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Abstract
Purpose Myocardial injury, indicated by an elevation of high-sensitive cardiac Troponin (hs-cTnT), is a frequent stroke-re-
lated complication. Most studies investigated patients with ischemic stroke, but only little is known about its occurrence
in patients with intracerebral hemorrhage (ICH). This study aimed to assess the frequency, predictors, and implications of
myocardial injury in ICH patients.
Methods Our retrospective analysis included 322 ICH patients. We defined myocardial injury as an elevation of hs-cTnT
above the 99th percentile (i.e. 14ng/L). Acute myocardial injury was defined as either a changing pattern of >50%
within 24h or an excessive elevation of initial hs-cTnT (>52ng/L). 3D brain scans were assessed for ICH visually
and quantitatively by a deep learning algorithm. Multiple regression models and Voxel-based Lesion-Symptom Mapping
(VLSM) were applied.
Results 63.0% (203/322) of patients presented with myocardial injury, which was associated with more severe strokes and
worse outcomes during the in-hospital phase (P< 0.01). Acute myocardial injury occurred in 24.5% (79/322) of patients.
The only imaging finding associated with acute myocardial injury was midline shift (69.8% vs. 44.6% for normal or stable
hs-cTnT, P< 0.01), which also independently predicted it (odds ratio 3.29, confidence interval 1.38–7.87, P< 0.01). In
contrast, VLSM did not identify any specific brain region significantly associated with acute myocardial injury. Acute
myocardial injury did not correlate with preexisting cardiac diseases; however, the frequency of adverse cardiac events was
higher in the acute myocardial injury group (11.4% vs. 4.1% in patients with normal and/or stable patterns of hs-cTnT,
P< 0.05).
Conclusion Myocardial injury occurs frequently in ICH and is linked to poor outcomes. Acute myocardial injury primarily
correlates to space-occupying effects of ICH but is less dependent on premorbid cardiac status. Nonetheless, it is associated
with a higher rate of adverse cardiac events.
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Introduction

High-sensitive troponin (hs-cTn) assays are the preferred
biomarker to evaluate patients with suspected acute coro-
nary syndrome (ACS) [1]. A hs-cTn elevation indicates my-
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ocardial injury and occurs in up to 60% of all ischemic
stroke patients. However, only a minority of these patients
present with ACS [2–5]. Of note, a hs-cTn elevation may
alternatively result from stroke-related myocardial injury. It
represents the most frequent manifestation of 2018 intro-
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duced [6] and by now well-defined stroke-heart syndrome,
which summarizes different, partially overlapping pheno-
types of cardiac complications, especially within the first
days after stroke [3, 6, 7].

In recent studies, lesion sites associated with myocardial
injury were identified, particularly regions of the central
autonomous network [8–10]. Furthermore, higher hs-cTn
levels are associated with stroke severity, mortality, and an
increased risk of future cardiovascular events [3, 7, 11, 12].
Especially acute myocardial injury might indicate a high-
risk constellation of severe adverse cardiac events [5, 13];
however, precise diagnostic algorithms and therapeutic im-
plications are still to be defined [3, 5, 14].

Although stroke-heart syndrome has attracted much at-
tention, almost all of the available studies focused on is-
chemic stroke, but only a few of them investigated stroke-
related myocardial injury in patients with intracerebral hem-
orrhage (ICH), accounting for 10–15% of all strokes [13,
15–23]. Due to its distinct pathophysiology with space-oc-
cupying effects caused by accumulation of blood and com-
pression of surrounding brain tissue, expanding edema, as
well as intraventricular extension, leading to a subsequent
increase of intracranial pressure, the ICH lesion pattern as-

Fig. 1 Patient selection for statistical and VLSM analyses. n sample size, hs-cTnT high-sensitive cardiac Troponin T, SHS stroke heart syndrome,
CT computed tomography, MRI magnetic resonance imaging, AMInj acute myocardial injury, MInj myocardial injury, VLSM Voxel-based Lesion-
Symptom Mapping

sociated with stroke-related myocardial injury may differ
from that of ischemic stroke [15, 24, 25]. Recent studies es-
timate the prevalence of hs-cTn elevation between 10 and
45% in ICH patients [17, 18, 20, 22, 23]. The majority
of these studies found associations of myocardial injury
with poor outcomes and higher mortality [16, 20, 22, 23].
However, evidence has remained inconclusive regarding the
association of myocardial injury with ICH-specific, stroke-
related factors, such as stroke severity, lesion volume, le-
sion site, and intraventricular extension [17, 18, 20, 22].
Furthermore, a differentiation between acute and chronic
myocardial injury has only been made in two studies, based
on a changing pattern of hs-cTn with a reported prevalence
between 9 and 29%, being associated with a worse func-
tional outcome [20, 23].

This study sought to investigate lesion patterns of ICH
associated with myocardial injury in a larger cohort of ICH
patients, including a dedicated analysis of lesion locations
across the entire brain on a voxel-based level. We further
aimed to assess the frequency and predictors of an ICH-
related acute myocardial injury and its prognostic impact
on functional outcomes as well as the occurrence of adverse
cardiac events.
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Material andMethods

Patient Selection

All patients admitted to our university hospital diagnosed
with spontaneous ICH (I61.0–61.9; International Classifi-
cation of Diseases, Tenth Revision) from January 2017 to
December 2020 were retrospectively screened for the fol-
lowing inclusion criteria: (1) admission <72h after symp-
tom onset, (2) high-sensitive cardiac Troponin T (hs-cTnT)
assessment, and (3) computed tomography (CT) or mag-
netic resonance imaging (MRI) performed within 24h after
admission; Fig. 1 shows a flow-chart of the selection pro-
cess.

Clinical and Laboratory Variables

We collected detailed information on demographic vari-
ables, cardiovascular risk factors, premorbid cardiac status,
abnormal electrocardiographic findings (ECG), and medi-
cation, such as anticoagulants and antiplatelet agents. The
National Institutes of Health Stroke Scale (NIHSS) at the
time of admission was used to assess stroke severity and the
modified Rankin Scale (mRS) at discharge as a functional
outcome measure. Laboratory parameters included platelet
count, coagulation parameters, as well as renal function in
terms of estimated glomerular filtration rate (eGFR, Modi-
fication of Diet in Renal Disease Equation).

A high-sensitive assay (Roche Elecsys Troponin T high
sensitive) was performed for hs-cTnT measurement with
an upper reference limit of the 99th percentile of a healthy
reference population (14ng/L) [1, 26]. To delineate acute
myocardial injury consistent with current guidelines, we
considered two scenarios likely indicating acute myocar-
dial injury. The first scenario involves observing a chang-
ing pattern in levels of hs-cTnT. In line with international
consensus statements that recommend a dynamic change
between 20% and 50%, we selected a cut-off of 50% rise
or fall within 24h due to its higher specificity, particularly
because our study population does not consist of patients
with chest pain [27].

Furthermore, according to the current guidelines of the
European Society of Cardiology, very high initial values of
hs-cTnT pose a high risk for non-ST-elevation myocardial
infarction (NSTEMI), being indicative of a probable acute
myocardial injury. The therein-listed assay-specific cut-off
value (Roche Elecsys Troponin T high sensitive 52ng/L)
was used for our study. Consequently, excessively elevated
initial hs-cTnT values and/or changing patterns are referred
to as acute myocardial injury [26]. Additionally, we cal-
culated a model using acute myocardial injury defined by
a 20% changing pattern to allow for better comparability

with other studies [23]. The results of this analysis are pre-
sented as supplementary material (supplementary table 4).

Patients with troponin elevation due to impaired renal
function (eGFR< 30mL/min) or other cardiac diseases out-
side the phenotype of the stroke-heart syndrome (e.g., en-
docarditis) [3, 6] were excluded from statistical analysis.
Adverse cardiac events were subclassified as ST-elevation
ACS, ventricular dysfunction, acute rhythm disorder, and
sudden cardiac death.

Imaging

In-house CT scans were performed on either a 128-row
multidetector-CT (CT Ingenuity Core 128, Philips Health-
care) or a 64-row multidetector-CT (Siemens Somatom
AS+, Siemens Healthineers), MRI scans (n= 13) on a 3T
Scanner (Achieva dStream Philips) following standard
stroke protocols.

In addition to employing deep-learning algorithms to de-
termine lesion volume and conducting Voxel-based Lesion-
Symptom Mapping (VLSM) analyses (explained later),
we screened neuroradiological reports for the following
easily assessable imaging features related to ICH, indicat-
ing a space-occupying effect, and/or suggesting broader
impacts beyond the lesion’s location: affected hemisphere
(right, left, infratentorial), deep brain ICH (compared to
lobar), perihematomal edema, intraventricular extension,
acute hydrocephalus, and midline shift.

Lesion Segmentation

For pre-segmentation of intraparenchymal lesions (i.e.
ICH) on CT Scans, a nnU-Net 3D full-resolution network
(Isensee et al. 2021) was trained and employed ([28, 29];
Fig. 2, Supplementary Methods, Supplementary Table 1).
The code has been made available on github.com (https://
github.com/jqmcginnis/ich_segmentation). Lesion masks
were visually controlled and manually corrected, if neces-
sary, using ITK-SNAP (Version 4.0.2, www.itksnap.org).
On MRI scans, ITK-SNAP was applied for manual delin-
eation of lesions using FLAIR images (repetition time=
4800ms, echo time= 282ms, inversion time= 1650ms,
field of view 250× 250× 200mm, 1mm3 voxels). Lesion
volumes were calculated using FSL (FMRIB Software
Library, Version 6.0.6).

Voxel-based Lesion-SymptomMapping

We intended to include all patients with available CT
scans for VLSM (n= 309). Nine patients were excluded
from VLSM analyses due to unsuccessful normalization
related to either issues with imaging quality (n= 6) or the
presence of solely intraventricular hemorrhage without ac-
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Table 1 Overview of demographic, clinical, and imaging variables. Study cohort dichotomized to hs-cTnT-levels (99th percentile)

No myocardial injury
(hs-cTnT≤ 14ng/L)
(n= 119)

Myocardial injury
(hs-cTnT> 14ng/L)
(n= 203)

Nominal
p-value

Pre-existing conditions

Age, y mean (SD) 69.0 (±13.9) 73.8 (±13.7) <0.01

Sex, male (%) 47.1 56.2 0.11

Premorbid mRS, median
(IQR)

1 (0–1) 1 (1–2) <0.01

Hypertension (%) 82.4 85.7 0.42

Hypercholesterolemia (%) 28.0 31.3 0.60

Diabetes (%) 11.8 19.9 0.06

Previous stroke (%) 19.3 22.7 0.48

Antiplatelet drugs (%) 25.2 30.1 0.35

Oral anticoagulants (%) 16.0 29.1 <0.01

Coronary heart disease (%) 12.6 17.2 0.185

Atrial fibrillation (%) 15.1 31.5 <0.01

Structural cardiac disease
(%)

10.1 15.8 0.15

Baseline clinical and radiological parameters

NIHSS, median (IQR) 13 (6–20) 18 (10–29) <0.01

ECG changes (%) 32.1 53.6 <0.01

ICH Volume, mL mean (SD) 42.2 (±43.8) 47.4 (±47.2) 0.30

Hemisphere, right (%) 49.5 50.0 0.94

Deep Brain ICH (vs. lobar,
%)

42.4 49.8 0.20

Perihematomal edema (%) 88.0 86.1 0.66

Intraventricular extension
(%)

47.1 57.1 0.08

Acute hydrocephalus (%) 26.3 32.5 0.24

Midline shift (%) 46.4 64.2 <0.01

Outcome parameters

mRS at discharge, median
(IQR)

5 (3–6) 5 (4–6) <0.01

Mortality (%) 27.7 40.1 0.03

Adverse cardiac events (%) 0.8 8.4 <0.01

SD standard deviation, IQR interquartile range, n sample size, ICH intracerebral hemorrhage, hs-cTnT high-sensitive cardiac troponin T, y years,
NIHSS National Institute of Health Stroke Severity Scale, mRS modified Rankin Scale, ECG electrocardiogram, mL milliliters, CI confidence
interval

companying intraparenchymal ICH (n= 3). The scans, as
well as respective lesion masks, were warped into 1× 1×
1mm stereotaxic space using the CT-normalize function,
available in the Clinical Toolbox of the Statistical Paramet-
ric Mapping package (version 12; SPM12; Wellcome Trust
Centre for Neuroimaging, University College London, Lon-
don, UK; http://www.fil.ion.ucl.ac.uk/spm), implemented
in MATLAB (Version R2022a. Natick, Massachusetts:
The MathWorks Inc). VLSM analyses were conducted on
the NiiStat toolbox (RRID:SCR_014152, www.nitrc.org/
projects/niistat), requiringMATLAB and SPM. Only voxels
lesioned in at least ten patients were included for statistical
analysis [30, 31]. Liebermeister test with 4000 permuta-
tions was performed for non-parametric mapping, using

a false discovery rate (FDR) of 5% (P< 0.05) to correct for
multiple comparisons [30, 32]. To improve the anatomical
validity, a correction for lesion volume was conducted [33].
We calculated two different VLSM models, both with hs-
cTnT as a binary variable of interest: 1) Myocardial injury
(hs-cTnT> 14ng/L) vs. no myocardial injury (i.e., normal
values of hs-cTnT); 2) Acute myocardial injury (i.e. very
high initial values and/or a changing pattern of hs-cTnT)
vs. no acute myocardial injury (normal values of hs-cTnT
or moderately elevated values, i.e. 15–52ng/L with a stable
pattern; Fig. 1). To evaluate statistical power, we created
lesion frequency maps for both of our VLSM models, run-
ning the Python-based Matplotlib library (version 3.6.2).
Subsequently, lesion overlays and statistical maps were
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warped to a standard template (Montreal Neurological In-
stitute 152 standard space template, voxel size of 1× 1×
1mm3), using the greedy tool [34].

Statistical Analysis

Statistical analyses were performed using IBM SPSS Statis-
tics (Version 29.0.1). Datasets were categorized follow-
ing the same approach as for VLSM analyses, compar-
ing (1) Myocardial injury with no myocardial injury and
(2) acute myocardial injury with no acute myocardial injury
(i.e., normal values of hs-cTnT or moderately elevated val-
ues with a stable pattern). A two-sample t-test was used for
analyses of metric data, the Mann-Whitney-U Test for ordi-
nal data, and the chi-square test for binary categorical vari-
ables. Furthermore, a binomial logistic regression analysis
was calculated to investigate the predictive value of param-
eters available from anamnesis and diagnostic workup in
the acute stroke setting. We aimed to include variables that
were significantly associated with acute myocardial injury
in our single-variable analyses. Based on existent evidence
of associations with myocardial injury, we also incorporated
lesion volume [20, 23], intraventricular extension [18], and
lesion location (deep vs. lobar ICH) [22]. The threshold for
statistical significance was defined as a two-sided p-value
of <0.05.

Results

A total of 322 patients (52.8% male) with a mean age of
72.0 years (±13.9) were included for statistical analyses
(Fig. 1). Myocardial Injury occurred in 63.0% (203/322)
of all patients and 24.5% (79/322) were classified as
acute myocardial injury. The overall frequency of adverse
cardiac events was 5.6% (18/322). Among these, acute
rhythm disorders were the most common (n= 10, particu-
larly newly diagnosed atrial fibrillation after stroke, AFAS
n= 7), whereas ST-elevation ACS (n= 2), acute ventricu-
lar dysfunction (n= 3), and sudden cardiac death (n= 3)
were less frequent. Most adverse cardiac events (72.2%)
occurred within the first 48h after symptom onset. The
remainder, still the remarkable proportion of almost one-
third, occurred significantly later (day 4–13) primarily
comprising treatment-requiring arrhythmias (ventricular
tachycardia, two instances of treatment-requiring hemo-
dynamically unstable tachyarrhythmia absoluta, and one
instance of bradyarrhythmia absoluta in the context of atrial
fibrillation).

Demographic, Clinical, and Radiological Parameters

The results of univariate analyses on patients with myocar-
dial injury vs. no myocardial injury are presented in Table 1
and 2 compares acute myocardial injury vs. no acute my-
ocardial injury (i.e. normal values or elevated but stable
patterns of hs-cTnT). Both, patients with myocardial injury
(Table 1) and acute myocardial injury (Table 2) exhibited
more severe strokes, as indicated by higher scores on the
NIHSS.

Myocardial injury appeared to be more dependent on
pre-existing conditions (e.g., premorbid status, medication
use) compared to acute myocardial injury. Midline shift was
the only imaging finding significantly associated with my-
ocardial injury and acute myocardial injury, and emerged
as the primary independent predictor of acute myocardial
injury, as evidenced by the binomial logistic regression
analysis (Table 3), which was calculated to assess the pre-
dictive value for acute myocardial injury of parameters
available from standard diagnostic workup within the first
hours after hospital admission, that have been associated
with acute myocardial injury in our single-variable analy-
ses (i.e. premorbid mRS, NIHSS on admission and midline
shift) and/or in previous studies (models p-value= 0.024).
Patients with myocardial injury, including those with acute
myocardial injury, experienced worse functional outcomes
and higher mortality during the in-hospital phase, as well as
a greater rate of adverse cardiac events (Tables 1 and 2). In
contrast, a changing pattern of hs-cTnT levels with a 20%
cut-off did not effectively identify a subgroup of patients
with poorer outcomes and increased mortality in our cohort
(Supplementary Table 4).

Results of the VLSMModels

300 patients were included for VLSM (Fig. 1). Lesion dis-
tribution was nearly symmetrically across the whole brain
(42% left vs. 40% right hemispheric, 18% infratentorial
hemorrhages). Lesion frequency maps of the VLSM anal-
yses are demonstrated in Fig. 2. Neither the first VLSM
analysis (n= 300), investigating myocardial injury as a bi-
nary variable (vs. normal values of hs-cTnT) nor the second
VLSM analysis (n= 232), investigating acute myocardial
injury as a binary variable (vs. normal or moderately ele-
vated values of hs-cTnT with stable pattern), revealed any
significant voxels (FDR-corrected P< 0.05). A correction
for lesion volume in two additional VLSM analyses did not
change these results (Supplementary Tables 2 and 3).
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Table 2 Demographic, clinical, and imaging findings in patients with acute myocardial injury compared to patients with normal or moderately
elevated values of hs-cTnT and stable patterns

No acute myocardial injury
(n= 192)

Acute myocardial injury
(n= 79)

Nominal
p-value

Pre-existing conditions

Age, y mean (SD) 70.2 (±13.7) 73.7 (±14.7) 0.14

Sex, male (%) 52.3 53.2 0.90

Premorbid mRS, median (IQR) 1 (0–1) 1 (0–2) 0.02

Hypertension (%) 82.6 86.1 0.48

Hypercholesterolemia (%) 32.5 31.7 0.89

Diabetes (%) 16.5 24.1 0.16

Previous stroke (%) 19.2 19.0 0.97

Antiplatelet drugs (%) 27.3 24.0 0.58

Oral anticoagulants (%) 22.1 22.8 0.82

Coronary heart disease (%) 16.9 10.1 0.20

Atrial fibrillation (%) 20.4 30.4 0.08

Structural cardiac disease (%) 14.5 15.2 0.89

Baseline clinical and radiological parameters

NIHSS, median (IQR) 13 (5–20) 18 (9–22) 0.03

ECG changes (%) 41.4 54.3 0.10

ICH Volume, mL mean (SD) 36.2 (±39.1) 42.7 (±43.2) 0.52

Hemisphere, right (%) 50.4 44.6 0.44

Deep brain ICH (vs. lobar %) 46.8 51.9 0.45

Perihematomal edema (%) 85.8 87.2 0.77

Intraventricular extension (%) 48.3 59.5 0.10

Acute hydrocephalus (%) 26.9 24.1 0.63

Midline shift (%) 44.6 69.8 <0.01

Outcome parameters

mRS at discharge, median (IQR) 4 (3–5) 5 (4–6) <0.01

Mortality (%) 24.4 36.7 0.04

Adverse cardiac events (%) 4.1 11.4 0.03

SD standard deviation, IQR interquartile range, n sample size, ICH intracerebral hemorrhage, AMInj acute myocardial injury, y years, NIHSS Na-
tional Institute of Health Stroke Severity Scale, mRS modified Rankin Scale, ECG electrocardiogram, mL milliliters, CI confidence interval

Table 3 Multivariate binomial
logistic regression analysis
for the occurrence of an acute
myocardial injury including
parameters available from
anamnestic and acute diagnostic
workup

Independent parameter β-coefficient Odds Ratio 95% CI p-value

Premorbid mRS 0.27 1.31 0.99–1.73 0.940

NIHSS –0.01 0.99 0.95–1.03 0.67

Deep brain ICH (vs. lobar) –0.07 0.812 0.44–1.96 0.85

Intraventricular extension 0.19 1.21 0.59–2.45 0.60

Midline Shift 1.19 3.29 1.38–7.87 <0.01

ICH Volume 0.00 0.99 0.98–1.01 0.053

NIHSS National Institute of Health Stroke Severity Scale, mRSmodified Rankin Scale, CI confidence interval

Discussion

This study examined the frequency and predictors of my-
ocardial injury and its effects on clinical outcomes in a large
cohort of ICH patients. A deep learning-based framework
for lesion segmentation was used to reliably determine le-
sion volumes and VLSM was performed to identify spe-
cific lesion sites associated with myocardial injury. Further,
we especially attempted to distinguish between pre-exist-

ing, chronic, and acute myocardial injury to identify ICH-
driven mechanisms of acute myocardial injury and its com-
plications.

Myocardial injury is a frequent finding in ICH. With an
all-over frequency of 63% in our cohort, it occurred even
more often than in previous studies on ICH [13, 16–18, 20,
22], and the majority of analyses on stroke-heart syndrome
in ischemic stroke [2, 6, 7, 9]. It is also worth noting that
our research found acute myocardial injury in 24.5% of our
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Fig. 2 CT scan of a patient with
ICH and intraventricular ex-
tension. Lesion segmentation
of intraparenchymal blood per-
formed using the nnU-Net 3D
full-resolution network trained
in the context of this study

patients, i.e. almost in every fourth patient. Consistent with
the literature, older age, and poorer premorbid health status
were observed in ICH patients with myocardial injury [17],
whereas acute myocardial injury was less dependent on pre-
existing conditions (Tables 1 and 2). Also in line with prior
studies, patients with myocardial injury had higher scores
on the NIHSS and a worse prognosis in terms of mortality
and functional outcome [16, 18, 20, 22, 23], which applied
likewise to the acute myocardial injury cohort. The evi-
dence of pre-existing cardiac diseases impacting an ICH-
related myocardial injury appears controversial in the liter-
ature [13, 20, 22, 23]. Even though patients with cardiac
diseases and ECG changes had higher troponin levels in
our cohort (Table 1), the development of acute myocardial
injury was statistically not dependent on the premorbid car-
diac status (Table 2), pointing toward a stronger causal rela-
tionship with the ICH itself [6, 35]. While acute myocardial
injury may primarily result from ICH in many cases, clini-
cians should remain vigilant for additional cardiac patholo-
gies that may require intervention, since patients with acute
myocardial injury still showed a significantly higher rate of
adverse cardiac events (11% vs. 4%).

Especially for ischemic stroke, the understanding of le-
sion location impacting cardiac dysfunction and troponin
elevation is continuously improving [3]. Stroke lesions af-
fecting parts of the central autonomous network, primarily
the insular cortex, can cause autonomic dysfunctions lead-
ing to various cardiac complications [9, 10, 36, 37]. Regard-
ing ICH, the data remain controversial. Qin et al. found an

association of the right insular cortex as well as the thala-
mus with ECG changes and an elevation of cardiac markers
(creatine kinase and CK-MB), but not with an elevation of
cardiac troponin, the preferred biomarker for myocardial in-
jury [1, 17]. In other cohorts, myocardial injury was more
frequent in deep brain ICH patients and left hemispheric
ICH [18, 22], which could not be reproduced in our co-
hort (Table 1). To the best of our knowledge, this is the first
study that investigated the impact of lesion location on ICH-
related myocardial injury on a voxel-based level. Both of
our VLSM analyses did not detect any voxels significantly
associated with myocardial injury as well as acute myocar-
dial injury, although there was a sufficient lesion overlap
[31, 33] in all brain regions ever associated with a troponin
increase in any subtype of stroke, suggesting sufficient sta-
tistical power (Fig. 3; [3, 17, 18, 22]). VLSM, based on CT
and MRI data, is a powerful, often-validated method for
stroke imaging, including studies on ICH [31, 33, 38, 39].
In cohorts as large as ours, it is known to be more likely to
identify even small and irrelevant effects by VLSM than to
miss meaningful results [30, 40]. Furthermore, a correction
for lesion volume, which was also performed in our study,
improves the anatomical validity, providing even more reli-
able results [17, 18, 22, 33]. Finally, the rather liberal con-
figuration of statistical testing with 4000 permutations and
FDR instead of Bonferroni as correction for multiple com-
parisons should be mentioned [32]. In summary, although
the interpretation of negative findings requires caution, our
results suggest that lesion location as a single variable may
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Fig. 3 Lesion frequency maps of all patients included in VLSM analyses. a Lesion overlay of the first VLSM analysis (n= 300) with MInj as
a binary variable, b Lesion overlay of the second VLSM analysis (n= 232) comparing patients with AMInj to those with normal or moderately
elevated values of hs-cTnT with a stable pattern

not be as predictive for the development of myocardial in-
jury in ICH as in ischemic stroke.

Myocardial injury, especially acute myocardial injury,
was more frequent in patients with midline shift on imaging,
remaining the main independent predictor of acute myocar-
dial injury in our multiple regression analysis with parame-
ters of the acute diagnostic workup (Table 3). Even though it
is an easily assessable parameter indicating space-occupy-
ing processes, only a few studies evaluated its association
with myocardial injury, yielding results compatible with
ours [18]. We believe that the space-occupying component
of intracerebral hemorrhage (ICH), with local compression
of surrounding tissue and increased intracranial pressure,
represents a decisive and common mechanism for disturb-
ing the hypothalamic-pituitary-adrenal axis and other com-
ponents of the central autonomic network, leading to au-
tonomic dysfunction and thereby causing acute myocardial
injury [25, 35, 37]. Since other imaging parameters linked
to increased intracranial pressure, such as lesion volume,
perihematomal edema, or intraventricular extension, exhib-
ited no correlation with myocardial injury, we assume that
a composite of these factors delineates the magnitude of
the hemorrhage’s space-occupying impact, best expressed
by midline shift as a sole variable. This interpretation is also
compatible with the negative results of our VLSM analyses.

We acknowledge the limitations of our study. In addition
to its retrospective and single-center design, our cohort’s
rate of critically ill patients was comparatively high, which
may lead to an overestimation of the frequency of myocar-
dial injury and acute myocardial injury. Additionally, in
25% of all cases, hs-cTnT values were missing, possibly
introducing some bias. Furthermore, our main finding re-
garding the strong predictive value of midline shift requires
replication in an independent cohort.

We conclude that patients with severe, space-occupying
ICH are at significantly increased risk of developing acute
myocardial injury, which, as a hemorrhage-heart syndrome,
is an immediate result of the ICH and less dependent on pre-
morbid cardiac status. These patients still have a higher risk
of cardiac complications and, overall, a poorer prognosis.
As a possible consequence, cardiac troponin may become
part of a standardized follow-up in the acute phase of ICH,
e.g. 24h after admission. Given the higher frequency of
adverse cardiac events (11% in our cohort) and their time
course, identified patients may require more thorough and
extended monitoring of cardiovascular parameters and may
benefit from a cardiological workup.
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