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ABSTRACT

Introduction: Gender-affirming hormone therapy (GAHT) may influence cardiovascular
physiology in transgender women, but its impact on hemodynamic responses to exercise
remains unclear. This study investigated circulatory power (CircP), rate-pressure product (RPP),
and blood pressure (BP) responses during maximal exertion in transgender women compared
with cisgender women and cisgender men.

Methods: This cross-sectional study included 51 physically active individuals (17 transgender
women on GAHT for 8.1+3.7years, 17 cisgender women, 17 cisgender men), matched by age
and aerobic fitness. Participants underwent maximal cardiopulmonary exercise testing (CPET).
Systolic and diastolic BP were measured at rest, at the first ventilatory threshold (VT1), and at
peak. CircP was defined as peak oxygen uptake (VO,) X systolic BP, and RPP as heart rate (HR)
x systolic BP. Between-group differences were assessed with Analysis of Variance (ANOVA) and
Bonferroni correction, and Analysis of Covariance (ANCOVA) was adjusted for hypertension.
Results: Transgender women exhibited significantly lower CircP than cisgender men (A =
—2528.2; p<0.001; n? = 0.287) and similar values to cisgender women (A = —345.1; p=1.000).
Peak systolic BP was lower in transgender women (180.3+20.1 mmHg) versus cisgender men
(200.3+32.2mmHg; p=0.025), despite comparable peak VO, and HR. At VT1, transgender
women resembled cisgender men in systolic BP but differed from cisgender women. RPP
followed a similar gradient, with transgender women intermediate, but group differences
were not significant after adjustment (p=0.123; n? = 0.089). Diastolic BP differed at VT1 but
not at peak. Hypertension did not significantly affect CircP.

Conclusion: transgender women under GAHT demonstrate consistently lower CircP and
attenuated systolic BP responses during exercise, suggesting a distinct cardiovascular
adaptation. CircP showed stronger discriminatory power than RPP, supporting its role as a
sensitive marker. CPET may assist functional evaluation and cardiovascular risk stratification in
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gender-diverse populations.

Background

Hemodynamic responses to exercise, especially
systolic and diastolic blood pressure (SBP and
DBP, respectively), vary significantly between cis-
gender men and women. Men typically demon-
strate higher peak SBP and DBP during exertion
than women, although these differences narrow

after the fifth decade of life (Daida et al., 1996;
Janssens et al., 2025). Conversely, older women
often exhibit exaggerated BP responses during
women and
age-matched men 2018).
Post-exercise hypotension manifests in both cis-

exercise relative to younger

(Trinity et al,

gender men and women, albeit through distinct
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physiological mechanisms: in men, it is primarily
driven by a reduction in cardiac output, while in
women, it results from a decrease in systemic
vascular resistance (Cardozo, 2022). Notably,
resistance training reduces DBP more in women
whereas it induces greater arterial stiffness in
men (Collier et al., 2008). Additionally, cardiore-
spiratory fitness (CRF) level inversely correlates
with submaximal BP during exercise in both men
and women, yet higher CRF has also been asso-
ciated with augmented peak SBP responses
(Janssens et al., 2025).

Peak oxygen uptake (VO,peak) is widely rec-
ognized as the gold standard for assessing cardio-
respiratory fitness, commonly measured through
cardiopulmonary exercise testing (CPET). Higher
VO,peak values are consistently associated with
lower all-cause mortality in healthy individuals
and those with chronic disease (Aspenes et al,
2011; Fabricio Braga et al., 2024). However, rely-
ing solely on VO,peak may fail to capture key
hemodynamic determinants of functional capac-
ity, particularly those related to blood pressure
and cardiac output (Cohen-Solal et al., 1999).

Recent research has emphasized the prognostic
importance of incorporating hemodynamic
parameters into CPET interpretation (Moayedi
et al., 2020; Pezzuto et al, 2022). Among these,
peak circulatory power (CircP)—the product of
VO,peak and peak systolic blood pressure—has
emerged as a particularly robust integrative
marker. By simultaneously reflecting oxygen
uptake, blood flow, and perfusion pressure, CircP
provides a more comprehensive assessment of
cardiovascular performance under stress than
either variable alone (Cohen-Solal et al., 2002b).
Clinically, CircP reflects the integrative ability of
the cardiovascular system to generate forward
flow under pressure, functioning as a noninvasive
correlation of cardiac pumping capacity. From a
physical performance perspective, it indicates how
effectively central and peripheral components
sustain oxygen delivery during exertion.

Introduced as a noninvasive surrogate for car-
diac power, CircP has demonstrated superior pre-
dictive value compared to VO,peak in patients
with heart failure and pulmonary vascular disease
(Giverts, 2022; Martinez et al., 2022; Tang et al,,
2018). Recent normative data from large,

population-based cohorts further validate CircP’s
clinical utility, highlighting the significant impact
of demographic and anthropometric factors
(Busque et al., 2022). Unlike isolated gas exchange
or pressure variables, CircP captures central and
peripheral cardiovascular responses and is sensi-
tive to sex, age, and training-related physiological
differences (Cohen-Solal et al., 2002a). However,
the impact of gender-affirming hormone therapy
(GAHT) on CircP remains unexplored. This gap
is particularly relevant given that vascular com-
pliance, cardiac structure, and metabolic demand
may be profoundly affected by hormonal modu-
lation in this population (Banks et al., 2021;
Connelly et al,, 2019; Deutsch et al., 2015).

Additionally, although the rate-pressure product
(RPP)—the product of heart rate and systolic blood
pressure—is a widely used marker of myocardial
workload and autonomic demand (Bagali et al,
2012; Whitman & Jenkins, 2021), its behavior in
transgender individuals remains unknown. Clinically,
RPP serves as a noninvasive estimate of myocardial
oxygen consumption and ischemic burden during
exertion, allowing clinicians to gauge left ventricular
stress and autonomic load. From a functional stand-
point, it reflects the efficiency of the cardiovascular
system to match myocardial demand to systemic
workload, which is particularly relevant in popula-
tions undergoing hormonal modulation.

From a clinical perspective, relying on VO,peak
alone may overlook hemodynamic determinants
that shape functional capacity. CircP adds infor-
mation on vascular load and central-peripheral
integration, while RPP captures myocardial work-
load and ischemic stress. For a trans person, these
markers provide a clearer picture of how
gender-affirming hormone therapy may influence
cardiovascular performance beyond aerobic capac-
ity alone, helping anticipate limitations during
daily activities or exercise. For clinicians, they
offer practical tools to distinguish whether reduced
performance arises from true cardiorespiratory
impairment or from altered blood pressure and
cardiac workload under hormone therapy, thereby
guiding safer exercise prescription and more accu-
rate cardiovascular risk stratification.

In transgender women and transfeminine indi-
viduals (including nonbinary people receiving
estrogen-based GAHT), gender-affirming hormone



therapy—typically comprising the administration of
estrogens combined with antiandrogens—is known
to influence cardiovascular physiology. While some
studies have reported reductions in SBP following
estrogen initiation (Banks et al, 2021; Deutsch
et al, 2015), others have found no significant
changes, suggesting that these effects may vary
according to the type, dosage, and duration of
antiandrogen therapy (Maraka et al, 2017). The
cardiovascular implications of progestins remain
even more controversial, with inconsistent associa-
tions reported concerning hypertension and throm-
boembolic events (Asscheman et al., 1989).

Notably, most investigations have focused on
resting cardiovascular parameters, leaving a criti-
cal gap in our understanding of dynamic
responses during exercise in transgender women
receiving GAHT (Cortes-Puentes et al, 2024;
Fabricio Braga et al., 2025). To date, no studies
have evaluated this population’s exercise-induced
changes in blood pressure or CircP. This gap lim-
its the characterization of their functional cardio-
vascular profile and hinders the development of
tailored exercise prescriptions and risk stratifica-
tion strategies (Streed et al., 2021). Given their
distinct physiological scopes—CircP integrating
central and peripheral performance, and RPP
reflecting myocardial workload—examining both
in the context of GAHT aligns with prior evi-
dence and addresses a relevant gap.

This study aimed to compare CircP between
transgender women undergoing GAHT, cisgender
women, and cisgender men. We further evaluated
exercise-induced blood pressure responses and
RPP to characterize functional cardiovascular dif-
ferences across groups. We hypothesized that
transgender women would exhibit reduced CircP
and attenuated BP responses compared to cisgen-
der men, reflecting a distinct cardiovascular adap-
tation under GAHT, and that CircP would more
effectively differentiate group profiles than RPP.

Materials and methods

This retrospective cross-sectional study evaluated
hemodynamic responses to maximal CPET in
transgender women undergoing GAHT. All proce-
dures strictly followed a previously published pro-
tocol from our group, which detailed the
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experimental design, testing environment, and data
collection procedures (Fabricio Braga et al., 2025).

Participants and study design

Seventeen transgender women aged 18 to 45 were
recruited from a multidisciplinary gender clinic. All
had been on uninterrupted GAHT for at least
12months and presented documented hormonal
suppression, defined as at least two serum total tes-
tosterone values below 50ng/dL within the previous
year. Eligibility also required regular follow-up with
an endocrinologist and a multidisciplinary team
every three to six months, ensuring consistent clini-
cal supervision and treatment adherence. The hor-
monal, clinical, and eligibility protocols followed
standardized procedures previously detailed by our
group. Control participants (17 cisgender women
and 17cisgender men) were selected from a CPET
database using 1:1:1 propensity score matching based
on age, body mass index, and physical activity level.
None were professional or amateur athletes. The
local ethics committee approved the study (CAAE:
90047218.9.0000.5266), and all participants provided
written informed consent.

Cardiopulmonary exercise testing

CPET was conducted on an electronically braked
cycle ergometer (Lode Corival, Netherlands) using
individualized ramp protocols based on Wasserman’s
equation (Hansen et al, 1984). After a 2-min rest
period followed by 3min of unloaded pedaling, the
workload was gradually increased until the partici-
pant reached volitional fatigue. Gas exchange was
recorded breath-by-breath using a metabolic system
(Metalyzer 3B, Cortex, Germany), and data were
analyzed using MetaSoft Studio software.

Blood pressure measurement

SBP and DBP were assessed at rest, during exer-
cise, and at peak effort using an aneroid sphyg-
momanometer and auscultation following current
recommendations for exercise testing (Sharman &
LaGerche, 2015). The cuff was placed on the
right arm at heart level and remained in position
throughout the test. During the exercise phase,
the same trained operator manually measured
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blood pressure every two minutes. The value cor-
responding to the first ventilatory threshold
(VT1) was the measurement closest to that met-
abolic point, as determined by gas exchange anal-
ysis. Peak blood pressure was defined as the last
value recorded during exercise, before recovery,
rather than during the first 30s post-exercise.
The resting, VT1, and peak values were com-
pared between groups. Inflation was set at approx-
imately 30mmHg above the expected SBP, and
deflation followed a rate of 2-3mmHg per sec-
ond. Korotkoff phases I and V were used to
determine SBP and DBP; phase IV was noted
when sounds persisted near zero. During record-
ings, care was taken to minimize muscle tension,
cuff misplacement, and ambient noise.

Circulatory power

CircP was calculated as the product of VO,peak
and peak SBP obtained during maximal effort.

Rate-pressure product

RPP was calculated as the product of peak heart
rate and peak systolic blood pressure obtained
during maximal effort.

Statistical analysis

The sample size was determined as previously
described in our earlier publication on ventilatory
efficiency in transgender women (Fabricio Braga
et al,, 2025). The normality of continuous vari-
ables was assessed using the Shapiro-Wilk test. Between-
group comparisons were performed using one-way
analysis of variance (ANOVA). Bonferroni post
hoc tests were used for multiple comparisons, as
appropriate. Categorical variables were analyzed
using chi-square or Fisher’s exact test.

Although participants were matched by age,
body mass index, and physical activity level, the
prevalence of hypertension was not balanced across
groups due to the observational nature of the
design. Therefore, for outcomes in which hyperten-
sion could plausibly confound group comparisons,
we conducted additional analyses using univariate
analysis of covariance (ANCOVA), with hyperten-

sion status included as a covariate. Group

(transgender women, cisgender women, and cis-
gender men) was modeled as a
between-subject factor.

To address the potential for unequal error vari-
ances and violations of ANCOVA assumptions,
all models were estimated using robust standard
errors based on the HC3 heteroskedasticity-
consistent estimator. This method provides reli-
able standard error estimates even in non-constant
residual variance and is particularly recommended
for small samples (MacKinnon & White, 1985).

Adjusted group means and 95% confidence
intervals were calculated. Effect sizes were
reported as partial eta squared (n?) and inter-
preted according to conventional thresholds: neg-
ligible (<0.01), small (0.01-0.059), medium
(0.06-0.139), and large (=0.14). All analyses were
conducted using Prism version 10.0 (GraphPad
Software) and SPSS version 27.0 (IBM Corp.).
Statistical significance was defined as p<0.05.

Results

Group characteristics are summarized in Table 1.
No significant differences were observed in age
distribution, prevalence of hypertension and
asthma, smoking status, or physical activity
patterns. Although not statistically significant,
hypertension was more frequent in cisgender
men, while thyroid disease appeared exclusively
among cisgender women, reaching significance.
Transgender women had a well-established GAHT
history, with prolonged treatment duration and
consistent hormonal suppression. Cyproterone
was the most common antiandrogen, followed
by spironolactone and finasteride, reflecting
typical prescribing patterns in feminizing therapy.
Most transgender women used transdermal or
oral estradiol, with a smaller subset receiving
injectable formulations.

Body composition and CPET data are pre-
sented in Table 2. Cisgender men had the highest
skeletal muscle mass (absolute and relative to
body surface area), while cisgender women had
the lowest. Transgender women resembled cis-
gender men in weight and height but showed sig-
nificantly lower lean mass (SMM and SMM/kg?)
compared to cisgender men (p<0.01). Although
predicted VO,peak percentages were similar,



Table 1. Participant demographics, comorbidities, physical
activity levels, and gender-affirming hormone therapy details
in a case—control study of ventilatory efficiency.

Transgender  Cisgender  Cisgender
women women men
(N=17) (N=17) (N=17) P value

Age (years) 35.1+85 36.4x7.1 346+8.3 0.782
Comorbidities

Hypertension (%) 2 (11.8) 1 (5.9) 5 (29.4) 0.146

Ever smoke (%) 2 (11.8) 1(5.9) 2(11.8) 0.801

Asthma (%) 3(17.6) 5(29.4) 3(17.6) 0.629

Thyroid disease (%) 0 (0) 4 (23.5) 0 (0) 0.013
Physical activity

Sedentary (%) 5 (29.4) 6 (35.3) 7 (41.2) 0.925

Irreqular (%) 5(29.4) 4 (23.5) 5 (29.4)

Regular (%) 7 (41.2) 7 (41.2) 5 (29.4)
GAHT

Mean age at 298+7.6

initiation (years)

Duration (years) 8.1+3.7

GAS (%) 4 (23.5)

OE (%) 6 (35.3)

TE (%) 11 (64.7)

IME (%) 2 (11.8)

Cyproterone (%) 13 (76.4)

Finasteride (%) 3 (17.6)
Spironolactone (%) 7 (41.2)

Data are expressed as mean and standard deviation or absolute and rela-
tive frequency.

GAHT: gender-affirming hormone therapy; GAS: gender-affirming surgery;
OE: oral estrogen; TE: transdermal estrogen; IME: intra-muscular estrogen.

cisgender men reached higher absolute and rela-
tive VO, peak, oxygen pulse, and ventilatory vol-
umes. Transgender women exhibited elevated
ventilatory equivalents for oxygen and carbon
dioxide across all stages. No significant differ-
ences were observed in resting or peak HR, chro-
notropic index, or HRR at 1min, suggesting
comparable autonomic recovery  patterns
across groups.

Blood pressure responses

SBP and DBP values across groups are summa-
rized in Table 3. At rest, systolic blood pressure
differed significantly between groups (p = 0.037;
n? = 0.13, medium effect), while DBP did not
(p = 0.340; n*> = 0.04, small effect). At VT, both
SBP and DBP differences reached statistical sig-
nificance (p = 0.002 and p = 0.009, respectively),
with large effect sizes (n*> = 0.23 and 0.18). At
peak effort, SBP remained significantly different
between groups (p = 0.007; n?> = 0.19, large
effect), whereas DBP did not reach significance
(p = 0.113; n* = 0.09, small to medium effect).
ANCOVA models adjusted for hypertension
status were conducted for BP variables that showed
significant differences in the initial ANOVA (Table
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4). Effect sizes ranged from medium to large,
depending on the parameter and stage of exercise.
At rest, SBP was significantly higher in cisgender
men compared to cisgender women (A =
+10.9mmHg, p=0.035; n? = 0.13). At VT, cisgen-
der men had higher SBP than both transgender
women (A = +24.1mmHg, p=0.017; n* = 0.23)
and cisgender women (A = +24.1 mmHg, p=0.008;
n* = 0.23). DBP also differed, with higher values
in cisgender men compared to cisgender women
(A = +11.2mmHg, p=0.043; n? = 0.18). At peak
effort, SBP remained higher in cisgender men
than in transgender women (A = +24.1 mmHg,
p=0.025; n? = 0.19) and cisgender women (A =
+25.0mmHg, p=0.020; n* = 0.19).

Circulatory power

CircP differed significantly between groups
(ANOVA p < 0.001; Table 3), with cisgender men
showing the highest mean values, followed by
cisgender women and transgender women. The
overall effect size was large (n? = 0.29).

After adjusting for hypertension, the group effect
on CircP remained significant (p < 0.001; n? = 0.29,
large effect), while hypertension was not associated
with CircP (p = 0.718; n* = 0.003). Pairwise com-
parisons showed significantly lower CircP in trans-
gender women compared to cisgender men
(A = -25282, p <0.001), with no difference
between transgender women and cisgender women.

Rate-pressure product

RPP differed significantly between groups in the
initial analysis (ANOVA p = 0.022), with cisgen-
der men showing the highest mean values, fol-
lowed by transgender women and cisgender
women. The overall effect size was moderate
(n* = 0.15) (Table 3).

All pairwise comparisons remained non-significant
(p > 0.30) (Table 4).

Discussion

This is the first study to investigate CircP and
RPP in transgender women using maximal CPET.
CircP was significantly lower in transgender
women compared to cisgender men and closely
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Table 2. Body composition and cardiopulmonary exercise responses in transgender women, cisgender women, and cisgender men.

P-value
TW (N=17) CW (N=17) M (N=17) Between-group Pairwise comparisons

Body composition TWvs.CW TWvs.CM CWvs.CM
Weight (kg) 76.7+14.5 61.0+£13.4 81.9+12.7 <0.01 0.04 0.81 <0.01
Height (cm) 1749+54 162.3+54 177.1+6.4 <0.01 <0.01 0.83 <0.01
SMM (kg) 29.6+3 22.0+3.1 35.9+5.1 <0.01 <0.01 <0.01 <0.01
SMM/m? 15.4+0.8 133+1.3 17.9+1.7 <0.01 <0.01 <0.01 <0.01
PBF (%) 29.3+8 32.0+10.3 224+8.8 0.01 1.00 0.09 0.01
BFM/m? 27713 24.6+2.2 314+29 <0.01 <0.01 <0.01 <0.01

CPET

Rest
VO, (ml/kg/min) 44409 48+1.1 52+2.1 0.36 — — —
HR (bpm) 843+14.8 81.7+£10.2 782+15.4 0.42 — — —
TV (L) 0.77 (0.28) 0.54 (0.13) 0.87 (0.2) <0.01 <0.01 0.22 <0.01
VE (L/min) 14 (3.5) 10.1 (2.4) 13.6 (2.7) <0.01 <0.01 0.71 <0.01
VE/VCO, 404452 32945 33.7+4.6 <0.01 <0.01 <0.01 1.00
VE/VO, 33.7+6.0 26.5+5.0 263+54 <0.001 0.001 <0.001 1.000

VT,
VO, (ml/kg/min) 15.2 (7.0) 13.9 (6.8) 17.1 (13.2) 0.14 — — —
Workload (Watts/kg) 0.9 (0.5) 1 (0.5) 1.2 (0.6) 0.23 — — —
HR (bpm) 130.6+19 1203+21.4 121.4+21.1 0.27 — — —
TV (L) 1.6+0.5 1.2+0.3 1.7+04 <0.01 0.01 1.00 0.01
VE (L/min) 39.7+£10.9 26.9+9.1 424+173 <0.01 1.00 0.01 0.03
VE/VCO, 34 (4.7) 26.1 (5.6) 28 (5.6) <0.01 <0.01 <0.01 0.61
VE/VO, 30.6+3.9 252+3.9 23.0+£2.9 <0.001 <0.001 <0.001 0.230

Peak
VO, (L/min) 1.95+0.40 1.65+0.49 2.84+0.85 <0.01 0.49 <0.01 <0.01
VO, (ml/Kg/min) 25.8+5.6 28+9.9 34.6+9.7 <0.01 1.0 0.014 0.09
VO, (% predicted) 98.6+21.3 93.5+24.2 91.4+239 0.64 ——— e e
Workload (Watts/kg) 2 (0.7) 23 (1.3) 2.6 (2) 0.13 —_— e e
HR (bpm) 176 (13) 172 (21) 175 (19) 0.39 —
O,pulse (ml/beat) 11.4 (2.4) 9 (4.2) 16 (8.3) <0.01 0.20 0.92 <0.01
TV (L) 22+0.6 1.7+£0.3 24+0.6 <0.01 0.03 0.42 <0.01
VE (L/min) 97.5+25.3 723+16.5 1M1+31.6 <0.01 0.01 0.38 <0.01
VE/VCO, 35.8+4.7 31.2+5 28.9+3.5 <0.01 0.01 <0.01 0.40
VE/VCO, slope 33.9+4.2 29.5+5 28+3.5 <0.01 0.01 <0.01 0.98
VE/VO, 46.6+8.1 413+7.0 36.9+5.5 <0.001 0.096 <0.001 0.212
Chronotropic 91+13 8713 8714 0.516 —_— e

Response (%)

HRR (bpm) 30.12+£12.71 31.18+13.69 33.00+14.61 0.825 —_—
RER 1.2+0.1 1.2+0.1 1.1+0.1 0.06 0.42 1.00 0.06
OUES 2.1 (0.6) 1.7 (0.7) 2.9 (0.9) <0.01 0.48 0.01 <0.01

Data are expressed as mean and standard deviation. Statistical analysis: one-way ANOVA for between-group comparisons (first column), with

Bonferroni-corrected post hoc tests for pairwise analyses.

BFM/m? body fat mass indexed to body surface area; CM: cisgender men; CPET: cardiopulmonary exercise testing; CW: cisgender women; DBP: diastolic
blood pressure; HR: heart rate; HRR: heart rate recovery; OUES: oxygen uptake efficiency slope; O,pulse: oxygen pulse; PBF: percent body fat; VE: minute
ventilation; RER: respiratory exchange ratio; SBP: systolic blood pressure; SMM: skeletal muscle mass; SMM/m? skeletal muscle mass indexed to body
surface area; TV: tidal volume; TW: transgender women; VE/VCO,: ventilatory equivalent for carbon dioxide; VE/VO,: ventilatory equivalent for oxygen; VO,

oxygen uptake; VT;: first ventilatory threshold.

resembled values observed in cisgender women,
supporting the existence of a hormonally modu-
lated cardiovascular phenotype. Despite our sam-
ple’s low prevalence of hypertension, we accounted
for its potential influence through statistical
adjustment. The persistence of group differences
after this correction reinforces the interpretation
that these hemodynamic patterns are more likely
related to intrinsic physiological and hormonal
factors than differences in comorbidity burden.
Previous research employing cardiopulmonary
exercise testing in transgender women has consis-
tently demonstrated reductions in aerobic capacity
and muscle strength after gender-affirming hormone

therapy, although findings vary according to study
design and athletic status (Alvares et al, 2022;
Hamilton et al, 2024). More recently, large cohort
and interventional studies have further characterized
the impact of feminizing therapy on physical perfor-
mance and exercise physiology, reinforcing that
changes in aerobic and anaerobic profiles are multi-
factorial and extend beyond body composition alone
(Alvares et al., 2025; Cheung et al., 2024). However,
none of these studies have examined hemodynamic
responses such as blood pressure regulation or cir-
culatory power, which are key determinants of exer-
cise capacity and cardiovascular risk. This highlights
the novelty and clinical relevance of our findings.
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SBP responses during exercise exhibited a similar
trajectory: at submaximal intensity, transgender
women presented values comparable to cisgender

Table 4. ANCOVA results for blood pressure responses, circula-
tory power and rate-pressure response at rest, first ventilatory
threshold, and peak exercise adjusted for hypertension.

Effect
Variable  p-value n’ size Adjusted pairwise differences
Rest SBP 0.038 0.13 Medium CM>CW (A = +10.9mmHg, p=0.035)

VT, SBP 0.002 0.23 Large CM>TW (A = +24.1mmHg, p=0.017);
CM>CW (A = +24.1 mmHg,
p=0.008)

VT, DBP 0.009 0.18 Large CM>CW (A = +11.2mmHg, p=0.043)

Peak SBP  0.005 0.19 Large CM>TW (A = +24.1mmHg, p=0.025);
CM>CW (A = +25.0mmHg,
p=0.020)

CircP <0.001 0.29 Large TW<CM (A = —2528.2mmHg-mL-min~",
p<0.001); TW<CW (A = —345.1,
p=1.000)

RPP 0.077 0.10 Medium All pairwise comparisons: p>0.30

Statistical analysis: ANCOVA models adjusted for hypertension status. Only
variables with significant ANOVA results included. Effect size interpretation:
negligible (<0.01), small (0.01-0.059), medium (0.06-0.139), large (=0.14).

CircP: circulatory power; CM: cisgender men; CW: cisgender women; DBP:
diastolic blood pressure; RPP: rate-pressure product; SBP: systolic blood
pressure; TW: transgender women; VT,: first ventilatory threshold; n%
partial eta squared.

men, whereas at peak exertion, their responses
aligned more closely with cisgender women. These
patterns were consistent across intensities and do
not suggest an intermediate profile but a distinct
physiological configuration. CircP proved sensitive
in capturing these nuances, reinforcing its value as
an integrative marker of cardiovascular function in
gender-diverse populations. RPP revealed similar
directional trends but failed to reach statistical sig-
nificance after adjustment, displaying smaller effect
sizes. This contrast highlights the clearer separation
between groups observed with CircP and under-
scores its stronger capacity to capture physiologically
meaningful differences in this context (Figure 1).

Blood pressure responses

Exercise-induced BP responses observed in trans-
gender women may reflect hormonal influences on
vascular tone and autonomic control. Estrogen has
been shown to enhance nitric oxide-mediated

Figure 1. Flowchart of participant selection. CPET: Cardiopulmonary Exercise Testing; TW: transgender women; CW: cisgender
women; CM: cisgender men; COPD: Chronic Obstructive Pulmonary Disease; ILD: Interstitial Lung Disease; CKD: chronic kidney
disease; CVD: cardiovascular disease; VT1: First Ventilatory Threshold; GAHT: Gender-Affirming Hormone Therapy.



vasodilation and reduce systemic vascular resistance,
contributing to lower systolic responses during peak
exertion (Coylewright et al., 2008; Sudhir et al., 1997).
In contrast, testosterone is associated with height-
ened sympathetic activity and increased vascular
reactivity (Reckelhoff, 2001), which may partially
explain the elevated SBP responses typically observed
in cisgender men. The intermediate profile of trans-
gender women—resembling cisgender men at sub-
maximal intensities and cisgender women at
peak—suggests that GAHT may blunt the pressor
response during high exertion while preserving sym-
pathetic tone at lower workloads. This pattern has
also been described in cisgender women, where SBP
rises more slowly with incremental effort and pla-
teaus earlier compared to cisgender men (Gleim
et al., 1991).

Furthermore, using antiandrogens such as
cyproterone acetate has been associated with
altered adrenergic receptor sensitivity and reduced
vascular contractility (Campos et al., 2003), pos-
sibly contributing to the attenuated peak SBP
observed in transgender women. The dissociation
between systolic and diastolic responses, particu-
larly at VT,, may reflect differential modulation
of cardiac output versus peripheral resistance, a
distinction not uncommon in populations with
hormonal variation (Connelly et al., 2019; Dubey
et al., 2002; Cottin et al., 2010). Collectively, these
tindings support the hypothesis that GAHT influ-
ences vascular and autonomic responses during
exercise in a phase-dependent manner (Figure 2).

INTERNATIONAL JOURNAL OF TRANSGENDER HEALTH 9

The dissociation between SBP and DBP
responses observed in transgender women at VT,
may be partly explained by their intermediate
skeletal muscle mass and the vascular effects of
GAHT (McGinley et al., 2024; Sugie et al., 2017).
Transgender women are aerobically comparable
to cisgender men in terms of predicted VO,
however, they have significantly lower skeletal
muscle mass, which likely limits stroke volume
and the capacity to augment cardiac output
during incremental exercise. This is supported by
evidence that peak VO,/HR—an index of stroke
volume—correlates strongly with skeletal muscle
mass (Sugie et al., 2017). At the same time, the
hormonal milieu induced by prolonged use of
antiandrogens and

estrogens may promote

enhanced vascular compliance and reduced
sympathetic-mediated vasoconstriction (Orshal &
Khalil, 2004). Although transgender women have
greater muscle mass and height than cisgender
women, their SBP response remains similarly
attenuated, suggesting that hormonal modulation
may exert a more substantial influence than body
composition alone. These central and peripheral
mechanisms may contribute to the blunted SBP
and preserved DBP responses observed in trans-
gender women, reflecting a distinct, hormonally

mediated hemodynamic profile.

Figure 2. Circulatory power in transgender women, cisgender women, and cisgender men. Boxplot comparing circulatory power
among transgender women, cisgender women, and cisgender men. Asterisks indicate statistically significant differences between
groups based on post hoc Bonferroni-adjusted comparisons following one-way ANOVA (**p <0.01; ***p <0.001). CircP: circulatory

power.
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Circulatory power and rate-pressure product

CircP reflects the interaction between cardiac
output and peripheral perfusion pressure, inte-
grating central and peripheral cardiovascular per-
formance. Despite matched CRE the reduced
CircP observed in transgender women compared
to cisgender men suggests a physiologic diver-
gence that cannot be explained by conditioning
alone. Given that CircP is directly influenced by
stroke volume and peak SBP, the lower values in
transgender women likely reflect reduced pres-
sure generation and/or central hemodynamic out-
put. Previous studies have shown that estrogen
therapy is associated with lower systemic vascular
resistance and attenuated systolic responses to
physical stress, which may contribute to this pat-
tern (Connelly et al., 2019; Deutsch et al., 2015).
Moreover, feminizing regimens often include
antiandrogens such as cyproterone acetate, which
have been implicated in adverse inotropic effects
and blunted adrenergic responsiveness (Burinkul
et al, 2021; Glintborg et al, 2021; Wilson
et al., 2019)

The absence of difference between transgender
women and cisgender women in CircP reinforces
the concept of a hormonally modulated conver-
gence toward a female cardiovascular phenotype.
This alignment is not simply a consequence of
reduced muscle mass or body size, as the groups
were matched by aerobic performance, and differ-
ences persisted after adjustment for hypertension.
Prior population-based data have demonstrated
that cisgender women exhibit lower CircP values
than cisgender men, even after accounting for fit-
ness and anthropometrics (Hulkkonen et al., 2014).
These findings suggest that GAHT may influence
cardiovascular integration under exercise condi-
tions through structural and neurohumoral path-
ways, potentially altering preload, myocardial
contractility, or baroreflex function.

Moreover, these findings expand on our previ-
ous work, which identified impaired ventilatory
efficiency in transgender women across all exer-
cise intensities (Fabricio Braga et al, 2025).
Transgender women consistently presented ele-
vated VE/VCO, ratios and steeper VE/VCO,
slopes, pointing to increased ventilatory demand
despite matched aerobic capacity. The current

demonstration of reduced CircP in the same pop-
ulation adds a central hemodynamic dimension
to this physiological profile. These two studies
reveal that transgender women under GAHT dis-
plays coordinated alterations in circulatory per-
formance and ventilatory control during exercise.
This integrative pattern suggests that hormonal
therapy may modulate multiple components of
cardiopulmonary function, reinforcing the impor-
tance of population-specific reference values and
interpretative frameworks in exercise testing.

Importantly, the reduced CirP observed in
transgender women does not indicate an inability
to elevate SBP during exercise. In our cohort,
pressor responses were preserved across intensi-
ties, but peak systolic values were lower com-
pared with cisgender men. This distinction
underscores that the limitation reflects the mag-
nitude of pressure generation at maximal effort
rather than an absent pressor response.

Including RPP in this study offers an opportu-
nity to contextualize the observed hemodynamic
responses using a more traditional index of cardiac
workload. Although RPP followed a similar distri-
bution pattern to CircP—being higher in cisgender
men, intermediate in transgender women, and
lower in cisgender women—it did not reach statis-
tical significance after adjustment for hypertension,
and effect sizes were smaller. This contrast is phys-
iologically coherent: while RPP reflects the prod-
uct of HR and SBP, broadly capturing autonomic
drive and myocardial oxygen demand (Chaikijurajai
et al., 2025; Gobel et al, 1978), CircP integrates
both pressure generation and VO,, offering a more
comprehensive view of cardiopulmonary perfor-
mance (Cohen-Solal et al, 2002c). The stronger
group effect and larger effect size observed for
CircP, compared to RPP, suggest that it is more
sensitive ~ to  hormonal = modulation and
central-peripheral integration under stress. While
both indices followed similar directional patterns,
only CircP significantly differentiated transgender
women from cisgender men after adjustment. This
reinforces its clinical relevance as a more suitable
functional marker to capture cardiovascular adap-
tations in gender-diverse individuals with pre-
served CRE

A recent study (Adel et al., 2024) also evaluated
RPP in transgender women undergoing estrogen-



based gender-affirming hormone therapy, compared
with cisgender women and men. Consistent with
our findings, they reported attenuated exercise-
induced increases in RPP among transgender
women relative to cisgender men, suggesting a
blunted ability to raise myocardial workload under
stress. However, while Adel et al. emphasized the
clinical implications of reduced cardiac workload as
a potential cardioprotective adaptation, our results
highlight that such attenuation may also contribute
to lower CirP and diminished integrative cardiovas-
cular performance. Together, these studies under-
score that differences in RPP extend beyond isolated
hemodynamic markers and interact with aerobic
and muscular determinants to shape exercise capac-
ity in transgender women.

Clinical implications

The findings of our study gain additional rele-
vance in light of growing evidence that transgen-
der women face an increased risk of cardiovascular
disease (CVD) compared to cisgender individuals
(Masumori & Nakatsuka, 2023; Moreira Allgayer
et al., 2023; Seal, 2019). According to a recent
systematic review and meta-analysis (van
Zijverden et al., 2024), transgender women have
a 30% higher risk of stroke and more than dou-
ble the risk of venous thromboembolism com-
pared to cisgender men. Although the risk of
myocardial infarction appears comparable, the
overall CVD burden in transgender populations
is approximately 40% higher relative to their cis-
gender counterparts (Seal, 2019).

This elevated risk is multifactorial, encompassing
not only the vascular effects of GAHT—particularly
estrogen-associated thrombotic potential—but also
social determinants of health (Poteat et al., 2021).
Discrimination, psychological distress, adverse
childhood experiences, and a higher prevalence of
untreated comorbidities contribute significantly to
cardiovascular vulnerability (Howerton & Harris,
2022; Martinez et al., 2020). Moreover, higher rates
of mental health disorders and substance use in
transgender individuals compound the risk profile
(Denby et al.,, 2021; Streed et al.,, 2021).

In this context, the hemodynamic alterations
observed in our study, such as attenuated SBP
responses and reduced CircP, may represent early,
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subclinical indicators of cardiovascular dysregula-
tion. These markers, particularly when captured
during submaximal exercise, can provide valuable
insight into autonomic and vascular health.
Therefore, CPET may serve as a crucial tool not
only for exercise prescription but also for risk
stratification and ongoing cardiovascular moni-
toring in transgender women receiving GAHT.
Tailored approaches to exercise, preventive care,
and long-term cardiovascular follow-up are essen-
tial to mitigate the disproportionate burden of
CVD in this population.

Limitations and future directions

This study has several limitations that should be
acknowledged. First, the relatively small sample
size may limit the generalizability of the findings;
however, strict matching by age and CRF and the
use of effect size estimates help mitigate this
issue. Second, the cross-sectional design precludes
causal inferences but provides an essential snap-
shot of hemodynamic differences under standard-
ized conditions. Third, although all participants
were physically active, the group was heteroge-
neous regarding training modality, which may
influence cardiovascular adaptations; this was
partially addressed by matching aerobic capacity
across groups. Fourth, the distribution of comor-
bidities such as hypertension and thyroid disor-
ders was not balanced across groups, potentially
introducing confounding; nonetheless, statistical
adjustment and sensitivity analyses were employed
to control for these variables. Fifth, the absence
of contemporaneous hormonal laboratory data
limits the ability to correlate hemodynamic pat-
terns with specific endocrine profiles; future stud-
ies with longitudinal hormone monitoring could
address this. Sixthly, our analysis was restricted
to transgender women; therefore, the findings
cannot be generalized to transgender men, under-
scoring the need for future studies addressing
this population. Finally, although practical and
widely used, indirect blood pressure measure-
ments during exercise may introduce some vari-
ability; still, the protocol employed was validated
and consistently applied across participants.
Future studies should aim to include larger,
more diverse samples and adopt longitudinal
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designs to track the evolution of hemodynamic
responses over time. Integrating serial hormonal
measurements and direct, beat-by-beat BP moni-
toring could enhance mechanistic understanding.
Expanding this line of research is essential to
refining cardiovascular risk assessment and
improving care strategies tailored to the needs of
transgender populations.

Conclusion

This study is the first to characterize the hemody-
namic responses of transgender women under
GAHT during CPET, demonstrating consistently
reduced CircP and attenuated SBP responses across
exercise intensities, despite matched CRE RPP fol-
lowed a similar distribution but showed weaker
group differentiation, reinforcing the added value of
CircP as an integrative functional index. These
findings provide new insight into how hormonal
modulation shapes cardiovascular adaptation in
transgender women, highlighting that their physio-
logical responses do not represent a midpoint
between cisgender men and cisgender women but a
distinct profile. By linking reduced CircP to exercise
performance, our results contribute to the under-
standing of physical capacity and potential sport
participation in transgender women. In this context,
CPET emerges as a valuable tool not only for tai-
loring exercise prescription and monitoring safety
but also for informing fair and evidence-based
approaches to athletic participation, while helping
to identify early signs of cardiovascular vulnerability
and promoting equitable care for gender-diverse
populations.
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