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A B S T R A C T   

Background: Patients with acute ischemic stroke (AIS) are at high risk of adverse cardiovascular events. Until now, the burden of myocardial injury derived from 
cardiovascular magnetic resonance imaging (CMR) has not been established in this population. 
Methods: Patients with AIS underwent CMR at 3 Tesla within 120 h after the index stroke as part of a prospective, single-center study. Patients with persistent atrial 
fibrillation were excluded. Morphology and function of both cardiac chambers and atria were assessed applying SSFP cine. Myocardial tissue differentiation was 
based on native and contrast-enhanced imaging including late gadolinium enhancement (LGE) after 0.15 mmol/kg gadobutrol for focal fibrosis and parametric T2- 
and T1-mapping for diffuse findings. To detect myocardial deformation global longitudinal (GLS), circumferential (GCS) and radial (GRS) strain was measured 
applying feature tracking. Cardiac troponin was measured using a high-sensitivity assay (99th percentile upper reference limit 14 ng/L). T2 mapping values were 
compared with 20 healthy volunteers. 
Results: CMR with contrast media was successfully performed in 92 of 115 patients (mean age 74 years, 40% female, known myocardial infarction 6%). Focal 
myocardial fibrosis (LGE) was detected in 31 of 92 patients (34%) of whom 23/31 (74%) showed an ischemic pattern. Patients with LGE were more likely to have 
diabetes, prior myocardial infarction, prior ischemic stroke, and to have elevated troponin levels compared to those without. Presence of LGE was accompanied by 
diffuse fibrosis (increased T1 native values) even in remote cardiac areas as well as reduced global radial, circumferential and longitudinal strain values. In 14/31 
(45%) of all patients with LGE increased T2-mapping values were detectable. 
Conclusions: More than one-third of patients with AIS have evidence of focal myocardial fibrosis on CMR. Nearly half of these changes may have acute or subacute 
onset. These findings are accompanied by diffuse myocardial changes and reduced myocardial deformation. Further studies, ideally with serial CMR measurements 
during follow-up, are required to establish the impact of these findings on long-term prognosis after AIS.   

1. Introduction 

Both ischemic stroke and heart failure are known to be major causes 
of morbidity and mortality. Patients with ischemic stroke are at an 
approximately 3-fold increased risk for incident heart failure at one year 
after the event compared with matched individuals from the general 
population [1]. Vice versa, individuals with heart failure have a high 

risk of incident ischemic stroke even without atrial fibrillation and with 
a preserved ejection fraction [2]. 

A severe cardiac adverse event including myocardial infarction, 
heart failure or arrhythmia occurs in 10–25% of patients with acute 
ischemic stroke (AIS) during the early post-stroke phase [3]. The term 
“stroke-heart syndrome” has been recently proposed to summarize this 
spectrum of post-stroke cardiac dysfunction and injury [3]. The 
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presumed pathophysiology of stroke-heart syndrome is diverse. It has 
been discussed that neurohumoral factors and inflammatory cytokines 
may lead to demand ischemia or inflammatory-mediated damages [1]. 
Recognizing the etiology of stroke-related cardiac dysfunction is 
important as cardiac involvement is associated with poor functional 
prognosis, and increased mortality and major adverse cardiovascular 
events [1,4]. However, early cardiac involvement after stroke is 
potentially overlooked and underdiagnosed, e.g. due to stroke-related 
symptoms. Usually, laboratory values, ECG and transthoracic or trans-
esophageal echocardiography are used to identify an involvement of the 
heart [5,6]. Echocardiography helps to define probable stroke causes 
such as thrombi or persistent foramen ovale as well as the quantification 
of the left ventricular function including wall motion abnormalities. 
Beyond the precise assessment of volume and function, Cardiovascular 
Magnetic Resonance (CMR) has the unique ability to differentiate 
myocardial tissue injury including the detection and localization of 
edema, as well as focal scars and diffuse fibrosis. Previous studies 
applying CMR after AIS have focused mainly on the detection of cardiac 
sources of embolism or cardiomyopathies [7,8,9]. Currently, prospec-
tive studies applying quantitative myocardial tissue differentiation 
using CMR in patients early after AIS are missing. 

In this study, we aimed to prospectively evaluate the burden of 
clinical and subclinical myocardial fibrosis and associated CMR findings 
in patients with AIS by applying multiparametric CMR. 

2. Methods 

2.1. Study population 

Participants were prospective enrolled in the CORONA-IS (Car-
diOmyocyte injuRy follOwing Acute Ischemic Stroke) study. The pri-
mary aim of CORONA-IS is to identify pathomechanisms of stroke- 
associated myocardial injury (NCT03892226) [10]. In brief, patients 
with AIS confirmed by cerebral MRI underwent CMR during acute in- 
hospital stay. Per protocol, we aimed at scheduling CMR between 72 
and 120 h after stroke onset because this time-window was shown to 
provide the best yield of edema detection in patients with MI [11]. 
Stroke imaging pattern was classified as lacunar or non-lacunar. All 
patients underwent cerebral MRI to confirm diagnosis of ischemic 
stroke. Patients with impaired kidney function (eGFR < 30 ml/min/ 
1,73 m2), recent cardiac intervention, persistent atrial fibrillation with 
tachycardia, with contraindications for CMR or patients unable to un-
dergo CMR examination were excluded. All patients that gave informed 
consent and finally underwent CMR from January 2019 until September 
2020 were analyzed. This included a pilot phase between January and 
April 2019. Twenty healthy volunteers underwent CMR without 
contrast media application on the same scanner. 

All patients underwent routine clinical procedures, including de-
mographics and medical history, medication, and information about the 
current stroke (time of symptom onset, time of hospital admission and 
AIS treatment) as recently published [10]. Stroke severity was measured 
according to the National Institutes of Health Stroke Scale (NIHSS, 
ranging from 0 to 42 with higher numbers indicating higher stroke 
severity). Modified Rankin Scale (mRS, ranging from 0 to 6 with 
0 indicating no disability and 6 indicating death) was used to determine 
the functional status. Mortality at 1 year was recorded. Routine diag-
nostic procedures such as blood pressure measurements and 12-lead 
ECG were performed during the stay at the Stroke Unit. Cardiac 
troponin was measured upon hospital admission (assay: hs troponin T, 
Roche Elecsys, Gen 5; 99th percentile upper reference limit = 14 ng/l; 
10% coefficients of variation precision = 13 ng/l; limit of detection = 5 
ng/l). 

The study design was approved by the local ethics committee (EA4/ 
123/18) and was conducted according to the Declaration of Helsinki. 
Written informed consent was obtained from all study participants. 

2.2. CMR protocol 

According to a predefined CMR protocol, we applied CMR on a 3 T 
Scanner, Magnetom Prismafit (Siemens Healthineers, Erlangen, Ger-
many) [10]. Cine imaging was performed applying a steady-state free 
precession (SSFP) sequence to determine the global cardiac perfor-
mance. We acquired the following long axis (LAX) views covering the 
left ventricle (LV): four (4ch), three (3ch) and two (2ch) chamber views 
(ch) and one for the right ventricle (RV); imaging parameters: TR 45.78 
ms, TE 1.43 ms, Flip angle (FA) 80◦, Slice thickness 6.0 mm) as well as a 
short axes stack (SAX), after contrast media application, to cover the left 
and right ventricle (imaging parameters: TR 44.80 ms, TE 1.4 ms, Flip 
angle (FA) 58◦, Slice thickness 7.0 mm, no gap). For myocardial tissue 
differentiation, parametric T1- and T2-mapping and focal fibrosis im-
aging (Late Gadolinium Enhancement, LGE) were applied. 

Focal fibrosis imaging by LGE was performed in the same slice po-
sition as the cine imaging in 4ch, 3ch, 2ch and SAX using a phase sen-
sitive inversion recovery sequence (PSIR). Imaging parameters: (TR 
750.0 ms, TE 1.55 ms, FA 20◦, Slice thickness 7.0 mm) as well as full 
coverage of the LV in a short axis package (imaging parameters: TR 
1002.4 ms, TE 1.24 ms, FA 55◦, slice thickness 8.0 mm). TI was adapted 
to suppress the myocardium. 

T2- and T1-mapping was performed in basal, medial and apical slices 
as described recently [12,13]. Calculations were carried out for each 
segment and for each slice. Motion-corrected T2 mapping was based on 
a fast low angle shot (FLASH) gradient echo sequence in 4ch and three 
SAX views at the basal, medial and apical levels. T2 maps were based on 
images with T2 preparation times of 0/30/55 ms, and slice thickness of 
6.0 mm, TR 251.49 ms and TE 1.32 ms. 

Motion-corrected T1 mapping based on the Modified Look-Locker 
Inversion Recovery (MOLLI) technique using a 3–3-5 pattern was per-
formed before and 15 min after contrast media (0.15 mmol/kg body 
weight Gadobutrol, Gadovist®, Bayer Healthcare, Berlin, Germany) 
application in 4ch and three SAX views for basal, medial and apical 
slices (imaging parameters: TR = 281.64 ms (4ch) and 332.67 ms (SAX), 
TE = 1.12 ms, slice thickness 6.0 mm, GRAPPA acceleration factor 2). 

2.3. Findings of interest and data analysis 

Image analysis was performed using cvi42 version 5.11.4 (Circle 
Cardiovascular Imaging cvi Inc., Calgary, Canada). The reader was 
blinded to clinical details. 

The primary finding of interest was the presence of focal myocardial 
fibrosis on LGE. LGE pattern was considered ischemic if focal fibrosis 
was located subendocardially or transmurally matching a coronary 
distribution and as non-ischemic if located midmyocardial or sub-
epicardial. We defined an embolic pattern as narrow, transmural often 
wedge-shaped LGE lesions [14]. Moreover, we performed a subgroup 
analysis excluding patients with known MI. The visual evaluation of the 
LGE images was performed by two independent, experienced readers 
(SCMR Level III), the presence, number and location of focal scars was 
analyzed. 

SAX cine images were used to determine left ventricular (LV) vol-
umes, mass and function by drawing endo- and epicardial contours 
(papillary muscles as part of the mass) at the end of the systolic and 
diastolic phases [15]. 4ch and 2ch cine images were used to determine 
atrial area, volumes and function [16]. Wall motion abnormalities 
(WMA) were described as regional hypokinesia, akinesia or dyskinesia. 

Both the values of T2 and T1 maps were quantified as previously 
reported. The qualitative survey implied the exclusion of segments in 
case of artifacts (e.g., caused by susceptibility effects or unintended 
thoracic motion) or wrong motion correction as described recently 
[12,13]. To avoid the influence of focal myocardial tissue injury (LGE), 
segments with focal fibrosis were excluded from the mapping analyses. 

Global longitudinal strain (GLS) was assessed in three LAX views: 
4ch, 3ch, and 2ch. Global radial and circumferential strain was assessed 
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in short axis stack (LV full coverage). Endo- and epicardial contours 
were manually drawn in the end-diastolic phase, defined as the phase 
with the largest LV volume. Trabeculae, papillary muscles, pericardium, 
and epicardial fat were consequently excluded from contouring [17]. 
Quantitative mapping analysis was done following the American Heart 
Association (AHA) segment model [18]. 

2.4. Statistical analysis 

To compare patients with and without focal myocardial fibrosis and 
other groups we used a Mann–Whitney U test, T-test or Student’s t-test 
where appropriate. Normal distribution was analyzed graphically and 
with the Kolmogorov-Smirnov test. All results are shown as mean ±
standard deviation and/or median with interquartile range (IQR). The 
statistical analysis was performed using IBM® SPSS® Statistics 25 (IBM 
Corp., USA). A p value < 0.05 was considered to indicate a statistically 
significant difference. Correlation analyses were performed using the 
Spearman rank correlation coefficients. For intra- and interobserver 
reproducibility, images were analyzed twice by blinded readers. 

3. Results 

A total of 115 patients with AIS gave informed consent, 98 (85%) 
patients underwent CMR, and contrast media was applied in 92/98 
(94%) patients. Seventeen patients had to be excluded due to arrhyth-
mias and poor clinical condition. Six patients did not receive contrast 
media due to severely reduced kidney function (eGFR < 30 ml/min/ 
1,73 m2) or refusal of contrast media application. Median time from first 
symptoms of AIS to CMR was 81 h (IQR 71 h-97 h). Overall stroke 
severity was mild-to-moderate (range 0–25, IQR 1–5, 16.5% with NIHSS 
> 5 and 4.4% with NIHSS > 10) and the majority of patients had non- 
lacunar stroke. Baseline characteristics and main findings of patients 
who underwent contrast-enhanced CMR are given in Table 1 and Fig. 1. 

3.1. Focal myocardial changes 

In patients who received contrast media, there was focal fibrosis in 
31/92 (34%) of whom 23/31 (74%) had an ischemic LGE pattern 
(Figs. 1A, 2A and 2B). After exclusion of patients with known MI (n = 6), 
there was evidence of ischemic type of LGE pattern in 18/86 (21%) of all 
patients and in 18/27 (67%) patients with focal changes. Non/ischemic 
type of fibrosis was present in 10/86 (12%) of the whole cohort and in 
10/27 (37%) patients with focal changes. As shown in Table 1, patients 
with focal fibrosis were more likely to have a history of diabetes, prior 
ischemic stroke, prior MI, and higher baseline hs-cTnT levels compared 
to those without. Other baseline characteristics did not differ 
significantly. 

Mortality at 1 year (3.3 % versus 16.1%) was higher in patients with 
focal fibrosis than in those without. This remained not statistically sig-
nificant after adjusting for age, sex, troponin levels, diabetes, history of 
stroke and history of myocardial infarction (adjusted OR 3.7, 95% CI 
0.56–25.4). 

3.2. Quantification of ventricular volumes and function including 
myocardial deformation 

Patients with focal fibrosis were more likely to have WMA than those 
without. Of 31 patients with LGE, 17 patients (55%) had focal fibrosis 
and 14 patients did not (45%). In one patient, WMA were suggestive for 
Takotsubo cardiomyopathy without focal fibrosis (Fig. 3). No significant 
differences were found between patients with and without focal fibrosis 
in LV and RV volume. LV function as well as GLS, GRS and GCS were 
significantly lower in patients with focal myocardial injury. For details 
see Table 2. 

3.3. Atrial volume and function 

The size of the left and right atrium size and left atrium function did 
not differ within the comparative groups with and without focal fibrosis, 
however left atrial function was often reduced below normal values in 
the whole cohort, although there was no difference according to LGE 
status [16]. For details see Table 2. 

3.4. Diffuse myocardial changes – Parametric mapping 

The basal, medial and apical slices were analyzed. To avoid an in-
fluence of focal fibrosis LGE positive segments were excluded. Reli-
ability was high for both inter- and intra-observer evaluations (r = 0.93 
and 0.94, ICC = 0.82 and 0.92). 

3.5. T1 Native mapping 

Basal, medial and apical T1 maps were evaluated. Due to artifacts 
188/1472 (13%) segments had to be excluded. We found significant 
differences in T1 native times between LGE-positive and LGE-negative 
patients. Patients with focal fibrosis had higher T1 mapping values 
also in regions without focal findings (basal: p = 0.020; medial: p <
0.001, apical: p = 0.028). For details see supplementary file 1. 

Table 1 
Baseline characteristics of patients who underwent contrast-enhanced CMR.  

Baseline characteristics All patients 
(n ¼ 92) 

LGE neg. 
(n ¼ 61) 

LGE pos. 
(n ¼ 31) 

P 
value 

Age (years), mean ± SD 74 ± 11 74 ± 11 74 ± 10  0.719 
Sex (male), n (%) 55 (59.8) 34 (55.7) 21 (67.7)  0.276 
Heart rate (beats per 

minute), mean ± SD 
77 ± 15 76 ± 13 79 ± 18  0.333 

Systolic blood pressure 
(mmHg), mean ± SD 

143 ± 23 143 ± 22 143 ± 25  0.932 

Systolic blood pressure 
(mmHg), mean ± SD 

77 ± 14 76 ± 14 79 ± 15  0.260 

Prior myocardial 
infarction, n (%) 

6 (6.5) 1 (1.6) 5 (16.1)  0.008 

Hypertension, n (%) 69 (75.0) 44 (72.1) 25 (80.6)  0.373 
Diabetes mellitus, n (%) 14 (15.2) 4 (6.6) 10 (32.3)  0.001 
Prior ischemic stroke, n (%) 19 (20.7) 9 (14.8) 10 (32.3)  0.050 
Known malignancy, n (%) 15 (16.3) 9 (14.8) 6 (19.4)  0.572 
Hs-cTnT upon admission 

(ng/l), median (IQR) 
13 (7–21) 11 (7–18) 18 (12–28)  0.003 

Hs-cTnT above upper 
reference limit (>14 ng/ 
l), n (%) 

41 (44.6) 23 (37.7) 18 (58.1)  0.063 

Time from stroke onset to 
admission (hours), 
median (IQR) 

4 (2–16) 4 (2–14) 5 (1–22)  0.490 

Time from stroke onset to 
CMR (hours), median 
(IQR) 

81 (71–97) 81 (71–96) 86 (70–98)  0.880 

NIHSS on admission, 
median (IQR) 

2 (1–5) 3 (1–5) 2 (1–4)  0.443 

Acute lacunar infarction on 
cerebral MRI, n (%) 

25 (27.2) 19 (31.1) 6 (19.4)  0.229 

Wahlund score on cerebral 
MRI, median (IQR) 

7 (3–12) 7 (3–13) 8 (5–12)  0.562 

Thrombolytic treatment, n 
(%) 

32 (34.8) 21 (34.4) 11 (35.5)  0.920 

mRS on admission, median 
(IQR) 

2 (2–3) 3 (2–3) 2 (1–3)  0.100 

mRS on admission > 1, n 
(%) 

72 (78.3) 50 (82.0) 22 (71.0)  0.227 

Data are shown as mean values ± standard deviation (SD) according to the AHA- 
segment model. Significant differences (p < 0.05) are highlighted in bold. LGE 
= late gadolinium enhancement. HR = heart rate, BP = blood pressure, IHD =
ischemic heart disease, MI = myocardial infarct, NIHSS = National Institute of 
Health Stroke Scale. Hs-cTnT – high-sensitivity cardiac troponin T, WMA = wall 
motion abnormalities, IQR interquartile range, OR odds ratio, mRS = Modified 
Rankin Scale. 
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3.6. T2-Mapping 

Basal, medial and apical T2 maps were evaluated. Due to artifacts, 
92/1456 (6%) segments had to be excluded. Increased T2-mapping 
values were detectable in 14/31 (45%) of all patients with LGE. There 
were 2 patients with embolic LGE pattern, 3 patients with non-ischemic 

LGE pattern and 9 patients with ischemic pattern without known history 
of MI. The whole group of LGE positive patients showed significantly 
higher T2 times compared with the healthy volunteers. (LGE + vs 
healthy T2 mapping: basal 40 ± 3 ms vs 37 ± 1 ms, p = 0.002, medial 40 
± 3 vs 38 ± 1 ms; p < 0.001, apical 42 ± 4 ms vs 40 ± 1 ms p = 0.024). 
The highest T2 values (62 ms) were detectable in a patient with takot-
subo pattern without presence of LGE. (Fig. 3). 

Neither T1 nor T2 mapping revealed differences within ischemic- 
and non-ischemic LGE pattern (supplementary file 1). 

4. Discussion 

In our study, we were able to show that it is possible to perform CMR 
scans in the early phase after an acute stroke with mild-to moderate 
stroke severity. Our main findings were: First, more than one-third of 
AIS patients had focal myocardial fibrosis. Two-thirds of focal fibroses 
had an ischemic pattern, mostly without any previous history of 
myocardial infarction. Second, patients with focal fibrosis had a high 
burden of concomitant myocardial injury such as diffuse myocardial 
processes. Reduced myocardial deformation capability was often 
detectable in the entire cohort, and significantly more often in patients 
with focal fibrosis. Third, focal changes were accompanied by increased 
T2 values as evidence of an acute or subacute onset in nearly half of 
cases and even in remote areas. Left atrial function was often impaired in 
both groups compared to normal values. To the best of our knowledge, 
this is the first prospective study providing detailed myocardial tissue- 
characterization using multiparametric CMR in patients with AIS. 

4.1. Focal and diffuse myocardial findings 

In our study we could demonstrate that in patients with AIS, focal 

Fig. 1. Frequency of late gadolinium enhancement and ischemic vs non- 
ischemic pattern in patients with acute ischemic stroke. 

Fig. 2. 2A. 82-year-old patient with unknown IHD and ischemic LGE pattern – septal infarct (arrows). Late gadolinium enhancement in long axis 4ch view (1), long 
axis 3ch view (2) and short axis (3). 2B. 70-year-old patient without known heart disease and ischemic LGE-pattern suspected of an embolic cause within the inferior 
wall (arrows). LGE in short axis (1) and two chamber view (2). 
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myocardial injury with ischemic LGE pattern is common, even in pa-
tients without documented prior IHD. 

That might be interpreted as subclinical myocardial injury and 
remodeling in patients with AIS as most of the patients had not history of 
cardiac events. In our study, focal fibrosis was more often detectable in 
patients with history of diabetes, prior stroke, and prior MI. Diabetes is a 
known risk factor for silent MI and the history of stroke could be 
considered as a marker of more advanced (cerebro)vascular disease but 
may also lead to premorbid changes in physiological heart and brain axis 
[19,20]. As expected patients with known MI were more likely to have 
focal fibrosis. However, in a subgroup analysis excluding patients with 
known MI, we observed similar proportion of patients with focal 
changes as well as ischemic and non-ischemic fibrotic changes. 

Until now, the role of CMR in the evaluation of acute IHD after AIS is 
yet to be established. A previous study reported an ischemic pattern of 
fibrosis in approximately 15% of AIS patients [8]. Presence of an 

ischemic LGE pattern in AIS was linked to presence of a coronary culprit 
lesion on coronary angiography in a small case series [21]. In our cohort, 
even 22% of patients without previous MI known showed an ischemic 
pattern of LGE. Since AIS patients are often elderly, it is possible that 
they have concomitant, but asymptomatic cardiac disease and AIS can 
be the first manifestation of IHD. On the other hand, it was shown that 
coronary culprit lesions are significantly less frequent in AIS patients 
compared to patients with NSTE-ACS despite similar baseline troponin 
levels. Moreover, about 50% of AIS patients with troponin elevation 
show no angiographic evidence of IHD [22,23]. Therefore, non-ischemic 
causes of post-stroke myocardial injury have been discussed [1,20,24]. 
In our study, one third of patients with focal fibrosis had a non-ischemic 
pattern. 

It is known, that the usage of CMR techniques like T1, T2 mapping 
and T2 weighted sequences enables the differentiation between acute 
and chronic myocardial infarction. In our study, patients with focal 
fibrosis had evidence of an altered myocardial structure in regions 
without focal fibrosis as shown by increased native T1 and T2 mapping 
values. In our cohort, focal changes were accompanied by increased T2 
mapping values even in remote areas, and nearly half of patients with 
focal fibrosis had evidence of an acute or subacute onset. This suggests 
that there may be a certain percentage of unrecognized myocardial 
infarction (UMI) prior to AIS. Since patients had no CMR before AIS, it is 
difficult to distinguish stroke-related changes from premorbid UMI. It is 
known, that UMI have similar prognostic implication than classical 
myocardial infarction [21]. Since UMI is prognostic relevant, it may 
have an additional prognostic impact in AIS to detect UMI [25]. The 
high proportion of diffuse myocardial changes like diffuse fibrosis, 
inflammation and impaired myocardial deformation suggests that part 
of the alterations are stroke-related. It has been discussed that AIS but 
also subarachnoid hemorrhage may initiate a cascade of different types 
myocardial injury due to catecholamine surge and increased systemic 
inflammation [1,3,20]. 

4.2. Morphology and function - ventricles 

Left ventricular dysfunction (LVD) is known to be an important cause 
of cardioembolic stroke [26]. LVD, even mild, is independently associ-
ated with an increased risk of ischemic stroke [27,28]. The mechanisms 
underlying the association between LVD and stroke, and vice versa, are 
not clear. In our cohort, the size of the ventricle was in the normal range, 
however the average LV EF was preserved also in patients with focal scar 
or fibrosis. 

It is known that myocardial segments might show severe WMA even 
in the absence of focal scar. One example is the Takotsubo syndrome 
(TTS), which is a non-ischemic acute transient cardiomyopathy char-
acterized by a typical pattern of reversible WMA and detection of 
myocardial edema and/or inflammation, mostly without a focal scar 
[29]. TTS has been described in approximately 0.5–1.2% of AIS patients, 

Fig. 3. 85-year-old patient with a takotsubo cardiomyopathy phenotype and strongly elevated troponin values. No history of cardiac diseases. A large wall-motion 
abnormality within medial and apical segments could be visualized in the cine images. LGE was without any focal fibrosis. A. 4ch view cine diastole, B. 4ch view cine 
systole, C. corresponding T1 native map, D. corresponding T2 map, E. 4ch view LGE. 

Table 2 
Basic CMR parameters and diffuse myocardial changes in patients with and 
without presence of LGE.   

Entire 
population 

Presence of LGE P value  

(n = 92) No (n =
61) 

Yes (n =
31)  

CMR parameter     
LVEF (% ± SD) 62 ± 11 65 ± 8 57 ± 13 0.021 
LVEDV-I (ml/m ± SD) 72 ± 22 70 ± 18 76 ± 27 0.342 
LVSV-I (ml/m2 ± SD) 40 ± 8 41 ± 8 39 ± 6 0.185 
RV EF (% ± SD) 51 ± 5 51 ± 5 51 ± 5 0.580 
RVEDV-I (ml/m2 ±

SD) 
75 ± 15 75 ± 14 75 ± 17 0.776 

RVSV-I (ml/m2 ± SD) 38 ± 8 38 ± 8 36 ± 6 0.232 
Left atrium (cm2 ±

SD) 
22 ± 5 21 ± 4 23 ± 5 0.081 

Left atrium (ml/m2 ±

SD) 
42 ± 20 40 ± 20 46 ± 21 0.305 

Left atrium EF (%±

SD) 
47 ± 16 49 ± 15 43 ± 19 0.423 

Reduced LA EF n (%) 48 (52) 30 (49) 17 (55) 0.402 
Right atrium (cm2 ±

SD) 
22 ± 5 22 ± 5 23 ± 5 0.157 

GLS (% ± SD) − 15.8 ± 6 − 16.9 ± 6 − 13.4 ± 5 <0.001 
GRS (% ± SD) 29.1 ± 9 31.9 ± 9 22.6 ± 9 <0.001 
GCS (% ± SD) − 17.3 ± 1 − 18.4 ± 3 − 14.4 ± 4 <0.001 
WMA, n (%) 20 (22) 3 (5) 17 (55) <0.001 

Data are shown as mean values ± standard deviation (SD) according to the AHA- 
segment model. Significant differences (p < 0.05) are highlighted in bold. LVEF 
= left ventricular ejection fraction, LVEDV-I = left ventricular enddiastolic 
volume index, LVSV-I = left ventricular stroke volume index, RVEF = right 
ventricular ejection fraction, RVEDV-I = right ventricular enddiastolic volume 
index, RVSV-I = right ventricular stroke volume index, WMA = wall motion 
abnormalities, GLS = global longitudinal strain, GRS = global radial strain, GCS 
= global circumferential strain. 
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and stroke is a common trigger for TTS [3,21,24]. Our population con-
firms the frequency of TTS secondary to AIS, although an interestingly 
high number displayed WMA without focal scar which may represent 
focal variants of TTS. Patients with TTS presented also the highest T2 
values regarding both groups with and without LGE present. 

4.3. Morphology and function - atria 

Approximately 25–30% of ischemic strokes have an unknown cause 
[30]. Recent studies showed that not only atrial fibrillation but other 
supraventricular arrhythmias such as atrial ectopy, multiple atrial pre-
mature contractions or atrial tachycardias seem to be significantly 
correlated with an increased left atrial volume index and decrease of 
atrial function, which could predict future stroke events [31,32,33,34]. 
It was demonstrated, that the LA volume index and systolic function may 
be useful to identify AIS patients with high likelihood of AF detection 
[35,36,37,38,39,40]. In our study, persistent AF was an exclusion cri-
terion, still in both groups LAEF was lower in comparison to normal 
values measured in healthy volunteers as published recently from our 
group [16]. Our results suggest that decrease of its systolic function per 
se tended to be associated with ischemic stroke independent from the 
predominant rhythm. 

4.4. Myocardial deformation 

Quantification of myocardial deformation applying myocardial 
strain is of growing interest in CMR. It allows quantitative measurement 
of myocardial deformations offering additional information beyond 
ejection fraction and enables early detection of subclinical myocardial 
dysfunction in patients with ischemic and non-ischemic heart disease 
even in the presence of a preserved ejection fraction and without wall 
motion abnormalities [41,42,43]. In our cohort, all three strain values 
(GLS, GRS and GCS) were significantly associated with the presence of 
focal fibrosis. The long-term consequences of impaired strain in patients 
with ischemic stroke have yet to be studied. Given the high incidence of 
heart failure after stroke [1,4,40] our findings underline the potential 
impact of an advanced cardiovascular assessment after AIS to detect 
subclinical myocardial injury and deformation. Furthermore, it is 
increasingly recognized that GLS, GRS and GCS offer the opportunity to 
detect cardiac dysfunction even in patients with normal EF. [37,38,39]. 

4.5. Clinical implications 

Even if CMR is usually superior in comparison to echocardiography 
for detecting LV-thrombi, an individualized approach of selecting the 
appropriate imaging modality to search for cardiac sources of embolism 
is needed [44,45]. However, our study highlights the potential role of 
CMR to identify patients with UMI. In fact, the results of CMR may in-
fluence further diagnostics and treatment. In patients with ischemic 
pattern of LGE suspicious of acute event, invasive evaluation for possible 
coronary heart disease and more intense lipid-lowering therapy can be 
recommended. In patients with unknown primary or secondary car-
diomyopathies further diagnostics, including family screening and 
appropriate medication is warranted. 

While increasing healthcare costs have to be taken in account, one 
could expect that an early detection of MI may have a positive long-term 
impact. Interestingly, Ge et al could show the cost-effectiveness of CMR 
in patients obstructive coronary artery disease if used prior to invasive 
cardiac angiography [46]. Patients with a UMI in CMR have a similar 
risk for death compared to patients with recognized myocardial infarc-
tion (RMI) [21]. Compared with RMI patients, those with UMI are less 
likely to receive guideline-directed medical therapies [21], which 
highlights the need for timely detection of UMI in risk populations like 
patients with AIS. 

5. Limitations 

First, it was not possible to perform CMR with contrast media 
application in all patients. Second, patients with known ischemic heart 
disease were included in the study. When we designed the study, we 
decided not to exclude patients with known ischemic heart disease, 
because the prevalence of post-stroke cardiac changes is higher among 
patients with known heart disease [3,20]. Patients with known heart 
disease seem to be more vulnerable to stroke-related changes. This is in 
line with the ‘stress test’ hypothesis of stroke-related cardiac injury 
[3,20]. Either the severity of the stroke (‘stress’) or the vulnerability of 
the cardiac substrate influence the severity of cardiac injury (‘stress 
response’). Therefore, we decided not to a priori exclude this popula-
tion. Third, some patients were excluded due to arrhythmias or con-
traindications for CMR or due to severely impaired kidney function. In 
addition, there was no information regarding exsiccosis and acute 
infection which could have an influence on CMR findings. Moreover, 
patients had to provide informed consent which led to inclusion of pa-
tients with mild-to moderate stroke severity. This means that severely 
affected stroke patients with larger brain lesions were underrepresented 
in our cohort. Taking these limitations into account, the prevalence of 
focal fibrosis in AIS may be even higher than observed in our study. 
Finally, none of the included patients had a CMR before AIS. Therefore, 
it is difficult to distinguish whether the observations are stroke-related 
or represent unrecognized subclinical MI that occurred before the 
stroke. The patients did not receive CMR follow-up. Further studies are 
needed to prove if CMR is useful for further therapeutic decision making 
in AIS patients. Larger cohorts with longer follow-up periods are needed 
to determine the impact of CMR findings on cardiac outcomes after 
stroke. 

6. Conclusions 

In our study, we could demonstrate that it is possible to perform early 
CMR scans in AIS patients with mild- to moderate stroke severity and to 
identify cardiac involvement. A relevant proportion of patients without 
known prior myocardial infarction showed focal myocardial fibrosis, 
mainly with an ischemic pattern. Increased T2 mapping values may be 
evidence of an acute or subacute onset. Focal fibrosis was accompanied 
by concomitant diffuse myocardial tissue changes, and reduced 
myocardial deformation. Further follow-up studies, ideally with serial 
CMR measurements during follow-up, are required to establish the 
impact of these findings on long-term prognosis after AIS. 
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funding from DFG under Germanýs Excellence Strategy – EXC-2049 – 
390688087, BMBF, DZNE, DZHK, EU, Corona Foundation, and Fonda-
tion Leducq. 

Appendix A. Supplementary material 

Supplementary data to this article can be found online at https://doi. 

E. Blaszczyk et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.ejrad.2023.110908


European Journal of Radiology 165 (2023) 110908

7

org/10.1016/j.ejrad.2023.110908. 

References 

[1] L.A. Sposato, M.J. Hilz, S. Aspberg, S.B. Murthy, M.C. Bahit, C.Y. Hsieh, M.N. 
Sheppard, J.F. Scheitz, B. World Stroke Organisation, F. Heart Task, Post-stroke 
cardiovascular complications and neurogenic cardiac injury: JACC state-of-the-art 
review, J. Am. College Cardiol. 76 (2020) 2768-2785. 

[2] A.H. Abdul-Rahim, A.C. Perez, R.L. Fulton, P.S. Jhund, R. Latini, G. Tognoni, J. 
Wikstrand, J. Kjekshus, G.Y. Lip, A.P. Maggioni, L. Tavazzi, K.R. Lees, J.J. 
McMurray, F. Investigators of the Controlled Rosuvastatin Multinational Study in 
Heart, G.I.-H.F. Committees, and Investigators, Risk of Stroke in Chronic Heart 
Failure Patients Without Atrial Fibrillation: Analysis of the Controlled Rosuvastatin 
in Multinational Trial Heart Failure (CORONA) and the Gruppo Italiano per lo 
Studio della Sopravvivenza nell’Insufficienza Cardiaca-Heart Failure (GISSI-HF) 
Trials. Circulation 131 (2015) 1486-94; discussion 1494. 

[3] J.F. Scheitz, C.H. Nolte, W. Doehner, V. Hachinski, M. Endres, Stroke-heart 
syndrome: clinical presentation and underlying mechanisms, The Lancet. 
Neurology 17 (2018) 1109–1120. 

[4] L.A. Sposato, M. Lam, B. Allen, L. Richard, S.Z. Shariff, G. Saposnik, First-ever 
ischemic stroke and increased risk of incident heart disease in older adults, 
Neurology 94 (2020) e1559–e1570. 

[5] F.A. Flachskampf, L. Badano, W.G. Daniel, R.O. Feneck, K.F. Fox, A.G. Fraser, A. 
Pasquet, M. Pepi, L. Perez de Isla, J.L. Zamorano, E. European Association of, A. 
Echo Committee of the European Association of Cardiothoracic, J.R. Roelandt, and 
L. Pierard, Recommendations for transoesophageal echocardiography: update 
2010, Eur. J. Echocardiogr. 11 (2010) 557-76. 

[6] M. Pepi, A. Evangelista, P. Nihoyannopoulos, F.A. Flachskampf, G. 
Athanassopoulos, P. Colonna, G. Habib, E.B. Ringelstein, R. Sicari, J.L. Zamorano, 
M. Sitges, P. Caso, and E. European Association of, Recommendations for 
echocardiography use in the diagnosis and management of cardiac sources of 
embolism: European Association of Echocardiography (EAE) (a registered branch 
of the ESC), Eur. J. Echocardiogr. 11 (2010) 461-76. 

[7] K.G. Haeusler, C. Jensen, J.F. Scheitz, T. Krause, C. Wollboldt, B. Witzenbichler, H. 
J. Audebert, U. Landmesser, J.B. Fiebach, C.H. Nolte, M. Endres, H.C. Mochmann, 
Cardiac magnetic resonance imaging in patients with acute ischemic stroke and 
elevated troponin: A TRoponin ELevation in acute ischemic stroke (TRELAS) sub- 
study, Cerebrovasc Dis Extra 9 (2019) 19–24. 

[8] K.G. Haeusler, C. Wollboldt, L.Z. Bentheim, J. Herm, S. Jager, C. Kunze, H. 
C. Eberle, C.C. Deluigi, O. Bruder, C. Malsch, P.U. Heuschmann, M. Endres, H. 
J. Audebert, A.J. Morguet, C. Jensen, J.B. Fiebach, Feasibility and diagnostic value 
of cardiovascular magnetic resonance imaging after acute ischemic stroke of 
undetermined origin, Stroke 48 (2017) 1241–1247. 

[9] A.C. Fonseca, J.P. Marto, D. Pimenta, T. Guimaraes, P.N. Alves, N. Inacio, 
M. Viana-Baptista, E.M.T. Pinho, F.J. Pinto, J.M. Ferro, A.G. Almeida, 
Undetermined stroke genesis and hidden cardiomyopathies determined by cardiac 
magnetic resonance, Neurology 94 (2020) e107–e113. 

[10] H. Stengl, R. Ganeshan, S. Hellwig, E. Blaszczyk, J.B. Fiebach, C.H. Nolte, A. Bauer, 
J. Schulz-Menger, M. Endres, J.F. Scheitz, Cardiomyocyte injury following acute 
ischemic stroke: protocol for a prospective observational cohort study, JMIR Res 
Protoc 10 (2021) e24186. 

[11] R. Fernandez-Jimenez, M. Barreiro-Perez, A. Martin-Garcia, J. Sanchez-Gonzalez, 
J. Aguero, C. Galan-Arriola, J. Garcia-Prieto, E. Diaz-Pelaez, P. Vara, I. Martinez, 
I. Zamarro, B. Garde, J. Sanz, V. Fuster, P.L. Sanchez, B. Ibanez, Dynamic 
edematous response of the human heart to myocardial infarction: implications for 
assessing myocardial area at risk and salvage, Circulation 136 (2017) 1288–1300. 

[12] F. von Knobelsdorff-Brenkenhoff, J. Schuler, S. Doganguzel, M.A. Dieringer, 
A. Rudolph, A. Greiser, P. Kellman, J. Schulz-Menger, Detection and monitoring of 
acute myocarditis applying quantitative cardiovascular magnetic resonance, Circ. 
Cardiovasc. Imaging 10 (2017). 

[13] E. Blaszczyk, U. Grieben, F. von Knobelsdorff-Brenkenhoff, P. Kellman, 
L. Schmacht, S. Funk, S. Spuler, J. Schulz-Menger, Subclinical myocardial injury in 
patients with Facioscapulohumeral muscular dystrophy 1 and preserved ejection 
fraction - assessment by cardiovascular magnetic resonance, J. Cardiovasc. Magn. 
Reson. 21 (2019) 25. 

[14] R. Wassmuth, J. Schulz-Menger, Embolic myocardial infarctions look different: a 
comparison of experimental and fateful embolic lesions, J. Cardiovasc. Magn. 
Reson. 13 (2011) P152. 

[15] J. Schulz-Menger, D.A. Bluemke, J. Bremerich, S.D. Flamm, M.A. Fogel, M. 
G. Friedrich, R.J. Kim, F. von Knobelsdorff-Brenkenhoff, C.M. Kramer, D.J. Pennell, 
S. Plein, E. Nagel, Standardized image interpretation and post-processing in 
cardiovascular magnetic resonance - 2020 update: Society for Cardiovascular 
Magnetic Resonance (SCMR): Board of Trustees Task Force on Standardized Post- 
Processing, J. Cardiovasc. Magn. Reson. 22 (2020) 19. 

[16] S. Funk, J. Kermer, S. Doganguezel, C. Schwenke, F. von Knobelsdorff-Brenkenhoff, 
J. Schulz-Menger, Quantification of the left atrium applying cardiovascular 
magnetic resonance in clinical routine, Scand Cardiovasc J 52 (2018) 85–92. 

[17] C. Lim, E. Blaszczyk, L. Riazy, S. Wiesemann, J. Schuler, F. von Knobelsdorff- 
Brenkenhoff, J. Schulz-Menger, Quantification of myocardial strain assessed by 
cardiovascular magnetic resonance feature tracking in healthy subjects-influence 
of segmentation and analysis software, Eur. Radiol. (2020). 

[18] M.D. Cerqueira, N.J. Weissman, V. Dilsizian, A.K. Jacobs, S. Kaul, W.K. Laskey, D.J. 
Pennell, J.A. Rumberger, T. Ryan, M.S. Verani, S. American Heart Association 
Writing Group on Myocardial, and I. Registration for Cardiac, Standardized 
myocardial segmentation and nomenclature for tomographic imaging of the heart. 

A statement for healthcare professionals from the Cardiac Imaging Committee of 
the Council on Clinical Cardiology of the American Heart Association. Circulation 
105 (2002) 539-42. 

[19] L.S. Rallidis, I. Xenogiannis, E.S. Brilakis, D.L. Bhatt, Causes, angiographic 
characteristics, and management of premature myocardial infarction: JACC state- 
of-the-art review, J. Am. Coll. Cardiol. 79 (2022) 2431–2449. 

[20] J.F. Scheitz, L.A. Sposato, J. Schulz-Menger, C.H. Nolte, J. Backs, M. Endres, 
Stroke-heart syndrome: recent advances and challenges, J. Am. Heart Assoc. 11 
(2022) e026528. 

[21] P. Antiochos, Y. Ge, K. Steel, S. Bingham, S. Abdullah, J.R. Mikolich, A.E. Arai, W. 
P. Bandettini, A.R. Patel, A. Farzaneh-Far, J.F. Heitner, C. Shenoy, S.W. Leung, J. 
A. Gonzalez, D.J. Shah, S.V. Raman, V.A. Ferrari, J. Schulz-Menger, M. Stuber, O. 
P. Simonetti, R.Y. Kwong, S.S. Investigators, Imaging of clinically unrecognized 
myocardial fibrosis in patients with suspected coronary artery disease, J. Am. Coll. 
Cardiol. 76 (2020) 945–957. 

[22] C.M. Jespersen, J. Fischer Hansen, Myocardial stress in patients with acute 
cerebrovascular events, Cardiology 110 (2008) 123–128. 

[23] H.C. Mochmann, J.F. Scheitz, G.C. Petzold, K.G. Haeusler, H.J. Audebert, U. Laufs, 
C. Schneider, U. Landmesser, N. Werner, M. Endres, B. Witzenbichler, C.H. Nolte, 
and T.S. Group, Coronary Angiographic Findings in Acute Ischemic Stroke Patients 
With Elevated Cardiac Troponin: The Troponin Elevation in Acute Ischemic Stroke 
(TRELAS) Study. Circulation 133 (2016) 1264-71. 

[24] V.L. Cammann, J.F. Scheitz, R. von Rennenberg, L. Jancke, C.H. Nolte, K. 
A. Szawan, H. Stengl, M. Wurdinger, M. Endres, C. Templin, J.R. Ghadri, T.A.K. 
C. Inter, Clinical correlates and prognostic impact of neurologic disorders in 
Takotsubo syndrome, Sci. Rep. 11 (2021) 23555. 

[25] M.D. Elliott, J.F. Heitner, H. Kim, E. Wu, M.A. Parker, D.C. Lee, D.B. Kaufman, R. 
O. Bonow, R. Judd, R.J. Kim, Prevalence and prognosis of unrecognized 
myocardial infarction in asymptomatic patients with diabetes: a two-center study 
with up to 5 years of follow-up, Diabetes Care 42 (2019) 1290–1296. 

[26] E. Loh, M.S. Sutton, C.C. Wun, J.L. Rouleau, G.C. Flaker, S.S. Gottlieb, G.A. Lamas, 
L.A. Moye, S.Z. Goldhaber, M.A. Pfeffer, Ventricular dysfunction and the risk of 
stroke after myocardial infarction, N. Engl. J. Med. 336 (1997) 251–257. 

[27] A.G. Hays, R.L. Sacco, T. Rundek, R.R. Sciacca, Z. Jin, R. Liu, S. Homma, M.R. Di 
Tullio, Left ventricular systolic dysfunction and the risk of ischemic stroke in a 
multiethnic population, Stroke 37 (2006) 1715–1719. 

[28] W.J. Kim, H.W. Nah, D.H. Kim, J.K. Cha, Association between left ventricular 
dysfunction and functional outcomes at three months in acute ischemic stroke, 
J Stroke Cerebrovasc Dis 25 (2016) 2247–2252. 

[29] I. Eitel, F. von Knobelsdorff-Brenkenhoff, P. Bernhardt, I. Carbone, K. Muellerleile, 
A. Aldrovandi, M. Francone, S. Desch, M. Gutberlet, O. Strohm, G. Schuler, 
J. Schulz-Menger, H. Thiele, M.G. Friedrich, Clinical characteristics and 
cardiovascular magnetic resonance findings in stress (takotsubo) cardiomyopathy, 
JAMA 306 (2011) 277–286. 

[30] R.G. Hart, H.C. Diener, S.B. Coutts, J.D. Easton, C.B. Granger, M.J. O’Donnell, R. 
L. Sacco, S.J. Connolly, E.I.W.G. Cryptogenic Stroke, Embolic strokes of 
undetermined source: the case for a new clinical construct, The Lancet Neurology 
13 (2014) 429–438. 

[31] J.-J. Cha, H. Chung, J.-S. Uhm, B. Joung, H.-N. Pak, M.-H. Lee, J.-Y. Kim, Multiple 
atrial premature contractions predict stroke recurrence in patients with 
cryptogenic stroke and concomitant non-sustained atrial tachycardia, Int. J. 
Arrhythmia 21 (2020) 5. 

[32] K.H. Vinther, C. Tveskov, S. Moller, S. Auscher, A. Osmanagic, K. Egstrup, 
Excessive premature atrial complexes and the risk of recurrent stroke or death in an 
ischemic stroke population, J. Stroke Cerebrovasc. Dis. 26 (2017) 1163–1170. 

[33] B.S. Larsen, P. Kumarathurai, J. Falkenberg, O.W. Nielsen, A. Sajadieh, Excessive 
atrial ectopy and short atrial runs increase the risk of stroke beyond incident atrial 
fibrillation, J. Am. Coll. Cardiol. 66 (2015) 232–241. 

[34] Z. Binici, T. Intzilakis, O.W. Nielsen, L. Kober, A. Sajadieh, Excessive 
supraventricular ectopic activity and increased risk of atrial fibrillation and stroke, 
Circulation 121 (2010) 1904–1911. 

[35] K. Fatema, K.R. Bailey, G.W. Petty, I. Meissner, M. Osranek, A.A. Alsaileek, B. 
K. Khandheria, T.S. Tsang, J.B. Seward, Increased left atrial volume index: potent 
biomarker for first-ever ischemic stroke, Mayo Clin Proc 83 (2008) 1107–1115. 

[36] M.R. Di Tullio, R.L. Sacco, R.R. Sciacca, S. Homma, Left atrial size and the risk of 
ischemic stroke in an ethnically mixed population, Stroke 30 (1999) 2019–2024. 

[37] H. Chung, B. Joung, K.Y. Lee, J.S. Uhm, H.N. Pak, M.H. Lee, J.Y. Kim, Left atrial 
volume index predicts recurrence of stroke in patients with nonsustained atrial 
tachycardia, J Stroke Cerebrovasc Dis 24 (2015) 2408–2415. 

[38] D.H. Birnie, W.H. Sauer, F. Bogun, J.M. Cooper, D.A. Culver, C.S. Duvernoy, M. 
A. Judson, J. Kron, D. Mehta, J. Cosedis Nielsen, A.R. Patel, T. Ohe, P. Raatikainen, 
K. Soejima, HRS expert consensus statement on the diagnosis and management of 
arrhythmias associated with cardiac sarcoidosis, Heart Rhythm 11 (2014) 
1305–1323. 

[39] K. Jordan, S. Yaghi, A. Poppas, A.D. Chang, B. Mac Grory, S. Cutting, T. Burton, 
M. Jayaraman, G. Tsivgoulis, M.K. Sabeh, A.E. Merkler, H. Kamel, M.S.V. Elkind, 
K. Furie, C. Song, Left atrial volume index is associated with cardioembolic stroke 
and atrial fibrillation detection after embolic stroke of undetermined source, Stroke 
50 (2019) 1997–2001. 

[40] P.U. Heuschmann, F.A. Montellano, K. Ungethum, V. Rucker, S. Wiedmann, D. 
Mackenrodt, A. Quilitzsch, T. Ludwig, P. Kraft, J. Albert, C. Morbach, S. Frantz, S. 
Stork, K.G. Haeusler, and C. Kleinschnitz, Prevalence and determinants of systolic 
and diastolic cardiac dysfunction and heart failure in acute ischemic stroke 
patients: The SICFAIL study. ESC Heart Fail (2020). 

[41] A. Schuster, M. Paul, N. Bettencourt, G. Morton, A. Chiribiri, M. Ishida, S. Hussain, 
R. Jogiya, S. Kutty, B. Bigalke, D. Perera, E. Nagel, Cardiovascular magnetic 

E. Blaszczyk et al.                                                                                                                                                                                                                              

https://doi.org/10.1016/j.ejrad.2023.110908
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0015
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0015
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0015
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0020
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0020
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0020
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0035
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0035
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0035
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0035
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0035
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0040
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0040
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0040
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0040
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0040
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0045
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0045
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0045
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0045
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0050
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0050
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0050
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0050
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0055
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0055
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0055
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0055
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0055
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0060
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0060
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0060
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0060
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0065
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0065
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0065
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0065
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0065
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0070
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0070
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0070
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0075
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0075
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0075
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0075
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0075
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0075
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0080
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0080
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0080
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0085
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0085
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0085
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0085
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0095
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0095
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0095
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0100
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0100
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0100
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0105
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0105
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0105
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0105
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0105
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0105
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0110
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0110
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0120
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0120
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0120
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0120
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0125
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0125
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0125
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0125
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0130
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0130
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0130
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0135
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0135
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0135
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0140
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0140
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0140
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0145
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0145
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0145
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0145
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0145
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0150
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0150
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0150
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0150
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0155
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0155
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0155
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0155
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0160
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0160
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0160
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0165
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0165
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0165
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0170
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0170
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0170
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0175
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0175
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0175
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0180
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0180
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0185
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0185
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0185
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0190
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0190
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0190
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0190
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0190
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0195
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0195
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0195
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0195
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0195
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0205
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0205


European Journal of Radiology 165 (2023) 110908

8

resonance myocardial feature tracking for quantitative viability assessment in 
ischemic cardiomyopathy, Int. J. Cardiol. 166 (2013) 413–420. 

[42] D.M. Vigneault, E. Yang, P.J. Jensen, M.W. Tee, H. Farhad, L. Chu, J.A. Noble, S. 
M. Day, S.D. Colan, M.W. Russell, J. Towbin, M.V. Sherrid, C.E. Canter, L. Shi, C. 
Y. Ho, D.A. Bluemke, Left ventricular strain is abnormal in preclinical and overt 
hypertrophic cardiomyopathy, Cardiac MR Feature Tracking Radiology 290 (2019) 
640–648. 

[43] S.J. Backhaus, J.T. Kowallick, T. Stiermaier, T. Lange, J.L. Navarra, A. Koschalka, 
R. Evertz, J. Lotz, S. Kutty, G. Hasenfuss, M. Gutberlet, H. Thiele, I. Eitel, 
A. Schuster, Cardiac magnetic resonance myocardial feature tracking for optimized 
risk assessment after acute myocardial infarction in patients with Type 2 diabetes, 
Diabetes 69 (2020) 1540–1548. 

[44] T.R. Meinel, K. Brignoli, M. Kielkopf, L. Clenin, M. Beyeler, A. Scutelnic, B. Siepen, 
M. Mueller, M. Goeldlin, D. Seiffge, J. Kaesmacher, A. Mujanovic, N.F. Belachew, 
U. Fischer, M. Arnold, C. Grani, C. Seiler, E. Buffle, S. Jung, Yield of 

echocardiography in ischemic stroke and patients with transient ischemic attack 
with established indications for long-term direct oral anticoagulant therapy: a 
cross-sectional diagnostic cohort study, J. Am. Heart Assoc. 11 (2022) e024989. 

[45] T.R. Meinel, A. Eggimann, K. Brignoli, K. Wustmann, E. Buffle, F.G. Meinel, J. 
F. Scheitz, C.H. Nolte, C. Grani, U. Fischer, J. Kaesmacher, D.J. Seiffge, C. Seiler, 
S. Jung, Cardiovascular MRI compared to echocardiography to identify 
cardioaortic sources of ischemic stroke: a systematic review and meta-analysis, 
Front Neurol 12 (2021), 699838. 

[46] Y. Ge, A. Pandya, K. Steel, S. Bingham, M. Jerosch-Herold, Y.Y. Chen, J. 
R. Mikolich, A.E. Arai, W.P. Bandettini, A.R. Patel, A. Farzaneh-Far, J.F. Heitner, 
C. Shenoy, S.W. Leung, J.A. Gonzalez, D.J. Shah, S.V. Raman, V.A. Ferrari, 
J. Schulz-Menger, R. Hachamovitch, M. Stuber, O.P. Simonetti, R.Y. Kwong, Cost- 
effectiveness analysis of stress cardiovascular magnetic resonance imaging for 
stable chest pain syndromes, J. Am. Coll. Cardiol. Img. 13 (2020) 1505–1517. 

E. Blaszczyk et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0720-048X(23)00222-X/h0205
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0205
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0210
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0210
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0210
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0210
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0210
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0215
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0215
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0215
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0215
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0215
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0225
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0225
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0225
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0225
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0225
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0225
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0230
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0230
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0230
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0230
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0230
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0235
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0235
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0235
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0235
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0235
http://refhub.elsevier.com/S0720-048X(23)00222-X/h0235

	Myocardial injury in patients with acute ischemic stroke detected by cardiovascular magnetic resonance imaging
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 CMR protocol
	2.3 Findings of interest and data analysis
	2.4 Statistical analysis

	3 Results
	3.1 Focal myocardial changes
	3.2 Quantification of ventricular volumes and function including myocardial deformation
	3.3 Atrial volume and function
	3.4 Diffuse myocardial changes – Parametric mapping
	3.5 T1 Native mapping
	3.6 T2-Mapping

	4 Discussion
	4.1 Focal and diffuse myocardial findings
	4.2 Morphology and function - ventricles
	4.3 Morphology and function - atria
	4.4 Myocardial deformation
	4.5 Clinical implications

	5 Limitations
	6 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


