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Abstract

While antidepressant prescriptions have tripled in 20

years, their cardiac ion channel block, which can trigger

arrhythmias such as Torsades de Pointes, remains under-

evaluated, particularly for women whose reduced base-

line IKr elevates risk not accounted for in current sex-

neutral models and prescribing guidelines. In this study,

we leverage ToR-ORd to quantify how electrophysiologi-

cal sex differences affect vulnerability to arrhythmias in-

duced by sertraline (SSRI), amitriptyline and desipramine

(TCAs). We find that female models develop early after-

depolarisations at therapeutic doses whereas male mod-

els do not; sertraline shows the greatest risk followed by

amitriptyline, while desipramine remains EAD-free due to

compensatory ICaL block. Mapping a simulation-derived

risk threshold onto PTB-XL ECGs, 20% of women fall into

the elevated-risk category compared to only 14% of men.

These results provide sex-differentiated evidence of quan-

tifiably higher antidepressant-induced arrhythmic risk for

women, supporting the need for more personalised and

sex-differentiated prescription guidelines.

1. Introduction

From 2011 to 2022, England experienced a substantial

increase from 5.8% to 13.0% in the prevalence of depres-

sion, propelled by COVID-19 and stabilising above pre-

pandemic levels [1]. This figure also reveals that women

are 39% more affected than men, a significant sex gap.

Along with that rise, prescriptions for antidepressants

have tripled in English primary care over the 1998-2018

period, a market dominated by selective-serotonin reup-

take inhibitor (SSRIs) and tricyclic antidepressants (TCAs)

[2]. These drugs block cardiac ionic currents and expose

patients to QTc prolongations that can trigger arrhythmias

such as Torsades de Pointes (TdP) [3].

1.1. Research question

With anatomical differences lowering IKr by 18%,

women also display naturally longer QTc intervals which

further increase the risks of arrhythmias [4]. There, a rel-

evant question arises: how do electrophysiological car-

diac sex differences affect vulnerability to arrhythmias in-

duced by antidepressants? Additional risk coming from

sex differences could be quantified by biomarkers prior

to treatment and considered carefully when prescribing

antidepressants. To address this question, our study ex-

amines three compounds: the sertraline SSRI, the most

prescribed antidepressant, alongside amitriptyline and de-

sipramine, two commonly used TCAs whose proarrhyth-

micity has been examined without sex differences consid-

erations [2, 5].

1.2. Computational methods

On top of the danger of administering patients with

arrhythmogenic doses of antidepressants, clinical studies

cannot isolate cardiac channel mechanisms as well as ven-

tricular cell models. In addition, animal studies have been

shown to underperform computational methods when con-

sidering an in silico population of models approach [6];

while clinical trials are limited by ethical and practical

constraints, computational methods generate scientifically

grounded cardiomyocytes with controlled variability [7].

Although this approach omits tissue-level effects that also

affect arrhythmia, it appears ideal to study ion channel

mechanisms and define risk levels for antidepressants.

1.3. Aims and background

This study seeks to leverage ventricular cell models

to quantify the impact of sex differences on arrhythmic

thresholds for sertraline, amitriptyline, and desipramine,

enabling the characterisation of sex differences and risky

ion channel blocking profiles. This study then aims to

evaluate its findings against the PTB-XL ECG dataset to

incorporate our findings to a relevant clinical setting.

Contextualising our study, existing literature establishes

higher drug-induced TdP risk for women, despite no

universal scientific explanation [8]. In parallel, prior

work quantifies the ionic channel blocks for sertraline,

amitriptyline, and desipramine [6,9,10], revealing that an-

tidepressants have arrhythmogenic effects categorised as

high as Class II (probable TdP risk) [5]. Our research

thus addresses a gap in the literature by considering a sex-

specific cardiac models for antidepressants and applying



our findings to real-world data [4, 7].

2. Methods

We use ToR-ORd on MATLAB R2025b to represent

cardiomyocytes by capturing depolarisation, repolarisa-

tion, and calcium dynamics properties [7]. We combine

it with a population of models approach to detect minori-

ties absent in average patient simulations. Following prior

work, we generate 30 samples per sex with Latin Hyper-

cube Sampling over seven ion channel conductances [6].

To apply our results on existing ECGs, we then use PTB-

XL, a public dataset of 21,837 annotated 12-lead ECGs

[11]. We notably filter for normal ECGs (NORM con-

fidence ≥ 80) and perform an analysis on the remaining

8,798 records using Python 3.11.

2.1. Foundation of models and parameters

ToR-ORd follows the Hodgkin-Huxley framework,

where ionic currents are modelled as conductance-gating

products and drug effects are captured by the Hill equa-

tion. Sex differences are introduced by scaling six ionic

conductances in line with existing literature; IKr is no-

tably reduced by 18% in comparison with male models

[4]. Finally, to bridge single-cell results to clinical ECGs,

we map simulation from APD90 to QTc without assum-

ing any direct scaling since APD90 measures single-cell

repolarisation and QTc whole-heart repolarisation.

2.2. Experiment protocols

We start by performing simulations for sertraline,

amitriptyline and desipramine on ToR-ORd. After es-

tablishing ranges of doses using public labels backed by

clinical references [9, 12, 13], we check if average male

and female patients show signs of early afterdepolarisa-

tion (EAD) at maximum doses for varied basic cycle length

(BCL). Plasma concentrations are converted from mg/day

to µM as
Dose (mg/day)×1000

24×CL/F×MW , where CL/F is apparent oral

clearance and MW is molecular weight.

Following this, a population of models simulates expo-

sure to antidepressants across sexes. For each drug, we fix

BCL = 1000 ms before recording the lowest concentration

and APD90 triggering EADs (if any). We then compare

arrhythmia exposure for each sex and compare results for

BCL = 600, 1000, and 1200 ms to observe the impact of

IKr block at different heart rates.

Lastly, we correlate female normal and drug-induced

APD90 on PTB-XL to see if baseline repolarisation du-

ration predicts arrhythmic vulnerability under drug expo-

sure. From this analysis, we define a simulation-derived

risk boundary mapped to a QTc threshold against the fe-

male PTB-XL distribution.

To ensure open-source and reproducibility, our simula-

tions use publicly available data and frameworks. IC50 val-

ues and Hill coefficients are thus taken from published lit-

erature, our ECG data is publicly available, and a random

seed is fixed to enable reproducible LHS, [9–11].

2.3. Rejected approaches

Several modelling approaches were considered and ul-

timately rejected. For example, tissue-level AP propaga-

tion simulations using MonoAlg3D was too complex to

yield interpretable results. Since it required a 3D cardiac

mesh, fibre orientation field, heterogeneous transmural cell

parametrisation, and conduction parameters, these addi-

tional degrees of freedom could easily confuse genuine sex

difference from artefacts of the geometrical assumptions.

Training a machine learning risk classifier is another

candidate limited by the lack of labelled ECGs including

drug-exposures. Since no such public dataset exists, pre-

dictions derived from simulation thresholds would be im-

possible to validate clinically, preventing the definition of

a loss metric. MIMIC-IV stands out as a strong candidate

for this task, but its credentialed access and complexity re-

quire substantial feature engineering and domain knowl-

edge, limiting such projects to established medical labs.

3. Results and Discussion

3.1. Experimental results

After comparing all three drugs on average male and fe-

male patients at varying heart rates for maximum therapeu-

tic doses without any EAD, we simulate a population of 30

models with Latin Hypercube Sampling for each drug.

Figure 1: AP of men (left) and women (right) using a popu-

lation of models for a maximum therapeutic dose of sertra-

line and a BCL of 1000 ms. Sex-driven additional arrhyth-

mia risk is evident from the EADs observed in a subset of

the female population, which are absent in men.

For a maximum therapeutic dose at 60 BPM, 2 female

models trigger EAD for sertraline, 1 female model triggers

https://physionet.org/content/mimiciv/3.1/


EAD for amitriptyline, and all other AP simulations ap-

pear normal. Changing the number of population models,

our results scale proportionally. The female EAD thresh-

old for sertraline is 0.110 µM, revealing cardiotoxicity for

vulnerable women in most of the upper therapeutic range.

Amitriptyline triggers EADs in women from 0.445 µM,

almost at maximum dose.

These results suggest that arrhythmia is driven by IKr

block, as sertraline’s lower IKr IC50 achieve the strongest

fractional hERG block at clinical concentrations. Nonethe-

less, desipramine triggers no EADs despite stronger IKr

block than amitriptyline, showing that other channels also

modulate risk; ICaL block reduces the inward current that

sustains plateauing and triggers EAD. This result thus sup-

ports the claim that QTc prolongation is not sufficient to

predict arrhythmic risk: desipramine produces 73% greater

APD90 prolongation than amitriptyline yet remains EAD-

free [14].

Figure 2: EAD incidence for women at varying BCL (left)

and comparison of baseline and drug-induced APD90

(right). This reveals that IKr-blocking is riskier at rest and

suggests that high baseline APD90 yields extra EAD risk.

Varying BCL for women, we observe that sertraline is

more dangerous at rest. At slower heart rates, IKr block

yields longer AP, allowing calcium channels to recover

from inactivation and activate early, creating EADs [10].

The right panel of Figure 2 also lays an essential founda-

tion: baseline and drug-induced APD90 correlate closely.

The top 23% of female models (mapped to QTc ≥ 441 ms)

notably show extreme prolongation (3× longer than the

bottom 80%) and contain both EAD cases. This boundary

can thus define a risk threshold, which, given the lack of

public drug-induced ECG data, should be interpreted as an

indicator rather than a validated clinical predictor.

Applying this threshold to 8,705 normal PTB-XL ECGs,

20% of women fall in the elevated-risk tier, closely match-

ing (−3%) our simulation data, while only 14% of men fall

into that same tier. Comparing both sexes across all an-

tidepressants and dosages also confirms that women con-

sistently experience greater QTc prolongation.

Figure 3: Violin plot distributions of QTc intervals with

a simulation-derived arrhythmogenic threshold (left) and

simulated QTc prolongation (right). Although QTc is an

imperfect biomarker [14], it still reveals an increased risk

of antidepressant-led arrhythmia for women, with sertra-

line appearing as the most cardiotoxic drug at any dose.

3.2. Credibility of our model and results

To verify our model, we compare our results against

known behaviour: baseline APD90 measures match val-

idation reports of ToR-ORd [7], and antidepressant con-

centrations and effects match existing literature [9,12,13].

We then validate our simulation against clinical data.

The baseline APD90 sex gap matches normal ECGs

(NORM confidence ≥ 80) in PTB-XL [11], Figure 3’s

QTc prolongation yields results very close to previous pa-

tient studies and align with clinical thresholds distinguish-

ing torsadogens, and women’s higher risk of drug-induced

arrhythmia corroborates clinical data [8].

Finally, adding uncertainty on our most sensitive vari-

ables further supports our results. Varying IC50 by ±25%

and female’s IKr factor by ±10%, ranking is preserved

and women remain the only patients to trigger EAD.

3.3. Consideration of previous literature

Our findings align with sex gap reports on drug-induced

QTc prolongation with IKr block [8]. Furthermore, our

sex-differentiated analysis suggests that sex-neutral drug

models underestimate female and overestimates male risk.

Lastly, our results support the claim that antidepressants

are cardiotoxic below maximum doses [3].

However, our results do not align with previous find-

ings that TCAs carry higher arrhythmic risk than SSRIs

[3]. This discrepancy likely arises because our compound-

specific approach cannot generalise over three compounds.

3.4. Inconclusive and negative results

A first counter-intuitive result is that desipramine trig-

gers no EAD at maximum dose, despite greater QTc pro-

longation than amitriptyline. This confirms that female

vulnerability is mechanism-specific: it arises when IKr

block is not counterbalanced by an inward block [14]. In

ToR-ORd, ICaL block reduces the depolarising plateau

current needed for re-activation, allowing normal repolar-

isation. Female conductance scaling thus isn’t enough:



drugs must leave enough inward current for EAD.

A second inconclusive result emerges from an age anal-

ysis. Since QTc sex gap is often associated with hormones

[15], it should narrow after menopause, reducing drug-

induced arrhythmia risks. In PTB-XL data, this age gap

is insignificant, which suggests that many factors like age-

related co-morbidities all contribute to QTc intervals.

4. Conclusions

4.1. Findings and contributions

This study quantifies how electrophysiological car-

diac sex differences affect vulnerability to antidepressant-

induced arrhythmias. Women trigger EAD at therapeu-

tic doses whereas men do not, with sertraline posing the

greatest risk, followed by amitriptyline, then desipramine.

This result is driven by IKr block relative to compensatory

ICaL, confirming that APD90 prolongation alone is an

insufficient arrhythmia predictor. Varying BCL, experi-

ments further show that risk increases at rest. Mapping

simulation-derived thresholds onto 8,705 normal PTB-XL

ECGs, 20% of women fall into the elevated-risk category

versus 14% for men. Together, these results bridge a liter-

ature gap, suggesting that sex should be considered when

prescribing antidepressants with significant IKr block.

4.2. Strengths and limitations of our study

A strength of our approach is transparency: ToR-ORd

isolates ion channels, enabling us to attribute sex differ-

ences directly to ionic conductance scaling rather than tis-

sue or body level factors which are hard to isolate and in-

terpret. The population of models further captures minor-

ity cases that average-patient simulations miss. On top of

that, our pipeline is fully reproducible using documented

IC50 values, scaling factors, and fixed random seeds.

Nonetheless, omitting tissue-level phenomena such as

conduction velocity, transmural dispersion, and re-entrant

circuits is also a weakness when considering clinical ar-

rhythmia. Furthermore, mapping from APD90 to QTc as-

sumes preservation from cell to heart repolarisation. Fi-

nally, our risk threshold is derived from simulations with-

out drug-exposure validation, placing it as an indicator of

relative risk rather than a clinical decision boundary.

4.3. Future work

A next step for this project would be to compare our

single-cell findings with tissue and organ level simulation

leveraging frameworks such as MonoAlg3D, incorporating

transmural heterogeneity and fibre orientation to capture

re-entrant arrhythmia mechanisms that single-cell models

miss. This would strengthen clinical relevance by linking

ionic-level EADs to tissue-level events like TdP.

On the clinical side, given credentialed access to drug-

exposure ECG databases such as MIMIC-IV, future work

could validate our findings against patient outcomes and

train a machine learning classifier on baseline ECGs to flag

patients at elevated risk for a given antidepressant, support-

ing safer personalised prescription decisions.
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