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Summary
Background Recently, abnormal thyroid function was shown to be common in patients with Takotsubo syndrome
(TTS), being classified into “endocrine-type” and “stress-type” responses. The aim of this study was to investigate the
association between thyroid homeostasis and TTS in a larger international registry.

Methods In total 288 patients with TTS were enrolled through the GEIST multicentre registry from Germany, Italy
and Spain. Thyrotropin (TSH), free T4 (FT4) and free T3 (FT3) concentrations were analysed at admission. Data were
collected both retrospectively and prospectively from 2017 onwards. Primary endpoints included in-hospital and all-
cause fatality, determined by cluster analysis using an unsupervised machine learning algorithm (k-medoids).

Findings Three clusters were identified, classifying TTS with low (TSLT), high (TSHT) and normal (TSNT) thyroid
output, based on TSH and FT4 levels in relation to the median thyroid’s secretory capacity (SPINA-GT). Although
TSH and FT4 concentrations were similar among survivors and non-survivors, these clusters were significantly
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associated with patient outcomes. In the longitudinal Kaplan–Meier analysis including in- and out-of-hospital
survival, the prognosis related to concentrations of TSH, FT4, and FT3 as well as SPINA-GT, deiodinase activity
(SPINA-GD) and clusters. Patients in the TSHT cluster and with cardiogenic shock had a lower initial left
ventricular ejection fraction (LVEF).

Interpretation This study suggests that thyroid hormones may impact the evolution and prognosis of TTS. The
findings indicate that thyroid-derived biomarkers may help identify high-risk patients and pave the way for novel
personalized and preventive therapeutic options.

Funding This research was not funded by any public, commercial, or not-for-profit agencies.

Copyright © 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Research in context

Evidence before this study
Prior evidence suggests that hyper- and hypothyroidism may
act as triggers for Takotsubo syndrome (TTS), with
thyrotoxicosis being the most common thyroid alteration
associated with TTS. A previous study demonstrated
myocardial stunning in a patient with TTS and thyrotoxicosis.
However, hypothyroidism also appears to have an increased
odds ratio in TTS. A recent small observational study found a
high proportion of abnormal thyroid function in patients with
TTS and proposed categorizing them into “endocrine-type”
(hyperthyroidism, thyrotoxicosis) and “stress-type” (elevated
set point for free T4 concentration in type 2 allostatic load)
responses. The current study aims to investigate the
relationship between thyroid homeostasis and TTS in a large
multicentre international registry, specifically focusing on
thyroid hormone profiles at admission and their association
with outcome parameters and fatality of TTS.

Added value of this study
In our analysis, we included 288 patients diagnosed with TTS,
all with comprehensive thyroid profiles, from the
international TTS registry (GEIST). Three clusters were
identified in this study, categorizing patients with TTS based

on their thyroid output: TTS with low thyroid output (TSLT),
TTS with high thyroid output (TSHT), and TTS with normal
thyroid output (TSNT). Cluster TSLT was associated with
significant better survival than clusters TSHT and TSNT.
Although TSH and FT4 concentrations were similar between
survivors and non-survivors, these clusters had a significant
impact on predicting fatality. Non-survivors had significantly
lower FT3 concentration. In a longitudinal analysis using the
Kaplan–Meier method, the concentrations of TSH, FT4, FT3,
SPINA-GT, SPINA-GD (deiodinase activity), and the identified
clusters all played a role in predicting prognosis, including in-
hospital and out-of-hospital survival. Multivariable analysis
showed that FT3 and LVEF were predictors of cardiogenic
shock.

Implications of all the available evidence
The present study demonstrates that thyroid hormones play a
significant role in the evolution of TTS and its prognosis. It
might, therefore, pave the way to novel therapeutic options.
Innovative thyroid-derived biomarkers may help to identify
high-risk patients with TTS and promote a personalized and
preventive use of several drugs to reduce all-cause fatality.
Introduction
Stress cardiomyopathy, or Takotsubo syndrome (TTS),
was first described in 1990 when patients were admitted
with symptoms, ECG changes and altered laboratory
parameters mimicking patients with myocardial infarc-
tion. TTS has four types (apical, midventricular, basal,
and focal) with varied outcomes, lacks specific coronary
angiography findings, and has a 4% recurrence rate.1,2

Complications include atrial fibrillation, other form of
arrhythmia, cardiogenic shock, stroke and thromboem-
bolic events, and respiratory failure.3–7 Two-thirds of TTS
cases are triggered by severe emotional or physical stress,
and hormonal changes in post-menopausal women may
contribute to pathogenesis.1,8–13 Adrenergic system
activation is a key mediator, supported by elevated cate-
cholamine levels. Rat models suggest high epinephrine
levels trigger cardio-depression, potentially serving as a
cardioprotective strategy. Altered beta-adrenoceptors in
human myocardial tissue may protect against catechol-
amine toxicity in TTS.14–18

Several case reports have suggested other triggers of
TTS, including hyper- and hypothyroidism.12,19 The most
frequent thyroid alteration linked to TTS is thyrotoxi-
cosis due to various disease entities.20–23 Previously
Miyazaki et al. visualized myocardial stunning by scin-
tigraphy in a patient with TTS and concomitant thyro-
toxicosis.24 However, in TTS the odds ratio of
hypothyroidism seems to be increased, too.25
www.thelancet.com Vol 102 April, 2024
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The exact pathogenesis of this relationship is not
yet fully understood. It was observed that thyroid
hormones sensitize the myocardial tissue to the ef-
fects of catecholamines24,26,27 which was suggested to
be one of the reasons for increased cardiovascular
mortality in thyrotoxicosis.28 This mechanism may be
an important mechanism for the evolution of TTS as
well.24 It would explain an increased risk of TTS in
stress situations in the presence of elevated thyroid
hormone concentrations.

Recently, we observed in a small multicentre
observational study, with 16 patients with TTS
included in the analysis, a high proportion of abnormal
thyroid function.29 We suggested a categorization of
patients with TTS in “endocrine-type” response (hy-
perthyroidism, thyrotoxicosis) and “stress-type”
response (elevated set point for free T4 concentration
in type 2 allostatic load).

The aim of the present study was to investigate the
association between thyroid homeostasis and TTS in a
large multicentre international registry comprising pa-
tients with TTS from the German Italian and Spanish
Takotsubo (GEIST)-Registry at the TTS event. In addi-
tion, we analysed thyroid hormone profiles at the time
of admission with respect to outcome parameters and
defined homeostatic signatures, which are associated
with the fatality of TTS.
Methods
In total 690 patients with TTS were screened for eligi-
bility from centers participating in the GEIST multi-
centre registry, including subjects from Germany, Italy
and Spain (clinical trial. gov = NCT04361994). Sex was
collected as self-reported by study participants. Briefly,
data were collected partially retrospectively and partially
prospectively from 2017 onwards. Inclusion criteria for
cluster analysis was the availability of TSH and FT4
concentration and for survival analysis the availability of
outcome data.

TTS was diagnosed using the current diagnostic
criteria from the European position statement30: I)
transient regional wall motion abnormalities which
extend beyond a single epicardial vascular distribution,
II) the absence of culprit atherosclerotic coronary artery
disease including acute plaque rupture, thrombus for-
mation, coronary dissection or other changes related to
transient ventricular dysfunction, III) new and transient
electrocardiographic changes, IV) positive but relatively
small elevation in cardiac enzyme markers including
troponin I and NT-pro-BNP and V) recovery of ventric-
ular systolic function at follow-up. If the diagnosis of
TTS was uncertain and other differential diagnoses, e.g.,
myocarditis or other forms of structural heart diseases,
were possible a cardiac magnetic resonance tomography
was performed to confirm the diagnosis and to exclude
other cardiac diseases.
www.thelancet.com Vol 102 April, 2024
The minimal standard acquisition protocol for
transthoracic echocardiography was required in
included patients.31 After the TTS event, a follow-up
echocardiography was performed before discharge and
at follow-up presenting a normalization of LV function
and absence of typical TTS pattern.

The pattern of thyroid function was classified as
follows: Normal thyroid function was defined as normal
TSH, FT4 and FT3 concentrations; TACITUS (thyroid
allostasis in critical illness, tumours, uraemia and star-
vation, i.e., type 1 thyroid allostatic load): reduced FT3
concentration; type 2 thyroid allostatic load: increased
TSH and FT4 concentrations; primary thyrotoxicosis:
reduced TSH and increased FT4 concentrations. In or-
der to get exploratory information on pathophysiological
processes, derived parameters of thyroid homeostasis
were calculated, including thyroid’s secretory capacity
(SPINA-GT), total deiodinase activity (SPINA-GD), thy-
rotroph thyroid hormone resistance index (TTSI) and
Jostel’s TSH index (JTI), as previously described.32–34 As
an additional measure for the set point of thyroid hor-
mones, the thyroid feedback quantile-based index
(TFQI) was calculated, as recently suggested.35 SPINA-
GT was only calculated in subjects not on levothyrox-
ine substitution therapy. The equations used are
provided along with required parameters in the
Supplementary appendix.

The primary outcome in our study was in- and out-
of-hospital, all-cause fatality. The secondary outcome
was a composite end-point of in-hospital complications
(arrhythmias, thromboembolic events or stroke, pul-
monary congestion, cardiogenic shock with use of
catecholamine and/or assist device) and was assessed at
the time of the TTS index-event. In addition, the
recurrence of TTS after the initial event was docu-
mented. The TTS cohort was followed up by outpatient
evaluation and/or systematic telephone interview.

Statistics
An unsupervised machine learning (ML) algorithm
(partitioning about medoids or PAM based on k-
medoids) was used to find patterns in the affine space of
TSH and FT4 concentrations. Medoids are defined as
representative data points in a cluster whose sum of
dissimilarities to all data points in the respective cluster
is minimal.36 The number of medoids to be generated
(k) was selected based on silhouette scores for Euclidian
distances of the data points to the respective cluster
medoid. Selected was the k value with the highest
average silhouette width s. The plausibility of the results
was visually checked with dendrograms.

Sample size calculations were performed with Monte
Carlo simulations of the empirical power of a Wilcoxon–
Mann–Whitney test (see Supplementary appendix for
details). Data are presented as median with interquartile
range (IQR) for continuous variables with a non-normal
distribution, and as frequency (%) for categorical
3
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variables. Mean ± standard deviation (SD) or median
(1st–3rd quartile) are presented for continuous vari-
ables, depending on the type and symmetry of distri-
bution. Ratios of medians are reported along with 95%
confidence intervals. Normal distribution was assessed
using the Kolmogorov–Smirnov test and Q–Q plots, the
homogeneity of variances with an F-test. Since the
conditions for a t-test were not met the U-test according
to Wilcoxon, Mann and Whitney was used to compare
continuous variables between groups. Categorical vari-
ables were compared using the Chi-squared-test or, if
the expected value in at least one cell of the contingency
table was below 5, Fisher’s exact test. Phi statistics and
Youden’s J from receiver operating characteristic (ROC)
curves were used to obtain optimal cut-off values of
measured and calculated parameters of thyroid ho-
meostasis with respect to survival. A log-rank test was
used to compare the Kaplan–Meier survival curves of
patients with TTS, differentiating those with thyroid
parameters below and above the predetermined cutoff
value. The day of onset of TTS was specified as the
origin and start time of the survival analysis. The date of
death or right censoring during follow-up was defined
as the end time. Univariate Cox regression analysis was
performed for a set of predefined candidate predictors
(TSH, FT4, FT3, age, sex, hypertension, diabetes melli-
tus, hypercholesterolemia, smoking, atrial fibrillation,
malignancy, neurological disease, psychiatric disease,
stressful, physical and emotional triggers, creatinine,
apical, midventricular and basal ballooning, focal
ballooning, and initial EF). For each potential predictor,
proportionality was tested based on scaled Schoenfeld
residuals. For continuous predictors, linearity was
assessed based on plots of Martingale residuals against
the respective covariate. Factors with p < 0.10 on uni-
variate analysis were entered into a multivariable Cox
regression analysis to identify independent risk factors
for prognosis. An initial maximal model was simplified
in a step-wise manner by repeatedly eliminating the
least significant predictor to deliver a minimal model
containing significant (p < 0.5) predictors only. In order
to avoid spurious correlations, calculated parameters of
thyroid homeostasis and medication were not included
in multivariable analyses. An additional hierarchical Cox
regression model was derived based on sex and age as
potentially confounding frailty clusters. Statistical anal-
ysis was performed using R for macOS version 4.2.3
with the packages ROCR, SPINA, survival, coxme,
cluster and factoextra, and SPSS 23.0. A two-tailed
p < 0.05 was considered to be statistically significant.
All p values ≥ 0.0001 are reported with two significant
digits.

Ethics
The study was conducted according to Good Clinical
Practice and the Declaration of Helsinki. All patients
provided written informed consent before inclusion in
the registry, which meets the requirements of the
respective local ethics committees (Ruhr University
Bochum (Germany), registration number: 22-7684;
University of Lübeck (Germany); registration number:
19-341; University of Mannheim (Germany); registra-
tion number: 2015-841R-MA; University of Foggia
(Italy), registration number 19/CE/2019; University of
Madrid (Spain), registration number 11/349-E).

Role of funders
This research was not funded by any public, commer-
cial, or not-for-profit agencies.
Results
Study population
From 690 datasets available in the GEIST registry 288
cases with a complete thyroid panel could be included in
the cluster analysis; 237 persons could be followed up
based on clusters and survival data (Fig. 1). The median
long-term follow-up was 4.3 years (IQR 486–2854 days).

Only 25.2% of the included persons had normal
thyroid function, 40.5% were classified as TACITUS-
syndrome, 16.0% had a pattern of type 2 allostatic
load, 2.3% suffered from hypothyroidism and 16.0%
presented with primary thyrotoxicosis.

24 persons were faced with recurrent TTS, resulting
in a low recurrence rate of 4.7%. None of the investi-
gated variables predicted recurrence.

Primary endpoint: survival
Survivors vs. non-survivors
Among the cohort of subjects receiving a full thyroid
panel 41 (31.3%) patients died over follow-up of up to
6597 days. Non-survivors tended to be older (71.1 ± 14.4
vs. 68.2 ± 11.6 years; p = 0.06 [Wilcoxon–Mann–Whitney
test]), and suffered more frequently from malignancy
(22.0% vs. 5.5%; p = 0.01 [Chi-squared-test]). The rate of
cardiovascular risk factors e.g., arterial hypertension,
Diabetes mellitus, smoking and hypercholesterolemia
were similar in survivors and non-survivors. Likewise,
comorbidities including psychiatric and neurological
diseases as well as coronary artery disease were not
different between survivors and non-survivors. Non-
survivors expressed a lower left ventricular ejection
fraction (38.4 ± 15.2% vs. 45.2 ± 12.5%; p = 0.003
[Wilcoxon–Mann–Whitney test]). Additional informa-
tion on the characteristics of the study population based
on thyroid function testing is provided in Table 1. In-
formation on the total population of the GEIST registry
(including subjects that did not receive functional thy-
roid testing) is reported in the Supplementary Table S3.

The comparison of subjects with and without mea-
surement of thyroid hormones revealed no difference in
survival rate and important structural data including
age, sex, hypertension, diabetes, EF, ballooning and
kind of trigger. Not unexpectedly, thyroid medication
www.thelancet.com Vol 102 April, 2024
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Fig. 1: Flow chart of screened and included cases.
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was more common in persons who received a laboratory
assessment of thyroid function (Supplementary
Table S2). The basic characteristics and the distribu-
tion of thyroid hormones were similar in the subpopu-
lation that received a full panel of thyroid investigation
(i.e., measurement of TSH, FT4, and FT3) to those of
the total population (Table 1 and Supplementary
Tables S3 and S4). However, the statistical power is
lower in the subgroup, which leads to a slightly lower
number of significant results.

Cluster analysis
Based on the TTS cohort, the PAM algorithm identified
three clusters in the affine space of TSH and FT4 con-
centrations (Fig. 2). Cluster 1, including 77 persons
(27%), was characterized by moderately high TSH and
low to normal FT4 concentrations and was labelled as
TTS with low thyroid output (TSLT). Cluster 2, labelled
as TTS with high thyroid output (TSHT) and including
35 patients (12%), was characterized by low to slightly
elevated and normal TSH concentrations and slightly to
moderately elevated FT4 concentration. Cluster 3
(labelled as TTS with normal thyroid output or TSNT)
included 176 subjects (61%) and was marked by normal
TSH and FT4 concentrations. Data points of the TSHT
cluster were located on or above the population-derived
50% percentile of SPINA-GT, the points of the TSLT
cluster were without exception below the median of
SPINA-GT.
www.thelancet.com Vol 102 April, 2024
In contrast to marked differences in thyroid func-
tion, the clusters were similar and homogeneous
(Table 2). However, subjects in TSHT cluster were older
and expressed lower EF than members of the other two
clusters. In addition, physical triggers were more
frequently described in cluster 2.

Markers of thyroid function and classes of thyroid function
among non-survivors and survivors
TSH and FT4 concentrations were similar between sur-
vivors and non-survivors (Table 3). Non-survivors showed
significantly lower FT3 concentration (3.3; 1.5–3.9 pmol/
L vs. 4.1; 3.2–4.6 pmol/L; p = 0.01 [Wilcoxon–Mann–
Whitney test]; ratio of medians: 0.81; 0.59–0.96)
compared to survivors. Whereas SPINA-GT was signifi-
cantly higher among non-survivors compared to survi-
vors (3.8; 2.7–7.1 pmol/s vs. 2.9; 2.0–5.8 pmol/s; p = 0.02
[Wilcoxon–Mann–Whitney test]; ratio of medians: 1.34;
1.03–1.64), SPINA-GD was significantly lower in non-
survivors (18.9 ± 10.0 nmol/s vs. 24.1 ± 9.8 nmol/s;
p = 0.005 [Wilcoxon–Mann–Whitney test]; ratio of me-
dians: 0.72; 0.56–0.89). Markers of central control (JTI,
TTSI, and TFQI) were similar between survivors and
non-survivors.

The frequencies of normal thyroid function, TACI-
TUS, Type 2 allostatic response and primary hypothy-
roidism were similar among survivors and non-survivors.
However, thyrotoxicosis was significantly more prevalent
in non-survivors compared to survivors (Table 4).
5
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Survivors (n = 90) Non-survivors (all-cause
fatality; n = 41)

p

Age (years) 68.2 ± 11.6 71.1 ± 14.4 0.064

Female (%) 82 (91.1%) 33 (80.5%) 0.15

Male (%) 8 (8.9%) (8) (19.5%)

BMI (kg/m2) 24.9 ± 6.9 21.7 ± 3.2 0.11

Hypertension (%) 48 (53.3%) 27 (65.9%) 0.25

Diabetes mellitus (%) 10 (11.1%) 7 (17.1%) 0.51

Atrial fibrillation (%) 16 (17.8) 9 (22.0) 0.75

Hypercholesterolemia (%) 22 (24.4%) 10 (24.4%) 1.00

Smoking (%) 20 (22.2%) 12 (29.3%) 0.52

Coronary artery disease (%) 11 (12.2%) 11 (26.8%) 0.068

Malignancy (%) 5 (5.5%) 9 (22.0%) 0.011

Neurological disease (%) 24 (26.7%) 8 (19.5%) 0.51

Psychiatric disease (%) 10 (11.1%) 4 (9.8%) 1.00

Stressful trigger (%) 66 (73.3%) 28 (68.3%) 0.70

Physical trigger (%) 27 (30.0%) 19 (46.3%) 0.11

Emotional trigger (%) 39 (43.3%) 10 (24,4%) 0.060

Creatinine concentration (μmol/L) 79.6 (70.7–92.4) 101.7 (73.2–120.2) 0.039

Apical ballooning (%) 61 (67.8%) 35 (85.4%) 0.058

Midventricular ballooning (%) 28 (31.1%) 4 (9.8%) 0.016

Basal ballooning (%) 1 (1.1%) 2 (4.9%) 0.23

Initial EF (%) 45.2 ± 12.5 38.4 ± 15.2 0.0036

Antihypertensive drugs (%) 75 (83.3%) 31 (75.6%) 0.42

ACE-I or ARB (%) 54 (60.0%) 21 (51.2%) 0.45

Beta blockers (%) 62 (68.9%) 21 (51.2%) 0.080

Diuretics (%) 29 (32.2%) 16 (39.0%) 0.57

Aldosterone antagonists (%) 5 (5.7%) 2 (4.9%) 1.00

Statins (%) 37 (41.1%) 15 (36.6%) 0.77

Amiodarone (%) 5 (5.6%) 0 (0%) 0.32

Anticoagulation (%) 33 (37.5%) 14 (34.1%) 0.86

Antidiabetic medication (%) 8 (9.2%) 3 (8.1%) 1.00

Thyroid medication (%) 23 (25.6%) 9 (21.9%) 0.82

Levothyroxine (%) 14 (15.6%) 2 (4.9%) 0.15

Perchlorate (%) 3 (3.3%) 3 (7.3%) 0.38

Iodine (%) 1 (1.1%) 0 (0%) 1.00

Antithyroid agents (%) 1 (1.1%) 0 (0%) 1.00

Data are reported as mean ± SD, median (1st–3rd quartile) or count (percentage). BMI, body mass index; EF, left ventricular ejection fraction.

Table 1: Basic characteristics of the study population that received a full panel of thyroid investigation.
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Long-term fatality according to thyroid function
To find out optimal cut-off values of several thyroid pa-
rameters, we established an ROC analysis (Supplementary
Fig. S2). Optimal cut-off values from phi statistics were for
TSH 2.48 mlU/L, for FT4 13.0 pmol/L, for FT3 3.96 pmol/
L, for SPINA−GT 2.69 pmol/s and for SPINA−GD
24.04 nmol/s. Optimal cut points based on Youden’s J
were for TSH 2.08 mlU/L, for FT4 13.0 pmol/L, for FT3
3.96 pmol/L, for SPINA−GT 2.69 pmol/s and SPINA−GD
24.04 nmol/s. A TSH concentration ≥ 2.48 mIU/L was
associated with significantly better survival compared to
TSH < 2.48 mIU/L (p = 0.004 [log-rank]). FT4 ≤ 13 pmol/
L was associated with a better survival compared to FT4 <
13 pmol/L (p = 0.03 [log-rank]) and FT3 ≥ 3.96 pmol/L
predicted a better survival compared to FT3 < 3.96 pmol/L
(p = 0.002 [log-rank]). Among calculated parameters,
SPINA−GT ≤ 2.69 pmol/s was associated with better
survival compared to SPINA−GT > 2.69 pmol/s
(p < 0.0001 [log-rank]) and SPINA−GD ≥ 24.04 nmol/s
predicted a better survival compared to
SPINA−GD < 24.04 nmol/s (p = 0.003 [log-rank]) (Fig. 3
and Supplementary Fig. S3).

Cluster 1 (TSLT) was associated with significantly
better survival than clusters 2 (TSHT) and 3 (TSNT,
p = 0.01 [Kaplan–Meier], Fig. 4).

Multivariable prediction model of survival
Using an adjusted minimal model (Table 5) for survival
by multivariable cox regression concentrations of TSH
and FT3, female sex and stressful triggers were
www.thelancet.com Vol 102 April, 2024
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Fig. 2: Definition of clusters. Thyroid response and pituitary response curves denote the median of thyroid’s secretory capacity (SPINA-GT) and
empirical thyrotropic pituitary response.
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associated with improved survival. Atrial fibrillation,
neurological disease, physical stressful triggers,
emotional stressful triggers, apical TTS form and low EF
at admission were associated with a decreased survival
rate.

Secondary composite endpoint
Supplementary Table S6 provides an overview of the
composite endpoint. Significantly more patients expe-
riencing the secondary endpoint have atrial fibrillation,
increased creatinine, reduced LVED, reduced SPINA-
GD, and are on medication with diuretics, amiodar-
one, or thyroid replacement therapy.

No differences were found in TSH and FT4 con-
centrations between patients with and without cardio-
genic shock. FT3 was significantly lower in persons with
shock (2.4; 1.5–3.9 vs. 4.1; 3.2–4.8 pmol/L; p = 0.009
[Wilcoxon–Mann–Whitney test]; ratio of medians: 0.58;
0.35–0.93), but no association was found in Cox
regression. Likewise, SPINA-GD (15.6; 9.0–24.5 vs.
23.4; 16.1–29.7 nmol/s; p = 0.03 [Wilcoxon–Mann–
Whitney test]; ratio of medians: 0.67; 0.39–0.99) and
Jostel’s TSH index (1.6; 0.6–2.7 vs. 2.3; 1.6–3.0; p = 0.03
[Wilcoxon–Mann–Whitney test]; ratio of medians: 0.69;
0.35–1.16) were lower in cases of cardiogenic shock
(Supplementary Table S8). In univariable Cox analysis,
increased creatinine concentration and lower LVEF were
associated with the occurrence of shock. In the minimal
model, low LVEF remained the only predictor of
cardiogenic shock (Supplementary Table S5).

In the univariable and univariate analysis, FT4 con-
centration was increased in persons suffering from pul-
monary oedema (Supplementary Table S8). TSH and FT3
www.thelancet.com Vol 102 April, 2024
concentrations as well as SPINA-GD and Jostel’s TSH
index were decreased in subjects requiring catechol-
amine therapy (Supplementary Table S9). SPINA-GD
was also significantly decreased in persons faced with
stroke (Supplementary Table S12).

Thyroid function was not associated with other
endpoints in single evaluation, including cardiopulmo-
nary resuscitation (CPR), use of circulatory support
(IABP or ECMO), invasive respiratory support, malig-
nant arrhythmia and left ventricular thrombus forma-
tion (Supplementary Tables S10, S11, and S13). In the
univariable Cox regression, the composite endpoint was
predicted by creatinine concentration only, although the
hazard ratio only minimally increased per μmol/L
(Supplementary Table S14). The same pattern was
observed in hierarchical analysis. No predictor could be
identified in a multivariable model.
Discussion
In this study, we analysed the distribution of endotypes
of thyroid function in the GEIST multicentre registry
and a potential association with the prognosis of TTS.
The main findings were: (1) the prevalence of thyroid
dysfunction is exceptionally high in TTS, and less than a
quarter of included persons had normal thyroid ho-
meostasis; (2) the patterns of thyroid function scatter in
three clusters of low (TSLT), high (TSHT) and normal
(TSNT) thyroid’s secretory capacity; (3) the TSHT cluster
was associated with higher age, lower EF and higher
frequency of physical triggers of TTS; (4) in non-
survivors FT3 concentration and SPINA-GD were
lower and SPINA-GT was higher compared to survivors,
7
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Cluster 1
(TSLT; n = 77)

Cluster 2
(TSHT; n = 35)

p compared to
cluster 1

Cluster 3
(TSNT; n = 176)

p compared to
cluster 1

p compared
to cluster 2

TSH medoid (mIU/L) 3.74 0.91 1.02

FT4 medoid (pmol/L) 13.8 24.8 14.2

TSH (mIU/L) 2.8 (2.9–5.1) 0.9 (0.4–1.7) <0.0001 1.0 (0.4–1.5) <0.0001 0.95

FT4 (pmol/L) 13.5 (11.8–17.1) 24.3 (22.2–28.6) <0.0001 14.1 (12.5–16.1) 0.59 <0.0001

FT3 (pmol/L) 3.9 (2.9–4.5) 4.5 (2.5–5.8) 0.030 4.0 (2.7–4.6) 0.79 0.030

SPINA-GT (pmol/s) 1.9 (1.5–2.1) 7.6 (5.1–11.3) <0.0001 4.2 (2.8–7.8) <0.0001 <0.0001

SPINA-GD (nmol/s) 22.4 (16.7–29.8) 16.2 (12.7–21.2) 0.0012 25.6 (17.6–30.5) 0.96 0.0012

JTI 3.1 (2.8–3.6) 3.4 (2.4–3.9) 0.55 1.7 (1.2–2.2) <0.0001 <0.0001

TTSI 171.4 (132.1–217.3) 77.7 (24.9–127.8) <0.0001 41.2 (21.8–66.6) <0.0001 0.0020

TFQI 0.8 (0.6–0.9) 0.3 (0.0–0.5) <0.0001 0.1 (0.0–0.2) <0.0001 0.029

Age (years) 71.1 ± 11.1 76.7 ± 9.9 0.026 69.3 ± 13.3 0.49 0.0080

Female (%) 70 (91%) 31 (89%) 1.00 155 (88%) 1.00 1.00

Male (%) 7 (9%) 4 (11%) 21 (12%)

BMI (kg/m2) 24.1 ± 4.5 27.0 ± 6.4 0.80 23.5 ± 6.3 0.80 0.49

Hypertension (%) 49 (64%) 23 (66%) 1.00 114 (65%) 1.00 1.00

Diabetes mellitus (%) 12 (16%) 10 (29%) 0.38 35 (20%) 0.48 0.39

Atrial fibrillation (%) 13 (17%) 11 (31%) 0.13 26 (15%) 0.71 0.081

Hypercholesterolemia (%) 30 (39%) 16 (46%) 0.54 59 (33%) 0.54 0.53

Smoking (%) 12 (16%) 2 (6%) 0.33 35 (20%) 0.48 0.15

Coronary artery disease (%) 12 (16%) 3 (9%) 0.70 24 (14%) 0.70 0.70

Malignancy (%) 11 (14%) 5 (14%) 1.00 12 (7%) 0.25 0.25

Neurological disease (%) 15 (19%) 4 (11%) 0.42 44 (25%) 0.42 0.36

Psychiatric disease (%) 4 (5%) 2 (6%) 1.00 20 (11%) 0.49 0.81

Stressful trigger (%) 50 (65%) 28 (80%) 0.38 125 (71%) 0.38 0.38

Physical trigger (%) 24 (31%) 20 (57%) 0.018 54 (31%) 1.00 0.011

Emotional trigger (%) 25 (32%) 8 (32%) 0.37 74 (42%) 0.25 0.11

Creatinine concentration (μmol/L) 89.7 (74.3–124.0) 91.9 (72.7–106.6) 0.71 81.3 (69.8–98.6) 0.11 0.71

Apical ballooning (%) 56 (73%) 32 (89%) 1.00 130 (74%) 1.00 1.00

Midventricular ballooning (%) 16 (21%) 2 (6%) 0.080 36 (20%) 0.080 1.00

Basal ballooning (%) 3 (0%) 0 (0%) 0.83 1 (0%) 1.00 0.26

Initial EF (%) 45.2 ± 12.5 38.4 ± 11.3 0.021 44.5 ± 13.6 0.87 0.019

TSH, Thyroxine stimulating hormone; FT4, free thyroxine; FT3, free triiodothyronine SPINA-GT, thyroid’s secretory capacity, SPINA-GD, sum activity of peripheral deiodinases; JTI, Jostel’s TSH index; TTSI,
thyrotroph thyroid hormone resistance index (TTSI); TFQI, thyroid feedback quantile-based index (TFQI); BMI, body mass index; EF, left ventricular ejection fraction. Data are reported as mean ± SD, median
(1st–3rd quartile) or count (percentage).

Table 2: Characteristics of the three clusters. The figures in the first two lines refer to medoids of TSH and FT4 concentration as identified by the clustering algorithm.

Survivors Non-survivors (all-cause fatality) p

TSH (mIU/L), n = 411 1.4 (0.7–2.6) 1.3 (0.5–1.8) 0.051

FT4 (pmol/L), n = 289 14.0 (12.1–16.5) 14.5 (12.8–17.1) 0.11

FT3 (pmol/L), n = 169 4.1 (3.2–4.6) 3.3 (1.5–3.9) 0.012

SPINA-GT (pmol/s), n = 269 2.9 (2.0–5.8) 3.8 (2.7–7.1) 0.015

SPINA-GD (nmol/s), n = 169 26.3 (16.5–30.5) 18.9 (11.3–25.0) 0.0053

JTI, n = 288 2.2 (1.5–2.9) 2.0 (1.3–2.6) 0.090

TTSI, n = 288 62.9 (28.3–119.5) 51.4 (22.5–85.7) 0.069

TFQI, n = 288 0.27 (0.03–0.63) 0.25 (0.02–0.49) 0.14

TSH, Thyroxine stimulating hormone; FT4, free thyroxine; FT3, free triiodothyronine SPINA-GT, thyroid’s secretory capacity, SPINA-GD, sum activity of peripheral
deiodinases; JTI, Jostel’s TSH index; TTSI, thyrotroph thyroid hormone resistance index (TTSI); TFQI, thyroid feedback quantile-based index (TFQI); Data are reported as
mean ± SD, median (1st–3rd quartile) or count (percentage).

Table 3: Markers of thyroid function in the study population.
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Survivors (n = 69) Non-survivors
(all-cause fatality) (n = 38)

p

Normal thyroid function 21 (30%) 5 (13%) 0.079

TACITUS syndrome 26 (38%) 19 (50%) 0.087

Type 2 allostatic response 10 (14%) 2 (5%) 1.00

Thyrotoxicosis 10 (14%) 11 (29%) 0.038

Primary hypothyroidism 2 (3%) 1 (3%) 1.00

TACITUS, Thyroid Allostasis in Critical Illness, Tumors, Uremia, and Starvation.

Table 4: Classes of thyroid function and total survival.

Articles
and the prevalence of thyrotoxicosis was higher in fatal
cases; (5) low TSH and FT3 concentration, high FT4
concentration, low SPINA-GD and high SPINA-GT
predicted long-term fatality in the Kaplan–Meier anal-
ysis; (6) the TSLT cluster predicts better long-term sur-
vival; (7) the FT3 concentration was lower in subjects
affected by cardiogenic shock.

Our study presents a detailed multicentre analysis
aimed at evaluating the clinical and prognostic signifi-
cance of thyroid function in patients with TTS.

Both groups of primary thyrotoxicosis and type 2
allostatic load are marked by elevated concentrations
of free T4 and fall into TSHT cluster. The high
Fig. 3: Kaplan–Meier survival curves based on

www.thelancet.com Vol 102 April, 2024
proportion of patients in TSHT cluster suggests a
possible triggering mechanism for the development
of TTS, which would be in accordance with our pre-
vious study and case reports observing an association
between TTS and thyrotoxicosis.12,19,29 Interestingly,
the rate of thyrotoxicosis in non-survivors among TTS
is significantly higher compared to survivors. This
finding is important to identify patients with TTS at
higher risk.

Up to now, the distinct mechanisms by which
thyrotoxicosis is able to elicit TTS remains poorly un-
derstood. Previous reports described TTS in thyrotoxi-
cosis of different origins including true endogenous
cutoff values derived from phi statistics.

9
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Fig. 4: Association of clusters with total fatality (left) and time-course of survival (right).
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hyperthyroidism, destructive thyroiditis and factitious
thyrotoxicosis.12,20–24

The sympatho-adrenergic system plays a pivotal role
in the pathogenesis of TTS.14 Thyroid hormones are able
to sensitize the heart for catecholamines by stimulating
the expression of beta-adrenoceptors in cardiomyocytes,
with subsequent positive inotropic and chronotropic
effects.26,28,37–39 Therefore, an excess of thyroid hormones
might potentiate the effects of catecholamines in the
myocardial tissue, resulting in increased sensibility to
stress events and heart stunning.40,41 Conversely, intra-
cellular cAMP formed by activated beta-adrenoceptors is
able to stimulate the expression of a number of genes
including that of type 2 deiodinase (DIO2), which con-
verts T4 to T3 and 3,5-T2, i.e., to more active thyroid
hormones.42 Therefore, in the combination of stress
with elevated concentration of T4 a positive feedback
loop between catecholaminergic signaling and activation
of thyroid hormones may arise, eventually igniting the
transition to TTS.

The above-mentioned pattern of type 2 allostatic
load includes higher FT4 concentrations despite non-
suppressed TSH concentration. This pattern does not
result from primary hyperthyroidism but marks the
constellation of an elevated “set point” of the ho-
meostatic system. A high set point is characterized by
an increased or at least non-suppressed TSH con-
centration despite an elevated FT4 concentration.43

Temporarily or permanently elevated set points
result from increased TSH secretion due to elevated
hypothalamic TRH input. They have been described
in conditions associated to type 2 allostatic load
including obesity, acute psychosis, endurance
training, adaptation to cold and post-traumatic stress
disorder.44
The hypothalamic-pituitary-thyroid (HPT) axis acts as
an adaptive, dynamic system, which in unstrained
resting conditions operates as a homeostatic regulator,
aiming at constant value control and maintaining serum
concentrations of thyroid hormones in the vicinity of a
fixed set point.45 However, in type 2 allostatic load
resulting from an expected increase in energy demand,
although the cumulative energy balance is still suffi-
cient,46 elevations of the set point are common. This
constellation is typical in psychosocial stress situations.44

Of note, psychosocial stress is known as the main
trigger for TTS, and its effect may be mediated by
altered thyroid hormone concentrations consistent with
type 2 thyroid allostasis. Templin et al. demonstrated
hypoconnectivity of central brain regions associated
with autonomic functions and regulation of the limbic
system in patients with TTS.47 The authors concluded
that autonomic-limbic integration and particularly hy-
pothalamic regions might play an important role in the
pathophysiology of TTS. A possible linkage between
type 2 thyroid allostasis and TTS could be given by an
interaction between the so-called brain-heart axis and
the HPT axis.

Abnormal thyroid hormone concentrations seem to
be the rule rather than the exception in TTS as reported
previously30 and this study confirmed this finding. It
also reproduces a similar pattern of clusters as in our
previous study.

In our cohort, the largest group of patients (42%)
suffered from TACITUS syndrome, also referred to as
non-thyroidal illness syndrome (NTIS), euthyroid sick
syndrome (ESS) or low-T3-syndrome. It is well estab-
lished that about 30% of hospitalized patients and more
than 60% of patients affected by critical illness experi-
ence transient changes in serum concentrations of TSH
www.thelancet.com Vol 102 April, 2024
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Univariable HR (95% CI) p Multivariable HR (95% CI) p Hierarchical HR (95% CI) p

TSH (mIU/L) 0.87 (0.75–1.01) 0.067 0.79 (0.66–0.96) 0.015 0.88 (0.76–1.03) 0.10

FT4 (pmol/l) 1.00 (0.97–1.03) 0.94 0.99 (0.96–1.02) 0.62

FT3 (pmol/L) 0.76 (0.62–0.93) 0.0089 0.81 (0.65–0.99) 0.040 0.76 (0.62–0.94) 0.012

Age (years) 1.03 (1.02–1.05) <0.0001

Female sex 0.62 (0.40–0.96) 0.032 0.20 (0.09–0.44) <0.0001

Hypertension 0.97 (0.70–1.33) 0.84 0.97 (0.69–1.25) 0.85

Diabetes mellitus 1.45 (1.00–2.11) 0.051 1.52 (1.04–2.22) 0.032

Hypercholesterolemia 0.82 (0.60–1.13) 0.23 0.81 (0.58–1.20) 0.20

Smoking 0.80 (0.54–1.18) 0.26 0.21 (0.54–1.21) 0.30

Atrial fibrillation 2.09 (1.43–3.06) <0.0001 4.16 (1.85–9.34) <0.0001 2.18 (1.48–3.21) <0.0001

Malignancy 1,72 (1.14–2.59) 0.0094 1.69 (1.11–2.57) 0.014

Neurological disease 1.43 (0.99–2.07) 0.058 6.63 (3.85–16.05) <0.0001 1.48 (1.02–2.16) 0.041

Psychiatric disease 0.75 (0.40–1.37) 0.35 0.75 (0.40–1.39) 0.36

Stressful trigger 0.75 (0.55–1.03) 0.073 0.00 (0.00–0.01) <0.0001 0.77 (0.56–1.06) 0.11

Physical trigger 1.45 (1.07–1.98) 0.018 253.04 (129.6–494.2) <0.0001 1.44 (1.05–1.98) 0.024

Emotional trigger 0.58 (0.41–0.82) 0.0023 25.14 (11.14–56.72) <0.0001 0.59 (0.41–0.85) 0.0042

Creatinine (μmol/L) 1.00 (1.00–1.01) <0.0001 1.01 (1.00–1.01) <0.0001

Apical ballooning 1.66 (1.12–2.47) 0.012 9.75 (3.59–26.44) <0.0001 1.60 (1.07–2.39) 0.022

Midvent. ballooning 0.68 (0.44–1.04) 0.076 0.70 (0.45–1.09) 0.11

Basal ballooning 0.99 (0.37–2.68) 0.99 0.96 (0.35–2.62) 0.93

Focal ballooning 1.29 (0.32–5.19) 0.73 1.20 (0.29–4.93) 0.80

Initial EF (%) 0.96 (0.95–0.97) <0.0001 0.93 (0.90–0.95) <0.0001 0.96 (0.95–0.97) <0.0001

TSH, Thyroxine stimulating hormone; FT3, free triiodothyronine; EF, left ventricular ejection fraction. For the hierarchical model age and sex were defined as shared frailty
clusters.

Table 5: Univariable, adjusted minimal multivariable and hierarchical models from Cox regression for all-cause fatality.

Articles
and thyroid hormones.44 Characteristic patterns are low
concentrations of FT3, impaired plasma protein binding
of thyroid hormones and, in more severe cases, thyro-
tropic adaptation with a downward shift of the set point
characterized by paradoxically low TSH levels in the
presence of normal or even low concentrations of FT4.
Over the previous decades, a plethora of studies
confirmed in very different types of non-thyroidal illness
that the presence of TACITUS syndrome predicts poor
prognosis. In this study cohort, this condition did not
indicate significantly higher fatality, although a trend to
a worse prognosis could be observed. However, after
performing a ROC analysis to determine thresholds
dependent on thyroid hormone metabolic parameters
we detected a considerable correlation to survival. In
other words, all thyroid hormone metabolic parameters
predict fatality. This finding is in accordance with
epidemiologic observations demonstrating a U-shaped
relationship between thyroid function and heart failure,
severe arrhythmia and other adverse cardiovascular
events.28,48,49

Our data underscore the importance of the thyroid–
heart interaction and its impact on fatality among pa-
tients affected by TTS. This is even more interesting
since historical investigations on endocrine character-
istics of TTS focused only on the role of low estradiol
levels and diabetes comorbidity and their impact on the
prognosis of affected patients. Better biomarkers, which
www.thelancet.com Vol 102 April, 2024
are associated with the prognosis of TTS are highly
required, and thyroid hormones may be among them.

Several limitations have to be mentioned. This study
is a sub-analysis of a cohort of patients included in the
GEIST Registry. Of note, not in every patient all thyroid
hormone concentrations of interest (TSH, FT3 and FT4)
were recorded. Therefore, the sample size is not as high
as we expected. Additionally, the fact that thyroid hor-
mones were measured in a subgroup only may be a
source of selection bias. This is a result of the observa-
tional nature of the registry design. Our additional an-
alyses, where we compared persons with and without
measurement of thyroid hormones, suggest, however,
that this does not lead to a major distortion. It may still
introduce sparse data bias, which may occur even in
large datasets.50 This possibility is demonstrated by wide
and potentially inflated confidence intervals and hazard
ratio estimates for certain variables.

Reporting hazard ratios may raise problems due to
potential change in HR over time and the generation of
selection bias.51

The data were retrospectively analysed and origi-
nated from different laboratory analytic devices due to
the multicentre design of this investigation. Therefore,
the comparability of results obtained from different
centers may be limited. Apart from the heterogeneity in
the laboratory methods, the study design may introduce
additional unmeasured confounding factors. We did not
11
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obtain systemic blood glucose levels. It is noteworthy
that data suggest diabetes may have a protective effect in
TTS.52

Furthermore, the etiology of thyroid dysfunction was
not comprehensively documented. E.g., the group of
primary thyrotoxicosis included Graves’ disease, toxic
multinodular goitre and factitious thyrotoxicosis, but
was in the majority of cases not characterized from a
nosological perspective, and data from imaging studies
or antibody determination were not available. The role
of time series of thyroid hormone concentrations during
the in-hospital stay could not be evaluated in the present
analysis due to low sample size. This should be a topic
of a future prospective study if enough data points can
be obtained.

In summary, the present study demonstrates that
thyroid hormones play a significant role in the evolu-
tion of TTS and its prognosis. It might, therefore, pave
the way to novel therapeutic options. Innovative
thyroid-derived biomarkers may help to identify high-
risk patients with TTS and promote a personalized
and preventive use of several drugs to reduce all-cause
fatality.

Contributors
All authors take responsibility for the content of the manuscript. AA,
JWD, IA, IE contributed to the conception and design of the study. AA,
JWD, MCF, IA, IE, AM analysed and interpreted the patient data. AA,
JWD, FS, TS, IE have directly accessed and verified the underlying data
in the manuscript. AA, JWD, IE performed the statistical analyses. AA,
JWD, IA, IE were major contributors in writing the manuscript. All
authors contributed to data collection. All authors read and approved the
final manuscript.

Data sharing statement
The datasets used for the analysis in the current study and source code
for evaluation are available from the corresponding author upon
reasonable request.

Declaration of interests
JWD received funding and personal fees from Novo Nordisk, VitalAire,
Abbott, Medtronic, Oviva, Egetis Therapeutics, myhomecare, aidhere,
Ascensia Diabetes Care, Sanofi-Henning, Hexal AG, Bristol-Myers
Squibb, and Pfizer, and is the co-owner of the intellectual property
rights for the patent “System and Method for Deriving Parameters for
Homeostatic Feedback Control of an Individual” (Singapore Institute for
Clinical Sciences, Biomedical Sciences Institutes, Application Number
201208940-5, WIPO number WO/2014/088516). IE received funding
from Else-Kröner-Fresenius Foundation (No. 2022_EKES.48) and
Innovationforum (No. IF-034-22). All other authors declare no conflict of
interest.

Acknowledgements
None.

Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.
org/10.1016/j.ebiom.2024.105063.
References
1 Templin C, Ghadri JR, Diekmann J, et al. Clinical features and

outcomes of takotsubo (stress) cardiomyopathy. N Engl J Med.
2015;373:929–938.
2 El-Battrawy I, Santoro F, Stiermaier T, et al. Incidence and clinical
impact of recurrent takotsubo syndrome: results from the GEIST
registry. J Am Heart Assoc. 2019;8:e010753.

3 El-Battrawy I, Erath JW, Lang S, et al. Takotsubo syndrome and
cardiac implantable electronic device therapy. Sci Rep. 2019;9:
16559.

4 El-Battrawy I, Lang S, Ansari U, et al. Impact of concomitant atrial
fibrillation on the prognosis of Takotsubo cardiomyopathy. Euro-
pace. 2016;19(8):1288–1292.

5 El-Battrawy I, Lang S, Ansari U, et al. Prevalence of malignant
arrhythmia and sudden cardiac death in takotsubo syndrome and
its management. Europace. 2018;20:843–850.

6 El-Battrawy I, Gietzen T, Ansari U, et al. Short-term and long-term
incidence of stroke in Takotsubo syndrome. ESC Heart Fail.
2018;5:1191–1194.

7 Almendro-Delia M, Núñez-Gil IJ, Lobo M, et al. Short- and long-
term prognostic relevance of cardiogenic shock in takotsubo syn-
drome: results from the RETAKO registry. JACC Heart Fail.
2018;6(11):928–936. https://doi.org/10.1016/j.jchf.2018.05.015.

8 Bybee KA, Kara T, Prasad A, et al. Systematic review: transient left
ventricular apical ballooning: a syndrome that mimics ST-segment
elevation myocardial infarction. Ann Intern Med. 2004;141(11):858–
865.

9 Gianni M, Dentali F, Grandi AM, Sumner G, Hiralal R, Lonn E.
Apical ballooning syndrome or takotsubo cardiomyopathy: a sys-
tematic review. Eur Heart J. 2006;27(13):1523–1529.

10 Salmoirago-Blotcher E, Dunsiger S, Swales HH, et al. Reproductive
history of women with takotsubo cardiomyopathy. Am J Cardiol.
2016;118(12):1922–1928. https://doi.org/10.1016/j.amjcard.2016.
08.083. PMID 27742423.

11 Ghadri JR, Wittstein IS, Prasad A, et al. International expert
consensus document on takotsubo syndrome (Part I): clinical
characteristics, diagnostic criteria, and pathophysiology. Eur Heart
J. 2018;39(22):2032–2046.

12 Gupta S, Goyal P, Idrees S, Aggarwal S, Bajaj D, Mattana J. Asso-
ciation of endocrine conditions with takotsubo cardiomyopathy: a
comprehensive review. J Am Heart Assoc. 2018;7(19):e009003.
https://doi.org/10.1161/JAHA.118.009003. PMID 30371307.

13 Lemor A, Ramos-Rodriguez AJ, De La Villa R, et al. Impact of gender
on in-hospital outcomes in patients with Takotsubo syndrome: a
nationwide analysis from 2006 to 2014. Clin Cardiol. 2019;42(1):13–
18. https://doi.org/10.1002/clc.23109. PMID 30393886.

14 Pelliccia F, Kaski JC, Crea F, Camici PG. Pathophysiology of takot-
subo syndrome. Circulation. 2017;135(24):2426–2441. https://doi.
org/10.1161/CIRCULATIONAHA.116.027121. PMID 28606950.

15 Smeijers L, Szabó BM, van Dammen L, et al. Emotional, neuro-
hormonal, and hemodynamic responses to mental stress in Tako-
Tsubo cardiomyopathy. Am J Cardiol. 2015;115(11):1580–1586.
https://doi.org/10.1016/j.amjcard.2015.02.064. PMID 25910524.

16 Wittstein IS, Thiemann DR, Lima JAC, et al. Neurohumoral fea-
tures of myocardial stunning due to sudden emotional stress.
N Engl J Med. 2005;352:539–548.

17 Paur H, Wright PT, Sikkel MB, et al. High levels of circulating
epinephrine trigger apical cardiodepression in a β2-adrenergic re-
ceptor/Gi-dependent manner: a new model of Takotsubo cardio-
myopathy. Circulation. 2012;126(6):697–706.

18 Nakano T, Onoue K, Nakada Y, et al. Alteration of β-adrenoceptor
signaling in left ventricle of acute phase takotsubo syndrome: a
human study. Sci Rep. 2018;8(1):12731. https://doi.org/10.1038/
s41598-018-31034-z.

19 Pelliccia F, Parodi G, Greco C, et al. Comorbidities frequency in
Takotsubo syndrome: an international collaborative systematic re-
view including 1109 patients. Am J Med. 2015;128(6):654.e11–654.
e19.

20 Balsa AM, Ferreira AR, Alves M, Guimarães J. Takotsubo cardio-
myopathy associated with levothyroxine over-replacement. Eur
Endocrinol. 2017;13(1):30–32.

21 Dimakopoulou A, Vithian K, Gannon D, Harkness A. Stress car-
diomyopathy (Takotsubo) following radioactive iodine therapy.
Endocrinol Diabetes Metab Case Rep. 2015;2015:15–53.

22 Eliades M, El-Maouche D, Choudhary C, Zinsmeister B,
Burman KD. Takotsubo cardiomyopathy associated with thyrotox-
icosis: a case report and review of the literature. Thyroid.
2014;24(2):383–389.

23 Al-Salameh A, Allain J, Meimoun P, Benali T, Desailloud R.
Takotsubo cardiomyopathy can occur in patients with apathetic
hyperthyroidism. Thyroid. 2014;24(2):400–401.
www.thelancet.com Vol 102 April, 2024

https://doi.org/10.1016/j.ebiom.2024.105063
https://doi.org/10.1016/j.ebiom.2024.105063
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref1
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref1
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref1
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref2
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref2
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref2
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref3
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref3
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref3
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref4
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref4
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref4
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref5
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref5
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref5
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref6
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref6
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref6
https://doi.org/10.1016/j.jchf.2018.05.015
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref8
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref8
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref8
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref8
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref9
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref9
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref9
https://doi.org/10.1016/j.amjcard.2016.08.083
https://doi.org/10.1016/j.amjcard.2016.08.083
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref11
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref11
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref11
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref11
https://doi.org/10.1161/JAHA.118.009003
https://doi.org/10.1002/clc.23109
https://doi.org/10.1161/CIRCULATIONAHA.116.027121
https://doi.org/10.1161/CIRCULATIONAHA.116.027121
https://doi.org/10.1016/j.amjcard.2015.02.064
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref16
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref16
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref16
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref17
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref17
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref17
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref17
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref17
https://doi.org/10.1038/s41598-018-31034-z
https://doi.org/10.1038/s41598-018-31034-z
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref19
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref19
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref19
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref19
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref20
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref20
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref20
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref21
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref21
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref21
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref22
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref22
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref22
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref22
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref23
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref23
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref23
http://www.thelancet.com


Articles
24 Miyazaki S, Kamiishi T, Hosokawa N, et al. Reversible left ven-
tricular dysfunction “takotsubo” cardiomyopathy associated with
hyperthyroidism. Jpn Heart J. 2004;45(5):889–894.

25 Zoltowska DM, Agrawal Y, Patria S, et al. Association between
hypothyroidism and takotsubo cardiomyopathy: analysis of
nationwide inpatient sample database. Rev Recent Clin Trials.
2018;13(3):222–225. https://doi.org/10.2174/157488711366618040
2144600. PMID 29607786.

26 Vassy R, Yin YL, Perret GY. Acute effect of T3 on beta-
adrenoceptors of cultured chick cardiac myocytes. In:
Braverman LE, Eber O, Langsteger W, eds.Heart and thyroid. Wien:
Blackwell-MZV; 1994:165–168.

27 Carvalho-Bianco SD, Kim BW, Zhang JX, et al. Chronic cardiac-
specific thyrotoxicosis increases myocardial beta-adrenergic
responsiveness. Mol Endocrinol. 2004;18(7):1840–1849.

28 Müller P, Leow MK, Dietrich JW. Minor perturbations of thyroid
homeostasis and major cardiovascular endpoints-Physiological
mechanisms and clinical evidence. Front Cardiovasc Med. 2022;9:
942971. https://doi.org/10.3389/fcvm.2022.942971.

29 Aweimer A, El-Battrawy I, Akin I, et al. Abnormal thyroid function
is common in takotsubo syndrome and depends on two distinct
mechanisms: results of a multicentre observational study. J Intern
Med. 2021;289:675–687.

30 Lyon AR, Bossone E, Schneider B, et al. Current state of knowledge
on takotsubo syndrome: a position statement from the taskforce on
takotsubo syndrome of the heart failure association of the European
society of cardiology. Eur J Heart Fail. 2016;18:8–27.

31 Evangelista A, Flachskampf F, Lancellotti P, et al. European Asso-
ciation of Echocardiography recommendations for standardization
of performance, digital storage and reporting of echocardiographic
studies. Eur J Echocardiogr. 2008;9:438–448.

32 Dietrich JW, Stachon A, Antic B, Klein HH, Hering S. The AQUA-
FONTIS study: protocol of a multidisciplinary, cross-sectional and
prospective longitudinal study for developing standardized di-
agnostics and classification of non-thyroidal illness syndrome.
BMC Endocr Disord. 2008;8:13. https://doi.org/10.1186/1472-6823-
8-13.

33 Dietrich JW, Landgrafe-Mende G, Wiora E, et al. Calculated pa-
rameters of thyroid homeostasis: emerging tools for differential
diagnosis and clinical research. Front Endocrinol. 2016;7:57. https://
doi.org/10.3389/fendo.2016.00057.

34 Hoermann R, Midgley JEM, Larisch R, Dietrich JW. The role of
functional thyroid capacity in pituitary thyroid feedback regulation. Eur
J Clin Invest. 2018;48(10):e13003. https://doi.org/10.1111/eci.13003.

35 Laclaustra M, Moreno-Franco B, Lou-Bonafonte JM, et al. Impaired
sensitivity to thyroid hormones is associated with diabetes and
metabolic syndrome. Diabetes Care. 2019;42(2):303–310. https://
doi.org/10.2337/dc18-1410.

36 Struyf Anja, Hubert Mia, Rousseeuw Peter. Clustering in an object-
oriented environment. J Stat Software. 1997;1(4):1–30.

37 Canaris GJ, Manowitz NR, Mayor G, Ridgway EC. The Colorado
thyroid disease prevalence study. Arch Intern Med. 2000;160:526–
534.
www.thelancet.com Vol 102 April, 2024
38 Bahouth SW. Thyroid hormones transcriptionally regulate the
beta1-adrenergic receptor gene in cultured ventricular myocytes.
J Biol Chem. 1991;266(24):15863–15869.

39 Vassy R, Nicolas P, Yin YL, Perret GY. Nongenomic effect of
triiodothyronine on cell surface beta-adrenoceptors in cultured
embryonic cardiac myocytes. Proc Soc Exp Biol Med. 1997;214:352–
358.

40 Walker JD, Crawford FA, Kato S, Spinale FG. The novel effects of 3,
5,3’-triiodo-L-thyronine on myocyte contractile function and beta-
adrenergic responsiveness in dilated cardiomyopathy. J Thorac
Cardiovasc Surg. 1994;108(4):672–679.

41 Levey GS. Catecholamine sensitivity, thyroid hormone and the
heart: a reevaluation. Am J Med. 1971;50(4):413–420.

42 Bianco AC, Maia AL, da Silva WS, Christoffolete MA. Adaptive
activation of thyroid hormone and energy expenditure. Biosci Rep.
2005;25(3–4):191–208. https://doi.org/10.1007/s10540-005-2885-6.
PMID: 16283553.

43 Beck-Peccoz P, Lania A, Beckers A, Chatterjee K, Wemeau JL. 2013
European thyroid association guidelines for the diagnosis and
treatment of thyrotropin-secreting pituitary tumors. Eur Thyroid J.
2013;2(2):76–82. https://doi.org/10.1159/000351007.

44 Chatzitomaris A, Hoermann R, Midgley JE, et al. Thyroid allostasis-
adaptive responses of thyrotropic feedback control to conditions of
strain, stress, and developmental programming. Front Endocrinol.
2017;8:163.

45 Hoermann R, Midgley JE, Larisch R, et al. Homeostatic control of
the thyroid-pituitary axis: perspectives for diagnosis and treatment.
Front Endocrinol. 2015;6:177.

46 McEwen BS, Wingfield JC. The concept of allostasis in biology and
biomedicine. Horm Behav. 2003;43(1):2–15. https://doi.org/10.
1016/S0018-506X(02)00024-7.

47 Templin C, Hänggi J, Klein C, et al. Altered limbic and autonomic
processing supports brain-heart axis in Takotsubo syndrome. Eur
Heart J. 2019;40(15):1183–1187.

48 Gencer B, Collet TH, Virgini V, et al, Thyroid Studies Collabora-
tion. Subclinical thyroid dysfunction and the risk of heart failure
events: an individual participant data analysis from 6 prospective
cohorts. Circulation. 2012;126(9):1040–1049.

49 Kannan L, Shaw PA, Morley MP, et al. Thyroid dysfunction in heart
failure and cardiovascular outcomes. Circ Heart Fail. 2018;11(12):
e005266. https://doi.org/10.1161/CIRCHEARTFAILURE.118.
005266. PMID: 30562095; PMCID: PMC6352308.

50 Greenland S, Mansournia MA, Altman DG. Sparse data bias: a
problem hiding in plain sight. BMJ. 2016;352:i1981. https://doi.
org/10.1136/bmj.i1981. PMID: 27121591.

51 Hernán MA. The hazards of hazard ratios. Epidemiology.
2010;21(1):13–15. https://doi.org/10.1097/EDE.0b013e3181c1ea43.
Erratum in: Epidemiology. 2011 Jan;22(1):134. PMID: 20010207;
PMCID: PMC3653612.

52 Madias JE. Diabetes mellitus prevalence in patients with takotsubo
syndrome: the case of the brain-heart disconnect. Heart Lung.
2018;47(3):222–225. https://doi.org/10.1016/j.hrtlng.2018.02.007.
Epub 2018 Mar 21. PMID: 29573816.
13

http://refhub.elsevier.com/S2352-3964(24)00098-7/sref24
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref24
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref24
https://doi.org/10.2174/1574887113666180402144600
https://doi.org/10.2174/1574887113666180402144600
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref26
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref26
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref26
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref26
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref27
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref27
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref27
https://doi.org/10.3389/fcvm.2022.942971
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref29
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref29
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref29
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref29
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref30
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref30
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref30
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref30
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref31
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref31
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref31
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref31
https://doi.org/10.1186/1472-6823-8-13
https://doi.org/10.1186/1472-6823-8-13
https://doi.org/10.3389/fendo.2016.00057
https://doi.org/10.3389/fendo.2016.00057
https://doi.org/10.1111/eci.13003
https://doi.org/10.2337/dc18-1410
https://doi.org/10.2337/dc18-1410
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref36
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref36
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref37
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref37
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref37
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref38
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref38
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref38
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref39
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref39
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref39
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref39
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref40
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref40
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref40
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref40
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref41
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref41
https://doi.org/10.1007/s10540-005-2885-6
https://doi.org/10.1159/000351007
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref44
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref44
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref44
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref44
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref45
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref45
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref45
https://doi.org/10.1016/S0018-506X(02)00024-7
https://doi.org/10.1016/S0018-506X(02)00024-7
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref47
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref47
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref47
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref48
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref48
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref48
http://refhub.elsevier.com/S2352-3964(24)00098-7/sref48
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005266
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005266
https://doi.org/10.1136/bmj.i1981
https://doi.org/10.1136/bmj.i1981
https://doi.org/10.1097/EDE.0b013e3181c1ea43
https://doi.org/10.1016/j.hrtlng.2018.02.007
http://www.thelancet.com

	Takotsubo syndrome outcomes predicted by thyroid hormone signature: insights from cluster analysis of a multicentre registry
	Introduction
	Methods
	Statistics
	Ethics
	Role of funders

	Results
	Study population
	Primary endpoint: survival
	Survivors vs. non-survivors
	Cluster analysis
	Markers of thyroid function and classes of thyroid function among non-survivors and survivors
	Long-term fatality according to thyroid function
	Multivariable prediction model of survival

	Secondary composite endpoint

	Discussion
	ContributorsAll authors take responsibility for the content of the manuscript. AA, JWD, IA, IE contributed to the conceptio ...
	Data sharing statementThe datasets used for the analysis in the current study and source code for evaluation are available  ...
	Declaration of interests
	Acknowledgements
	Appendix A. Supplementary data
	References


