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Stroke-Heart Syndrome: Does Sex Matter?
Michela Rosso , MD; Srinath Ramaswamy , MD; Nino Kvantaliani, MD; Yohannes Mulatu, MD; 
Jessica N. Little, MD; Izabela Marczak , MD; Ankita Brahmaroutu, MD, MS; Rajat Deo , MD;  
Jennifer Lewey , MD, MPH; Steven R. Messé , MD; Brett L. Cucchiara , MD; Steven R. Levine , MD; 
Scott E. Kasner , MD

BACKGROUND: Cardiovascular complications after acute ischemic stroke (AIS) can be related to chronic/comorbid cardiac con-
ditions or acute disruption of the brain–heart autonomic axis (stroke-heart syndrome). Women are known to be more vulner-
able to certain stress-induced cardiac complications, such as Takotsubo cardiomyopathy. We investigated sex differences in 
cardiac troponin (cTn) elevation, cardiac events, and outcomes after AIS.

METHODS AND RESULTS: We retrospectively analyzed consecutive patients with AIS from 5 stroke centers. Patients with AIS 
with elevated baseline cTn and at least 2 cTn measurements were included, while patients with acute comorbid conditions 
that could impact cTn levels were excluded. Poststroke acute myocardial injury was defined as the presence of a dynamic cTn 
pattern (rise/fall >20% in serial measurements) in the absence of acute atherosclerotic coronary disease (type 1 myocardial 
infarction) or cardiac death (type 3 myocardial infarction). From a total cohort of 3789 patients with AIS, 300 patients were 
included in the study: 160 were women (53%). Women were older, had a lower burden of cardiovascular risk factors, and  
more frequently had cardioembolic stroke and right insula involvement (P values all <0.05). In multivariate analysis, women 
were more likely to have a dynamic cTn pattern (adjusted odds ratio, 2.1 [95% CI, 1.2–3.6]) and develop poststroke acute 
myocardial injury (adjusted odds ratio, 2.1 [95% CI, 1.1–3.8]). Patients with poststroke acute myocardial injury had higher 7-day 
mortality (adjusted odds ratio, 5.5 [95% CI, 1.2–24.4]).

CONCLUSIONS: In patients with AIS with elevated cTn at baseline, women are twice as likely to develop poststroke acute myo-
cardial injury, and this is associated with higher risk of short-term mortality. Translational studies are needed to clarify mecha-
nisms underlying sex differences in cardiac events and mortality in AIS.
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Cardiovascular complications in the setting of 
acute ischemic stroke (AIS) occur in up to 20% of 
patients.1 Poststroke cardiac events are hetero-

geneous, including sudden cardiac death, acute coro-
nary syndrome, heart failure, and cardiac arrhythmias,2 
and are a major cause of death in the first 4 weeks after 
AIS.1 Given the strong association between AIS and 
cardiac events, current American Heart Association/
American Stroke Association guidelines recommend 

measuring cardiac troponin (cTn) as a biomarker of 
concomitant myocardial injury in all patients with sus-
pected stroke.3 However, a single elevated cTn does 
not indicate the underlying mechanism of myocardial 
injury. Chronic conditions, such as congestive heart 
failure, impaired renal function, and coronary artery 
disease (CAD), as well as comorbid acute disorders 
(acute coronary syndrome, pulmonary embolism, 
sepsis, and active cancer)4 can increase cTn levels. 
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Patients with AIS are also susceptible to functional 
and structural alterations in the central autonomic net-
work leading to dysregulation of neural cardiac control 
and acute cardiac damage (stroke-heart syndrome).5 
Distinguishing stroke-heart syndrome from other con-
ditions causing cTn elevation is challenging, given the 
multiple cause–effect interactions, shared pathophysi-
ological mechanisms, and common risk factors of AIS 
and cardiac events.

There is increasing recognition of sex differences 
in ischemic stroke epidemiology, risk factors, clinical 
presentation, pathophysiology, treatment, and out-
come.6,7 Women tend to have more severe stroke8 
and experience greater disability and worse quality 
of life poststroke than men.6,9–12 Important sex differ-
ences also exist with cardiac disease.13 Women have 

much greater susceptibility to developing stress-
induced cardiomyopathy14 (90% of patients from the 
International Takotsubo registry study were women15) 
and are more likely to experience myocardial infarc-
tion (MI) in the setting of nonobstructive coronary ar-
tery disease compared with men.16 Women with AIS 
have a much lower burden (8 times) of atherosclerotic 
CAD than men.17 Furthermore, female sex has already 
been reported as an independent predictor of cardiac 
complications after subarachnoid hemorrhage.18,19 
Whether there are sex differences in stroke-heart syn-
drome and poststroke cardiac complications remains 
unexplored.

We investigated sex differences in cTn elevation and 
cardiac events after AIS. We hypothesized that sex 
impacts the risk of developing poststroke myocardial 
injury, with women having higher probability of brain-
heart autonomic axis disruption triggered by the AIS. 
We also assessed the impact of sex on in-hospital 
mortality and discharge disposition in patients with 
evidence of acute cardiac injury as indicated by cTn 
elevation.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

Study Population
We retrospectively evaluated consecutive patients 
with AIS admitted to 5 stroke centers (Hospital of 
the University of Pennsylvania, Lancaster General 
Hospital, Penn Presbyterian Medical Center, 
Pennsylvania Hospital, and University Hospital at 
SUNY Downstate Health Science University) from 
June 2020 to July 2022. The study protocol was ap-
proved by the University of Pennsylvania and SUNY 
Downstate Health Science University Institutional 
Review Boards with waiver of informed consent. The 
inclusion criteria were as follows: (1) adults (>18 years 
of age) who had neuroimaging-confirmed AIS, (2) 
hospital admission within 72 hours from symptoms 
onset, (3) increased cTn level (value above the assay-
specific 99th percentile upper reference limit) at ad-
mission, and (4) at least 1 additional follow-up cTn 
measurement within 48 hours. Exclusion criteria were 
as follows: (1) in-hospital stroke (patients who were 
admitted for nonneurological symptoms and later 
developed a stroke during the hospital course), (2) 
acute concomitant conditions within 2 weeks known 
to cause elevated cTn, defined as any of the follow-
ing: sepsis, acute kidney injury or rhabdomyolysis, 
major cardiac surgery or MI, prior ischemic or hemor-
rhagic stroke, congestive heart failure exacerbation, 

CLINICAL PERSPECTIVE

What Is New?
•	 It is unknown whether sex affects the risk of de-

veloping poststroke acute myocardial injury.
•	 We hypothesized that women have a higher 

probability of brain-heart autonomic axis dis-
ruption (stroke-heart syndrome) triggered by an 
acute ischemic stroke.

•	 Our study reveals that women with acute is-
chemic stroke with elevated cardiac troponin 
at baseline are more susceptible to develop-
ing poststroke acute myocardial injury, and 
this is associated with higher risk of short-term 
mortality.

What Are the Clinical Implications?
•	 Clinicians should be aware that female sex is a 

risk factor for stroke-heart syndrome.
•	 Clinicians should consider routinely performing 

serial cardiac troponin measurements in pa-
tients with acute ischemic stroke to identify in-
dividuals at higher risk of cardiac complications 
and tailor monitoring accordingly.

•	 Translational studies are needed to clarify sex 
differences in functional and structural altera-
tions of the central autonomic network triggered 
by acute ischemic stroke and the possible role 
of hormonal factors as a cause of predisposition 
of women for stroke-heart syndrome.

Nonstandard Abbreviations and Acronyms

AIS	 acute ischemic stroke
cTn	 cardiac troponin
PSAMI	 poststroke acute myocardial injury
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pulmonary embolism, deep vein thrombosis, en-
docarditis, or illicit drug use other than marijuana 
and benzodiazepine use. This study complies with 
Strengthening the Reporting of Observational Studies 
in Epidemiology guidelines.20

Data Collection
Patients’ demographics (age, sex, and race), hand 
dominance, presence of cardiovascular risk factors 
(hypertension, diabetes, dyslipidemia, smoking status, 
chronic kidney disease, CAD, congestive heart fail-
ure, atrial fibrillation or flutter, prior AIS or hemorrhagic 
stroke), information regarding stroke onset, severity, 
cause, and localization (radiology reports and imag-
ing were reviewed with specific interest for stroke side 
and insular involvement) were collected from existing 
records. Sex was abstracted from medical records. 
Self-identified gender was not separately available in 
a systematic way.

Stroke severity and functional status were as-
sessed with the National Institutes of Health Stroke 
Scale and the modified Rankin Scale, respectively. 
Cause/subtype of AIS was classified per Trial of 
Org 10 172 in Acute Stroke Treatment.21 Cardiology 
consultation reports, electrocardiogram, echocar-
diogram, advanced cardiac imaging, and coronary 
angiography data were reviewed. Specific cardiac 
events and cardiac diagnoses were based on cardi-
ology reports. Cardiologists were involved in the eval-
uation of all patients with a new acute cardiac event. 
Coronary angiography or additional advanced car-
diac imaging were performed when recommended 
by cardiologists, as determined by medical history, 
cTn pattern, cTn peak value, cardiac event clinical 
characteristics, and individual-level risk–benefit as-
sessment. Cardiac ejection fraction (EF) was clas-
sified based on 2022 American Heart Association/
American College of Cardiology/Heart Failure Society 
of America Guideline22: preserved EF (≥50%), mildly 
reduced EF (41%–49%), and reduced EF (≤40%). 
Subtype of acute myocardial injury was classified 
based on the 2018 Fourth Universal Definition of 
Myocardial Infarction.23

Outcomes
Our primary outcomes included dynamic cTn pattern 
and poststroke acute myocardial injury (PSAMI). A 
dynamic cTn pattern was defined as a rising or falling 
cTn >20% in serial measurements, based on the 2018 
Fourth Universal Definition of Myocardial Infarction.23 
While elevated but stable cTn levels can be seen in 
multiple chronic cardiac and noncardiac conditions, 
a dynamic cTn pattern is specific for an acute evolv-
ing myocardial injury.24 PSAMI encompasses an 
acute myocardial injury secondary to a disruption 

of the brain-heart autonomic axis triggered by AIS, 
after exclusion of Type 1 MI (caused by atherothrom-
botic CAD) or Type 3 MI (cardiac death before diag-
nostic testing). In keeping with the Fourth Universal 
Definition of Myocardial Infarction, PSAMI includes 
both type 2 MI (mismatch between oxygen supply 
and demand) and acute myocardial injury in the ab-
sence of ischemic signs or symptoms, specifically, 
Takotsubo cardiomyopathy, heart failure, and atrial 
fibrillation with rapid ventricular response. Patients 
with an isolated dynamic cTn without evidence of 
MI or myocardial injury were not included in PSAMI. 
Ischemic electrocardiogram changes included new 
ST-segment depression or elevation or new bundle 
branch block. Ischemic echocardiogram changes in-
cluded new or previously unknown regional wall mo-
tion abnormality in an ischemic cause pattern. The 
cause of PSAMI was based on assessment at time 
of AIS.

Secondary outcomes included mortality within 
7 days from admission and discharge disposition. 
Discharge disposition was dichotomized as good if 
discharged to home or acute rehabilitation, or unfavor-
able if discharged to long-term care facility, hospice, or 
death during the hospitalization.

Statistical Analysis
Continuous variables were presented as mean±SD, 
or median (interquartile range) based on their dis-
tribution. Categorical variables were expressed as 
frequency. No imputation was performed for miss-
ing data. When data were missing, we showed the 
denominator of the population with available data. In 
univariate analysis, women and men were compared 
using independent sample t test for continuous nor-
mally distributed variables, Wilcoxon-Mann–Whitney 
U test for continuous nonnormally distributed or ordi-
nal variables, and χ2 or Fisher exact tests for categori-
cal variables. Unadjusted and adjusted multivariable 
logistic regression analyses were performed in order 
to calculate odds ratios (ORs) and 95% CIs for asso-
ciation of sex with the key outcomes. In the primary 
model we adjusted for age, race, medical history of 
CAD, chronic kidney disease, congestive heart failure, 
atrial fibrillation, National Institutes of Health Stroke 
Scale, involvement of the right insula, and stroke 
cause. In sensitivity analysis, we did not include stroke 
cause as covariate (due to possible collinearity with 
outcome), because the detection of a new-onset atrial 
fibrillation or low EF might have been considered the 
cause (cardioembolic cause) rather than the conse-
quence of the ischemic stroke. Covariates were se-
lected a priori.

Unadjusted and adjusted logistic regression analy-
ses were also performed for association of PSAMI with 
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mortality within 7 days from admission and discharge 
disposition. Primary model and sensitivity analysis also 
included sex as covariate. P<0.05 was considered sig-
nificant. All analyses were performed with STATA 17.0 
(StataCorp, College Station, TX) for Windows.

Sample size calculation was based on several lines 
of evidence used to estimate the differential probability 
of cardiac events not ascribed to CAD in women versus 
men. First, there appears to be an ≈6-fold lower prev-
alence of CAD (identified with computed tomography 
coronary angiogram) in women with AIS or transient 
ischemic attack compared with men, and an absolute 
prevalence of CAD of 4% in women compared with 
24% in men.17 The prevalence of significant cardiac 
complications in patients with acute ischemic stroke is 
estimated to be ≈10% within the first 7 days and is sim-
ilar between men and women1; using the assumption 
that these events are mostly due to CAD in men (90%), 
whereas they are 6 times less likely due to CAD in 
women compared with men (15%), this suggests a rate 
of cardiac events not related to CAD of ≈8.5% in women 
and 1% in men.17 Using this differential effect with a 
power of 0.80 and a 2-sided α=0.05, a sample size of 
250 with a 1:1 ratio of men to women was needed.25 
To ensure the sample was sufficient if the event rate of 
the differential between men and women was lower 
than anticipated, we opted to use a total sample size of 
300. To detect sex differences in our primary outcome 

(PSAMI), we aimed for a population of 300 subjects 
with AIS and increased cTn at baseline, assuming that 
women have a lower burden (8 times lower) of typi-
cal atherosclerotic CAD than men.17 Considering that 
≈10% to 30% of patients with AIS have a concomitant 
increased cTn,5,26,27 we planned to screen a minimum 
of 2000 consecutive patients admitted for AIS. Given 
the possibility that not all patients with AIS in our cen-
ters would have a cTn level at admission and/or the 
percentage of our patients with AIS with increased cTn 
could be lower than reported in literature, we planned 
to continue screening retrospectively eligible patients 
until obtaining the above-declared sample size of 300.

RESULTS
Patient Characteristics
Of 3789 patients admitted for AIS in our 5 stroke cent-
ers, 606 patients (16%) had an elevated cTn at base-
line. Of these, 104 (17%) did not have a second cTn 
measurement performed within 48 hours, and another 
202 (33%) were excluded for presence of acute con-
comitant comorbidities known to cause elevated cTn, 
or because the hospital admission was secondary to a 
different medical condition than AIS (Figure 1). Our final 
cohort included 300 patients (mean age 74±13 years), 
160 women (53%) and 140 men (47%). Women were 

Figure 1.  Flowchart of patient selection.
AIS indicates acute ischemic stroke; AKI, acute kidney injury; DVT, deep vein thrombosis; PE, pulmonary 
embolism; and tPA, tissue plasminogen activator.

3,789 pa�ents admi�ed with AIS

606 AIS pa�ents with increased 
troponin at admission

300 AIS pa�ents 
included

REASONS OF EXCLUSION
• 57 inpa�ent stroke code
• 22 sepsis
• 21 last known normal > 72 hours
• 19 concomitant PE/DVT
• 18 cardiac injury/surgery within 2 weeks
• 14 cocaine/opiates intoxica�on
• 12 ac�ve cancer
• 8 AKI/rhabdomyolysis
• 8 respiratory insufficiency
• 6 ischemic/hemorrhagic stroke within 2 weeks
• 3 post-tPA bleed
• 2 endocardi�s
• 12 others

Excluded: 202 pa�ents

160 women 140 men

502 AIS pa�ents with serial 
troponin measurements
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older and more frequently right-handed, had a lower 
burden of cardiovascular risk factors, and more often 
had cardioembolic stroke. Women were less likely to 
have small-vessel occlusion or embolic stroke of un-
determined source as the mechanism of their stroke. 

Women also had a stroke involving the right insula more 
frequently, while men were more frequently affected by 
a stroke involving the left hemisphere or bilateral hemi-
spheres. Detailed patient demographics according to 
sex are described in Table 1.

Cardiac Events, PSAMI, and Discharge 
Disposition
A dynamic cTn pattern (rising or falling cTn >20% in serial 
measurement) was more frequent in women (53% ver-
sus 39%, P=0.02) (Table 2). Cardiac events in patients 
with dynamic cTn pattern are reported in in Table S1. 
After excluding patients with Type 1 MI (4 women and 
4 men) and type 3 MI (2 women and 2 men), 74 pa-
tients with AIS met the definition of PSAMI (Figure 2). 
PSAMI was more common in women compared with 
men (31% versus 18%, P=0.01). The majority of these 
events were Type 2 MI (see Table 2 for details).

Nineteen patients (12 women and 7 men; 8% ver-
sus 5%, P=0.4) underwent advanced cardiac testing to 
rule out acute atherothrombotic CAD (Table S2). Two 
patients with a high pretest probability of Type 1 MI 
could not undergo coronary angiography due to se-
vere bleeding risk (AIS with hemorrhagic conversion in 
1 woman and life-threatening retroperitoneal bleed in 
1 man).

Seven-day mortality was numerically higher in 
women (n=11) than men (n=3) (7% versus 2%, P=0.06) 
and differed based on type of myocardial injury 
(Figure 2). Seven patients (5 women and 2 men) died 
from a neurological cause; namely, malignant middle 
cerebral artery syndrome with severe cerebral edema 
(n=5) and intracranial bleeding after early anticoagu-
lation for new atrial fibrillation (n=1). Two patients died 
following early withdrawal of care (2 women). Three 
patients (2 women and 1 man) died from cardiac com-
plications (cardiac arrest secondary to ST-segment–
elevation myocardial infarction) and ventricular 
arrhythmia).

Women were more frequently discharged to a long-
term care facility or hospice or died during the ad-
mission than men (unfavorable discharge disposition) 
(44% versus 26%, P<0.01) (Table 2).

In univariate regression analysis, women were more 
likely to have a dynamic cTn pattern (OR, 1.8 [95% CI, 
1.1–2.8], P=0.02) and have PSAMI (OR, 2 [1.2–3.5], 
P=0.01). This association was similar in primary mul-
tivariable analyses (OR, 2.1 [1.2–3.6], P<0.01 and OR 
1.9 [1.1–3.7], P=0.04, respectively) and in the sensitiv-
ity analysis. Women were more likely to have an un-
favorable discharge disposition outcome in univariate 
regression analysis (OR, 2.3 [1.4–3.7], P<0.01), but 
this was not upheld in multivariate analysis, with evi-
dence of confounding by older age and higher National 
Institutes of Health Stroke Scale (Figure 3).

Table 1.  Demographics, Comorbidities, and Stroke 
Causes and Localization

Women 
(n=160)

Men 
(n=140) P value

Demographic

Mean age, y 78±12 71±14 <0.01

Race

Asian 1 (0.6%) 1 (0.7%)

Black 69 (43%) 67 (48%)

White 84 (53%) 70 (50%)

Other 6 (4%) 2 (1%) 0.58

BMI 27.8±8.3 28±6.2 0.75

Hand dominance (R) 98/103 
(95%)

82/96 
(82%)

0.02

Comorbidities

Hypertension 140 (88%) 126 (90%) 0.50

Diabetes 59 (37%) 67 (48%) 0.06

Dyslipidemia 89 (56%) 94 (67%) 0.04

Smoking (prior and current) 59 (37%) 77 (55%) <0.01

Chronic kidney disease 54 (34%) 53 (38%) 0.46

Coronary artery disease 40 (25%) 49 (35%) 0.06

Chronic heart failure 35 (22%) 40 (29%) 0.18

Atrial fibrillation/flutter 45 (28%) 36 (26%) 0.64

Stroke/TIA 47 (20%) 44 (31%) 0.70

NIHSS at admission 6 (2–14) 5 (3–11) 0.21

Stroke causes

LAA 17 (11%) 11 (8%)

Cardioembolic 65 (41%) 44 (32%)

SVO 18 (11%) 22 (16%)

Cryptogenic

Multiple causes 25 (15%) 12 (8%)

ESUS 22 (14%) 46 (33%)

Incomplete work-up 10 (6%) 2 (1%)

Others (hypercoagulability) 3 (2%) 3 (2%) <0.01

Insula involvement 51/159 
(32%)

37/140 
(26%)

0.28

R Insula involvement 32/159 
(20%)

15/140 
(11%)

0.02

Side of stroke

Left 58 (36%) 66 (47%)

Right 82 (51%) 49 (35%)

Bilateral 20 (12.5%) 25 (18%) 0.02

Categorical variables are presented as frequency (column percent), 
continuous variables are presented as mean±SD, or median and interquartile 
range when nonnormally distributed. BMI indicates body mass index; ESUS, 
embolic stroke of undetermined source; LAA, large artery atherosclerosis; 
NIHSS, National Institutes of Health Stroke Scale; R, right; SVO, small vessel 
occlusion; and TIA, transient ischemic attack.
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In univariate analysis, PSAMI was associated with 
almost an 8-fold higher odds of death within 7 days 
(OR, 8.5 [2.6–28.6], P<0.01); this difference remained 
significant in the primary multivariable analyses (OR, 

5.5 [1.2–24.4], P=0.02) and in the sensitivity analysis 
(OR, 4.6 [1.2–18.2], P=0.02). Patients with PSAMI had 
higher odds for unfavorable discharge disposition (OR, 
2.3 [1.3–3.9], P<0.01), with similar magnitude but non-
significant association in adjusted and sensitivity anal-
ysis (Table 3).

DISCUSSION
Our data suggest that among patients with AIS with 
concomitant elevated cTN at admission, women are 
significantly more likely to develop a dynamic cTn pat-
tern, and are also more likely to have PSAMI. In ad-
dition, we found that PSAMI was associated with 
markedly increased odds of early mortality.

The baseline differences between women and 
men in our cohort of patients with AIS and increased 
cTn at admission suggest distinct underlying patho-
physiology for their cardiac injury. While women were 
older, they had a much lower burden of atheroscle-
rotic risk factors and cardiac comorbidities than men. 
This is consistent with prior studies demonstrating 
that women with AIS are less affected (8 times) by 
CAD than men.17 Considering that women in our co-
hort had a higher risk of acute myocardial injury and 

Table 2.  Dynamic cTn Pattern, Poststroke Myocardial 
Injury, and Outcomes

Women 
(n=160)

Men 
(n=140) P value

Dynamic cTn pattern 84 (53%) 54 (39%) 0.02

PSAMI 49 (31%) 25 (18%) 0.01

Type 2 MI 31 (64%) 19 (76%)

Nonischemic cardiomyopathy 4 (8%) 4 (16%)

Takotsubo 5 (10%) 1 (4%)

AF with RVR 6 (12%) 1 (4%)

Heart failure 3 (6%) 0

Length of hospital stay 5 (3–9) 5 (3–10) 0.76

Mortality within 7 d* 11 (7%) 3 (2%) 0.06

Unfavorable discharge disposition 70 (44%) 36 (26%) <0.01

Categorical variables are presented as frequency (column percent), and 
nonnormally distributed continuous variables as median and interquartile 
range. AF indicates atrial fibrillation; cTn, cardiac troponin; MI, myocardial 
infarction; PSAMI, poststroke myocardial injury; and RVR, rapid ventricular 
rhythm.

*P values were calculated using Fisher exact test.

Figure 2.  Flowchart of poststroke acute myocardial injury selection.
*No echocardiogram available. AF indicates atrial fibrillation; CAD, coronary artery disease; cTn, cardiac troponin; ECG, 
electrocardiogram; ECHO, echocardiogram; MI, myocardial infarction; PSAMI, poststroke acute myocardial injury; and RVR, rapid 
ventricular rhythm.
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a lower burden of cardiovascular risk factors than 
men, it is possible that their cardiac injury was more 
acute and due to a nonatherosclerotic mechanism, 
such as stroke-heart syndrome. Sex differences in 
the cause of cardiac injury after AIS have already 
been suggested by Sposato et al,25 who investigated 

the sex-specific risk of incident poststroke major ad-
verse cardiovascular events in patients with AIS and 
matched individuals, without the confounding effect 
of pre-existing heart disease. The risk of major car-
diovascular complications was 23 to 25 times higher 
in patients with first-ever AIS than in controls in the 
first 30 days after stroke in both sexes; this risk waned 
with time but remained significantly elevated, approx-
imately doubled, even until 1 year later. Considering 
that men with AIS are more likely to be diagnosed 
with subclinical CAD than women, the authors sug-
gested that the risk in women was driven by other 
factors such as selective predisposition to heart injury 
induced by neurogenic mechanisms.25

An important neuroanatomic consideration in the 
pathogenesis of stroke-heart syndrome is the involve-
ment of the right insular cortex, which has a crucial 
role in the regulation of the central autonomic net-
work, including autonomic control of cardiac func-
tion.28 Specifically, lesions of the right insula might 
cause a downregulation of the parasympathetic 
activity and a consequent upregulation of sympa-
thetic function, leading to acute myocardial injury.29 
Although we found that right insula involvement was 
overrepresented in women, its inclusion in multivari-
able models did not attenuate the independent effect 
of sex on PSAMI.

Figure 3.  Multivariate analysis of association of sex and main outcome measures.
Odds ratios (ORs) for association of sex with dynamic pattern or cardiac troponin, poststroke acute myocardial injury (PSAMI), mortality 
within 7 days, and discharge disposition. Primary model: adjusted for age, race, medical history of chronic kidney disease, coronary 
artery disease, acute congestive heart failure, atrial fibrillation or flutter, National Institutes of Health Stroke Scale at admission, right 
insula involvement, and TOAST (Trial of Org 10 172 in Acute Stroke Treatment) classification. Sensitivity analysis: same as primary 
model but with removal of TOAST classification as a covariate. PSAMI indicates poststroke acute myocardial injury.

Table 3.  Unadjusted and Adjusted Logistic Regression 
Analysis of Association of Poststroke Acute Myocardial 
Injury and Main Outcomes

Predictor variable: 
PSAMI Model OR 95% CI P value

Mortality within 7 d Unadjusted 8.5 2.6–28.6 <0.01

Primary* 5.5 1.2–24.4 0.02

Sensitivity† 4.6 1.2–18.2 0.02

Unfavorable 
discharge disposition

Unadjusted 2.3 1.3–3.9 <0.01

Primary* 1.8 0.9–3.7 0.1

Sensitivity† 1.6 0.8–3.1 0.2

Odds ratio (OR) and corresponding 95% CI for association of PSAMI 
with mortality within 7 days and discharge disposition. PSAMI indicates 
poststroke acute myocardial injury.

*Primary model: adjusted for sex, age, race, medical history of chronic 
kidney disease, coronary artery disease, acute congestive heart failure, atrial 
fibrillation or flutter, National Institutes of Health Stroke Scale at admission, 
right insula involvement, TOAST (Trial of Org 10 172 in Acute Stroke 
Treatment) classification.

†Sensitivity analysis: same as primary model but with removal of TOAST 
classification as a covariate.
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The pathophysiological mechanisms underlying sex 
differences in poststroke cardiac complications need 
further investigation. AIS may trigger a stronger stress-
mediated dysregulation of the central autonomic net-
work in women, causing stroke-heart syndrome. This 
could occur due to increased susceptibility to circu-
lating catecholamine, similar to Takotsubo syndrome,14 
and/or right insula injury.29 Estrogen is an important 
regulator of endothelial function30 and catecholamine-
mediated vasoconstriction31: age-related estrogen 
deprivation and sex differences in myocardial sen-
sitivity to catecholamine increase postmenopausal 
women’s susceptibility for Takotsubo syndrome during 
periods of acute stress.32,33 Interestingly, female sex 
has also been recognized as an independent risk 
factor of cardiomyopathy after subarachnoid hemor-
rhage,34 and elevated plasma norepinephrine and low 
estradiol levels seem to be associated with higher risk 
of post–subarachnoid hemorrhage cardiac injury in 
women.35 The role of hormonal factors on autonomic 
nervous system response after AIS and on brain-heart 
axis needs to be further explored.

We observed that PSAMI is independently associ-
ated with a 5 to 8 times increased risk of short-term 
mortality, in line with prior reports showing that a dy-
namic cTn pattern is associated with an increased risk 
of in-hospital death and unfavorable functional status 
at discharge in patients with AIS.36,37 However, patients 
included in prior studies were affected by concomi-
tant acute comorbidities affecting survival (nonneuro-
logical/noncardiac causes of death, such as sepsis, 
severe kidney failure, and end-stage malignancy are 
frequently reported) and quantification of the impact of 
stroke-heart syndrome on outcomes was not possible. 
To address this possible confounder, we specifically 
identified patients with PSAMI in the absence of con-
comitant acute conditions that could affect cTn levels 
as well as clinical outcomes. Nevertheless, a potential 
lack of validity for the adjusted association of PSAMI 
and short-term mortality cannot be excluded, given the 
low number of patients with AIS who died within 7 days 
of hospitalization (n=14).

Additionally, we found a trend for higher 7-day mor-
tality and unfavorable discharge disposition in women. 
This association was not statistically significant, pos-
sibly because our study was powered specifically to 
analyze the effect of sex on PSAMI (our primary out-
come) and not secondary outcomes. However, given 
that women have a higher risk of developing PSAMI, 
and PSAMI is associated with a severe increase of 
short-term mortality (9 of the 14 patients who died 
within 7 days had a cardiac complication as cause of 
death), we can reasonably infer that women affected 
by AIS and elevated cTn have a higher risk of devel-
oping PSAMI and consequently dying within 7 days of 
admission.

Important sex differences in outcomes have already 
been reported in the setting of acute chest pain and 
acute coronary syndrome.38 Compared with men, 
women presenting with acute MI are more than twice as 
likely to have nonobstructive coronary arteries, charac-
terized as MI in the setting of nonobstructive coronary 
arteries.16 Among the 50 patients identified as having 
Type 2 MI in our cohort, only 7 patients (5 women and 
2 men) underwent coronary angiography with cardiac 
catheterization or computed tomography angiography 
to confirm nonobstructive CAD (Table S2). It is possible 
that some of these patients had MI in the setting of 
nonobstructive coronary arteries as a result of plaque 
erosion, coronary vasospasm, coronary microvascular 
disease, or spontaneous coronary artery dissection. 
However, the treating cardiologist did not identify these 
diagnoses as the most likely cause of acute MI.

A lower pretest probability for acute coronary syn-
drome among women might trigger an unconscious 
bias in providers, causing delays in care, lower proba-
bility to receive guideline-directed care, or to undergo 
coronary angiography affecting outcomes.38–40 In our 
cohort of patients with AIS with increased cTn levels, 
we did not find statistical sex differences in referral 
for advanced cardiac testing; however, the possibility 
exists of care discrepancies for women with AIS and 
PSAMI compared with men. The implementation of 
sex–specific cTn threshold might help the early iden-
tification of women at risk of future cardiac events.41 
Large, prospective studies are warranted to investi-
gate disparities in mortality and functional outcomes 
between men and women with AIS and PSAMI, while 
thoroughly adjusting for potential confounding factors, 
especially age, stroke severity, and premorbid status.

While the strengths of our study include its multi-
center nature and the systematic collection of all car-
diac tests performed, our results should be interpreted 
in the context of several limitations. First, given the ret-
rospective nature of the study, not all patients had serial 
testing despite an elevated initial cTn, nor was coronary 
angiography obtained in all with baseline elevated cTn. 
This may explain the low number of patients with high 
cTn level/dynamic pattern that ultimately underwent in-
vasive cardiac testing. However, cardiologists were in-
volved in the diagnostic plans of all patients with new 
acute cardiac event or when deemed necessary by 
the primary stroke team to ensure that acute CAD was 
ruled out. It is important to consider though that pa-
tients with AIS with increased cTn might be victim of a 
self-fulfilling prophecy: cardiologists are aware that an 
acute brain injury disrupts the brain-heart axis causing 
PSAMI; therefore a higher threshold to obtain additional 
and potentially invasive cardiology procedures to rule 
out CAD might be applied to patients with AIS. In our 
cohorts, when patients developed a nonlife-threatening 
or self-resolving poststroke acute myocardial injury, 
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advance cardiac testing was frequently deferred to an 
outpatient setting. Moreover, some patients died be-
fore they could receive full diagnostic evaluation, and/
or did not have complete diagnostic evaluations based 
on goals of care or increased bleeding risk. Finally, this 
study was underpowered to assess the direct associ-
ation of sex and PSAMI with mortality and disposition 
outcomes in patients with AIS with increased cTn.

CONCLUSIONS
In conclusion, our study reveals that among patients 
with AIS with elevated cTn at baseline, women are 
more susceptible to developing PSAMI (2-fold higher 
odds), and this is in turn associated with higher risk of 
short-term mortality. Translational studies are needed 
to clarify sex differences in functional and structural al-
terations of the central autonomic network triggered 
by AIS and the consequent myocardial injury. Future 
studies should investigate the relationship between 
right insula injury, poststroke plasma catecholamine 
levels, and subsequent risk of stroke-heart syndrome 
in women. Specifically, the role of hormonal factors in 
women with predisposition for brain-heart autonomic 
axis disruption poststroke warrants investigation. 
Clinically, our results support the need to recognize 
patients with AIS at higher risk of cardiac complica-
tions and tailor monitoring accordingly, as already 
suggested by other groups.21 Future clinical trials may 
explore therapeutic approaches to targeting the pro-
posed autonomic imbalance in patients with AIS.
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