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Abstract

at admission.

this setting.

Takotsubo syndrome (TS) is a transient form of left ventricular dysfunction associated with a distinctive
contraction pattern in the absence of significant coronary artery disease triggered by stressful events. Several
aspects of its clinical profile have been described but it still remains difficult to quickly establish the diagnosis

Cardiovascular magnetic resonance (CMR) has achieved great improvements in the last years, which in turn
has made this imaging technology more attractive in the diagnosis and evaluation of TS. With its superior
tissue resolution and dynamic imaging capabilities, CMR is currently the most useful imaging technique in

In this review, we propose to comprehensively define the role of CMR in the evaluation of patients with TS
and to summarize a set of criteria suitable for diagnostic decision making in this clinical setting.
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Background

Takotsubo syndrome (TS) is a clinical condition that was
firstly described in 1990 by Sato et al. [1], featuring a revers-
ible left ventricular (LV) dysfunction with symptoms similar
to those of acute coronary syndromes typically without sig-
nificant epicardial coronary lesions [2]. The defining hall-
mark of this entity is the recovery of function occurring
within days to weeks of the index clinical presentation.

The precise incidence of TS is unknown, but studies
revealed a prevalence of 1-2 % of patients presenting
with suspected acute coronary syndromes [3].

The pathophysiological origin for this syndrome re-
mains elusive and different etiologies are currently con-
sidered, with an excess of catecholamines precipitated by
a situation of stress being of note. Activation of the sym-
pathetic nervous system precipitates cardiac adrenergic
stimulation and a subsequent change in contractility and
electrophysiological status of the myocardium [4].
Specifically, cardiac adrenergic dysfunction characterizes
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the acute phase of the syndrome with gradual
normalization during the following weeks or months.

TS has generally been regarded as a relatively benign
disease [5]. However, it is characterized by substantial
morbidity and mortality [6], and complications are more
frequent than previously thought, ocurring in up to 50 %
of patients [7-9].

Advanced imaging modalities are becoming increas-
ingly important in cardiovascular disease management,
providing essential tools towards the diagnostic and
prognostic work-up of patients with TS. Excluding
significant coronary stenosis is part of its diagnostic al-
gorithm. This evaluation is most often done invasively,
as the patient usually presents with a clinical picture
closely resembling that of acute myocardial infarction,
but could be performed by coronary computed tomog-
raphy angiography in selected cases.

Cardiovascular magnetic resonance (CMR) has become
a primary tool for non-invasive assessment of patients with
TS (Fig. 1), offering a unique combination of safety, de-
tailed anatomical visualization and tissue characterization
data, with inter-observer consistency and quantitative
accuracy.
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Fig. 1 Recommended diagnostic algorithm for takotsubo syndrome

Follow-up (3—-6 months)

In this review we propose to explore the utility of
CMR in the evaluation of patients with TS.

Cardiovascular magnetic resonance

During the recent decade, CMR has become the diag-
nostic tool of choice in tertiary care centers for patients
with evidence of acute nonischemic myocardial injury.
CMR has the unique ability to noninvasively demon-
strate myocardial tissue injury through the presence of
edema and/or delayed gadolinium contrast washout in
myocardial extracellular matrix, providing distinctive in-
sights into the pathogenesis and tissue pathology of sev-
eral cardiac conditions.

As experience and knowledge of TS has increased, the
proposed Mayo diagnostic criteria for the syndrome have
evolved [10]. These criteria highlight the essential role of
CMR, not only for morphological characterization but also
for the exclusion of other entities that otherwise would not
be ruled out, particularly myocarditis and myocardial in-
farction with non-obstructive coronary arteries (MINOCA),
a heterogeneous entity with many potential etiologies.

Table 1 summarizes the main applications of CMR in
patients with suspected TS. So far, various CMR criteria
have been used in several small groups of TS as well as
in relatively large population [11].

Table 1 Applications of CMR in patients with suspected TS

Quialitative and quantitative assessment of regional wall motion
abnormalities.

Precise quantification of right and left ventricular function.

Tissue caractherization, providing markers for reversible
(inflammation, edema) and irreversible (necrosis, fibrosis) injury.

Assessment of additional abnormalities — pericardial effusion,
pleural effusion and ventricular thrombi.

Depiction of mechanical complications.

Differential diagnosis

Diagnostic targets and protocol
In a clinical setting for evaluation of TS, CMR appears
as the one technique to provide a comprehensive assess-
ment, including accurate and reproducible measurement
of biventricular function and volumes, the possibility of
serial evaluation, assessment of complications, myocar-
dial perfusion and tissue characterization (Table 1). Car-
diac specific sequences are usually implemented in 1.5 T
and 3 T scanners. Scanners of 1 T might have available
cardiac sequences, and although limited, particularly on
the signal-to-noise ratio, could also be used if that is the
only available scanner, with potential benefit specially for
the patient with claustrophobia or large body size.

Steady state free precession cines, phase contrast se-
quences, black-blood T2-W triple IR, first-pass perfusion,
early gadolinium enhancement (EGE) and late gadolinium
enhancement (LGE) sequences are the most widely used
sequences in TS. Other CMR techniques such as T1 and
T2 mapping techniques and feature/tissue tracking could
be useful in the near future though at present limited to
research purpose.

A proposed standard CMR protocol in TS is depicted
in Table 2.

Contractile function

Cine sequences in CMR are a critical component in the
diagnosis of TS and its variants. The word takotsubo
means ‘octopus pot’ in Japanese, as the LV assumes a simi-
lar shape. The ‘typical form’ presents with contraction ab-
normalities in the ventricular wall, equally affecting the
anterior, inferior, and lateral walls, that extend beyond a
single epicardial vascular territory. This ‘circumferential
pattern’ can be considered a hallmark of TS [12]. Another
finding suggestive of TS is the presence of basal segments
hyperkinesia, contributing to the characteristic morphology
(Figs. 2 and 3; see Additional files 1 and 2). However, other
contraction patterns during the acute phase of TS may be
present. A recent report suggested that as many as 40 % of
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Table 2 Summary of CMR protocol for patients with suspected TS
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Protocol Sequence Planes Usefulness and Current Utilization

Scout Balanced Steady State Free Transaxial, coronal and sagittal Standard for all CMR studies
Precession (bSSFP) covering the entire thorax Easily identify pleural and pericardial
Non-ECG-gated effusions

Edema Black blood T2-weighted Short-axis plane covering the LV Recommended for differential
(fast spin echo) triple-inversion Slice thickness =8 mm distinction from myocarditis or acute
recovery (IR) MI. Usual finding is increase Sl in

mid-apical segments

T1-Mapping Modified Look-Locker (MOLLI), Short-axis plane covering the LV Research tool that may serve as a
Shortened Modified Look-Locker with specific Tl = 100-5000 ms, complementary technique to T2-
Inversion Recovery (ShMOLLI), collected using bSSFP readouts weighted imaging. Quantitative means
saturation recovery single shot Slice thickness=8 mm to detect myocardial edema without
acquisition (SASHA), others the need for reference ROIs

T2-Mapping T2-prepared single-shot SSFP Matching short-axis T1 Application under research evaluation.

Morphology and Function

Quantitative Tracking
Techniques for Myocardial
Motion and Strain

First-pass perfusion

EGE

LGE

sequence, Multiecho FSE
(MEFSE), others

bSSFP

Myocardial Tissue Tagging
(SPAMM or others) or a post-
processing of regular bSSFP
cine images

Saturation-recovery imaging

with bSSFP readout

Gd contrast-first-pass bolus: 0.1
mmol/kg at 4-5 mL/s
Immediately after — 2nd Gd bolus
for LGE: + 0.1 mmol/kg

<2 min after 2nd Gd bolus

2D segmented IR gradient echo-
inversion time set at 500-550 ms
at 1,5 T (identify thrombus). Single-
shot or PSIR versions can be an
alternative here. Less adopted, the
traditional non-gated free-breathing
T1w FSE images pre and post Gd
bolus, with myocardial SI per se or
in relation to skeletal muscle can
be used.

5-10 min after 2nd Gd bolus

2D segmented IR gradient echo
with or without Phase-Sensitive
IR (PSIR)

Single-shot or 3D versions of LGE
can also be used.

Short-axis plane covering entire LV
Long-axis - 3 slices each plane
(2CH, 4CH and LVOT)

Slice thickness = 6-8 mm
Interslice gap =2-4 mm

Short-axis plane covering entire LV
Long-axis - 3 slices each plane
(2CH, 4CH and LVOT)

Slice thickness = 6-8 mm Interslice
gap=2-4 mm

3-6 slices acquired in short axis
plane of LV
Slice thickness =8 mm

Short-axis plane covering LV
(especially mid-apical segments)
Long-axis — 1 or more slice each
plane (2CH, 4CH and LVOT)
Slice thickness =8 mm

Interslice gap =2

Short-axis plane covering LV
(especially mid-apical segments)
Long-axis — 1 or more slice each
plane (2CH, 4CH and LVOT)
Slice thickness =8 mm

Interslice gap =2

T2 values more closely correlate with
free water tissue content over T1-based
techniques in suspected myocardial
inflammation. It may offer a more stable
and truly quantitative alternative for
edema detection in cases when
conventional T2-weighted imaging fails,
specially in thin and rapidly moving walls

Mandatory for all CMR studies
investigating TS.

It will give information on the hallmark
of the disease, regional abnormal
contractility not related to coronary
territory

Tagged or not tagged images require
specific softwares for analysis. On bSSFP
images is a novel technique with high
potential for translating into routine
clinical practice allowing tracking of
tissue voxel motion of cine-CMR images
to assess myocardial strain, velocities
and displacement. Potentially useful for
detection of subclinical cardiac
involvement in TS, or previous TS in
the recovery phase.

Images at rest can help on identifying
thrombus or previous chronic myocardial
infarctions with replacement fibrosis.

A surrogate for capillary leakage and
hyperemia in the myocardium. Few
data on the literature on the findings
of these techniques in TS.

The usual finding in TS is absence of
significant myocardial LGE by visual
analysis. Quantitative analysis using
softwares with a variety of thresholds
techniques can detect small amounts
of patchy LGE.

Gd gadolinium
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Fig. 2 Typical apical balloning in takotsubo syndrome. Cine CMR 4-chamber view (a-late diastole; b-late systole). See Additional file 1

patients have a mid-ventricular variant [13], with
mid-ventricular akinesis and apical sparing (Figs. 4
and 5; see Additional file 3). Basal akinesis with mid-
ventricular and apical sparing also has been reported
[14]. No differences in demographic, clinical, angio-
graphic, laboratory parameters, or outcome were
found between typical versus atypical TS. There are
some cases reporting a dynamic pattern of wall mo-
tion abnormality in the same patient [15].

These aspects can be associated with a systolic ven-
tricular dysfunction, severe in some patients, producing
clinical symptoms and signs of heart failure.

Both basal hyperkinesis and mid-apical akinesis can
produce a dynamic obstruction in the LV outflow tract
associated or not with systolic anterior motion of the
mitral leaflets and/or functional mitral valve regurgita-
tion (Fig. 6; see Additional file 4). For an accurate meas-
urement of mitral regurgitation volume and LV outflow
tract gradient, phase contrast techniques can be used.

It is known that wall motion analysis with CMR has a
pivotal role in clinical practice. At the present, image

analysis is most commonly performed qualitatively.
However, the diagnostic accuracy of qualitative assess-
ment has been shown to be considerably operator de-
pendant [16].

Feature/tissue tracking CMR is a novel technique that
allows quantification of motion and strain using stand-
ard steady-state free-precession cine sequences of
routine ventricular morpho-functional protocol. So far,
quantitative data on regional myocardial function in TS
have been explored by echocardiography. Heggemann et
al. [17] described abnormal global and regional strain
patterns during the acute phase of patients with TS that
improved over time. Furthermore, subtle abnormalities
of regional LV function seemed to persist into the early
follow-up period as suggested by the presence of post-
systolic shortening in more than half of LV segments.
The authors concluded that long-term follow-up is
needed to clarify whether these abnormalities will fur-
ther improve.

Regarding feature/tissue tracking CMR, further studies
are undoubtedly needed to determine its role in both

Fig. 3 Typical apical balloning in takotsubo syndrome. Cine CMR 2-chamber view (a-late diastole; b-late systole). See Additional file 1
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Fig. 4 Mid-ventricular variant of takotsubo syndrome. Cine CMR 4-chamber view (a-late diastole; b-late systole). See Additional file 3

clinical and research environments (Figs. 7 and 8; see
Additional files 5, 6 and 7).

Myocardial edema
An important hallmark of inflammatory cell injury is the
increased permeability of cellular membranes. Whereas
initial membrane defects are of functional nature, lead-
ing to Na + influx and subsequent intracellular edema, a
more severe injury allows for a net efflux of water and
transmembranous leakage of larger molecules such as
troponin, eventually leading to loss of cellular functions.
Tissue T2 weighted (T2-W) imaging is a method that
assesses magnetic image contrast, which is directly af-
fected by the change in tissue water content, resulting in
a high signal intensity of edematous tissue [18]. Black-
blood T2-W triple-IR [19] provide contrast between re-
gional edema and normal myocardium due to the dual
suppression of the fat and flowing blood signal. When
global myocardial involvement is suspected, a quantita-
tive approach should be preferred, classically by calculat-
ing the SI ratio between myocardium and skeletal
muscle - T2 SI ratio — and a cutoff value of >1.9 is

considered significant, or by newer and promising
parametric mapping techniques, especially T2 mapping.

In TS one of the most characteristic finding is myocar-
dial edema, a direct result of the injury process. It as-
sumes a diffuse or transmural distribution in both apical
and mid planes, a location that is not restricted to a par-
ticular vascular territory. Those areas of edema typically
match the dysfunctional ventricular contraction area ob-
served with cine CMR sequences, which are usually glo-
bally circumferential, but restricted to a portion of the
LV, such as involving all segments of apical portion, or al-
ternatively mid or basal portions (Figs. 9 and 10).

These features can be used to differentiate TS from
acute myocardial infarction, in which edema usually has
a coronary distribution on the LV wall.

In acute myocarditis patients, T2-W triple IR sequence
shows high signal intensity often with a multifocal and
heterogeneous distribution in regions with LGE, that
could be transmural, but frequently with higher signal
intensity on mid-wall or subepicardial myocardial layer.

Another indicator of the inflammatory processes in TS
is the slight association between edema and pericardial
effusion [20] (Figs. 11 and 12).

Fig. 5 Mid-ventricular variant of takotsubo syndrome. Cine CMR 2-chamber view (a-late diastole; b-late systole). See Additional file 3
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Fig. 6 Cine CMR in horizontal long-axis view demonstrating the
systolic “jet” in left ventricular outflow tract (white arrow) with associated
systolic anterior motion of the mitral leaflets (green arrow) and functional
mitral valve regurgitation (red arrow). This dynamic obstruction
can develop as a result of dyskinetic apical and midventricular segments

with hyperdynamic function of basal segments. See Additional file 4

Initial T2 hyperintensity reduces over the following
weeks, whereas T2 hyperintensity of segments affected
by myocardial infarct is maintained for more than 2 or
3 months after symptom onset [21, 22].

To note, even though T2-W triple IR is normally used
in CMR to detect edema, some authors have suggested
the use of T2 mapping technique to diagnose it, which
seems to be more insensitive to motion artifacts [23].

Despite increasing evidence on the use of T2-W triple
IR, it is a recognized motion and blood pool artifact
prone sequence. Parametric mapping techniques, espe-
cially T2 mapping, are emerging as a more robust
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alternative for edema appreciation and quantification in
diverse clinical scenarios. Future research exploring the
role of T2 mapping in TS is required.

Myocardial perfusion

In most cases, LV segments show no perfusion defects
and findings on these techniques are usually normal in
patients with TS. However, in some patients CMR
first-pass perfusion studies may appear normal at
basal segments but demonstrate subendocardial perfu-
sion defects, especially more apically [24]. According
to the most accepted mechanism of TS, which proposes a
vigorous neurohumoral discharge precipitated by emo-
tional stress, a severe microvascular dysfunction could be
expected, leading to secondary myocardial stunning.

Thrombus assessment
EGE sequence, ideally performed within 2 min after
contrast agent infusion, is optimal for identification of
adherent endocardial thrombus on mid-apical seg-
ments with severe hypokinesis or akinesis. Thrombus
is recognized as a low signal intensity (no gadolinium
uptake), nearly black, that makes contrast with the
intermediate signal of myocardium and blood pool,
when de inversion time of the IR gradient echo se-
quence is set to 500—-550 ms.

In some cases, LV thrombus can be detected by cine
CMR (Fig. 13), although these sequences are less sensi-
tive for this purpose.

Myocardial necrosis and fibrosis

LGE depends on differences in the volume of distri-
bution of gadolinium in normal and pathologically al-
tered myocardium [25] and several morphological
changes within the tissue may contribute to a larger
volume of distribution.

Fig. 7 2-D longitudinal strain analysis by tissue-tracking CMR (Software CVI42 Version 5, Circle Cardiovascular Imaging Inc., Calgary, Canada)
at end-systole in horizontal long-axis view (@), 4-chamber view and 2-chamber view (c) in a patient with the ‘classical form’ of takotsubo
syndrome. According to the colour-scale (at the left on each panel), red represents the most positive longitudinal strain and dark-blue
represents the most negative longitudinal strain (normal systolic longitudinal strain is negative representing shortening). At end-systole,
mid-apical balloning is represented on red with a ‘circumferential pattern’. See Additional files 5, 6 and 7
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Fig. 8 Global longitudinal (a) and radial (b) strain curves of the left ventricule by tissue-tracking CMR (Software CVI42 Version 5, Circle Cardiovas-

cular Imaging Inc,, Calgary, Canada)
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In general, LGE indicates the relative changes of the
extracellular and intracellular volumes. Therefore, any
changes to the interstitium, such as edema or fibrosis,
increase the volume of distribution causing LGE [26].
Furthermore, myocardial necrosis causes intracellular

Fig. 9 Myocardial edema. T2-weighted triple-inversion recovery 2-
chamber view showing transmural signal hyperintensity in the
mid-apical segments of left ventricle

accumulation of gadolinium, which contributes greatly
to an expansion of the volume of distribution and LGE.
Nonetheless, in edematous viable myocardium the ratio
of the extracellular and intracellular volumes is not sub-
stantially altered [27]. Therefore, the peri-infarct zone
involving the edematous viable myocardium but not the
infarcted non-viable myocardium, does not exhibit sig-
nificant LGE on CMR.

The absence of LGE in TS patients as documented by
CMR studies has been described in many cases and is a

Fig. 10 Myocardial edema. T2-weighted triple-inversion recovery
short-axis view showing transmural signal hyperintensity in the
mid-apical segments of left ventricle
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Fig. 11 Pericardial effusion (arrows) in a patient with takotsubo
syndrome. Cine CMR 4-chamber view (late systole)

common diagnostic criterion in most CMR centers.
However, several studies challenged this notion by
reporting delayed hyperenhancement in TS patients
[28, 29] (Fig. 14). Rolf et al. [30] described that the
LGE signal intensity found in patients with TS within
24 h of admission was lower than that usually
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documented in cases of myocardial infarction or myo-
carditis and was no longer present on follow-up CMR
2 weeks later. Also the extent of LGE as represented
by the relative mass of enhancing tissue is less than
usually reported in studies of myocardial infarction
[31]. More recently, in a large multicenter cohort
study, Eitel et al. [32] showed that LGE was detected
in only 9 % of patients when using a threshold of 3
standard deviation (SD) above the mean of remote
myocardium to define significant enhancement. None
of their patients had evidence of LGE when using a
threshold of 5 SD, which is usually proposed as the
cutoff for fibrosis detection in myocarditis and acute
myocardial infarction. This points toward the fact that
using different threshold for LGE detection in differ-
ent studies may be responsible for the different preva-
lence of LGE-positive patients. The authors concluded
that the absence of significant LGE (>5 SD) combined
with myocardial edema and marked LV ballooning is
a unique feature of TS.

Notwithstanding with this, a pathophysiological ex-
planation for LGE in TS has been investigated. It is
known that the level of extracellular matrix proteins
is elevated and the amount of collagen-1 and fibro-
nectin is significantly raised in the phase of severe
contractile impairment, followed by normalization in
functional recovery phase [33]. In the study by Rolf et
al. [30] patients also underwent LV endomyocardial
biopsy in the acute phase and after recovery, to

Pericardial
effusion

~
o
x
‘

“

Pleural effusion

Fig. 12 Pericardial and pleural effusions in a patient with takotsubo syndrome. Cine CMR axial view at the level of the pulmonary valve
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LV apical
thrombus

Fig. 13 Apical thrombus (dashed circle), one of the complications of
takotsubo syndrome. Cine CMR horizontal long-axis view

\

determine the amount of extracellular matrix. All
patients with TS showed a significant increase of
collagen-1 compared with control tissue. Moreover,
the amount of collagen-1 was significantly higher in
LGE positive patients [defined as an area of signal in-
tensity that was 2 SD or greater than the signal inten-
sity of nonenhanced myocardium]. The latter group
showed no increased levels of cardiac biomarkers,
leading to the hypothesis that LGE cannot be attrib-
uted to differences in sarcolemmal integrity. That
finding was supported by the fact that signs of onco-
tic cell death under electron microscopy were not

PR S o M VYIN WS e iR R TET

Apical

Fig. 14 Late gadolinium enhancement CMR short-axis view depicting
patchy higher signal intensity in the mid-apical segments of left
ventricle, in a patient with takotsubo syndrome within 48 h of
admission. These findings probably reflect a process of diffuse
reactive fibrosis

Page 9 of 12

present on tissue samples. Also, there were no differ-
ences in the extent of edema on T2 weighted mea-
surements between groups. Therefore, evidence that
LGE in TS is caused by either necrosis or edema is
lacking, being plausible a process of transient fibrosis
(or diffuse reactive fibrosis).

Differently, Sacha et al. [34] and Maréchaux et al.
[35] reported cases of contraction-band necrosis de-
tected at autopsy, a possible explanation for LGE in
patients with TS.

Some authors investigated the clinical implications
of LGE (using different thresholds) in TS. Eitel et al.
[32] showed no relation between the occurrence of
LGE and clinical presentation, mortality, age, sex,
ECG pattern, or type of stress trigger in 158 patients
with TS. Naruse et al. [36] reported, in a cohort of
20 patients with TS, no significantly differences in
age, sex, congestive heart failure, peak creatine
kinase, noradrenaline elevation, ECG abnormalities,
ejection fraction, type of TS and time from onset of
symptoms to CMR in the LGE positive group. How-
ever, there was a greater prevalence of cardiogenic
shock (38 vs 0 %, p=0,049) and longer time to
normalize electro and echocardiographic changes.
They also reported a positive correlation between the
LGE area ratio (volume of enhanced tissue/total vol-
ume of LV myocardium) in the sub-acute phase (2-7
days after presentation) and the duration to normalization
of both ECG (r=0.738, p=0.037) and echocardio-
gram (r =0.762, p = 0.028).

The utility of LGE is undeniable in the setting of
focal myocardial fibrosis and necrosis, where different
signal intensity threshold methods are used to detect
enhancement. However, when myocardial injury is
subtler and there are no confidently recognizable
reference regions of normal myocardium, fibrosis
may go undetected on conventional LGE threshold
methods. In contrast, T1 mapping sequences provide
a different approach to tissue characterization, per-
mitting the measure of the intrinsic relaxation times
of myocardium pre and post gadolinium infusion, not
dependent on relative signal intensities. Therefore, it
has the potential to improve the sensitivity of CMR
tissue characterization, especially when diffuse and
subtle fibrosis is the possible mechanism, like in TS.

Right ventricular involvement in TS

An important issue that has recently been seen with
the use of CMR and its cine sequences is a signifi-
cant percentage of patients (up to one-third) with
right ventricular involvement, which in turn was as-
sociated with longer hospitalization, worse markers
of heart failure, particularly pleural effusion (Fig. 12)
and older age. Consequently, biventricular ballooning
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Complication Study Frequency Comments/Prognostic
implications
Pericardial effusion Eitel I. et al. [20] 57,7 % Rarely progresses to cardiac tamponade
Functional mitral valve regurgitation lzumo M. et al. [39] 255 % Conflicting data regarding long-term prognosis
Haghi D. et al. [40] 19 %
Dynamic LVOT obstruction De Baker O. et al. [41] 19 % More frequent in older patients with the presence of
septal bulging
Gradient>40 mmHg is a high-risk factor associated
to cardiogenic shock and functional mitral valve
regurgitation
Heart failure (Killip-class 3/4 on admission) Stiermaier T. et al. [42] 133 % Independent predictor of long-term mortality
Right ventricular involvement Kagyiama M. et al. [38] 18,6 % Conflicting data regarding long-term prognosis
Becher T. et al. [43] 22,8 %
Cardiogenic shock Stiermaier T. et al. [42] 10,8 % Independent predictor of long-term mortality
Becher T. et al. [43] 15,9 %
Life-threatening arrhythmias Stiermaier T. et al. [44] 135 % Higher prevalence of subtle fibrosis/necrosis and
lower LV ejection fraction on CMR
Higher mortality at 1 year (44 vs 10 %)
Thrombus formation de Gregorio C. et al. [45] ~25% No risk factors for thrombus formation were reported
Systemic embolism de Gregorio C. et al. [45] <1% Predictor of long-term mortality
LV free wall rupture Kumar S. et al. [46] <1 % Risk factors: female gender, older age, persistent ST
elevation, higher systolic BP and EF
may portend a more severe prognosis, when com- Conclusion

pared with isolated LV involvement [37, 38].

Assessment of complications

Cardiovascular complications associated to TS are listed
in Table 3. From this group of complications, most of
them can be diagnosed and evaluated by CMR.

Follow-up

A complete clinical follow-up including CMR and/or
echocardiography for confirmation of LV function re-
covery should be available 3—-6 months after presenta-
tion (see Additional file 8). Since the underlying
pathophysiology of TS is believed to be a form of
myocardial stunning, recovery of normal systolic func-
tion is important to confidently make the diagnosis
(Fig. 1). Despite the morphological changes, the absence
of myocardial scar virtually guarantees normalization of
function within weeks or a few months. Table 4 summa-
rizes the recovery criteria assessed by CMR during the
follow-up period.

Table 4 Recovery criteria during follow-up assessed by CMR in
patients with TS

Normalization of LV ejection fraction.
End-diastolic and end-systolic volume reduction.
Mean T2 SI and EGE ratios reduction.

No LGE (using a threshold of 5 SD).

Diagnosis of TS has important implications for clinical
management at presentation and afterward. CMR pro-
vides incremental information and allows the detection
of relevant functional and tissue changes useful for the
diagnostic work up of TS. The combination of typical
regional wall motion abnormalities and presence of re-
versible myocardial injury may be helpful in differenti-
ation of TS from other etiologies in overlapping clinical
presentations.

Additional files

Additional file 1: Typical apical balloning in takotsubo syndrome. Cine
CMR loops in 4- and 2-chamber view. (MOV 38365 kb)
Additional file 2: Typical apical balloning in takotsubo syndrome.
Cine CMR loop in short-axis all slices multiview. Upper panels-basal
slices. Middle panels-middle slices. Lower panels-apical slices.
According to the colour-scale, red represents the most positive radial
strain and dark-blue represents the most negative radial strain.
(MOV 3530 kb)
Additional file 3: Mid-ventricular variant of takotsubo syndrome. Cine CMR
loops in 4- and 2-chamber view. (MOV 21648 kb)
Additional file 4: Dynamic left ventricular outflow tract obstruction as a
result of dyskinetic apical and midventricular segments with hyperdynamic
function of basal segments. The cine CMR loop in horizontal long-axis view
depicts the systolic “jet” in left ventricular outflow tract with associated systolic
anterior motion of the mitral leaflets and functional mitral valve regurgitation.
(MOV 33090 kb)
Additional file 5: 2-D longitudinal strain analysis by multimodality
tissue-tracking CMR (Software CVI42 Version 5, Circle Cardiovascular
Imaging Inc., Calgary, Canada) in 2-chamber view. (MOV 42270 kb)
Additional file 6: 2-D radial strain analysis by multimodality tissue-
tracking CMR (Software CVI42 Version 5, Circle Cardiovascular Imaging Inc,
Calgary, Canada) in short-axis all slices multiview). Upper panels-basal slices.
Middle panels-middle slices. Lower panels-apical slices. According to the

.
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(‘colour-scale, red represents the most positive radial strain and dark-blue )

represents the most negative radial strain. (MOV 55141 kb)

Additional file 7: Cine CMR loop of 4-D radial strain analysis (Software
CV142 Version 5, Circle Cardiovascular Imaging Inc., Calgary, Canada),
depicting the typical apical balloning (blue) in a patient with takotsubo
syndrome. (MOV 20707 kb)

Additional file 8: Follow-up CMR of the Fig. 3 Patient (cine loops in 4- and 2-
chamber view) demonstrating complete resolution of left ventricular dysfunction
3 months after the acute event. (MOV 20713 kb)
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CMR: Cardiac magnetic resonance; EGE: Early gadolinium enhancement;
LGE: Late gadolinium enhancement; LV: Left ventricular; MINOCA: Myocardial
infarction with non-obstructive coronary arteries; T2-W: Tissue T2 weighted;
TS: Takotsubo syndrome
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