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Abstract:

Background: Humans and mammals have sex-specific differences in cardiac electrophysiology, linked to the
action of sex hormones in the cardiac muscle. These hormones can either increase or decrease the expression
of ionic channels modulating the cardiac cycle through genomic and non-genomic interactions.

Methods: Systematic search in PubMed, Medline and EMBASE including keywords pertaining to testos-
terone and QT interval. Included experimental studies, observation studies and case reports presenting the
results of testosterone administration, excess or deficiency in humans and animals.

Results: Testosterone has been shown to shorten the action potential duration, by enhancing the expression
of Ktchannels and downregulating Ic.r, increasing the repolarization reserve of the cardiac muscle. This
increased repolarization reserve also protects the heart against the effects of QT prolonging drugs and
arrhythmogenesis. This effect has been observed in both genders and animals.

Conclusions: Testosterone deficient states can promote arrhythmogenesis. The evidence in this paper
may be used to guide clinical consideration relating to testosterone levels and QT prolonging states and
medications, such as increased clinical surveillance of patients in testosterone deficient states using ECG.
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1.0 Introduction

Men and women have several cardiovascular and cardiac electrophysiologic differences. (1). This suggests an
important interplay between cardiac physiology and sex hormones. Relevant to this difference, as testosterone
levels increase, men experience a shortening of the QT interval (1). QT length is very closely related to
arrhythmogenic risk (for instance Torsades de Pointes — TdP), which is why women are at a higher risk than
men for developing drug-related TdP, ventricular arrhythmias, drug-induced QT prolongation (DiLQTS) and
lethal arrhythmias (2). The QT interval or action potential duration (APD) is defined as the length between
the start of the QRS complex (ventricular contraction) and the end of the T wave (ventricular relaxation)
shown on ECG. (2,3). As summarized in Figure 1 , the APD is determined by the action of the outward
K™ currents and the inward Na™ and Ca?" currents, which work together to contract and relax the heart
through the cardiac cycle (3).

ECG: Cardiac cycle: Phases of the cardiac cycle:

4. Resting state, cardiomyocyte resting potential: -90mV

0. INa open allowing the rapid influx of sodium ions. This change in
current opens Ical channels (depolarization)

1. INa close and K+ channels open briefly - Ito (partial repolarization)

2. IcaL open allowing the influx of calcium ions, this balances
the ouflow of potasium ions - Ikur, Ikr and |ks (plateau phase)

3. Ical close and the persistant outflow of K+ repolarizes the cell, then
the cell returns the ions to their respective compartment - Ikur, lkr, lks,
NCX, Ca2+ ATPase, Na+K+ATPase (repolarization)

Figure 1. Diagram comparing the cardiac action potential measured by an ECG (left) and represented by
the changes in ionic currents (right - Cardiac cycle). The QT and the APD, represent the same process



(3).Abbreviations: INa — Na+ current, ICaL. — L-type Ca2+ current, IKur — delayed rectifier ultra-rapid
K+ current, IKr — delayed rectifier rapid K+ current, IKs — delayed rectifier slow K+ current, NCX —
Na+/Ca2+ exchanger.

Prolongation of the QTc (specially values greater than 500ms) can result in life-threatening cardiac events (3).
Abnormalities can be caused by genetic conditions, such as long QT syndrome (LQTS), certain medications
(e.g., certain anti-arrhythmic, antimicrobials and psychotropic drugs — refer to Table 3 for an extensive list of
QT prolonging drugs) and hormones (3). For instance, according to the literature, low levels of testosterone
result in the inhibition of the expression of repolarizing currents in the heart and thus, it is one of the main
causes of QT interval prolongation (4) — Figure 2 (4-6). Thus, the aims of this systematic review are to
explore the effects of testosterone on the length of the QT interval and make a strong case for the clinical
importance of testosterone as a key factor in determining the patient’s susceptibility to arrhythmogenesis.
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Figure 2. Signs and symptoms of low testosterone, biochemical findings and primary and secondary causes
of low testosterone (4-6)

2.0 Methods

This review process followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines. An electronic literature review was conducted looking at the effect of testosterone
(endogenous and exogenous) on the QT interval in humans and animals. The literature search was com-
pleted using PubMed, Medline, and EMBASE. Medical Subject Headings (MeSH) terminology and specific
keywords related to Testosterone and QT interval were used to develop our literature search as appropri-
ate: Testosterone (MeSH term) OR Hypogonadism (MeSH term) OR Androgens (MeSH term) OR Gonadal
steroid hormones (MeSH term) OR Hyperandrogenism (MeSH term) OR Orchiectomy (MeSH term) OR
Androgen deprivation therapy OR Low testosterone OR High testosterone OR Dihydrotestosterone OR An-
drogen deficiency. The following keywords were used to search the literature for articles pertaining to QT
interval and arrhythmias: Long QT syndrome (MeSH term) OR Arrhythmia, cardiac (MeSH term) OR
Torsades de Pointes (MeSH term) OR Tachycardia (MeSH term) OR Electrocardiography (MeSH term) OR
Heart conduction system (MeSH term) OR Action potential (MeSH term) OR QTc interval OR Short QT
syndrome OR Action potential duration.

To be counsidered for this review, studies had to meet the following inclusion criteria: (i) publication from
inception until January 5", 2021, (ii) human and animal studies (iii) studies involving the administration
of sex hormones, sex hormone deprivation/enhancing therapies and sex hormone abnormalities and their
effect on the QT interval (iv) English and Spanish language. Papers were excluded if they didn’t include



QT interval or androgen involvement, if they were review articles and if they included the use of synthetic
androgens.

We employed Covidence to review the articles. Following our search, 3006 studies were imported into the
program for screening. There were 1146 duplicates that were automatically removed. The remaining articles
were reviewed by two investigators (GG and RW) independently, Kappa Interobserver was determined (k =
0.92) and disagreements were solved by consensus. There were 1678 studies excluded after abstract screening,
and then considering the inclusion/exclusion criteria during full text review, 106 studies were selected and
included in this paper (PRISMA flow diagram in Figure 2 ). Relevant articles found in the references of
the included papers were also added to this review (4 papers added).

The primary outcomes of this article are: (i) to synthesize the knowledge of the effect of testosterone on the
QT interval (ii) to further the clinical understanding that low testosterone states are a potential risk factor
for arrhythmia development (iii) encourage clinicians to consider testosterone levels and QTc interval when
prescribing potentially arrhythmogenic drugs.

—
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Figure 3. PRISMA flow diagram obtained from Covidence showing the process of study selection for this
literature review (7).

3.0 Results
3.1 Effects of testosterone on the QT interval of humans

In men, testosterone ranges from 9-38 nmol/L and has QT shortening effects in a dose dependent manner,
which become evident as testosterone rises with puberty (1). In different patient populations high testos-
terone levels (exogenous and endogenous) resulted in significant QT interval shortening in both men and



women (8-10). For instance,Schwartz et al (8), showed that older men and women exposed to testosterone
for 12 weeks presented with significant QT interval shortening (for men: 385 + 28ms to 382 + 28ms, p
< 0.002; and for women: 400 + 25ms to 397 + 23ms, p = 0.06), when compared to placebo. Additional-
ly, testosterone increases the repolarization reserve (redundancy of repolarization currents in cardiac cells)
which protects the heart against the effects of QT prolonging drugs such as Quinidine (11). Women taking
Drospirenone — an anti-androgenic pill, have higher incidences of drug induced QT prolongation (12). In
comparison, prostate cancer therapy which involves the use of androgen depravation therapy is associated
with considerable cardiovascular risk and QT lengthening (12-17). In a comparable fashion breast cancer
therapy can also modify the QT interval. For instance, aromatase inhibitors (Als), cause the accumulation
of testosterone resulting in QT shortening (12,18). AsTable 1 shows, research conducted on testosterone in
humans explains that the shortening of the QTc interval occurs through the upregulation and downregulation
of ion channel expression and function in the presence of testosterone.

3.1.1Conditions affecting testosterone levels and the QT interval

Different genetic, congenital and metabolic conditions can affect testosterone levels in men and women. For
instance, men with congenital adrenal hyperplasia (CAH) present with longer QTcF (corrected with the
Fridericia equation) and significantly lower serum total testosterone levels (19). In comparison women with
CAH, were found to have a shorter QTcF compared to controls (404+2 msec vs. 413+2.1 msec, p<0.001)
and these patients present with higher blood levels of total testosterone and significantly lower FSH levels
(P<0.05) (19). Patients with Klinefelter syndrome (KS) receiving testosterone replacement therapy had
shorter QTc compared to untreated KS patients and healthy controls (20). Hypogonadal men tend to have
longer QT intervals and are almost twice as likely to suffer LQT than eugonadal men; this effect is further
exacerbated in obese hypogonadal males (21-24). Men with decompensated cirrhosis exhibit significant QT
interval prolongation as well as profoundly diminished free testosterone; likely secondary to increased levels
of sex hormone binding globulin (25). Women with PCOS, which have higher levels of testosterone and
estrogen present with QTc shortening (401+61ms vs 467+61ms in controls; p=0.007) and increased QT
dispersion (the difference between the longest and shortest QT interval on an ECG) (26,27). Male patients
with Cushing’s syndrome presented with QT prolongation (426.9 £ 9.27 vs. 389.7 £ 8.31, p < 0.05). The
high level of cortisol in these patients causes a lowering in testosterone levels (28). In the case of testosterone
deficiency, the QT prolongation and other physiologic changes were resolved by testosterone administration.

Negative Studies on QT interval in hypogonadal men

Several studies have failed to show an association between testosterone deficient states and QTc prolon-
gation. Kirilmaz et al (29) andLa Fountaine et al (30) found no significant change in the QT interval of
hypogonadal patients compared to healthy controls. Lubart et al (31) and Olsson et al (32), both did not find
QT prolongation after ADT treatment. And Zhao et al (33), was not able to find an association between
testosterone and QT, or a protective role for testosterone, in a large cohort of older Chinese men (4212 men).

Table 1. Biochemical effect of testosterone on humans and human derived tissue (34-42)

Literature Study design

Gagliano-Jucd et al. 2017 [35] RCT: Testosterone replacement therapy effect on QTc
Gagliano-Jucd et al. 2018 [36] Prospective cohort study: Changes in QT with ADT (control: prostatectomy no ADT trea

Huo et al. 2019 [37] Experimental study: Study sex hormonal influences on human iPSCs derived cardiomyocyt
LaFountaine et al. 2011 [3§] Cross-sectional study: Testosterone replacement therapy in males with hypogonadism and |
Piccirillo et al. 2019 [39] Intervention study: Testosterone replacement therapy in males with hypogonadism (control
Salem et al. 2018 [40] Prospective cohort study: Testosterone replacement therapy in males with hypogonadism a
Salem et al. 2019 [41] Experimental study: ADT — Enzalutamide (Xtandi@®), Astellas Pharma US, Inc., Northbro
Vicente et al. 2014 [42] Cross-sectional study: Testosterone effects on ECG parameters

Wu et al. 2008 [43] Experimental study: DHT treatment in HEK293 cells




Abbreviations Table 1

ADT: Androgen deprivation \berapy

ATD: Action pedential duration

AR: Androgen receplar

ARA5: Varianl of the Androegen recepbar

¥HT: Dibydrotestoslemome:

FPL¥: Freld potential duralson

G Chene

hERLG: buman Ether-d=go-go-Relaled Gene

Human iMSC: Human induced plunpodent stem cell
IC: oo chanmel

Lig - L-type Ca®' current

Lk delayed rectifser rapad K+ current

ke delayed reclthier slow K# carrent

QT Corrected QT inlerval

DTcF: Comected QT iolerval with tbe Fredercia equation
Te: Interval between the g wave the end of T wave

Tp: Interval between the  wave and the peak of T wave

RCT: Randomzed contralled imal

SCIL: Spmal cord myury

Te: Interval between the peak and the end of T wave
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3.2 Effects of testosterone on the QT interval of animals

Testosterone has been shown to be a major factor contributing to the shortening of the QTc interval and
lowering the risk of TdP in a variety of animal models (3). Similarly, to humans QTc shortening can



occur through the upregulation and downregulation of ion channel expression and function in the presence

of testosterone (Table 2 ).

Several animal models were considered for this study and showed a trend in

concordance with human studies. In adult male and female rabbits, testosterone shortens the length of the
APD as well as decreases the susceptibility to arrhythmogenesis and triggered activity (43-45). Following
this trend, rat models in a testosterone deficient state presented with QT prolongation, which could be
restored to normal by testosterone administration (1). For instance, Lujan et al (46), showed that ORCX
rats have longer QT intervals than normal rats.Table 2 presents an extensive list of animal models and
results further supporting the inverse relation between testosterone and the QT interval.

Table 2. Biochemical effect of testosterone on animals (43,44,47-71)

Sample Sample size Outcome Relevant
Literature Study design characteristics (n) measures findings
Barajas- Experimental Cardiomyocytes ~ N/A Ina amplitude Treatment
Martinez et al. study: from adult and with
2009 [48] Testosterone mongrel dogs transmural testosterone:
effect on weighting distribution Ina (IC):
cardiac between 30 reduced
repolarization and 35kg transmural
in dog dispersion.
cardiomyocytes
Fiilop et al. Experimental Male and 20 ECG Treatment
2006 [49] study: female dogs parameters with
Testosterone (gonadecto- (HR and QTc) testosterone:
and Estrogen mized and and protein QT
effect on ECG WT) expression shortening,
parameters analysis Ix; (IC):
and cardiac upregulation
channel and I, (IC):
expression upregulation.
Bai et al. 2005 Experimental White Hartrey 36 APD and Treatment
[50] study: guinea pig membrane with
Testosterone ventricular current using testosterone:
effect on myocytes patch clamp APD
cardiac technique shortening, Ik
repolarization (1C):
via a upregulation,
NO-dependent Icar (IC):
mechanism downregula-
tion and NOS3
(E):
phosphorylation.
James et al. Experimental Duncan- 33 Ion currents Treatment
2004 [51] study: Ion Hartley male and APD with
channel and female testosterone:
expression and guinea pig APD
APD in male cardiomyocyte shortening,
and female higher Ik,
guinea pig (IC) and
cardiomyocytes higher Icar,
(10)



Sample Sample size Outcome Relevant

Literature Study design characteristics (n) measures findings
Yang et al. Simulation — Guinea pig N/A Sexual Treatment
2010 [52] experimental computational hormone with

study: model effects on testosterone:

Testosterone simulated QT

effect on a cardiac tissue shortening.

guinea pig

computational

model
Raghu et al. Experimental Albino male 9 AP duration Treatment
2009 [53] study: guinea pig with

Haloperidol hearts testosterone:

(Haldol®), APD

Janssen Phar- prolongation.

maceuticals,

Inc.,

Titusville, NJ)

effect on

cardiac

electrophysiology
Argenziano et Experimental Immortalized N/A Androgenic Treatment
al. 2014 [54] study: DHT mouse control of gene with DHT:

effect on cardiomyocyte expression APD

cardiac ion (HL-1) shortening,

channel NCX (IC):

expression upregulation

and Kv4.3 (G):
upregulation.

Brouillette et Experimental CD-1 and 59 CD-1 and Testosterone Higher levels
al. 2005 [55] study: C57BL/6 mice 35 C57BL/6 levels and of

Comparing isolated mice current density testosterone:

testosterone ventricular using Shorter APD

levels and myocytes whole-cell and higher

current density voltage clamp Ikur (IC) in

between the 2 recoding the CD-1

mice strains strain.
Brouillette et Experimental CD-1 male 42 ECG Testosterone
al. 2003 [56] study: mice parameters deficiency: QT

Compare the (APD and prolongation

cardiac elec- QTc) and and Ik, (IC):

trophysiology protein downregulation.

differences in expression

gonadec-

tomized and
control mice



Sample Sample size Outcome Relevant
Literature Study design characteristics (n) measures findings
Crump et al. Experimental Isolated car- 24 Electrophysiological KCNE4
2016 [57] study: Effect diomyocytes activity of mice deletion: QT
of KCNE4 from KCNE4 cardiomyocytes prolongation.
deletion in knockout
mice isolated C57BL/6 mice
cardiomyocytes
Hu et al. 2018 Experimental KCNE4 62 ECG KCNE4
[58] study: APD knockout mice parameters deletion: QT
measurements ventricular (QT) and prolongation.
in KCNE4 myocytes testosterone
knockout male measurements
and female
mice (control:
wild-type
mice)
Sun et al. Experimental Male ICR mice 12 Path-clamp Gonadectomy:
2018 [59] study: Effects measurements APD
of Valsartan of cardiac prolongation,
on Gonadec- electrophysiology i, (IC): down-
tomized regulation,
mice Ikur (IC):
downregula-
tion, In, (IC):
upregulation
and Connexin
43 (P):
downregulation.
Tsai et al. Experimental Right 12 Cardiac elec- Androgen
2015 [60] study: Study ventricular trophysiology receptor
the effects of outflow track and knockout:
ARKO on tissue from arrhythmogenesis APD
cardiac ARKO mice prolongation,
arrhythmogen- Icar (IC):
esis (control: upregulation,
wild-type NCX (IC):
mice) upregulation,
RyR2 (R):
upregulation,
Phospholam-
ban (R):
upregulation,
CAMKII (G):
upregulation
and GRK2
(G):
upregulation.



Sample Sample size Outcome Relevant
Literature Study design characteristics (n) measures findings
Tsai et al. Experimental ARKO mice 20 Cardiac elec- Treatment
2013 [61] study: Study left atrium trophysiology with
the effects of and protein Isoproterenol:
ARKO in the expression QT
modulation of prolongation.
atrial electro-
physiology and
arrhythmogen-
esis (control:
wild-type
mice)
Zhang et al. Experimental Male ICR mice 18 Susceptibility to  Gonadectomy:
2017 [62] study: atrial fibrillation QT prolongation
Gonadectomy and In, (I0):
and upregulation.
susceptibility to Gonadectomy
atrial fibrillation increased the
incidence of
atrial fibrillation.
Parameters
returned to
normal after
DHT
administration.
Drici et al. 1996  Experimental Female albino 24 ECG parameters  Quinidine
[63] study: Effect of = New Zealand (QT), mRNA (Quinidex®),

sexual hormones
on cardiac
repolarization
(control: no
DHT or E2
treatment)

white rabbit
hearts

10

expression and
cardiac
electrophysiology

Wyeth Pharms
Inc.,
Philadelphia,
PA) treatment:
QT prolongation
and Ik, (IC):
downregulation.
Treatment with
DHT or E2 in
OVX rabbits:
QT
prolongation, Iks
(1C):
downregulation
and Ik, (IC):
downregulation.



Sample Sample size Outcome Relevant
Literature Study design characteristics (n) measures findings
Lang et al. 2016  Experimental Male and female 43 ECG Ovariectomy in
[64] study: Specific rabbits measurements female rabbits:
differences in (QT) SERCA (IC):
cardiac downregulation.
electrophysiology Testosterone
in a rabbit treatment: Ik,
model (control: (1C):
no DHT or E2 upregulation,
treatment) Ix; (IC):
upregulation and
IKS (IC)
upregulation.
Liu et al. 2003 Experimental Hearts isolated 35 ECG and Treatment
[45] study: DHT from ORX patch-clamp with DHT in
treatment in New Zealand recordings ORX rabbits:
ORX rabbits male white QT
(control: no rabbits shortening,
DHT Iy (IC):
treatment) upregulation
and Ik, (IC):
upregulation.
Pham et al. Experimental Epicardial and 36 Icar density Treatment
2002 [65] study: DHT or endocardial and function with DHT or
E2 treatments myocytes using patch E2 in OVX
on gonadec- isolated from clamp rabbits: QT
tomized New Zealand technique prolongation
rabbits White rabbits and Ig,p, (IC):
(control: no gonadec- Increased
DHT or E2 tomized at age transmural
treatment) 50-60 days dispersion.
Pham et al. Experimental Isolated right 16 APD Exposure to
2001 [66] study: ventricular measurements Dofetilide
Dofetilide endocardium using (Tikosyn@®),
exposure in from control microelectrodes Pfizer, NY,
gonadec- and gonadec- NY) in gona-
tomized tomized dectomized
rabbits rabbits rabbits: APD
(control: no prolongation
gonadectomy) and Ik, (IC):
blocking.
Pham et al. Experimental Ventricular 61 ECG Treatment
2002 [67] study: DHT myocardium parameters with DHT:
treatment in from female using micro- APD
female rabbits rabbits electrodes shortening and
(control: no (APD) Ik, (IC):
DHT upregulation.
treatment)
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Sample Sample size Outcome Relevant
Literature Study design characteristics (n) measures findings
Valverde et al. Experimental New Zealand 44 ECG Testosterone
2003 [44] study: Gender white rabbits parameters in male
differences in and rabbits: APD
cardiac microelectrode shortening.
repolarization recordings
in rabbits (APD)
Argenziano et Experimental Right 20 ECG (APD) Androgenic
al. 2017 [68] study: ventricular and electro- inhibition with
Androgenic free wall from physiology Finasteride
inhibition in male Wistar Imeasures (5a-reductase
male rats rats inhibitor) or
(control: Flutamide:
placebo QT
instead of prolongation,
androgenic Iio (IC): down-
inhibition) regulation and
NCX (IC):
downregulation.
Ayaz et Experimental Left 27 APD and Orchiectomy:
al. 2015 [69] study: ORCX ventricular contraction APD
rats treated tissue from measurements prolongation,
with E2 Male Wistar and expression K" channel:
(control: no rats of Ca?t and downregula-
gonadectomy K+ channels tion and Icay,
and no E2 (IC):
treatment) upregulation.
Eleawa et al. Experimental Male rats 104 ECG Orchiectomy:
2013 [70] study: parameters QT
Gonadectomy (QT) and prolongation,
and protein Ix; (IC):
testosterone expression downregula-
treatment in tion and Iy,
male rats (IC):
(control: no downregulation.
testosterone
treatment)
Masuda et al. Experimental Male and 6 ECG Treatment
2018 [8] study: female rats parameters with
Testosterone (QTc) and Iks testosterone:
treatment in expression and QT shortening
gonadec- density and Ikg (IC):
tomized upregulation.
rats

12



Sample Sample size Outcome Relevant

Literature Study design characteristics (n) measures findings
Shuba et al. Experimental hERG 32 hERG Treatment
2001 [71] study: expressing expression with

Testosterone Xenopous neuroleptics:

and oocytes QT

neuroleptic — prolongation

Haloperidol and hERG

Pimozide and (G):

Fluspirilene downregulation.

treatment in

Xenopous

oocytes
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APD: Acton potentsal duration
ARKD: Androgen receptor knockouwt
DHT: Dihydrodestiosterane

E: Encyme

E2: Estradual

(i Gene
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Iy: Ltvpe Ca™' current
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Ig,: delayved rectibier mpid K+ current
lgs: delayed rectifier slow B+ current
ki delaved rectihier altra-rapsd Ko* current
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i transent oulward K current
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OTe: Comrecled OFT interval
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4.0 Discussion
4.1 Effect of testosterone on QT interval

The current literature supports the QTc shortening effect of testosterone in both men and women through
the upregulation of K* currents and the suppression of Ca?" currents. (Tables 1 and 2 ). QTc prolon-
gation can also be the result of genetic, congenital and acquired causes including medications, heart blocks,
endocrine abnormalities, electrolyte abnormalities or CNS injury (Table 3 ). Regardless of the mechanism,
a prolonged QT interval is predictive for arrhythmogenesis, such as increased PVCs and TdP (1). The
findings encountered in animal models support those in humans, portraying similar mechanisms of action
for testosterone (Table 2 ). This further supports that testosterone levels are inversely correlated with the
QT interval and that testosterone is protective against arrhythmogenesis (46,47,69). It is important to note
that some studies have found the opposite result or a negative result when studying testosterone effects in
humans and animal models (37,61,72,73).

Table 3, Drug and non-drug causes of QT prolongation or increased QT prolongation risk
(29,30,34,36,41,42,44,83,120,126,127)

Drug induced QT Drug induced QT Physiologically induced Physiologically induced

prolongation prolongation QT prolongation QT prolongation
Class Drug Category Cause
Antiandrogens Apalutamide AR Cardiac Bradycardia Heart failure
inhibitors CYP inhibitors Hypertension Myocardial
Degarelix Enzalutamide infarction Ventricular
Finasteride Flutamide hypertrophy
GnRH agonists and
antagonists
Antiarrhythmics Amiodarone Electrolytes Hypocalcemia
Disopyramide Dofetilide Hypokalemia,
Ibutilide Procainamide Hypomagnesemia
Quinidine Sotalol
Antibiotics Clarithromycin Endocrine Cushing’s Diabetes
Erythromycin mellitus Hyperthyroidism
Grepafloxacin
Levofloxacin Moxifloxacin
Pentamidine Sparfloxacin
Antidepressants Amitriptyline Genetic Congenital adrenal
Desipramine Doxepin hyperplasia Kalman
Fluoxetine Imipramine syndrome Klinefelter
Maprotiline Sertraline syndrome LQTS: LQT1
(KCNQ1), LQT2
(KCNH2) and LQT3
(SCN5A) Prader-Willi
syndrome
Antihistamine Astemizole Terfenadine Hepatic Cirrhosis
Antimalarial Chloroquine Halofantrine Patient factors Advanced age Female
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gender High body mass
index High cholesterol
Low testosterone



Drug induced QT
prolongation

Drug induced QT
prolongation

Physiologically induced
QT prolongation

Physiologically induced
QT prolongation

Antipsychotic

Chlorpromazine

Renal

Chronic renal disfunction

Citalopram Clozapine
Droperidol Haloperidol
Mesoridazine Pimozide
Risperidone Sertindole
Thioridazine Ziprasidone

GI drugs Cisapride Domperidone

Opiate agonists Methadone

Other Arsenic trioxide Bepridil
DECA Diuretics
Probucol

Trauma Testicular torsion

Abbreviations Table 3

AR: Androgen receptar

CmBH: Gonadolropin releasing hormone

LOTS: Loog QT syndrome

11
4.2 Clinical evidence of arrhythmia in low testosterone states

Due to the inverse relation between testosterone levels and the length of the QT interval, testosterone
deficient states can lead to QT interval prolongation, promoting arrhythmogenesis. In humans, testosterone
deficient states can occur in the context of disease (e.g. CAH (19), hypogonadism (21), Cushing’s syndrome
(28), decompensated cirrhosis (25), etc.) and androgen deprivation therapy for the treatment of prostate
cancer (13,16,35,40). In all of these cases, testosterone administration and/or stopping ADT were able to
return the QT interval back to normal levels. In animals, similarly to humans, testosterone deficient states
such as after orchiectomy or by knocking out the cardiac androgen receptor (ARKO mice), prolong the QT
interval and increase the risk of arrhythmogenesis and the effect of QT prolonging drugs (53,65,77) (Table
2).

4.3 Clinical recommendations and considerations

This systematic review highlights the importance of testosterone in relation to the electrophysiological func-
tion of the heart and makes a strong case for increasing our level of clinical consideration for testosterone
as an important factor when deciding therapeutic options and susceptibility for arrhythmogenesis. There
are many medications used in the treatment of both common and life-threatening conditions that have QT
prolonging effects (eg. anti-arrhythmics, anti-depressants, anti-psychotics etc. — Table 3 ) (75). Hence,
recognizing whether these patients are in testosterone deficient state becomes very important to reduce their
risk of arrhythmogenesis (Figure 2 ). For instance, special considerations should be taken with patients un-
dergoing androgen depravation therapy, gender transition from male to female and patients with genetic and
those with medical conditions that lower their testosterone levels (eg. primary or secondary hypogonadism,
liver disease) (13,25,40).
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Currently there are no guidelines to perform ECGs prior to starting a potentially arrhythmogenic therapy.
Additionally, there are no recommendations in regards to how patient should be counselled regarding the
risk of arrhythmia development (78). It is our recommendations to assess for risk factors of QT prolongation
before starting potentially arrhythmogenic therapies, if there is any suspicion for a testosterone deficient
state. We encourage clinicians to perform routine ECGs before starting potentially arrhythmogenic therapies,
especially on patients who may have risk factors for arrhythmogenesis and /or low testosterone (79) (Figure
4 ). For patients starting a QT prolonging medication, the British Medical Journal — Drug and Therapeutics
Bulletin recommends a baseline ECG and another ECG once the drug has reached steady state (78). This
paper also encourages us to keep looking into the effects of testosterone as a protective hormone against
arrhythmogenesis, and its therapeutic potential. Some limitations that should be noted include the omission
of gray literature and the exclusion of papers in other languages than English or Spanish.

Cardiac Monitoring Recommendations

1) Patients with low testosterone and high-risk features
for of cardiac arrhythmia (below) should have annual
ECG monitoring.

I.  History of ischemic heart disease

II. History of arrhythmias

Ill. Previously documented prolonged QTc

IV. Family history of long QT syndrome or sudden
cardiac death

V. Polypharmacy (especially anti-depressants,
anti-psychotics, testosterone lowering therapy,
spironolactone, antibiotics, antiemetics)

2) Patients who are to receive testosterone lowering
therapy and have high risk features for cardiac arrhythmia
(see above), should have an ECGs at baseline, 4 weeks
after initiating treatment and then annually while on
therapy.

Figure 4. Cardiac monitoring recommendations for patients with low testosterone (4-6)
5.0 Conclusion

There is clear evidence in humans and animals to suggest that testosterone has a shortening effect on the
QT interval and that states of testosterone deprivation are associated with QTc prolongation and thus,
arrhythmogenesis. This highlights the importance of testosterone in clinical considerations and encourages
us to increase our understanding of testosterone deficient states as important factors determining the risk of
arrhythmogenesis.

6.0 Acknowledgments

Many thanks to Dr. Rachel Wamboltd and Dr. Adrian Baranchuk for their continuous support in the writing
of this article. Their contribution included proof reading, format and structure suggestions.

17



7.0 Funding source

None

8.0 Disclosures

No conflicts of interest to disclose
Bibliography:

1. Wamboldt R, Haseeb S, Waddington A, Baranchuk A. Cardiac arrhythmias secondary to hormone
therapy in trans women. Expert Rev Cardiovasc Ther [Internet]. 2019;17(5):335-43. Available from:
https://doi.org/10.1080/14779072.2019.1606713

2. Sedlak T, Shufelt C, Iribarren C, Merz CNB. Sex hormones and the QT interval: A review. J Women’s
Heal. 2012;21(9):933-41.

3. Abi-Gerges N, Philp K, Pollard C, Wakefield I, Hammond TG, Valentin JP. Sex differences in ven-
tricular repolarization: From cardiac electrophysiology to Torsades de Pointes. Fundam Clin Pharmacol.
2004;18(2):139-51.

4. Kwong JCC, Krakowsky Y, Grober E. Testosterone Deficiency: A Review and Com-
parison of Current Guidelines. J Sex Med [Internet]. 2019;16(6):812-20. Available from:
https://doi.org/10.1016//].jsxm.2019.03.262

5. Kumar P, Kumar N, Thakur DS, Patidar A. Male hypogonadism: Symptoms and treatment. J Adv
Pharm Technol Res. 2010;1(3):297-301.

6. Kloner RA, Carson C, Dobs A, Kopecky S, Mohler ER. Testosterone and Cardiovascular Disease. J Am
Coll Cardiol. 2016;67(5):545-57.

7. Moher D, Liberati A, Tetzlaff J, Altman DG, Altman D, Antes G, et al. Preferred reporting items for
systematic reviews and meta-analyses: The PRISMA statement. PLoS Med. 2009;6(7).

8. Schwartz JB, Volterrani M, Caminiti G, Marazzi G, Fini M, Rosano GMC, et al. Effects of testosterone
on the Q-T Interval in older men and older women with chronic heart failure. Int J Androl. 2011;34(5 PART
2):415-21.

9. Zhang Y, Ouyang P, Post WS, Dalal D, Vaidya D, Blasco-Colmenares E, et al. Sex-steroid hormones and
electrocardiographic qt-interval duration: Findings from the third national health and nutrition examination
survey and the multi-ethnic study of atherosclerosis. Am J Epidemiol. 2011;174(4):403-11.

10. Hiremath PG, Bhondoekhan F, Haberlen SA, Ashikaga H, Palella FJ, D’Souza G, et al. Testosterone
use and shorter electrocardiographic QT interval duration in men living with and without HIV. HIV Med.
2020;1-4.

11. Vicente J, Simlund J, Johannesen L, Sundh F, Florian J, Ugander M, et al. Investigation of potential
mechanisms of sex differences in quinidine-induced torsade de pointes risk. J Electrocardiol [Internet.
2015;48(4):533-8. Available from: http://dx.doi.org/10.1016/j.jelectrocard.2015.03.011

12. Barber M, Nguyen LS, Wassermann J, Spano JP, Funck-Brentano C, Salem JE. Cardiac arrhythmia
considerations of hormone cancer therapies. Cardiovasc Res. 2019;115(5):878-94.

13. Haque R, Ulcickasyood M, Xu X, Cassidy-Bushrow AE, Tsai HT, Keating NL, et al. Cardiovascular
disease risk and androgen deprivation therapy in patients with localised prostate cancer: A prospective cohort
study. Br J Cancer [Internet]. 2017;117(8):1233-40. Available from: http://dx.doi.org/10.1038/bjc.2017.280

14. Lazzerini PE, Bertolozzi I, Acampa M, Cantara S, Castagna MG, Pieragnoli L, et al. Androgen Depriva-
tion Therapy for Prostatic Cancer in Patients With Torsades de Pointes. Front Pharmacol. 2020;11(May):1-
11.

18



15.  Gheorghe ACD, Ciobanu A, Hodorogea AS, Radavoi GD, Jinga V, Nanea IT, et al. Evolu-
tion of Electrocardiographic Repolarization Parameters During Antiandrogen Therapy in Patients with
Prostate Cancer and Hypogonadism. Cardiovasc Toxicol [Internet]. 2020;20(4):390-400. Available from:
https://doi.org/10.1007/s12012-020-09566-6

16. Belderbos BPSI, de Wit R, Chien C, Mitselos A, Hellemans P, Jiao J, et al. An open-label, multicenter,
phase Ib study investigating the effect of apalutamide on ventricular repolarization in men with castration-
resistant prostate cancer. Cancer Chemother Pharmacol [Internet]. 2018;82(3):457-68. Available from:
http://dx.doi.org/10.1007/s00280-018-3632-6

17. Salem JE, Bretagne M, Lebrun-Vignes B, Waintraub X, Gandjbakhch E, Hidden-Lucet F, et al. Clinical
characterization of men with long QT syndrome and torsades de pointes associated with hypogonadism: A
review and pharmacovigilance study. Arch Cardiovasc Dis [Internet]. 2019;112(11):699-712. Available from:
https://doi.org/10.1016 /j.acvd.2019.06.008

18. Grouthier V, Lebrun-Vignes B, Glazer AM, Touraine P, Funck-Brentano C, Pariente A, et al. Increased
long QT and torsade de pointes reporting on tamoxifen compared with aromatase inhibitors. Heart. 2018;1-
5.

19. Abehsira G, Bachelot A, Badilini F, Koehl L, Lebot M, Favet C, et al. Complex influence of gonadotropins
and sex steroid hormones on QT interval duration. J Clin Endocrinol Metab. 2016;101(7):2776-84.

20. JOrgensen IN, SkakkebAk A, Andersen NH, Pedersen LNg, Hougaard DM, Bojesen A, et al. Short
QTec interval in males with klinefelter syndrome - Influence of CAG repeat length, body composition, and
testosterone replacement therapy. PACE - Pacing Clin Electrophysiol. 2015;38(4):472-82.

21. Pecori Giraldi F, Toja PM, Filippini B, Michailidis J, Scacchi M, Stramba Badiale M, et al. Increased
prevalence of prolonged QT interval in males with primary or secondary hypogonadism: A pilot study. Int J
Androl. 2010;33(1).

22. Bidoggia H, Maciel JP, Capalozza N, Mosca S, Blaksley EJ, Valverde E, et al. Sex differences on the elec-
trocardiographic pattern of cardiac repolarization: Possible role of testosterone. Am Heart J. 2000;140(4):678—
83.

23. Giraldi FP, Manzoni G, Michailidis J, Scacchi M, Stramba-Badiale M, Cavagnini F. High prevalence of
prolonged gt interval in obese hypogonadal males. Obesity [Internet|. 2011;19(10):2015-8. Available from:
http://dx.doi.org/10.1038/0by.2011.33 /nature06264

24. Charbit B, Christin-Maitre S, Démolis JL, Soustre E, Young J, Funck-Brentano C. Effects of Testosterone
on Ventricular Repolarization in Hypogonadic Men. Am J Cardiol [Internet]. 2009;103(6):887-90. Available
from: http://dx.doi.org/10.1016/j.amjcard.2008.11.041

25. Adigun AQ, Pinto AG, Flockhart DA, Gorski JC, Li L, Hall SD, et al. Effect of cirrhosis and liver
transplantation on the gender difference in QT interval. Am J Cardiol. 2005;95(5):691—4.

26. Vrtovec B, Meden-Vrtovec H, Jensterle M, Radovancevic B. Testosterone-related shortening of QTc
interval in women with polycystic ovary syndrome. J Endocrinol Invest. 2008;31(7):653-5.

27. Gazi E, Gencer M, Hanci V, Temiz A, Altun B, Giingér ANC, et al. Polikistik over sendromu olan geng
kadi{dotless}nlarda QT dispersiyonu ile gonadal hormonlar ve insulin arasi{dotless}ndaki iligki: Gozlemsel
bir ¢ali{dotless}gma. Anadolu Kardiyol Derg. 2013;13(8):772-7.

28. Pecori Giraldi F, Toja PM, Michailidis G, Metinidou A, De Martin M, Scacchi M, et al. High prevalence
of prolonged gt interval duration in male patients with Cushing’s disease. Exp Clin Endocrinol Diabetes.
2011;119(4):221-4.

29. Kirilmaz A, Bolu E, Kilicaslan F, Erinc K, Uzun M, Isik E, et al. Comparison of electrocardiographic
repolarization patterns between hypogonad males and normal subjects. Ann Noninvasive Electrocardiol.

19



2003;8(4):284-8.

30. La Fountaine MF, Wecht JM, Cirnigliaro CM, Kirshblum SC, Spungen AM, Bauman WA. Testosterone
replacement therapy improves QTaVI in hypogonadal men with spinal cord injury. Neuroendocrinology.
2013;97(4):341-6.

31. Lubart E, Yarovoy A, Gal G, Krakover R, Leibovitz A. QT interval length in elderly prostatic cancer
patients on anti-testosterone treatment. Isr Med Assoc J. 2015;17(6):356-8.

32. Olsson H, Petri N, Erichsen L, Malmberg A, Grundemar L. Effect of Degarelix, a Gonadotropin-
Releasing Hormone Receptor Antagonist for the Treatment of Prostate Cancer, on Cardiac Repolarisation
in a Randomised, Placebo and Active Comparator Controlled Thorough QT/QTc Trial in Healthy Men.
Clin Drug Investig. 2017;37(9):873-9.

33. Zhao J, Jiang C, Lam TH, Liu B, Cheng KK, Xu L, et al. Genetically predicted testosterone and
electrocardiographic QT interval duration in Chinese: A Mendelian randomization analysis in the Guangzhou
Biobank Cohort Study. Int J Epidemiol. 2015;44(2):613—20.

34. Gagliano-Juca T, Betul¢li T, Pencina KM, Li Z, Tapper J, Huang G, et al. Effects of testosterone repla-
cement on electrocardiographic parameters in men: Findings from two randomized trials. J Clin Endocrinol
Metab. 2017;102(5):1478-85.

35. Gagliano-Jucd T, Travison TG, Kantoff PW, Nguyen PL, Taplin ME, Kibel AS, et al. Androgen depri-
vation therapy is associated with prolongation of QTc interval inmen with prostate cancer. J Endocr Soc.
2018;2(5):485-96.

36. Huo J, Wei F, Cai C, Lyn-Cook B, Pang L. Sex-Related Differences in Drug-Induced QT Prolongation
and Torsades de Pointes: A New Model System with Human iPSC-CMs. Toxicol Sci. 2019;167(2):360-74.

37. La Fountaine MF, Wecht JM, Cirnigliaro CM, Kirshblum SC, Spungen AM, Bauman WA. QT/RR
coherence is associated with testosterone levels in men with chronic spinal cord injury. Neuroendocrinology.
2011;93(3):174-80.

38. Piccirillo G, Moscucci F, Pofi R, D’Alessandro G, Minnetti M, Isidori AM, et al. Changes in left ventricular
repolarization after short-term testosterone replacement therapy in hypogonadal males. J Endocrinol Invest
[Internet]. 2019;42(9):1051-65. Available from: https://doi.org/10.1007/s40618-019-01026-5

39. Salem JE, Waintraub X, Courtillot C, Shaffer CM, Gandjbakhch E, Maupain C, et al. Hypogonadism as
a reversible cause of torsades de pointes in men. Circulation. 2018;138(1):110-3.

40. Salem JE, Yang T, Moslehi JJ, Waintraub X, Gandjbakhch E, Bachelot A, et al. Androgenic effects
on ventricular repolarization a translational study from the international pharmacovigilance database to
iPSC-cardiomyocytes. Circulation. 2019;140(13):1070-80.

41. Vicente J, Johannesen L, Galeotti L, Strauss DG. Mechanisms of sex and age differences in
ventricular repolarization in humans. Am Heart J [Internet]. 2014;168(5):749-756.e3. Available from:
http://dx.doi.org/10.1016/j.ahj.2014.07.010

42. Wu ZY, Chen K, Haendler B, McDonald T V., Bian JS. Stimulation of N-terminal truncated isoform
of androgen receptor stabilizes human ether-d-go-go-related gene-encoded potassium channel protein via
activation of extracellular signal regulated kinase 1/2. Endocrinology. 2008;149(10):5061-9.

43. Valverde ER, Biagetti MO, Bertran GR, Arini PD, Bidoggia H, Quinteiro RA. Developmental changes of
cardiac repolarization in rabbits: Implications for the role of sex hormones. Cardiovasc Res. 2003;57(3):625—
31.

44. Liu XK, Katchman A, Whitfield BH, Wan G, Janowski EM, Woosley RL, et al. In vivo androgen
treatment shortens the QT interval and increases the densities of inward and delayed rectifier potassium
currents in orchiectomized male rabbits. Cardiovasc Res. 2003;57(1):28-36.

20



45. Alexandre J, Milliez P, Rouet R, Manrique A, Allouche S, Piccirillo G, et al. Aldosterone and testos-
terone: Two steroid hormones structurally related but with opposite electrophysiological properties during
myocardial ischemia-reperfusion. Fundam Clin Pharmacol. 2015;29(4):341-51.

46. Lujan HL, Kramer VJ, Dicarlo SE. Sex influences the susceptibility to reperfusion-induced sustained
ventricular tachycardia and (-adrenergic receptor blockade in conscious rats. Am J Physiol - Hear Circ
Physiol. 2007;293(5).

47. Masuda K, Takanari H, Morishima M, Ma FF, Wang Y, Takahashi N, et al. Testosterone-mediated
upregulation of delayed rectifier potassium channel in cardiomyocytes causes abbreviation of QT intervals in
rats. J Physiol Sci [Internet]. 2018;68(6):759-67. Available from: https://doi.org/10.1007/s12576-017-0590-
4

48. Brouillette J, Rivard K, Lizotte E, Fiset C. Sex and strain differences in adult mouse cardiac repolar-
ization: Importance of androgens. Cardiovasc Res. 2005;65(1):148-57.

49. Brouillette J, Trépanier-Boulay V, Fiset C. Effect of androgen deficiency on mouse ventricular repolari-
zation. J Physiol. 2003;546(2):403—13.

50. Crump SM, Hu Z, Kant R, Levy DI, Goldstein SAN, Abbott GW. Kcne4 deletion sex- and age-specifically
impairs cardiac repolarization in mice. FASEB J. 2016;30(1):360-9.

51. Hu Z, Wei W, Zhou L, Chen M, Abbott GW. Kcned deletion sex-specifically predisposes to cardiac
arrhythmia via testosterone-dependent impairment of RISK/SAFE pathway induction in aged mice. Sci
Rep. 2018;8(1):1-14.

52. Sun YL, Li PH, Shi L, Su WZ, Li DS, Xue GL, et al. Valsartan reduced the vulnerability to atrial
fibrillation by preventing action potential prolongation and conduction slowing in castrated male mice. J
Cardiovasc Electrophysiol. 2018;29(10):1436—43.

53. Tsai WC, Lu YY, Chen YC, Chang CJ, Kao YH, Lin YK, et al. Ablation of androgen receptor gene
triggers right ventricular outflow tract ventricular tachycardia. Int J Cardiol [Internet]. 2015;189(1):172-81.
Available from: http://dx.doi.org/10.1016/j.ijcard.2015.04.080

54. Tsai WC, Yang LY, Chen YC, Kao YH, Lin YK, Chen SA, et al. Ablation of the androgen receptor gene
modulates atrial electrophysiology and arrhythmogenesis with calcium protein dysregulation. Endocrinology.
2013;154(8):2833—-42.

55. Zhang Y, Wang HM, Wang YZ, Zhang YY, Jin XX, Zhao Y, et al. Increment of late sodi-
um currents in the left atrial myocytes and its potential contribution to increased susceptibility of
atrial fibrillation in castrated male mice. Hear Rhythm [Internet]. 2017;14(7):1073-80. Available from:
http://dx.doi.org/10.1016/j.hrthm.2017.01.046

56. Drici MD, Burklow TR, Haridasse V, Glazer RI, Woosley RL. Sex hormones prolong the QT interval
and downregulate potassium channel expression in the rabbit heart. Circulation. 1996;94(6):1471—4.

57. Lang CN, Menza M, Jochem S, Franke G, Perez Feliz S, Brunner M, et al. Electro-mechanical
dysfunction in long QT syndrome: Role for arrhythmogenic risk prediction and modulation by
sex and sex hormones. Prog Biophys Mol Biol [Internet]. 2016;120(1-3):255-69. Available from:
http://dx.doi.org/10.1016/j.pbiomolbio.2015.12.010

58. Pham T V., Robinson RB, Danilo P, Rosen MR. Effects of gonadal steroids on gender-related differences
in transmural dispersion of L-type calcium current. Cardiovasc Res. 2002;53(3):752-62.

59. Pham T V., Sosunov EA, Gainullin RZ, Danilo P, Rosen MR. Impact of sex and gonadal steroids
on prolongation of ventricular repolarization and arrhythmias induced by Ik-blocking drugs. Circulation.
2001;103(17):2207-12.

21



60. Pham T V., Sosunov EA, Anyukhovsky EP, Danilo P, Rosen MR. Testosterone diminishes the proar-
rhythmic effects of dofetilide in normal female rabbits. Circulation. 2002;106(16):2132-6.

61. Argenziano M, Tiscornia G, Moretta R, Casal L, Potilinski C, Amorena C, et al. Arrhythmogenic effect
of androgens on the rat heart. J Physiol Sci. 2017;67(1):217-25.

62. Ayaz M, Akand M, Kucukbagriacik Y, Dursunoglu D. The effects of estradiol on cardiac muscle elec-
trophysiology in orchiectomized rat model: A new insight to side effects caused by castration. Eur Rev Med
Pharmacol Sci. 2015;19(15):2866-74.

63. Eleawa SM, Sakr HF, Hussein AM, Assiri AS, Bayoumy NMK, Alkhateeb M. Effect of testosterone
replacement therapy on cardiac performance and oxidative stress in orchidectomized rats. Acta Physiol.
2013;209(2):136-47.

64. Shuba YM, Degtiar VE, Osipenko VN, Naidenov VG, Woosley RL. Testosterone-mediated modulation
of HERG blockade by proarrhythmic agents. Biochem Pharmacol. 2001;62(1):41-9.

65. Barajas-Martinez H, Haufe V, Chamberland C, Roy MJB, Fecteau MH, Cordeiro JM, et al. Larger
dispersion of INa in female dog ventricle as a mechanism for gender-specific incidence of cardiac arrhythmias.
Cardiovasc Res. 2009;81(1):82-9.

66. Fiilop L, Banyasz T, Szabé G, Téth IB, Biré T, Lorincz I, et al. Effects of sex hormones on ECG
parameters and expression of cardiac ion channels in dogs. Acta Physiol. 2006;188(3-4):163-71.

67. Bai CX, Kurokawa J, Tamagawa M, Nakaya H, Furukawa T. Nontranscriptional regulation of cardiac
repolarization currents by testosterone. Circulation. 2005;112(12):1701-10.

68. James AF, Arberry LA, Hancox JC. Gender-related differences in venticular myocyte repolarization in
the guinea pig. Basic Res Cardiol. 2004;99(3):183-92.

69. Yang PC, Kurokawa J, Furukawa T, Clancy CE. Acute effects of sex steroid hormones on susceptibility
to cardiac arrhythmias: A simulation study. PLoS Comput Biol. 2010;6(1).

70. Raghu KG, Singh R, Prathapan A, Yadav GK. Modulation of haloperidol induced electrophysiological
alterations on cardiac action potential by various risk factors and gender difference. Chem Biol Interact.
2009;180(3):454-9.

71. Argenziano M, Tiscornia G, Moretta R, Amorena CE, Gras EG. Control hormonal de las corrientes de
la fase 1 del potencial de accién cardiaco en el sindrome de Brugada. Rev Argent Cardiol. 2014;82(4):292-7.

72. Muensterman ET, Jaynes HA, Sowinski KM, Overholser BR, Shen C, Kovacs RJ, et al. Effect of transder-
mal testosterone and oral progesterone on drug-induced QT interval lengthening in older men a randomized,
double-blind, placebo-controlled crossover-design study. Circulation. 2019;140(13):1127-9.

73. Tsai WC, Lee TI, Chen YC, Kao YH, Lu YY, Lin YK, et al. Testosterone replacement increases aged
pulmonary vein and left atrium arrhythmogenesis with enhanced adrenergic activity. Int J Cardiol [Internet].
2014;176(1):110-8. Available from: http://dx.doi.org/10.1016/j.ijcard.2014.06.054

74. Van Noord C, Eijgelsheim M, Stricker BHC. Drug- and non-drug-associated QT interval prolongation.
Br J Clin Pharmacol. 2010;70(1):16-23.

75. College of Physicians and Surgeons of British Columbia. Drug Associated with QT Interval Prolongation.
2003; Available from: https://www.cpsbc.ca/files/pdf/Methadone-Drugs-QT-Interval-Prolongation.pdf

76. Nachimuthu S, Assar MD, Schussler JM. Drug-induced QT interval prolongation: Mechanisms and clinical
management. Ther Adv Drug Saf. 2012;3(5):241-53.

77. Cheng J. Evidences of the gender-related differences in cardiac repolarization and the underlying mecha-
nisms in different animal species and human. Fundam Clin Pharmacol. 2006;20(1):1-8.

22



78. Drug F, Bulletin T. QT interval and drug therapy. BMJ. 2016;353(June):1-5.
79. Lapointe NMA, Kramer JM, Califf RM. About the QT Interval. 2003;289(16).

23



