiac sympathetic tone
associated with a higher stress-induced neural activ-
ity might render elderly women more susceptible to
neurocardiogenic injury (stroke—heart syndrome).3”:38
The role of hormonal factors in sex differences in acute
cardiac complications after stroke needs to be further
investigated.

As women with acute coronary syndrome are fre-
quently underdiagnosed and experience higher mor-
bidity and mortality compared with men,'*830 the
implementation of sex-specific hs-cTnT cutoffs for the
diagnosis of myocardial infarction is currently recom-
mended to reduce sex disparities.?'?? However, al-
though a sex-specific approach appears to be relevant
for risk stratification and targeting of preventive treat-
ments for cardiovascular disease in the general pop-
ulation, it does not seem to alter clinical management
and prognosis of patients with suspected acute coro-
nary syndrome.3940

To assess the impact of applying sex-specific hs-
cInT cutoffs for cardiac risk stratification in the setting
of acute ischemic stroke, we tested the predictive value
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of sex-specific hs-cInT cutoffs in this population. As
expected, the implementation of sex-specific hs-cTnT
cutoffs increased the prevalence of acute myocardial
injury after stroke in women and decreased it in men.

In contrast to analyses using sex-neutral cutoffs,
using sex-specific cutoffs resulted in a weaker and in
part not statistically significant association between
acute myocardial injury and unfavorable outcomes in
women. The implementation of sex-specific cutoffs
and the subsequent reclassification of women with
lower hs-cTnT values as having acute myocardial injury
might explain this loss of specificity. The results in men
remained widely unchanged with no significant as-
sociations of acute myocardial injury and unfavorable
outcomes regardless of the use of sex-neutral or sex-
specific cutoffs. Our results show that the application
of URL-based sex-specific cutoffs has no major prog-
nostic benefit in the acute ischemic stroke population,
but smaller effects cannot be ruled out.

Consistent with previous studies reporting that ele-
vated hs-cTnT levels are detected in up to 30% to 60%
of patients with acute ischemic stroke,*® we found
58% of women and 53% of men with a first hs-cTnT
value above URL (14ng/L). The sex-specific optimal
cutoffs for the prediction of 7-day in-hospital mortality
in patients with ischemic stroke were double in women
and almost 5 times higher in men compared with the

J Am Heart Assoc. 2024;13:e032755. DOI: 10.1161/JAHA.123.032755

sex-neutral standard cutoff for myocardial injury detec-
tion. This suggest that only more severe myocardial in-
jury is associated with higher short-term mortality after
acute ischemic stroke. Although sensitivity and spec-
ificity were only moderate in women, specificity was
high (0.91) in men. NPVs were high for both women
and men. An optimal hs-cTn threshold, double that of
sex-neutral URL, was already reported for the predic-
tion of in-hospital mortality; however, specific optimal
thresholds for women and men were not obtained.*
Our results suggest that a sex-specific approach might
improve risk stratification for early mortality in patients
with stroke and elevated hs-cTnT values.

The major strengths of our study are its prospective
nature and the availability of serial hs-cTnT measure-
ments. As women and patients with concomitant clini-
cally diagnosed acute myocardial infarction are usually
underrepresented in randomized clinical stroke trials,*'
the generalizability of our observational study allows us
to report the real world prevalence of acute myocardial
injury in acute ischemic stroke. However, our results
should be interpreted in the context of several limita-
tions. First, as this is a single-center study, the external
validity of our results may be limited. Second, we can-
not exclude some selection bias effects, considering
that almost 12% of the admitted patients with acute
ischemic stroke were excluded from the analysis due
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to lack of serial hs-cTnT measurements. However, rates
of missing serial hs-cTnT measurements between men
and women were well balanced (12.2% versus 12.8%,
respectively). Third, as we cannot identify the cause
of myocardial injury in our patients from the available
data, we cannot discuss the pathophysiological mech-
anisms of cardiac complications after stroke between
sexes. Fourth, despite this being a prospective obser-
vational cohort, the reclassification with sex-specific
hs-cInT cutoffs was retrospective. Fifth, a potential
lack of validity for the adjusted association between
acute myocardial injury and short-term mortality can-
not be excluded given the small number of patients
who died within 7 days of hospitalization. In particular,
our analyses could be underpowered for the associ-
ation between acute myocardial injury and outcomes
in men, given their small number of 7-day in-hospital
mortality events (n=10 in men versus n=20 in women).
A significant association in men might still be detected
in a population with a larger sample size. Sixth, out-
comes beyond the in-hospital phase were not avail-
able. Finally, the identified ROC-derived optimal
hs-cInT cutoffs for the prediction of early in-hospital
mortality showed relative low sensitivity and specificity
and were not validated in our cohort.

CONCLUSIONS

In conclusion, our observational study reveals that
the crude prevalence of acute myocardial injury after
stroke is higher in women than in men and that the
association of acute myocardial injury with outcomes
in the setting of acute ischemic stroke may be sex-
specific. Women with acute poststroke myocardial in-
jury based on hs-cTnT measurements have a higher
risk of early mortality and greater disability, whereas
this association was not observed in men. Finally, the
implementation of current sex-specific cutoffs does
not increase the prognostic value of acute myocardial
injury for unfavorable outcomes in patients with stroke,
as it leads to a loss of specificity in identifying women
with more severe acute myocardial injury. Our pro-
posed sex-dependent cutoffs for predicting short-term
mortality showed a high NPV and deserve independ-
ent validation.

Our findings, therefore, add to the growing evi-
dence supporting sex differences in cardiovascular
disorders.*> Whether a sex-specific approach might
be relevant for cardiac risk stratification and targeting
of invasive diagnostic tests and interventions for acute
myocardial injury in patients with acute ischemic stroke
requires further investigation.
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