European Journal of Radiology 177 (2024) 111576

Contents lists available at ScienceDirect

European Journal of Radiology

4
L

LSEVIER

journal homepage: www.elsevier.com/locate/ejrad

Review ' ,.) ]
Prognostic role of cardiovascular magnetic resonance in Takotsubo s
syndrome: A systematic review

Riccardo Cau?, Anna Palmisano ¢, Jasjit S. Suri“, Francesco Pisu®, Antonio Esposito ™¢,
Luca Saba ™"

@ Department of Radiology, Azienda Ospedaliero Universitaria (A.0.U.), di Cagliari — Polo di Monserrato s.s. 554 Monserrato, Cagliari 09045, Italy
Y Clinical and Experimental Radiology Unit, Experimental Imaging Center, IRCCS San Raffaele Scientific Institute, Milan, Italy

€ School of Medicine, Vita-Salute San Raffaele University, Via Olgettina 58-60 20132, Milan, Italy

4 Stroke Diagnostic and Monitoring Division, Atheropoint, Roseville, CA, USA

ARTICLE INFO ABSTRACT

Keywords: Background: Takotsubo syndrome (TS) is characterized by transient myocardial dysfunction with outcomes
Takotsubo ranging from favorable to life-threatening. Cardiovascular magnetic resonance (CMR) has emerged as an
CMR X essential tool in its diagnosis and management and is consistently recommended by current guidelines in the
gﬁig:;s diagnostic work-up. However, the prognostic value of CMR in patients with TS remains undetermined. The aim

of this study was to assess the prognostic value of CMR in managing patients with TS.

Method: PubMed, MEDLINE via Ovid, Scopus, and the Cochrane Library were searched to identify studies
reporting the prognostic role of multiparameteric CMR in patients with TS with a follow-up > 12 months. The
primary endpoint was major adverse cardiovascular and cerebrovascular events (MACCE), defined as all-cause
mortality, cardiac death, heart failure, sudden cardiac death, recurrence of TS, and cerebrovascular events.
Results: Five studies with 564 patients were included for reporting correlation of CMR parameters with MACCE.
Primary endpoint occurred in 69 (12%) patients.

Among the CMR parameters assessed, myocardial strain parameters (including measurements of the left atrium,
left and right ventricle), right ventricle involvement, and a CMR-based radiomics model demonstrated correla-
tions with MACCE. Additionally, one study showed the predictive ability of a CMR score.

Conclusion: The current systematic review suggests that CMR may offer prognostic insights in TS patients,
underscoring its potential clinical utility for integration into clinical practice. However, scarce data are currently
available; hence, further research is needed.

1. Introduction have reported higher long-term mortality rates among TS patients

compared to the general population, with a ratio of 12.5 % [5], similar

Takotsubo syndrome (TS) is an acute myocardial dysfunction
commonly affecting mainly postmenopausal women, who have a 10-fold
greater risk than men. It is characterized by transient regional myocar-
dial contractility impairment, mainly involving apical segments[1,2].
Most of patients experience a complete recovery in 4 to 8 weeks however
some individuals showed persistence of alteration and worse outcome
[3,4]. In particular, a growing body of evidence reports complications in
about 52 % of patients, including heart failure, cardiogenic shock,
ventricular arrhythmia, and death [4]. In particular, various studies

to patients with acute coronary syndrome [6] and ST-segment elevation
myocardial infarction [7].

Given the potential for long-term adverse outcomes in TS patients,
the identification of clinical, laboratory, and non-invasive imaging data
related to adverse outcomes is undoubtedly valuable for risk stratifica-
tion in TS patients. Different echocardiography features have demon-
strated their ability to stratify TS patients [3,8-11]. Alashi et al.
evaluated 650 TS patients using echocardiography with a median
follow-up of 2.2 years, demonstrating that higher age (HR 1.35, 95 % CI

Abbreviations: CMR, Cardiovascular Magnetic Resonance; LV, left ventricle; TS, Takotsubo syndrome.
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1.17-1.55, P < 0.001), male sex (HR 1.75, 95 % CI 1.06-2.89, P =
0.032), lower baseline LVEF (HR 1.02, 95 % CI 1.01-1.04, P = 0.023),
worse left ventricle (LV)-global longitudinal strain (HR 1.04, 95 % CI
1.01-1.14, P = 0.032), neurologic trigger (HR 2.66, 95 % CI 1.35-5.26,
P < 0.001), and physical trigger (HR 2.64, 95 % CI 1.63-4.20, P <
0.001) were associated with mortality in multivariate Cox survival
analysis [9]. The prognostic impact of echocardiography features was
also reported in the recent systematic review and meta-analysis by
Chiang et al. that evaluated 18 studies and 5168 patients. The authors
demonstrated that reduced LVEF was associated with an increased risk
of mortality in TS patients (HR 3.13; 95 % CI 1.392-7.031, P < 0.006)
[8]. Nevertheless, while echocardiography represents the first-line non-
invasive modality, it may be limited by anatomical window, suboptimal
right ventricle evaluation, and its inability to evaluate myocardial tissue
changes [12,13].

In this scenario, cardiovascular magnetic resonance (CMR) enables a
comprehensive assessment of functional, morphological as well as tissue
characterization changes that occurs during TS.

However, despite the emerging role of CMR in the diagnostic work-
up of TS [14-18], few studies evaluated the prognostic values of CMR
parameters in TS patients.

To investigate the potential role of CMR-based parameters in patients
with TS, we conducted a systematic review of the literature.

2. Methods

A systematic search to identify studies reporting the prognostic role
of CMR parameters in patients suffering from TS were performed in
accordance with the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines [19]. The PRISMA flowchart
(Preferred Reporting Items for Systematic Reviews and Meta-analyses)
illustrating the inclusion process is provided in the Fig. 1.

Ethics approval was not needed as this study utilized data from
already published studies.
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2.1. Search strategy and eligibility criteria

We systematically searched PubMed, MEDLINE via Ovid, Scopus,
and the Cochrane Library for studies discussing the prognostic role of
CMR parameters in TS. The search period was conducted in January
2024, starting from inception. Additionally, we examined the reference
lists of eligible studies and recent systematic reviews to identify relevant
research.

The search terms used in the search were (prognosis OR outcome)
AND (‘apical ballooning syndrome’ OR ‘broken heart syndrome’ OR
‘stress cardiomyopathy’ OR ‘takotsubo syndrome’ OR ‘takotsubo car-
diomyopathy” OR ‘takotsubo cardiomyopath*’ OR ‘takotsubo’) AND
(‘delayed gadolinium enhancement’ OR ‘late gadolinium enhancement’
OR ‘cardiac MRI’ OR ‘CMR’).

The search strategy was adapted for each database based on its
specific nomenclature.

The criteria for eligible studies were as follows: 1) studies including
patients with a diagnosis of TS; 2) an available CMR evaluation within 7
days from the index acute event; (3) studies that clearly described the
clinical cohort and CMR parameters; (4) comprehensive CMR exami-
nations according to published and established TS imaging protocols,
including mandatory sequences such as cine-CMR, T2-STIR, and LGE
[39]; and (5) a comprehensive report on long-term outcomes with a
follow-up duration of > 12 months.

2.2. Outcomes of interest
The primary endpoint was major adverse cardiovascular and cere-
brovascular events (MACCE), defined as all-cause mortality, cardiac

death, heart failure, sudden cardiac death, recurrence of TS, and cere-
brovascular events, which were assessed as clinical outcome measures.

2.3. Study selection and quality assessment

The articles identified in the literature search underwent screening
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Fig. 1. PRISMA flow diagram of the study selection process.
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(by title and abstract) by two independent reviewers (R.C. and F.P.).
Articles deemed potentially relevant by any reviewer were retrieved for
full-text review. Discrepancies during full-text review were resolved
through consensus or, if necessary, by a third reviewer (L.S.).

Studies written in languages other than English were excluded.
Conference abstracts, opinion papers, editorials, letters to editors, case
reports, case series, review articles, and preclinical studies were
excluded from this study.

2.4. Data collection process and data items

An electronic data extraction form was developed and defined prior
to conducting the literature searches and study selection. The items
extracted from each study included publication year, author, sample
size, study design (retrospective of prospective), duration of follow-up,
CMR parameters, clinical outcomes, and CMR performance.

The Newcastle-Ottawa Quality Assessment Scale (NOS) was used for
quality assessment of the included observational studies. It specifically
assesses the following characteristics: (a) representativeness of the
exposed cohort, (b) selection of the non-exposed cohort, (c) ascertain-
ment of exposure, (d) demonstration that the outcome of interest was
not present at the start of the study, (e) comparability of cohorts based
on study design or analysis, (f) assessment of outcomes, (g) follow-up
periods of sufficient length for outcomes to occur, and (h) adequacy of
cohort follow-up. The NOS scales range from 0 to 9, where studies with a
score of less than 5 are considered low quality, a score of 5 to 7 is deemed
moderate quality, and a score of more than 8 is categorized as high
quality. The details of the NOS quality assessment are summarized in
Supplementary Table 1.

3. Results
3.1. Search results

Our initial search identified 759 potentially relevant articles, of
which 705 remained after removing duplicates. Following the screening
of titles and abstracts, we excluded 612 manuscripts for not meeting our
inclusion criteria. Full texts of the remaining studies were obtained and
reviewed. After further evaluation, only 5 studies met all inclusion
criteria and were included in our analysis [20-24]. Fig. 1 displays the
PRISMA flow chart summarizing the search strategy. Included studies
were all observational investigations published between 2010 and 2023,
involving patients from Europe. Amongst the included studies, three
were retrospective, with the remainder prospective. The sample size of
each study ranged from 58 to 152 subjects. A total of 564 patients
suffering from TS were included, with 68 males (12 %) and 496 females
(88 %). The mean ages of these individuals ranged from 68 to 72 years.
The mean age of the subjects was 69.6 years. The demographic char-
acteristics of the included patients are in line with current literature for
both age of onset and gender [25,26].

Median follow-up period ranged from 13.3 to 60 months. The
assessed clinical outcomes included myocardial infarction, stroke or
transient ischemic attack, recurrence of TS, and all-cause mortality. The
number of endpoints occurred was 69 (12 %, ranging from 10 % to 17
%). All five studies included reported a correlation between CMR pa-
rameters and outcomes. Two studies evaluated the prognostic role of
myocardial strain, two investigations reported a correlation between
right ventricle involvement and outcomes. One study proposed a com-
bined CMR score to predict major adverse cardiac events.

None of the included studies demonstrated a correlation between T2-
STIR, LVEF, LGE, and outcomes.

Characteristics of included studies are outlined in Table 1.

3.2. Right ventricle involvement and outcomes

Right ventricle involvement, defined by the presence of regional
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right ventricle contraction abnormalities, was correlated with clinical
outcomes in two studies [21,24]. In one study, Isaak et al. evaluated the
correlation of several CMR parameters with adverse outcomes in 79
patients suffering from TS. Univariate Cox regression analysis revealed
an association between the occurrence of adverse outcome and right
ventricle involvement (HR 4.96, 95 % CI 1.71-14.34, P = 0.003) [24].

In a second study, Stiermaier et al. investigated the impact of right
ventricle dysfunction in a multicenter cohort of 134 TS patients using
CMR, employing visual assessment and right ventricle strain parame-
ters. In TS patients with visual dysfunction of the right ventricle, a
higher number of adverse events were observed, although the difference
did not reach statistical significance (HR 1.38, 95 % CI 0.49-3.88, P =
0.31) [21]. Additionally, the authors stratified the TS cohort based on
right ventricle strain, revealing that patients with —17.24 % strain
values exhibited increased long-term mortality (HR 2.98, 95 % CI
1.02-8.73, P = 0.03) [21].

3.3. Left atrial and ventricular strain and outcomes

Data correlating clinical outcome with atrial and ventricular strain
parameters through CMR were provided in four studies [20-22,24]. In
one study, Stiermaier et al evaluated the prognostic values of left
ventricle CMR- feature tracking in a multicenter cohort of 141 patients
with TS [20]. In multivariate model, patients with lower global longi-
tudinal strain demonstrated a higher number of adverse events (HR 1.14
95 % CI 1.04-1.25, P = 0.006). No significant differences were observed
regarding global circumferential strain and global radial strain. The
authors found that patients with lower global longitudinal strain (Global
longitudinal strain > -14.75 %) had shorter event-free survival on
Kaplan-Meier analysis (log rank, P = 0.02) [20]. Conversely, the study
by Isaak et al did not shown significant association between global
longitudinal strain and outcome in univariate Cox regression analysis
[24]. Instead, Backhaus explored the predictive value of atrial mecha-
nism in patients with TS, reporting that left atrial reservoir function was
an independent predictive factor in multivariate analysis after adjust-
ment for established cardiovascular risk factors and LVEF (HR 1.10, 95
% CI 1.01-1.20; p = 0.037) [22].No significant association were found
between right atrial functions and adverse outcomes [22].

3.4. Left ventricle ejection fraction and outcomes

Three studies have reported the association of outcome data in TS
patients with LVEF measurements. No significant association of adverse
outcomes with LVEF was identified in all included studies (HR 0.95, 95
% CI0.91-0.99, P =0.03, HR 0.9822, 95 % CI 0.3713-2.598; P = 0.971,
and HR 0.98 (0.93-1.03), P = 0.383) [20,22,24].

3.5. Myocardial edema, late gadolinium enhancement, and outcomes

Two studies have reported the association of outcome data in TS
patients with myocardial edema assessed using T2-STIR images. No
significant association of adverse outcomes with myocardial edema was
identified in all included studies (HR 0.18 95 % CI 0.04-0.74, P = 0.02,
and HR 1.54 95 % CI 0.20-12.2, P = 0.680)[20,24].

One study evaluated the association of outcome in TS patient with
late gadolinium enhancement (LGE), defined dichotomously as present
or absent. No significant association of adverse outcomes with LGE was
identified by Isaak et al. (HR 0.70 95 % CI 0.09-5.58, P = 0.73). None of
the studies included evaluated the association of LGE location and extent
with adverse outcome.

3.6. Combined CMR score, radiomics, and outcomes
The data correlating outcomes with the combined CMR score are

limited and reported in only one study by Isaak et al.[24] This study
evaluated the predictive performance of a CMR score, namely PERT



Table 1
Characteristics of included studies.

Authors Years Patients  Study Age Female Symptom Onset CMR protocol  CMR variables Endpoints Follow- Number Results

design to CMR up of events
Examination
(days)

Isaak et al 2023 79 Retrospective 68 72/79 4 days (IQR, 2-6) Cine-CMR, T2- CMR score that include cardiovascular death or 13.3 14/79 Combined CMR parameters score
STIR, LGE, T1 pericardial effusion, new hospitalisation due to months (17 %) was associated with MACE (HR
mapping, and pleural effusion, right acute myocardial injury, 2.44; 95 %CI: 1.62-3.68; p <
T2 mapping ventricular involvement, arrhythmia, or chronic 0.001)

and ventricular heart failure
thrombus

Backhaus 2019 152 Retrospective 69 127/ 2 days (IQR, 2-4) Cine-CMR, T2- Atrial strain parameters Mortality 40.99 17/152 Left atrial reservoir strain predicted

et al. 152 STIR, and LGE. months (11 %) mortality (HR 1.10, 95 % CI
1.01-1.20; p = 0.037)
Stiermaier 2018 141 Prospective 72 129/ 2 days (IQR, 2-4) Cine-CMR, T2- Left ventricular strain Mortality 37 17/141 Global longitudinal strain was a
et al 141 STIR, and LGE parameters months (12 %) predictive CMR parameters of
mortality in multivariate model
(HR 1.14 1.04-1.25, P = 0.006)
Mannil 2020 58 Retrospective 68 56/58 4 days (IQR, 2-6 Cine-CMR, T2- CMR-based texture MACCE (composite of 60 6/58 (10 ML models showed a sensitivity of
et al. days) STIR, and LGE analysis death from any cause, months %) 82.9 % (confidence interval (CI)
myocardial infarction, 80-86.2), specificity of 83.7 % (CI
stroke or transient ischemic 75.7-92) and AUC of 0.88 (CI
attack, or recurrence of 0.83-0.92) in predictivity ability
TTS)

Stiermaier 2018 134 Prospective 71 112/ 2 days (IQR 2-4) Cine-CMR, T2-  Right ventricle Mortality 37 15/134 Both right ventricle involvement

etal 134 STIR, and LGE  involvement months (11 %) and global right ventricle strain

Right ventricular strain
parameters

demonstrated an association with
moritality (HR 1.38 95 % CI
0.49-3.88, p = 0.31, and HR 2.98
95 % CI 1.02-8.73, p = 0.03;
respectively)

Abbreviations: CMR cardiovascular magnetic resonance; HR Hazard ratio; IQR interquartile range; LGE late gadolinium enhacement; T2-STIR T2 Short tau inversion recovery.
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(including pleural effusion, pericardial effusion, right ventricular
involvement, and ventricular thrombus), in a cohort of 79 TS patients
followed up for a median of 13.3 months. The authors assigned one point
for each defined cardiac complication, ranging from 0 (no complica-
tions) to 4 (all complications present). The proposed score, with a score
higher or equal to 2, was an independent predictor of adverse outcome
(HR, 7.98; 95 % CI: 1.34-47.40, P = 0.02). Additionally, they found that
patients with a higher PERT score had shorter event-free survival on
Kaplan-Meier analysis (log-rank, P = 0.001) [24].

Similarly, the predictive ability of CMR-based radiomics models was
evaluated in only one study by Mannil et al. [23] The radiomics model,
after reducing dimensions of redundant features and those with poor
intra-class correlation coefficients in texture analysis, comprises 10
features, including categories such as histogram, grey-level co-occur-
rence matrix, run-length matrix, absolute gradient, autoregressive
model, and wavelet transform. The authors tested various machine
learning models, including the artificial neural network Multilayer
Perceptron, decision tree J48, NaiveBayes, RandomForest, and
Sequential Minimal Optimization, to assess the 5-year outcome,
including major adverse cardiac and cerebrovascular events.

The authors internally validated their model with ten-fold cross-
validation, reporting that NaiveBayes showed higher predictive ability
with a sensitivity of 82.9 % (CI 80-86.2), specificity of 83.7 % (CI
75.7-92), an AUC of 0.88 (CI 0.83-0.92), precision of 0.88 (0.83-0.92),
and a precision-recall curve of 0.98 (0.97-0.99) [23].

4. Discussion

This systematic review demonstrates a significant association be-
tween CMR parameters and adverse outcomes in TS patients, including a
composite of death from any cause, myocardial infarction, stroke or
transient ischemic attack, or recurrence of TS.

In particular, our findings suggest that left atrial and ventricular
strain impairment, as well as right ventricle dysfunction, were inde-
pendent predictors of long-term adverse outcomes. Furthermore,
incorporating a combined CMR score and radiomics may enhance the
predictive capability of CMR.

Conversely, myocardial tissue abnormalities, including myocardial
edema and LGE, were not associated with outcomes in the studies
included in our systematic review.

The widespread adoption of CMR examination in patients with sus-
pected TS can, in accordance with the ESC guidelines, rule out other
causes of myocardial damage and contemporaneously stratify TS pa-
tients, allowing prompt clinical management and tailored therapy with
consequent improvement in outcomes.

4.1. Myocardial strain

TS has emerged as a noteworthy manifestation of transient ventric-
ular systolic dysfunction, characterized by a distinctive pattern of
regional myocardial wall abnormalities, presenting predominantly as
apical ballooning and hyperkinesis of the LV basal segment [1,2]. The
evaluation of LV performance, quantified through LV ejection fraction,
plays a crucial role in the diagnosis and management of TS patients.
However, the measurement of LV ejection fraction takes into account
global ventricular performance without discerning and identifying
regional wall motion abnormalities. For instance, in the classical TS
pattern, basal hyperkinesis can compensate for mid/basal regional
dysfunction, resulting in only mild or moderate ejection fraction
reduction [14,16].

The recently introduced CMR feature tracking allows for the objec-
tive and quantitative depiction of both regional and global transient
impairments of myocardial contractility, even when ejection fraction is
preserved or recovered in TS patients. It also demonstrates the
compensatory increase in contractility in the longitudinal, radial, and
circumferential directions, proving to be a superior measurement of LV

European Journal of Radiology 177 (2024) 111576

performance compared to LV ejection fraction alone [20,27]. The
different regional myocardial contraction impaired may be explained by
the anatomical differences in the structural organization and molecular
signaling of adrenoreceptors between the basal and apical myocardium,
or to the altered distribution of epicardial blood flow following a pro-
longed, forceful left ventricular contraction [1,2,14].

Fig. 2 demonstrated an example of atrial and ventricular strain
analysis in TS patients.

Additionally, myocardial strain assessment through CMR feature
tracking has been demonstrated to be more accurate and reliable
compared to speckle tracking in echocardiography [12].

Of interest, none of the studies included in the current systematic
review reported a correlation of LV ejection fraction measured by CMR
with adverse outcomes. These findings are in contrast with previous
echocardiography studies [8,9]. This discrepancy could be explained by
the rapidly reversible contractile impairment within several days to
weeks during TS [28]. Indeed, CMR examinations are seldom performed
on the same day as symptoms onset due to the limited availability of
CMR scanners in “real world” clinical practice. The studies included
conducted CMR examinations at median of 3 days after initial presen-
tation, allowing for a potential partial or full recovery of LV ejection
fraction. This data emphasizes two important aspects: (1) LV ejection
fraction measured by CMR may be a suboptimal prognostic parameter in
TS patients, especially if not performed in a short period of time from the
initial presentation—ideally on the same day as echocardiography; (2)
myocardial strain can better reflect regional wall motion abnormalities
in TS patients, which persist for a longer period in comparison with LV
ejection fraction reduction, representing a more robust marker for risk
stratifying TS patients. However, the potential clinical application of
CMR-feature tracking parameters, both in identifying subtle regional
wall dysfunction and stratifying high-risk patients, demands rigorous
validation through comprehensive prospective studies.

4.2. Right ventricle involvement

An additional critical aspect involves identifying the involvement of
the right ventricle in patients with TS. Indeed, an impairment in right
ventricle function have demonstrated to be linked to prolonged hospi-
talization and higher rate of adverse cardiac events [29,30]. A potential
explanation of this phenomena may be related to an increased area of
myocardial edema inflammation extended in right ventricle [30,31]. In
this scenario, CMR represents the gold standard for assessing RV wall
motion abnormalities and structure. It enables a comprehensive visu-
alization of the complex anatomical shape of right ventricle, overcoming
most of the echocardiography limitations, such as limited acoustic
window, variations in body size or deformation (e.g. pectum excava-
tum), and changes in right ventricle anatomy due to pathology or sur-
gical intervention [32].Scally et al. investigated the potential of CMR to
improve the detection rate of right ventricular regional wall motion
abnormalities in TS, demonstrating a twofold increase in sensitivity
[33]. CMR has the unique ability of tissue characterization, enabling an
assessment of myocardial tissue abnormalities that could be linked with
long-term outcomes.

Finally, the utilization of CMR-based strain imaging may demon-
strate greater sensitivity in detecting right ventricular involvement,
enabling a more in-depth identification of subtle abnormalities in right
ventricle contractility [21]. Careful evaluation of right ventricle
involvement, along with the application of CMR-feature tracking, could
provide important prognostic information and aid in clinical decision-
making. Fig. 3.

4.3. Combined CMR models
In TS patients, several diagnostic and risk stratification scores based

on clinical and/or echocardiography parameters have been proposed
[10,34,35], while the role of combining CMR features has not been
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Reservoir Conduit Booster

Fig. 2. Images of cardiovascular magnetic resonance-feature tracking in short- and long-axis in patients with Takotsubo syndrome. Examples of ventricular strain
parameters in all three directions (Panel a: global radial strain, Panel b: global circumferential strain, Panel c: global longitudinal strain) with their corresponding
strain curves. Panel g demonstrates an example of left atrium strain obtained in the two-chamber view with its corresponding reservoir, conduit, and booster curves

(Panel h).
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Fig. 3. Assessment of cardiovascular magnetic resonance-derived right ventricular global longitudinal strain in patients with Takotsubo syndrome.

extensively studied. A recent study by Isaak et al. developed a CMR score
in a cohort of 79 TS patients, considering some easily assessable and
readily available CMR parameters. This study demonstrated the pre-
dictive value of the CMR score in TS risk stratification [24].

Further prospective studies are needed to evaluate more in-depth the

potential clinical application of a combined score, incorporating CMR
parameters.

The recently published design and rationale of the EVOLUTION
(Exploring the eVolution in prognOstic capabiLity of mUIlti-sequence
cardiac magneTIc resO-nance in patieNts affected by Takotsubo
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cardiomyopathy) registry aims to develop a prognostic score that in-
corporates CMR-based morphologic and tissue characterization param-
eters beyond clinical and echocardiography parameters [36].

Implementing a combined score will result in earlier diagnosis, more
tailored therapy, and improved patient outcomes.

4.4. AI and radiomics

In the incoming era of imaging-guided precision medicine, novel

SLA

d
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approaches to data science such as radiomics may help in stratify TS
patients. Radiomics is a promising tool that automatically extracts
extensive quantitative features from medical images by analyzing pixel
grey level distribution. By calculating the relationship between adjacent
voxels with similar or different signal intensity using standardized
mathematical formulas, this approach enables the extraction of texture
features that may not be discernible to the human eye [37].

Artificial intelligence (AI) can be combined with radiomics to
streamline and optimize the diagnostic and prognostic processes,

-~

Fig. 4. Late gadolinium enhancement pattern in Takotsubo syndrome patients. Basal (Panel a), mid-ventricular (Panel b), and apical (Panel c) short-axis views
showing mild transmural gadolinium enhancement in the mid-apical regions. Findings confirmed in the long-axis views (Panel d and Panel e).
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facilitating not only big data analysis (including multi-omics) but also
the unraveling of hidden patterns and insights within heterogeneous
datasets [38]. The application of Al-based radiomics models in TS has
been demonstrated in pivotal research by Mannil et al. This study
showcased the prognostic value of texture analysis combined with Al
models in TS patients [23]. Nevertheless, this proof-of-principle study,
conducted across multiple centers and collecting CMR images from
different scanners, is limited by the small cohort of patients enrolled, the
explainability of the models, and the absence of external validation. The
results of the EVOLUTION registry are anticipated to expand our
knowledge regarding the clinical application of Al in TS patients [36].

4.5. Myocardial tissue abnormalities

CMR also enables the evaluation of myocardial tissue changes during
TS, historically characterized by the presence of myocardial edema and
absence of LGE [39]. However, several studies have demonstrated the
presence of focal or patchy areas of LGE in the acute phase of TS [40-43]
with controversial results about the prognostic impact of this finding
[40,44,45]. Fig. 4 An immunohistologic analysis suggested that an in-
crease in extracellular matrix rich in collagen-1, indicative of transient
fibrosis, might explained the presence of LGE observed in TS patients
[42].

None of the studies included in the present systematic review re-
ported an association between presence of LGE, myocardial edema and
adverse outcomes in TS patients.

The recently introduced CMR mapping sequences enable the quan-
titative assessment of myocardial relaxation time, encompassing both
the increase in extracellular water (T2 mapping) and the expansion of
the extracellular matrix (T1 mapping and extracellular volume fraction
[ECV]) [46,47].In TS patients, increased T1 mapping values have been
described persisting for more than 1 year after the acute event, and
associated with compromised cardiac deformation, elevated natriuretic
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peptide levels, and persisting reduced maximal oxygen consumption
during exercise testing at a cardiopulmonary stress test [48], along with
prolonged left ventricular wall motion recovery time [49]. suggesting
subtle, long-term, non-transient abnormalities associated with TS.

Similarly, higher T2 mapping values was related to ECG changes and
TS complications [50,51], suggesting a potential predictive implication.

Fig. 5 exhibited the adoption of parametric mapping in TS patients.

Due to the recent introduction of parametric mapping techniques,
none of the aforementioned studies evaluated the potential predictive
value of these new mapping sequences. Further prospective studies,
including the assessment of parametric mapping techniques, should be
conducted to investigate the prognostic value of these new mapping
parameters in TS patients more comprehensively.

4.6. Clinical implication

Recent evidence has demonstrated a non-negligible rate of adverse
events at follow-up among patients with TS'?. Identification of high-risk
TS patients who may benefit from tailored therapy is crucial in clinical
practice. In this scenario, CMR represents the reference standard in the
assessment of left and right ventricular function and volumes, enabling a
comprehensive assessment of functional changes in TS, including an
accurate assessment of the right ventricle even in patients with subop-
timal acoustic echocardiography windows [12]. Additionally, multi-
parametric CMR, including recently introduced parametric mapping
techniques, with its unique non-invasive tissue characterization capa-
bilities, can provide further information about myocardial tissue injury
during TS and may be useful in clinical decision-making for the selection
of management strategies [52,53].

4.7. Limitations

The following study limitations should be acknowledged. First, all

Fig. 5. Representative CMR mapping sequences in patients with Takotsubo syndrome revealed increased T1 (panels a to c), ECV (panels d to f), and T2 mapping
(panels h to j) values detected in the mid to apical segments without corresponding gadolinium enhancement in the same segment (panels k-1).
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the included studies are observational in nature, posing a potential risk
of bias. The variability in cardiac magnetic resonance (CMR) scanners
and field strengths may have influenced our findings, and it is hoped that
a more widespread adoption of CMR examinations may facilitate a
standardized protocol, including parametric mapping. Additionally, in
most studies included, assessment and quantification of LGE were not
available, limiting the ability to assess the relationship between the
presence and extent of fibrosis and patient outcomes.

Second, in adherence to our inclusion and exclusion criteria, we
excluded conference abstracts and publications other than full-length
manuscripts. Additionally, this review exclusively considered English
articles, potentially overlooking relevant studies published in other
languages. Finally, the paucity of the existing literature combined with
the heterogeneity of CMR parameters analyzed constrained our ability
to conduct a meta-analysis.

5. Conclusion

The data reported in the present systematic review indicate the sig-
nificance of various CMR parameters in predicting the long-term prog-
nosis of patients with TS patients. These findings underscore the
importance of incorporating CMR for risk stratification in a clinical
setting. Nevertheless, further prospective multicenter studies are
necessary to attain a more in-depth understanding of TS prognosis and
the application of CMR in risk stratification.
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