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A B S T R A C T

Background: Extensive myocardial edema is a key feature of acute takotsubo syndrome (TTS) and it can be 
quantitatively assessed by T2 mapping cardiac magnetic resonance (CMR) imaging. Clinical correlates of 
myocardial edema in TTS are not well characterized.
Methods: Sixty patients with acute TTS underwent CMR with T2 mapping within one week of hospitalization. 
Disease severity was assessed by a validated risk score (GEIST-score).
Results: Mean age of the study population was 71 ± 12 years (92 % females). Mean mid-septal T2 time was 58 ±
6 ms. Higher T2 mapping values were found in patients with left ventricular ejection fraction (LVEF) ≤40 % (60 
± 6 ms vs 56 ± 5 ms; p = 0.006), male sex (66 ± 7 ms vs 58 ± 6 ms; p = 0.010), dyspnea on admission (63 ± 7 
ms vs 58 ± 6 ms; p = 0.006), absence of an emotional trigger (60 ± 7 ms vs 57 ± 5 ms; p = 0.039), intermediate- 
to-severe GEIST-score (63 ± 7 ms vs 58 ± 6 ms; p = 0.045) and in-hospital complications (61 ± 1 ms vs 58 ± 6 
ms; p = 0.009). A trend towards higher values was observed in patients who died at follow-up (62 ± 8 ms vs 58 
± 6 ms; p = 0.098). On linear regression analysis, T2 mapping did not correlate with the timing of CMR (Beta 
− 0.182, p = 0.170), whereas after multivariable correction, lack of emotional trigger (Beta 0.262, p = 0.031), 
decreasing LVEF (Beta − 0.254, p = 0.024) and increasing GEIST score (Beta 0.282, p = 0.024) remained 
independently associated with T2 mapping.
Conclusions: In patients with acute TTS undergoing a timely CMR within the first week after admission, T2 
mapping was not affected by timing of the examination, was higher in patients displaying high-risk features, and 
independently associated with the GEIST risk score.

1. Introduction

Takotsubo syndrome (TTS) is an acute heart failure condition char-
acterized by a transient impairment of left ventricular (LV) systolic 
function and substantial risk of in-hospital and long-term adverse out-
comes [1]. In the acute phase, myocardial tissue changes include 
widespread myocardial edema and extracellular volume expansion [2], 
conditioning transient LV hypertrophy [3], marking a peculiar systemic 

and local inflammation with monocyte infiltration [4,5]. Cardiac mag-
netic resonance (CMR) imaging is a central diagnostic modality in pa-
tients with TTS [6] since it can accurately measure left and right 
ventricular function and identify myocardial edema and scar to inform 
about differential diagnosis [7] and risk stratification [8]. T2-STIR se-
quences have been classically employed to assess myocardial edema. 
However, they are affected by several limitations, including their 
assessment, which is visually qualitative or no more than semi- 
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quantitative [9]. More recently, T2 mapping CMR has enabled a quan-
titative analysis of myocardial edema [10]. This technique has been 
validated in vivo against the histologic assessment of myocardial water 
content [11]and, when implemented at the clinical level, offers a higher 
accuracy for the detection of myocardial inflammation as compared to 
less recent approaches [12]. Previous studies using T2 mapping imaging 
in TTS described the relationship between the distribution and intensity 
of myocardial edema to cardiac function and electrocardiographic 
changes [2,13,14] as well as to the timing of myocardial systolic 
dysfunction recovery [13], with mid-septal T2 mapping values reliably 
representing a proxy of the global burden of myocardial edema [2]. 
However, clinical characteristics associated with myocardial edema in-
tensity and as to whether this relates to the overall severity of the disease 
remain unknown. The aim of the present study is to describe clinical 
correlates including in-hospital and long-term outcomes of CMR T2 
mapping findings in patients with acute TTS.

2. Methods

2.1. Study population

This is a single-center observational study. Patients have been 
enrolled prospectively since the establishment of T1 and T2 mapping 
sequences at our Institution (October 2019 onward). All patients pro-
vided informed consent for the use of their data for research purposes, 
and the study complied with the Declaration of Helsinki. We analyzed 
data from consecutively hospitalized TTS patients who underwent a 
clinically indicated [15] and timely CMR examination with T2 mapping 
within one week from symptoms onset. Hospital admission was selected 
as a reference time as it was more reliable to be determined, since 
symptoms in TTS might be atypical or even absent in some cases. TTS 
diagnosis was established in the presence of i) transient regional wall 
motion abnormalities of the left or right ventricle extending beyond a 
single epicardial vascular distribution; ii) absence of culprit coronary 
artery disease; iii) transient ECG abnormalities; iv) rise of cardiac 
troponin and serum natriuretic peptide levels; and v) proof of recovery 
of left ventricular ejection fraction at follow-up in all surviving patients. 
The evaluation of patients and subsequent inclusion in the study was 
performed only after all diagnostic criteria were met. All patients un-
derwent ECG and echocardiography on admission and coronary angio-
grams during in-hospital stay to exclude coronary artery disease and 
culprit coronary plaque. Based on the wall motion abnormalities 
detected on admission echocardiography, ballooning patterns were 
categorized as typical (apical) or atypical (mid-ventricular, basal, and 
focal) [16]. The kind of trigger preceding the acute event, if present, was 
reported and defined as emotional or physical [17]. Disease severity was 
assessed by using the GEIST score [18], calculated by assigning 20 points 
each for male sex and neurologic comorbidity, 30 points for the presence 
of right ventricular (RV) involvement, and then subtracting the value of 
1-(left ventricular ejection fraction (LVEF)). In-hospital complications 
were defined as previously reported [19] and included the occurrence of 
pulmonary edema, major arrhythmias (sustained ventricular tachy-
cardia, ventricular fibrillation, torsades de pointes, or any arrhythmias 
associated with hemodynamic instability needing electric cardiover-
sion), and cardiogenic shock. Follow-up was performed within our 
institutional dedicated outpatient clinic according to an established and 
previously described protocol [20]. Briefly, patients were evaluated 
after 1 and 3 to 6 months after the acute event with serial ECG and 
echocardiography until detection of full recovery; annual follow-up is 
offered to high-risk patients whereas phone calls are used to update 
long-term outcomes in the others. None of the patients within our 
sample was included in the derivation or validation cohorts from the 
original GEIST risk-score study.

2.2. Cardiac magnetic resonance imaging

All examinations were performed on a 1.5 Tesla scanner (Magnetom 
Aera, Siemens Healthcare, Germany) with a similar acquisition protocol. 
For cine imaging, a balanced steady-state free precession sequence was 
used in combination with parallel imaging (GRAPPA, factor 2) and 
retrospective gating during expiratory breath-hold (TE/TR/flip-angle: 
1.16 ms/ 44.80 ms/71◦, spatial resolution 1.5 × 1.5 × 8 mm) as a 
gapless short axis (SAX) stack for assessment of cardiac volumes and 
function and single slice long-axis view (2-chamber, 3-chamber, and 4- 
chamber view). Calculation of left and right ventricular volumes and 
function was performed offline with commercially available software. A 
modified Look-Locker inversion recovery (MOLLI) was used for T1 
mapping and performed in three midventricular SAX slices and one 4- 
chamber view at mid-diastole prior to and 20 min after contrast 
administration (0,1 mmol/Kg body weight of gadoteric acid (Claricyclic, 
GE)) for the assessment of native and post-contrast T1 values, respec-
tively. Sequence parameters were set as follows: TE/TR/flip angle: 1.8 
ms/306.20 ms/35◦, acquired voxel size 1.6 × 1.6 × 8 mm and base 
resolution 256, 8 images corresponding to different inversion times, 
MOLLI scheme 5(3)3. For T2 mapping, we employed a T2-prepared 
steady-state free precession pulse sequence [21]: a T2-prepared 
steady-state free precession sequence was used to generate three T2W 
images with different T2 preparation times (0 ms, 25 ms, 55 ms) (Fig. 1). 
Late gadolinium enhancement (LGE) imaging was performed using 
gapless whole heart coverage of SAX slices and three long-axis (2- 
chamber, 3-chamber and 4-chamber view) 15 min after contrast media 
administration using a mid-diastolic inversion prepared 2-dimensional 
gradient echo sequence (TE/TR/flip-angle 3.19 ms/635 ms/25◦, ac-
quired voxel size 1.5 × 1.5x8mm) with an individually adapted pre- 
pulse delay to achieve optimally nulled myocardium.

2.3. Image analysis

All observers were board-certified cardiologists or radiologists, 
holding established experience and accreditation of CMR competencies. 
LV and RV volumes, LVEF, and RVEF, were calculated from the short- 
axis cine sequences. T1 mapping and T2 mapping values were 
assessed directly on the scanner through the vendor platform; areas of 
LGE were excluded from regions of interest to avoid the inclusion of any 
replacement scars. A standardized approach to T1 and T2 mapping 
measurement after acquisition was adopted by drawing a region of in-
terest (ROI) within the mid-septal LV region (Fig. 2, Panel A); this 
methodology grants higher reproducibility [22], is indicated by 
consensus documents [23,24] and in the specific setting of TTS we 
previously demonstrated to be comparable to a single slice or global 
assessment [2]. Hence, we considered the mid-septal T2 mapping value 
as a proxy of global myocardial edema extent. The n-center normal value 
for mid-septal T2 mapping is 46 ± 2 ms, with an upper limit of normal 
range < 50 ms (mean value +2SD).

2.4. Statistical analysis

Continuous variables were presented as mean ± standard deviation 
if normally distributed by visual inspection of distribution curves or as 
median and interquartile range if non-normally distributed. Compari-
sons were made by using the Student’s t-test or Mann-Whitney U test, as 
appropriate. Univariable and stepwise multivariable linear regression 
analysis was used to assess factors associated with mid-septal T2 map-
ping; all variables with a p-value <0.1 at univariable analysis, plus those 
with biological relevance, including age, sex, and time from admission 
to CMR were included in the multivariable model. A two-tailed p-value 
<0.05 was considered statistically significant. All tests were performed 
using SPSS version 25.0 (IBM Corp. Released 2017. IBM SPSS Statistics 
for Windows, Version 25.0. Armonk, NY: IBM Corp).
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3. Results

3.1. Patients’ characteristics

The population consisted of 60 patients; the mean age was 71 ± 12 
years, and most of them (55/60, 92 %) were females. Clinical, de-
mographics and CMR data are summarized in Table 1, respectively. 
Neurologic comorbidities affected 8 (13 %) patients. Symptoms at pre-
sentation included chest pain in 35 (58 %) and dyspnea in 9 (15 %) 
patients, respectively. An identifiable trigger was detected in 50 (83 %) 
patients, emotional in 33 (55 %), and physical in 17 (28 %). Mean LVEF 
on echocardiography at hospital admission was 39 ± 9 %, apical 
ballooning was present in 42 (70 %), and atypical patterns in 18 (30 %). 
Median GEIST score was 0 (interquartile range − 1, 19). In-hospital 
complications occurred in 5 patients (8 %), and no in-hospital deaths 
were observed. At long-term follow-up, 6 deaths were recorded. CMR 
was performed at a median of 3 (interquartile range 2, 5) days after 
symptoms onset. Mean LVEF at CMR was 48 ± 10 %, with a significant 
improvement as compared with admission value (p < 0.01). Mean mid- 
septal native T1 and T2 mapping were 1139 ± 81 ms and 58 ± 6 ms, 
respectively. Mid-septal native T1 and T2 displayed an increase >4 SD in 
63 % and 50 % of patients, respectively.

3.2. Factors associated with myocardial edema

Mid-septal T2 mapping (Fig. 2, Panel B) was higher in patients with 
LVEF ≤40 % (60 ± 6 vs 56 ± 5; p = 0.006), in males (66 ± 7 vs 58 ± 6; p 
= 0.010), in patients with dyspnea on admission (63 ± 7 vs 58 ± 6; p =
0.006), in the absence of an emotional trigger (60 ± 7 vs 57 ± 5; p =
0.039), in patients with in-hospital complications (61 ± 1 vs 58 ± 6; p =
0.009), and in patients with intermediate-to-severe [7] GEIST score (63 

± 7 vs 58 ± 6; p = 0.045) (panel B). A trend towards higher values was 
observed in patients with RV involvement (63 ± 7 vs 58 ± 6; p = 0.096) 
and neurologic comorbidity (62 ± 9 vs 58 ± 5; p = 0.071) as well as in 
those who experienced death after hospital discharge (62 ± 8 vs 58 ± 6; 
p = 0.098). Linear regression analysis for prediction of mid-septal T2 
mapping is reported in Table 2. Factors associated with T2 mapping 
included male sex (β0.331, p = 0.010), absence of emotional trigger 
(β0.267, p = 0.039), dyspnea (β0.299, p = 0.020), admission LVEF 
(β-0.307, p = 0.017) and GEIST score (β0.356, p = 0.005). No relevant 
association was found regarding time from admission to CMR and T2 
mapping (β − 0.182, p = 0.170). On multivariable analysis, the absence 
of emotional trigger (β 0.262, p = 0.031), decreasing LVEF (β − 0.254, p 
= 0.024), and increasing GEIST score (β 0.282, p = 0.024) remained 
independently associated with T2 mapping.

4. Discussion

In the present study, we report on the largest sample to date inves-
tigating CMR T2 mapping findings in acute TTS. We found that the in-
tensity of myocardial edema varies according to several patients’ 
characteristics - increasing with high-risk features such as dyspnea [25], 
male sex [26], low LVEF [27], and absence of an emotional trigger [17] - 
and independently associates with the overall disease severity as 
measured by the GEIST risk-score.

Myocardial edema is a key pathogenic change in acute TTS [6], and 
our finding that all patients had positive mid-septal T2 values is 
consistent with this notion. T2 mapping values that we found were, on 
average, >4 SD over the upper range of in-center normality, indicating a 
relevant increase in myocardial water content. Though comparison be-
tween populations imaged with different machines and sequences is 
often unreliable, the use of z-scores and increase of SD in addition to the 

Fig. 1. long-axis 4-chamber view in T2-STIR (A) and T2 mapping (B) imaging. Qualitative visual evaluation reveals high signal intensity consistent with mid-apical 
edema (arrows in A and B); T2-STIR sequences are characterized by low signal-to-noise ratio, asterisk in (A) indicates slow flow artifact. Short-axis at mid left 
ventricular level in T2-STIR (C) and T2 mapping (D). T2 mapping allows parametric evaluation and quantification of edema (52 msec, in-center normal value <50 
msec). Color-coded T2 mapping images are derived from 3 raw images with different echo times, acquiredduring a single breath-hold (E, F and G) and then merged 
into a single recontructed image (D).
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absolute value allows paired evaluation of studies using different MRI 
equipment [28]. In patients with myocarditis, the share of those having 
such an increase in T2 mapping is lower [29], suggesting that in TTS 
myocardial edema could be more represented and potentially aid dif-
ferential diagnosis as reported by Cau et al. [30].

The use of T2 mapping, a validated [31] quantitative method to 
assess the myocardial water content, and the relatively large size of our 
population enabled us to describe factors that could be associated with 
the intensity of edema. We found a relevant increase of native T1 too, 
consistently with this measure being a non-specific readout of several 
myocardial pathology, including edema [32]. Indeed, it can be found 
with an increase parallel to T2 mapping in those conditions character-
ized by increased myocardial water content [2,33,34]. In patients who 
underwent a timely CMR scan within one week from hospital admission, 
we found no significant relationship between the timing of the imaging 
assessment and T2 mapping, implying that myocardial edema could be 
relatively stable within this time frame. However, the presence of non- 
linear relationships that were missed in our sample, in which most pa-
tients underwent CMR more than 48 h after presentation cannot be 
excluded. A bimodal evolution of myocardial edema with dynamic 
changes especially on the first day has been described after acute 
myocardial infarction [35], though this fact seemed not to have a rele-
vant impact at clinical level [36]. Both the extent and distribution of 
myocardial water content in TTS relate to ECG changes [2,37], including 
T-wave inversion and repolarization abnormalities that interestingly 
follow a bimodal pattern in the acute phase [38]. Whether these elec-
trocardiographic changes are signs of fluctuating myocardial edema 
within the first days of TTS onset has to be clarified.

The reasons why some subgroups of patients experience a larger 
edema burden than others remain speculative; however, some hypoth-
eses could be drawn from the present study. The association of increased 
myocardial T2 time with poorer cardiac function in TTS has been 

previously described multiple times [2,13,14], though it still remains 
unclear as to whether edema is a contributing factor [39] or just a 
consequence of myocardial dysfunction and stretching. Locally 
increased adrenergic drive represents an important physiopathological 
step for the disease onset [40,41], and it has been shown that this can be 
related to several factors. For example, patients with a physical trigger 
have higher norepinephrine levels than those without [42]. Men who 
develop TTS are characterized by larger impairment of cardiac function, 
worse outcomes [26], and more widespread contraction band necrosis 
[43], consistent with a larger catecholamine effect [44]. Our observa-
tion of higher T2 mapping levels in patients of male sex or without 
emotional triggers indicates that the extent of myocardial edema might 
be linked to the entity of adrenergic stimulation, leading to a higher 
degree of myocardial inflammation.

Finally, we compared the extent of myocardial edema with several 
prognostic factors and the GEIST severity score. This validated tool is 
derived from both cardiac and extracardiac variables and provides a 
comprehensive estimate of TTS severity in the setting of a disease that is 
characterized by recovery of LVEF after the acute phase and by an excess 
of both cardiovascular [45] and non-cardiovascular [46,47] long-term 
mortality. CMR can be used to assess several markers of adverse prog-
nosis, including left and right ventricular function and atrial mechanics 
[48]. A CMR-based prognostic risk-score has been proposed [49], 
however, the absence of studies with large samples has prevented to date 
the validation of T2 mapping as a prognostic marker in TTS [50]. The 
independent association between mid-septal T2 values and the GEIST 
score points towards a potential prognostic relevance of this CMR 
measure. A trend towards higher T2 mapping values in patients who 
died at follow-up was observed as well, however, the low number of 
events prevented us from fully evaluating if the extent of myocardial 
edema can be considered a prognostic marker in TTS, as already 
demonstrated in other pathologies [51,52]. Altogether, the results of our 

Fig. 2. depiction of the standardized approach to T2 mapping measurement after acquisition by drawing a region of interest (ROI) within the mid-septal LV region 
(Panel A). Histograms describing the LV mid-septal T2 mapping values in the study subgroups (Panel B) asterisks indicate p < 0.05.
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study bring some clinical implications. According to the European 

Society of Cardiology, CMR is a mandatory examination in patients with 
suspected TTS to confirm the etiology in patients with a working diag-
nosis of myocardial infarction with non-obstructed coronary arteries 
[15]. In this context, T2 mapping could be advised as a quick addition to 
the standard CMR protocol, useful to better stratify identify high-risk 
patients that could be considered for a more intensive and prolonged 
follow-up. Further studies with larger sample sizes and longer follow- 
ups are needed to clarify the prognostic relevance of T2 mapping in TTS.

4.1. Limitations

Some limitations apply to this study. The sample size is not powered 
for in-hospital and long-term outcome assessment. Furthermore, the low 
number of patients within certain subgroups, including patients of male 
sex, might have conditioned the lack of significance in the multivariable 
model. As previously noted [19], our population is characterized by low- 
risk features that might limit the generalizability of these findings.

5. Conclusions

In conclusion, we found that in patients with acute TTS undergoing a 
timely CMR in the first week after admission, the mid-septal T2 mapping 
was not affected by timing of the examination, was higher in patients 
displaying high-risk features and independently associated with the 
GEIST severity risk score. Larger studies are warranted to investigate the 
prognostic value of an early CMR with T2 mapping in patients hospi-
talized for TTS.
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Arriola, V. Fuster, et al., Fast T2 gradient-spin-echo (T2-GraSE) mapping for 
myocardial edema quantification: first in vivo validation in a porcine model of 
ischemia/reperfusion, J. Cardiovasc. Magn. Reson. 17 (2015) 92, https://doi.org/ 
10.1186/s12968-015-0199-9.

[32] V.O. Puntmann, E. Peker, Y. Chandrashekhar, E. Nagel, T1 mapping in 
characterizing myocardial disease, Circ. Res. 119 (2016) 277–299, https://doi.org/ 
10.1161/CIRCRESAHA.116.307974.

[33] L. Arcari, R. Hinojar, J. Engel, T. Freiwald, S. Platschek, H. Zainal, et al., Native T1 
and T2 provide distinctive signatures in hypertrophic cardiac conditions – 
comparison of uremic, hypertensive and hypertrophic cardiomyopathy, Int. J. 
Cardiol. (0) (2020), https://doi.org/10.1016/j.ijcard.2020.03.002.

[34] L. Arcari, J. Engel, T. Freiwald, H. Zhou, H. Zainal, M. Gawor, et al., Cardiac 
biomarkers in chronic kidney disease are independently associated with 
myocardial edema and diffuse fibrosis by cardiovascular magnetic resonance, 
J. Cardiovasc. Magn. Reson. 23 (2021) 71, https://doi.org/10.1186/s12968-021- 
00762-z.
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