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Abstract

Background and 
Aims

Takotsubo syndrome (TTS) closely mimics acute coronary syndrome (ACS). Early differentiation remains chal
lenging because diagnosis currently relies on medical, psychiatric, and neurological history, repeated cardiac im
aging, and exclusion of a culprit epicardial coronary artery lesion, generally with invasive coronary angiography 
(ICA). The aim of this study was to develop and externally validate a biomarker-based diagnostic score support
ing the early differentiation of TTS from ACS before ICA.

Methods In this study, 3615 patients with ACS or TTS from overlapping registries were investigated. Circulating levels of es
tablished and emerging cardiovascular biomarkers were measured before ICA. A biomarker-based diagnostic score 
for TTS (BioTAK) was developed in a cohort of 1823 patients (ACS n = 1754; TTS n = 69) using machine learning- 
guided feature selection and logistic regression and externally validated in an independent cohort of 1792 patients 
(ACS n = 1715; TTS n = 77).

Results The final five-item score incorporated biomarkers reflecting myocardial stress (N-terminal pro-B-type natriuret
ic peptide), vasoconstriction and anxiety regulation (peptidylglycine α-amidating monooxygenase),  
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atherosclerotic plaque instability (soluble lectin-like oxidized low-density lipoprotein receptor-1), and lipid me
tabolism (low-density lipoprotein cholesterol), along with sex. BioTAK demonstrated excellent discrimination 
between TTS and ACS in the development cohort [area under the receiver operating characteristic curve 
(AUC) .97, 95% confidence interval (CI) .95–.98] and maintained high performance on external validation 
(AUC .93, 95% CI .90–.96), with good calibration. Using predefined rule-in and rule-out thresholds, the score 
stratified almost 90% of patients to a likely diagnosis prior to ICA.

Conclusions TTS is characterized by a distinct biomarker profile reflecting pathophysiological differences from ACS. The non- 
subjective biomarker-based BioTAK score can support the early identification of TTS, help streamline diagnostic 
pathways, and might reduce potentially avoidable invasive procedures in patients presenting with suspected 
ACS.

Clinical Trial 
Registration

NCT01000701, NCT01947621

Structured Graphical abstract

Currently, takotsubo syndrome (TTS) is diagnosed based on clinical examination, medical, psychiatric, and neurological history, repeated 
cardiac imaging, and coronary angiography, leading to delayed diagnosis and potentially avoidable invasive procedures. Can biomarkers 
help the early differentiation of TTS from acute coronary syndrome (ACS)?

Key Question

Key Finding
BioTAK score included biomarkers of myocardial wall stress (N-terminal pro-B-type natriuretic peptide), vasoconstriction and
anxiety regulation (peptidylglycine α-amidating monooxygenase), atherosclerotic plaque instability (soluble lectin-like oxidised low-
density lipoprotein receptor-1), and lipid metabolism (low-density lipoprotein cholesterol), along with sex. The simple five-item BioTAK 
score can support early diagnosis of TTS with high accuracy prior to invasive coronary angiography.

Take Home Message
The novel BioTAK score is an externally validated non-subjective tool to support early rule-in and rule-out of TTS in patients 
presenting with suspected ACS.

TTS frequently mimics acute coronary syndrome posing a challenge to early diagnosis in routine clinical practice. Based on marked di�erences in the pathophysiology of the two 
diseases, we hypothesized that circulating biomarker pro�les may enable earlier diagnosis. We measured established and emerging cardiovascular biomarkers in 3615 patients with 
acute coronary syndrome or TTS to develop and externally validate a new diagnostic score (BioTAK score) based on biomarkers and objective clinical variables that are available 
early in the diagnostic pathway. Incorporating biomarkers of myocardial wall stress, vasoconstriction and anxiety regulation, atherosclerotic plaque instability, and lipid 
metabolism, together with sex, BioTAK showed excellent diagnostic performance. This validated diagnostic tool supports accurate early rule-in and rule-out of TTS before 
coronary angiography

AI, arti�cial intelligence; AUC, area under the receiver operating characteristic curve; LDL-C, low-density lipoprotein cholesterol; NPV, negative predictive value; NT-proBNP, 
N-terminal pro B-type natriuretic peptide; PAM, peptidylglycine α-amidating monooxygenase; PPV, positive predictive value; Sens, sensitivity; sLOX, soluble lectin-like oxidized 
low-density lipoprotein; Spec, speci�city; TTS, Takotsubo syndrome
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Introduction
Takotsubo syndrome (TTS) is an acute cardiac condition charac
terized by transient left ventricular systolic dysfunction and dis
tinctive regional wall motion abnormalities that extend beyond 
the distribution of a single epicardial coronary artery.1

Clinically, patients with TTS present with acute chest pain, elec
trocardiographic abnormalities, and elevated cardiac biomar
kers, closely mimicking acute coronary syndrome (ACS).1 TTS is 
currently diagnosed based on a combination of clinical examin
ation, medical, psychiatric, and neurological history taking, re
peated cardiac imaging, and invasive coronary angiography 
(ICA). Overall, it accounts for ∼1%–4% of patients with sus
pected ACS.2–4

The lack of reliable non-invasive tools for early diagnosis of 
TTS often necessitates ICA to exclude a culprit epicardial coron
ary artery lesion. We have previously developed the InterTAK 
diagnostic score5 to support non-invasive diagnosis, however, 
this tool rests largely on psychiatric and neurological patient his
tory and hinges on identifying or excluding a trigger factor, limit
ing its objective applicability and practical utility. Established 
cardiovascular biomarkers appeared promising for supporting 
the diagnosis of TTS in smaller studies, yet their diagnostic value 
proved only modest in a larger international validation study.6

Likewise, micro ribonucleic acid (miRNA) signatures have shown 
potential in initial exploratory analyses, but their clinical applic
ability has remained limited due to high cost, long turnaround 
time, and technical constraints.7 Given the potential conse
quences of delayed or incorrect diagnosis, diagnostic strategies 
should combine early applicability within the clinical care path
way with high accuracy, objectivity, and technical feasibility in 
routine clinical practice.

Recently, several novel biomarkers reflecting key patho
physiological differences between TTS and ACS including myo
cardial stress, vasoconstriction, anxiety regulation, and 
endothelial activation have emerged.8–11 Here, we sought to de
velop and externally validate a simple, non-subjective, 
biomarker-based InterTAK (BioTAK) score for early differenti
ation of TTS from ACS before ICA.

Methods
Study design
Combining two temporally and geographically overlapping prospect
ive registries, we created a large well-characterized cohort of pa
tients with ACS or TTS that features a biobank. We measured 
circulating levels of established and emerging cardiovascular biomar
kers to assess their utility for early diagnosis of TTS. A biomarker- 
enhanced diagnostic score was developed in consecutive patients 
treated at University Hospital Zurich, Switzerland between July 
2011 and January 2018 and externally validated in patients present
ing at a different time and/or at a different study centre. All partici
pants provided written informed consent prior to enrolment. The 
study was conducted in accordance with the Declaration of Helsinki.

Participants
We included patients from the SPUM-ACS and InterTAK registries 
treated between July 2011 and July 2023.

The InterTAK registry (ClinicalTrials.gov ID: NCT01947621; 
www.takotsubo-registry.com) is an investigator-initiated, 

multicentre prospective observational study enrolling patients diag
nosed with TTS. The design of the InterTAK Registry has been de
scribed previously.12 Only patients with TTS enrolled at the 
University Hospital Zurich had available blood samples and were 
included.

The SPUM-ACS registry (ClinicalTrials.gov ID: NCT01000701) is 
an investigator-initiated, multicentre prospective observational 
study including patients presenting with ACS to university hospitals 
across Switzerland.8,10,13,14 At each study site, patient data were 
documented by a trained study nurse using a web-based centralized 
data entry system (CARDIOBASE, Clinical Trial Unit and Department 
of Cardiology, University Hospital Bern, Bern, Switzerland and 
Webspirit Systems GmbH, Ulm, Germany). Patient recruitment and 
data collection were overseen by a study committee involving expert 
cardiologists from each participating study centre.

Biomarker measurements
Based on the clinical literature and pathobiological plausibility, we 
studied biomarkers of myocardial stress and haemodynamic dis
turbance,10,15–28 myocardial injury,1,6,17,29,30 inflammation,5,31–37

plaque instability,9,38,39 vasoconstriction and anxiety regula
tion,40,41 renal dysfunction,8,42–47 and lipid48–51 and glucose metab
olism52 (see Supplementary data online, Table S1). Blood samples 
were collected at the time of presentation prior to coronary angiog
raphy. Following centrifugation, ethylenediaminetetraacetic acid 
plasma samples were immediately frozen and stored at −80°C in 
the central biobank at the University Hospital Zurich. Established 
biomarkers were centrally measured in the core laboratory, 
University Hospital Zurich, Zurich, Switzerland [high-sensitivity 
C-reactive protein (hsCRP), high-sensitivity troponin T (hsTnT), 
and N-terminal pro-B-type natriuretic peptide (NT-proBNP)] or lo
cally in the recruiting hospital. Emerging biomarkers were centrally 
measured using validated assays (see Supplementary data online, 
Table S2). A detailed description of the biomarkers measured, and 
the assays used is provided in the Supplementary data online.

Diagnostic ascertainment
The primary diagnostic outcome was a final diagnosis of TTS. All 
diagnoses of TTS were established according to the InterTAK diag
nostic criteria53 at the local study centre and independently con
firmed by core members of the InterTAK Study Group. Diagnoses 
of ACS were made according to pre-specified criteria at the local 
study centre and reviewed by independent study personnel, as re
ported previously.54

Score development
Candidate predictors were selected based on their availability be
fore coronary angiography and evidence from the clinical literature 
(see Supplementary data online). We evaluated bootstrap selection 
frequency applying machine learning (elastic-net regression) to 
identify the most reliable predictors for a TTS diagnosis (see 
Supplementary data online). Based on variable importance (boot
strap selection frequency) and clinical considerations, five non- 
subjective early predictors were included in a logistic regression 
model for TTS (see Supplementary data online).55 Variables requir
ing medical history taking were not considered. The final model was 
transformed into a diagnostic score (i.e. the BioTAK score; 0–60 
points) available from a nomogram (see Supplementary data 
online, Figure S6), which assigns integer points to each factor based 
on the magnitude of association with TTS. The performance of the 
final model was evaluated in the development and external valid
ation cohorts. Sample size considerations and further information 
on model development are outlined in the Supplementary data 
online (Table S3).
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Performance evaluation
Model performance was evaluated based on internal validation by 
calculating bias (optimism)-corrected performance metrics using 
bootstrap resampling of the development cohort and external valid
ation using unseen data of the validation cohort. We assessed a 
range of aspects of model performance. Discriminatory perform
ance was evaluated by the area under the receiver operating char
acteristic curve (AUC). Calibration was evaluated using smoothed 
calibration curves and by quantifying the calibration slope and the 
calibration-in-the-large. Clinical utility was evaluated through deci
sion curve analyses (see Supplementary data online). This approach 
implicitly accounts for both discrimination and calibration consider
ing the ramifications for clinical decision making. For benchmarking, 
we compared the performance of the BioTAK score to established 
diagnostic models that require medical history taking or imaging 
studies and to established biomarker ratios.5,56 We conducted 
several subgroup analyses to assess the robustness of the new 
score with respect to different population characteristics includ
ing age, sex, diabetes, hypertension, dyslipidaemia, presence of 
ST-segment elevation and evidence of pre-existing coronary artery 
disease (see Supplementary data online). We tested for non- 
inferiority of the BioTAK score compared with the established 
InterTAK diagnostic score,5 the diagnostic score proposed by 
Dagrenat et al.,56 and established biomarker ratios (NT-proBNP/ 
hsTnT ratio, hsTnT/creatine kinase [CK] ratio, NT-proBNP/CK ratio) 
at −.05 delta AUC (positive values indicate better performance of 
BioTAK) using a one-sided hypothesis test (see Supplementary 
data online).

Definition and evaluation of diagnostic 
thresholds
Based on pre-specified performance criteria in the development 
data [threshold for ruling in TTS: ≥99% specificity and ≥55% posi
tive predictive value (PPV); threshold for ruling out TTS: ≥90% sen
sitivity and ≥99% negative predictive value (NPV)] we defined 
groups according to the probability of a TTS diagnosis: a low- 
probability group (0–26 points; ‘TTS unlikely’), an intermediate 
probability group (27–32 points; ‘Reevaluate’), and a high- 
probability group (≥33 points; ‘TTS likely’). In addition, we defined 
a very-high-probability threshold (≥36 points; ‘TTS very likely’) at 
≥99% specificity and ≥80% PPV and a very-low-probability 
threshold (≤21 points; ‘TTS very unlikely’) at ≥99% sensitivity 
and ≥99% NPV. These criteria were based on prior studies and 
clinical considerations.5 The diagnostic accuracy of the BioTAK 
score using these thresholds was assessed by calculating the sen
sitivity, specificity, PPV, and NPV. Given the varying prevalence of 
TTS in the literature, we evaluated PPV and NPV across a range of 
prevalence values (see Supplementary data online, Table S10).

Statistical analyses
A detailed description of the statistical analyses is presented in the 
Supplementary data online. Continuous variables are presented as 
mean and standard deviation or as median and interquartile range 
(IQR), as appropriate. Categorical data are shown as counts and valid 
percentages. Analyses were conducted using multiply imputed data 
(20 imputations) and results were pooled using Rubin’s rules, as ap
propriate (see Supplementary data online, Table S7).8,57,58

Sensitivity analyses using complete cases were performed to evalu
ate a potential effect of the imputation on the results (see 
Supplementary data online, Table S6). Data reporting follows the 
principles outlined by the Transparent Reporting of a multivariable 
prediction model for Individual Prognosis or Diagnosis (TRIPOD) 
statement59 and the Standards for Reporting of Diagnostic 
Accuracy Studies (STARD) statement60 (see Supplementary data 

online, Figures S10 and S11). A one-sided alpha level of .025 was 
used for non-inferiority tests; a two-sided alpha level of .05 was 
used for all other statistical tests. Confidence intervals (CIs) are two- 
sided. Data were analysed in R (version 4.3 or later).

Results
Characterization of biomarker profiles
We enrolled 1823 patients in the development cohort (ACS n =  
1754, TTS n = 69) and 1792 patients in the validation cohort 
(ACS n = 1715, TTS n = 77; see Supplementary data online, 
Figure S1). Patient characteristics are summarized in Table 1.

Both patients with ACS and those with TTS displayed signs 
of myocardial injury. While hsTnT levels were similar in ACS 
and TTS, creatine kinase (CK) was markedly higher in patients 
with ACS (see Supplementary data online, Figure S2). Patients 
with TTS displayed more severe cardiac wall stress, witnessed 
by higher levels of NT-proBNP and glycine-extended adreno
medullin (ADM-Gly). Markers of systemic inflammation, such 
as hsCRP and neutrophil-lymphocyte ratio, were largely com
parable in ACS and TTS. Patients with TTS showed a more fa
vourable lipid profile evidenced by lower levels of low-density 
lipoprotein cholesterol (LDL-C) and higher levels of high- 
density lipoprotein cholesterol (HDL-C). Soluble lectin-like oxi
dized low-density lipoprotein receptor-1 (sLOX-1), a marker of 
endothelial activation and plaque disruption, was markedly 
higher in ACS than in TTS. Circulating levels of peptidylglycine 
α-amidating monooxygenase (PAM), an enzyme involved in 
sympathetic activation and anxiety regulation, were higher in 
TTS compared with ACS. Renal function was reduced in TTS 
compared with ACS, as indicated by lower estimated glomeru
lar filtration rate (eGFR). In the context of higher age and a 
higher proportion of female patients, creatinine levels were 
not elevated in TTS compared with ACS.

Diagnostic value of established and emerging 
biomarkers
Data-driven variable importance analysis ranked seven biomar
kers among the top 15 variables in terms of diagnostic value, of 
which sLOX-1 and PAM had the highest predictive importance 
(Figure 1). Other important biomarkers included markers of myo
cardial stress (NT-proBNP), lipid metabolism (LDL-C, HDL-C), in
flammation (hsCRP), and kidney function (eGFR). Additional 
important patient and disease characteristics included sex, pre
ceding emotional trigger, and dyslipidaemia. Based on bootstrap 
selection frequency and clinical considerations, we included five 
variables in the BioTAK score: NT-proBNP, PAM, sLOX-1, 
LDL-C, and sex.

Performance of the BioTAK score
BioTAK showed excellent discrimination between TTS and ACS 
in the development cohort (AUC .97, 95% CI .95–.98), showing 
consistent results on internal bootstrap validation (see 
Supplementary data online, Table S5). Similar performance was 
observed in the validation cohort (AUC .93, 95% CI .90–.96) 
(Figure 2). Calibration was acceptable in both cohorts (develop
ment cohort: calibration-in-the-large .27, 95% CI −.17–.70, 
P = .228, calibration slope 1.18, 95% CI .98–1.39, P = .084; val
idation cohort: calibration-in-the-large −.07, 95% CI −.44–.30, 
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A

B

Figure 1 Variable selection for differentiating takotsubo syndrome from acute coronary syndrome. (A) Variable importance of predictor 
variables available before coronary angiography in patients with ACS or TTS in the development cohort. Bars represent the bootstrap 
selection frequency across 1000 bootstrap resamples, each analysed using elastic-net regression. Higher values indicate that a variable is 
more reliably associated with takotsubo syndrome. (B) Violin plots of selected biomarkers levels in patients with takotsubo syndrome 
and acute coronary syndrome in the development and validation cohorts. Horizontal lines indicate medians. Groups were compared 
using the Mann–Whitney U test. ACE, angiotensin-converting enzyme; ACS, acute coronary syndrome; ADM, adrenomedullin; 
ADM-Gly, glycine-extended adrenomedullin; ATII, angiotensin II; BMI, body mass index; CABG, coronary artery bypass grafting; 
cDPP3, circulating dipeptidyl peptidase 3; CK, creatine kinase; ECG, electrocardiogram; eGFR, estimated glomerular filtration rate; 
HbA1c, glycated haemoglobin; HDL-C, high-density lipoprotein cholesterol; hsCRP, high-sensitivity C-reactive protein; hsTnT, high- 
sensitivity troponin T; LDL-C, low-density lipoprotein cholesterol; N/L, neutrophil/lymphocyte; NT-proBNP, N-terminal pro-B-type 
natriuretic peptide; PAM, peptidylglycine α-amidating monooxygenase; PCI, percutaneous coronary intervention; PENK, proenkephalin; 
sLOX-1, soluble lectin-like oxidized low-density lipoprotein receptor-1
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P = .726, calibration slope 1.01, 95% CI .85–1.18, P = .874; 
Figure 2 and Supplementary data online, Figures S3 and S4). 
Decision curve analyses suggested favourable clinical utility 
(see Supplementary data online, Figure S5). The non-subjective, 
five-item BioTAK score was non-inferior to the established 
InterTAK diagnostic score,5 which requires seven clinical 
variables including psychiatric and neurological history 
(delta AUC .00, 95% CI −.01–.02, P < .001), to the score by 
Dagrenat et al.,56 which requires six variables including psychi
atric history and cardiac imaging (delta AUC .04, 95% CI 
.02–.06, P < .001) and to established biomarker ratios 
NT-proBNP/hsTnT (delta AUC .22, 95% CI .16–.28, P < .001), 
hsTnT/CK (delta AUC .46, 95% CI .38–.54, P < .001) and 
NT-proBNP/CK (delta AUC .21, 95% CI .15–.27, P < .001). 
BioTAK provided consistent performance across clinical sub
groups (see Supplementary data online, Table S4) and main
tained robust performance on complete case analysis (see 
Supplementary data online, Tables S6 and S8).

Patient stratification according to BioTAK
In the development cohort, the BioTAK score classified 1583 
(86.8%), 196 (10.8%), and 44 (2.4%) patients as having low 
(<27 points), intermediate (27–32 points), and high (≥33 
points) probability of TTS, respectively (Figure 3 and 
Supplementary data online, Figure S7). Thus, 1627 of 1823 pa
tients (89.2%) were assigned to either the low- or the high- 
probability group. Score values at or above the high-probability 
threshold, had a specificity of 99.0% (95% CI 98.4–99.3) and a 
PPV of 59.1% (95% CI 44.4–72.3) to identify TTS. Values 
above the very-high-probability threshold (≥36 points) had 
a specificity of 99.9% (99.7–100) and a PPV of 88.9% 
(56.5–98.0). For ruling out TTS, score values below the low- 
probability threshold, had a sensitivity of 95.7% (95% CI 
88.0–98.5) and a NPV of 99.8% (95% CI 99.4–99.9). Values be
low the very-low-probability threshold (≤21 points) had a sen
sitivity of 98.6% (92.2–99.7) and a NPV of 99.9% (99.5–100). 

Consistent results were obtained in patients presenting with 
and without ST-segment elevation (see Supplementary data 
online, Figures S8 and S9), across other clinical subgroups, 
and on external validation (see Supplementary data online, 
Table S9). When assuming a different prevalence of TTS in 
the intended use population, BioTAK provided robust PPV 
and NPV across the entire range of plausible prevalence values 
(see Supplementary data online, Table S10) suggesting that the 
score could aid rule-in and rule-out TTS in different clinical 
settings. 

Discussion
Leveraging biobanks of overlapping prospective patient co
horts, we have developed and validated a novel, biomarker- 
based score for early differentiation of TTS from ACS 
(Structured Graphical Abstract). To our knowledge, this is 
the first non-subjective tool for early detection of TTS before 
ICA.

TTS has remained a diagnostic challenge, largely due to its 
overlap with ACS in terms of clinical presentation. 
Non-invasive diagnostic tools are warranted, not only to reduce 
the need for diagnostic ICA and procedure-related complica
tions, but also to conserve healthcare resources. Diagnostic 
ICA should be minimized in patients with disproportionate 
risks,62 particularly in the presence of comorbidities that are fre
quently associated with TTS, such as intracranial bleeding, sep
sis, hyperthyroidism, acute exacerbation of chronic obstructive 
pulmonary disease, and anxiety disorders.

Previous diagnostic scores depended on the availability of de
tailed neurological and psychiatric information and on cardiac 
imaging.5,56 However, reliable history taking in emergency set
tings is often compromised by haemodynamic instability, lan
guage barriers, altered mental status, or respiratory distress. 
Several small studies have suggested traditional cardiac biomar
kers and biomarker ratios for differentiating TTS from 

A B

Figure 2 Performance of the BioTAK score. (A) Receiver operating characteristic curves for differentiating takotsubo syndrome from 
acute coronary syndrome in the development and validation cohorts. (B) Calibration plot of the BioTAK score in the validation cohort. 
The smoothed calibration curve was constructed using a restricted cubic spline function with 5 knots. In panel B, the shaded area re
presents the 95% CI. The dashed line indicates perfect calibration. The solid line represents the smoothed calibration curve. AUC, 
area under the receiver operating characteristic curve; CI, confidence interval
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ACS.56,63–65 However, validation in a large international cohort 
showed limited diagnostic accuracy.6 Another pilot study sug
gested promising diagnostic properties of miRNAs,7 yet valid
ation of these results is pending and miRNA testing has 
remained barely used in clinical practice due to its high costs, 
long turnaround time, and limited accessibility. These limitations 

highlight the need for diagnostic strategies that combine bio
logical rationale with clinical applicability.

Protein and peptide biomarkers meet many of these require
ments, owing to their biochemical stability and the comparably 
lower costs of immunoassay-based testing in clinical laborator
ies and the increasing availability of point-of-care tests. 

A

B

Figure 3 Patient stratification according to BioTAK. (A) Distribution of score values stratified by diagnostic outcome and (B) patient 
stratification using the BioTAK diagnostic score and its rule-in and rule-out thresholds. Darker bar segments indicate patients with a final 
diagnosis of takotsubo syndrome. Colours indicate the pre-specified low-probability (<27 points), intermediate-probability (27–32 
points) and high-probability (≥33 points) categories. Results refer to the development cohort, in which patients were enrolled in the 
same period and study centre. NPV, negative predictive value; PPV, positive predictive value
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Therefore, we sought to investigate a panel of measurable pro
tein and peptide biomarkers covering several pathophysiological 
domains.

The newly developed simple five-item BioTAK score uses bio
markers that can be measured with validated commercially 
available assays without requiring neuropsychiatric information 
or cardiac imaging. BioTAK incorporates biomarkers of myocar
dial stress (NT-proBNP), plaque instability (sLOX-1), sympathet
ic activation and anxiety modulation (PAM), and lipid 
metabolism (LDL-C).

sLOX-1 is the soluble form of an endothelial scavenger recep
tor, highly expressed in the shoulder region of atherosclerotic 
plaques,66 with circulating levels mirroring endothelial activa
tion and plaque instability.67 In previous studies, sLOX-1 has 
proven useful for distinguishing ACS from chronic coronary syn
drome or healthy controls.68,69 Circulating sLOX-1 levels were 
lower in TTS compared with ACS, possibly reflecting the ab
sence of acute plaque rupture and erosion as the primary patho
physiological mechanism of TTS.70

PAM is an enzyme present in blood and cerebrospinal fluid that 
catalyses the C-terminal amidation of peptide hormones and 
thereby activates numerous bioactive peptides involved in sympa
thetic vasoconstriction and anxiety regulation in the limbic system 
including in the hippocampus and the amygdala.40,41 Circulating 
PAM levels were higher in TTS compared with ACS, potentially re
flecting the pronounced sympathetic activation, microvascular 
dysfunction, and emotional alteration that characterize TTS.70

NT-proBNP is released upon ventricular wall stress indicating 
elevation of left ventricular end-diastolic pressure observed in 
TTS, in line with its clinical classification as an acute heart failure 
syndrome.1 LDL-C is a main driver of atherosclerotic plaque for
mation, tightly linked to ACS but not implicated in TTS.

Integrating these biomarkers, the BioTAK score demon
strated excellent discrimination, good calibration, and potential 
clinical utility on internal and external validation. Applying pre
defined diagnostic thresholds, BioTAK provided excellent speci
ficity and a moderate PPV for ruling in TTS while maintaining an 
excellent NPV and high-sensitivity for ruling out TTS. BioTAK 
supports standardized identification of TTS early in the clinical 
care pathway, stratifying almost 90% of patients towards a 
low- or high-probability group.

Given that the presence of ST-segment elevation or of 
very-high-risk characteristics mandate emergent invasive treat
ment,71 considerations regarding the indication for ICA primarily 
involve ACS patients without these criteria. Indeed, the require
ment for and the optimal timing of ICA in ACS without 
ST-segment elevation and without high-risk criteria has remained 
uncertain.72–74 Therefore, BioTAK can support timely diagnostic 
evaluation for TTS and might help identify patients in whom ICA 
can safely be deferred. The score may have its greatest practical 
utility in patients with non-ST-elevation (NSTE)-ACS without 
very high-risk criteria, such as haemodynamically stable elderly pa
tients at low-to-intermediate mortality risk. Notably, postmeno
pausal women, who represent the primary population affected 
by TTS, most commonly present with ACS without ST-segment 
elevation. Within this framework, BioTAK may thus support pa
tient triage and inform personalized decisions regarding both the 
indication for and the timing of invasive procedures.

Standardized early diagnosis of TTS may shape the design of 
future trials. The BioTAK score could facilitate the recruitment 

or exclusion of patients with TTS at scale, thereby supporting re
search on novel treatment strategies addressing disease- 
specific mechanisms.

Strength and limitations
Our study has several strengths. First, the prospective collection of 
biospecimens within a structured biobanking framework, com
bined with predefined inclusion and exclusion criteria forms a ro
bust basis for this study. Harnessing overlapping patient cohorts, 
we developed the BioTAK score based on consecutively enrolled 
patients from the same study centres, during the same observation 
period to minimize potential bias. Blood samples were processed, 
stored, and analysed using standardized protocols reducing the 
risk of preanalytical or analytical bias and strengthening the validity 
of the findings. Second, to the best of our knowledge, this study 
represents the largest biomarker study on TTS to date. Third, 
BioTAK represents the first non-subjective tool for early identifica
tion of TTS.

Several limitations should be acknowledged. First, although 
external validation was performed, both cohorts are based on 
closely related registry infrastructures imposing structural con
straints on the study design, and further validation in additional 
cohorts is desirable. Second, in patients with ST-segment eleva
tion or high-risk criteria, ICA may be mandated despite a high 
probability of TTS. However, early identification of TTS in these 
settings may facilitate future clinical and translational research. 
Third, routine hospital laboratory tests for measuring sLOX-1 
and PAM are not available at present, which may limit immedi
ate clinical applicability. However, both assays demonstrate sev
eral characteristics that suggest high translational potential for 
automated clinical immunoassay platforms, including a simple 
immunoassay format, low sample volume requirements, excel
lent analytical precision, high analyte stability, and a broad oper
ational temperature range. Next, turnaround times of current 
assays for sLOX-1 and PAM are ∼3–5 h. Yet, they are well below 
the guideline-recommended time window for early invasive 
management in patients with suspected NSTE-ACS. In addition, 
even shorter turnaround times are expected after assay opti
mization and transfer to automated platforms. Moreover, we ac
knowledge that the wide CIs of diagnostic accuracy metrics in 
several patient subgroups may potentially not only be due to 
the small number of patients and TTS diagnoses in these ana
lyses but could also hint towards model misspecification. 
Further, positive and negative predictive values are inherently 
dependent on the disease prevalence and may thus vary across 
clinical settings and populations (see Supplementary data online, 
Table S10). Finally, while the BioTAK score was designed to fa
cilitate early diagnosis, its impact on routine clinical care work
flows and patient outcomes is unknown, requiring further 
investigation in implementation studies.

Conclusions
TTS is characterized by a disease-specific biomarker profile that 
reflects pathophysiological differences from ACS and can sup
port early detection. The biomarker-enhanced BioTAK score 
may facilitate accurate early rule-in and rule-out of TTS before 
ICA. BioTAK has the potential to streamline diagnostic 
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pathways and reduce invasive diagnostic procedures in selected 
patients presenting with suspected ACS.
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