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ORIGINAL ARTICLE
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ABSTRACT
Gender-affirming hormone therapy aligns physical characteristics with an individual’s gender identity, but sex hormones regulate bone
remodeling and influence bonemorphology. Wehypothesized that transmen receiving testosterone have compromised bonemorphol-
ogy because of suppression of ovarian estradiol production, whereas trans women receiving estradiol, with or without anti-androgen
therapy, have preserved bonemicroarchitecture. We compared distal radial and tibial microarchitecture using high-resolution peripheral
quantitative computed tomography images in a cross-sectional study of 41 trans men with 71 cis female controls, and 40 trans women
with 51 cis male controls. Between-group differences were expressed as standardized deviations (SD) from themean in age-matched cis-
gender controls with 98% confidence intervals adjusted for cross-sectional area (CSA) and multiple comparisons. Relative to cis women,
trans men had 0.63 SD higher total volumetric bone mineral density (vBMD; both p = 0.01). Cortical vBMD and cortical porosity did not
differ, but cortices were 1.11 SD thicker (p < 0.01). Trabeculae were 0.38 SD thicker (p= 0.05) but otherwise no different. Compared with
cis men, trans women had 0.68 SD lower total vBMD (p= 0.01). Cortical vBMDwas 0.70 SD lower (p < 0.01), cortical thickness was 0.51 SD
lower (p= 0.04), and cortical porosity was 0.70 SD higher (p < 0.01). Trabecular bone volume (BV/TV) was 0.77 SD lower (p < 0.01), with
0.57 SD fewer (p < 0.01) and 0.30 SD thicker trabeculae (p= 0.02). There was 0.56 SD greater trabecular separation (p= 0.01). Findings at
the distal radius were similar. Contrary to each hypothesis, bonemicroarchitecture was not compromised in trans men, perhaps because
aromatization of administered testosterone prevented bone loss. Trans women had deteriorated bone microarchitecture either because
of deficits in microstructure before treatment or because the estradiol dosage was insufficient to offset reduced aromatizable testoster-
one. Prospective studies are needed to confirm these findings. © 2022 The Authors. Journal of Bone and Mineral Research published by
Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

Transgender individuals comprise 0.5% to 2.8% of the popula-
tion.(1) Gender-affirming hormone therapy aligns physical

characteristics with a person’s gender identity. Masculinizing hor-
mone therapy given to trans men typically aims to increase serum
testosterone into the male reference range (10–35 nmol/L, 2.88–
10.09 ng/mL),(2) which in turn increases muscle mass, decreases
fat mass, alters fat distribution, deepens the voice, and increases
facial and body hair.(3,4) Feminizing hormone therapy for trans
women usually increases serum estradiol to the female reference
range (211–400 pmol/L, 57–109 pg/mL) and lowers testosterone
(2–4 nmol/L, 0.57–1.15 ng/mL),(2) thereby decreasing muscle mass,
increasing fat mass, inducing a more gynoid fat distribution,

decreasing libido, and increasing breast growth.(3,4) In the absence
of gonadectomy, anti-androgens (such as cyproterone acetate, spir-
onolactone, gonadotropin-releasing hormone [GnRH] analogues,
and progesterone) may be required to suppress testosterone.(4)

Hormone therapy may improve psychological outcomes and
quality of life but may adversely influence bone microstructure
because sex hormones regulate bone remodeling.(5) Estradiol,
whether of ovarian origin, administered in pharmacological
doses, or produced by aromatization of testosterone systemi-
cally or locally within bone, is a major regulator of the birth rate
of bone remodeling units and the net balance between the vol-
umes of bone resorbed and formed by each remodeling event.

In trans men, testosterone administration inhibits the
hypothalamic-pituitary-ovarian axis and so reduces estrogen
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synthesis. Serum estradiol concentrations decrease but by only
approximately 50 to 60 pmol/L (13.6–17.1 pg/mL).(4) Nevertheless,
as the potency of estradiol exceeds that of testosterone in activat-
ing their respective receptors, lower estradiol levels are likely to
increase in the birth rate of remodeling units and produce remo-
deling imbalance, resulting in bone loss and microarchitectural
deterioration. In trans women, estradiol administration produces
hypothalamic-pituitary-testicular axis suppression and so reduces
testosterone synthesis. If exogenous estradiol administration is
sufficient, remodeling may remain slow and balanced, preserving
bone morphology.

Consistent information concerning the effects of gender-
affirming hormone therapy on bone morphology is lacking
because of challenges in study design and execution. For example,
there are no prospective randomized double-blind trials evaluating
the efficacy and safety of hormonal therapy in transgender individ-
uals relative to respective cis controls. Inferences are based
on cross-sectional(6-10) or longitudinal observational cohort
studies,(11-19) many lacking a cisgender control group.(6,8,11,12,15-19)

Systematic reviews and meta-analyses also produce inconsistent
observations.(20-22)

Moreover, most studies use bone densitometry and report
normal,(6,8,9,11,13,15-19) reduced,(7,8,10,12,14) or increased(6,9,11-13,18)

bone mineral density (BMD). The BMD measurement captures
bonemass, not microarchitecture, a limitation in fragility fracture
assessment because of the nonlinear relationship between
microarchitecture and bone strength. Bone stiffness decreases
as a seventh and third power of the increase in cortical porosity
and decrease in trabecular density, respectively.(23) This sensitiv-
ity may partly account for the greater predictive strength of mea-
sures of microarchitectural deterioration than BMD in detecting
persons at imminent risk of fracture.(24)

We therefore sought to determine whether measurement of
microarchitecture will identify any association between gender-
affirming hormone therapy and bone morphology. We hypothe-
sized that in trans men, testosterone administration is associated
with deficits in bonemicroarchitecture, whereas in trans women,
estradiol administration is associated with preservation of bone
microarchitecture.

Materials and Methods

Participants

We conducted a cross-sectional study between April 1, 2017, and
April 30, 2018, in trans individuals aged 18 years and older receiv-
ing continuous gender-affirming hormone therapy for 12months

or more and a group of age-matched cisgender controls. Trans
men receiving either intramuscular or transdermal testosterone
were compared with cis female controls. Trans women receiving
oral or transdermal estradiol were compared with cis male con-
trols. Trans individuals were recruited from endocrinology outpa-
tient clinics and primary care general practice clinics specializing
in trans health in Melbourne, Australia. All 41 trans men received
testosterone therapy: intramuscular (IM) testosterone undecano-
ate (1000 mg 8 to 14 weekly, n = 30), IM testosterone enanthate
(250mg fortnightly, n= 9), and transdermal testosterone gel (1%,
5 g/d, n= 2). All 40 trans women received estradiol (oral estradiol
valerate, dose range 1–6 mg daily, n = 33), transdermal estradiol
(100 mcg/24 hours, n = 4), and oral ethinyl estradiol (dose range
30–100mcg daily, n= 3). A total of 78% (n= 31) of the feminizing
hormone therapy group were taking androgen-blocking therapy
in addition to estradiol therapy (cyproterone acetate n= 21, spir-
onolactone n = 4, progesterone n = 5, GnRH n = 1) and 28%
(n= 11) had undergone orchidectomy. No individuals in themas-
culinizing hormone therapy group had undergone oophorec-
tomy. The age of gender-affirming hormone therapy initiation
was variable, but no participants underwent treatment with
GnRH agonists for puberty blockade. In terms of ethnicity, trans
men were of White (n = 32) and Asian (n = 7) background, and
trans women were of White (n = 38) and Asian (n = 2) back-
ground. All control participants (n = 122) were White. Control
groups were derived from a database comprising healthy cis
females and males in the community who responded to local
advertisements.

Exclusion criteria for all participants were the presence of met-
abolic bone disease or receiving therapy that affects bone (glu-
cocorticoids, bisphosphonates, anti-epileptic medication, use of
HIV pre-exposure prophylaxis). Participants presumed to be
menopausal (trans men and cis females age >50 years) were
excluded. All participants provided written informed consent
and the protocol was approved by the Austin Health Human
Research Ethics Committee (approval reference HREC/17/
Austin/74).

Measurements

Both transgender and control participants had imaging of the non-
dominant distal radius and distal tibia using high-resolution
peripheral quantitative computed tomography (HR-pQCT, Xtre-
meCT, Scanco Medical AG, Brüttisellen, Switzerland). One hundred
ten slices (82 μm isotropic voxel size) were obtained at 9.5 and
22.5 mm from a reference line at the endplate of the distal radius
and distal tibia, respectively. Strax software, a nonthreshold-based

Table 1. Age, Duration of Hormone Therapy, and Biochemistry in Trans Men, Trans Women, and Cisgender Controls

Trans men (n = 41) Cis women (n = 71) Trans women (n = 40) Cis men (n = 51)

Age (years) 28.6 (24.6, 30.9) 28.2 (24.2, 31.7) 37.6 (26.3, 52.7) 41.6 (32.4, 54.4)
Duration of hormone therapy (months) 42.5 (21.4, 65.0) NA 39.1 (21.8, 60.0) NA
eGFR 90.0 (90.0, 90.0) – 88.0 (67.5, 90.0) –
Vitamin D (nmol/L) 51.5 (34.8, 64.2) – 55.0 (42.0, 68.0) –
FSH (IU/L) 2.9 (1.1, 5.6) – 1.4 (0.3, 13.2) –
LH (IU/L) 1.9 (0.6, 5.7) – 2.9 (0.3, 8.0) –
Estradiol (pmol/L) 115.0 (93.0, 164.0) – 335.0 (157.0, 468.0)a –
Testosterone (nmol/L) 15.6 (13.2, 19.7) – 0.6 (0.4, 0.9) –
SHBG (nmol/L) 31.5 (21.0, 41.0) – 82.0 (58.5, 116.5) –

Data are expressed as median (interquartile range).
eGFR = estimated glomerular filtration rate; FSH = follicle-stimulating hormone; LH = luteinizing hormone; SHBG = sex hormone binding globulin.
aThose taking ethinyl estradiol, n = 3, were excluded.
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method, was used to quantifymicroarchitecture in vivo (StraxCorp,
Melbourne, Australia). The coefficients of variation (CV) ranged
0.6% to 0.9% for volumetric BMD (vBMD) and 1.4% to 7.4% for
structural parameters.

Trans participants provided a fasting earlymorningblood sample
to measure estradiol, testosterone, luteinizing hormone (LH),
follicle-stimulating hormone (FSH), sex hormone binding globulin
(SHBG), 25-hydroxy-vitamin D (vitamin D), and estimated glomeru-
lar filtration rate (eGFR). Blood tests were not collected in controls.
Estradiol was measured using immunoassay (Cobas E801, Roche
Diagnostics, interassay variation 25% at level of 100 pnmol/L or less

and 25% at a level of greater than 100 pmol/L). Testosterone was
measured using electrochemiluminescent immunoassay (Cobas
E801, Roche Diagnostics, Indianapolis, IN, USA; interassay CV is
5.3% at a level of 3.4 nmol/L, 4.5% at 13.3 nmol/L, and 4.0% at
27.2 nmol/L). SHBG was measured on immunoassay (Cobas E801,
Roche Diagnostics, interassay variation 6% at a level of 21 nmol/L,
and 6% at a level of 40 nmol/L). Twenty-five hydroxy vitamin D
was measured using chemiluminescent immunoassay (Liaison XL,
DiaSorin Inc., Stillwater, MN, USA; interassay variation �7.98 <75
nmol/L and 11.56% >75 nmol/L). In participants taking IM testoster-
one, blood samples were timed and collected as a “trough level.”

Table 2. Distal Tibia Cortical and Trabecular Microstructure in Trans Men and Trans Women Expressed as SD Relative to Age-Matched
Controls (Trans Men Were Compared With Cis Female Controls and Trans Women Were Compared With Cis Male Controls)

Distal tibia Trans men Z-scorea SD (98% CI) p Value Trans women Z-scorea SD (98% CI) p Value

Total CSA 0.85 (0.50, 1.20) <0.01* �0.21 (�0.61, 0.19) 0.05*
Total vBMD (mg/cc) 0.63 (0.23, 1.02) 0.01* �0.68 (�1.11, �0.26) 0.01*
Cortical
vBMD (mg/cc) 0.18 (�0.19, 0.55) 0.32 �0.70 (�1.10, �0.30) <0.01*
Thickness (mm) 1.11 (0.64, 1.57) <0.01* �0.51 –1.01, �0.01) 0.04*
Porosity (%) �0.18 (�0.55, 0.19) 0.33 0.70 (0.30, 1.10) <0.01*

Trabecular
BV/TV (%) 0.09 (�0.33, 0.50) 0.67 �0.77 (�1.21, �0.33) <0.01*
Number (mm2) 0.05 (�0.36, 0.45) 0.82 �0.57 (�1.01, �0.14) <0.01*
Thickness (mm) 0.38 (�0.03, 0.79) 0.05* 0.30 (�0.14, 0.74) 0.02*
Separation (mm) �0.21 (�0.61, 0.19) 0.28 0.56 (0.12, 0.99) 0.01*

SD= standard deviation; CI = confidence interval; CSA = cross-sectional area; vBMD= volumetric bone mineral density; BV/TV = bone volume/tissue
volume (bone volume fraction).

aAdjusted for total cross-sectional area with corresponding p value shown.
*p values in bold were ≤0.05.

Fig. 1. Distal tibia microstructure in trans men and trans women relative to age and birth-assigned sex-matched cisgender controls. Mean differences in
morphology expressed as the number of standard deviations with 98% confidence interval in cases relative to controls. vBMD= volumetric bone density;
BV/TV = trabeculae bone volume/tissue volume. *p < 0.05; **p < 0.02; ***p < 0.01.
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Statistical analysis

Age, duration of hormonal therapy, and blood results are pre-
sented as median (interquartile range). Differences in bone
microarchitecture in cases and controls are presented in abso-
lute terms (Supplemental Tables S1 and S2) and as the number
of standard deviation (SD) of the mean in cases relative to age-
matched cisgender controls (Table 2). Linear regression, adjusted
for cross-sectional area (CSA) of entire bone was used to com-
pare group differences in bone microarchitecture. Post hoc tests
were performed using custom contrasts comparing between
trans and cisgender controls, with Benjamini-Hochberg proce-
dure to adjust for multiple comparisons. Normality of residuals
were assessed by normal Q-Q plots. A two-tailed alpha of 0.05
was the chosen level of significance for all analyses, where an
alpha level of 0.02 (ie, 98% confidence intervals) was reported
to account for multiple comparisons. Statistical analyses were
performed using R version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria). Results are reported as SD or Z-
scores relative to cisgender controls, with 98% confidence inter-
vals after adjusting for age and cross-sectional area.

Results

We recruited 41 trans men receiving testosterone therapy,
40 trans women receiving estradiol therapy, and 122 controls
(71 cis females, 51 cis males) (Table 1). Z-scores for tibial bone
microarchitecture with 98% CI are shown in Table 2 and Fig. 1.
Absolute values are presented in Supplemental Table S1.

Compared with cis women, trans men had 0.85 SD higher
total CSA and 0.63 SD higher total vBMD (both p= 0.01). Cortical
vBMD and cortical porosity did not differ from controls, but cor-
tices were 1.11 SD thicker (p < 0.01). Trabeculae were 0.38 SD
thicker (p = 0.05). Trabecular morphology was otherwise no dif-
ferent from controls.

Compared with cis men, trans women had 0.21 SD lower total
CSA (p = 0.05) and 0.68 SD lower total vBMD (p = 0.01). Cortical
vBMD was 0.70 SD lower (p < 0.01), cortical thickness was 0.51
SD lower (p = 0.04), and cortical porosity was 0.70 SD higher
(p < 0.01). Trabecular BV/TV was 0.77 SD lower (p < 0.01), with
0.57 SD fewer (p < 0.01) and 0.30 SD thicker trabeculae
(p = 0.02). There was 0.56 SD greater trabecular separation
(p = 0.01). Findings at the distal radius were similar
(Supplemental Tables S2 and S3).

Discussion

Contrary to the proposed hypotheses, bonemorphologywas not
compromised in trans men receiving testosterone relative to cis
female controls; total vBMD was higher with higher trabecular
thickness and no difference in cortical morphology. Bone mor-
phology was compromised in trans women receiving estradiol
relative to cis male controls; cortical vBMD was lower, cortical
porosity was higher, and trabecular density was lower.

Trans men

Relative to cis female controls, trans men had total vBMD and
greater trabecular thickness. Our findings are consistent with
preservation of bone microstructure and in keeping with Lips
and colleagues, who used histomorphometry in 15 trans men
compared with controls.(25) If sufficient testosterone was aroma-
tized to estradiol, this may maintain trabecular thickness because

estradiol is antiresorptive. Estradiol slows bone remodeling, pre-
serving or slowing microarchitectural deterioration; it is not ana-
bolic. Alternatively, as trans men had a median hormone
therapy duration of 3 years, it is possible that the greater trabec-
ular thickness relative to cis female controls was attributable to
bone loss in the controls. Substantial trabecular bone loss is
reported in cis males before the age of 50 years and cis females
before menopause.(26)Whether testosterone has antiresorptive
action directly or via aromatization to estradiol is not known.
However, testosterone plus aromatase inhibitor administration
is associated with lower BMD than administration of testosterone
alone, consistent with an estradiol-mediated action.(27) Alterna-
tively, the greater trabecular thickness could be attributable to
an anabolic effect of testosterone, but there is no evidence to
support this.

Trans women

Trans women taking estradiol had lower total vBMD, lower corti-
cal vBMD, higher cortical porosity and reduced trabecular bone
volume fraction relative to cis male controls. Finding fewer tra-
beculae with greater trabecular separation is consistent with
bone loss. The higher mean trabecular thickness is also consis-
tent with preferential loss (complete obliteration) of thinner
trabeculae.(26)

It is plausible that estradiol administration was insufficient to
suppress bone remodeling. The importance of the dosage of
estradiol is supported by a study of 711 trans women followed
for 10 years. Those with estradiol in the lower tertile lost bone,
whereas those with serum estradiol in the higher tertile had
higher BMD.(28) Higher doses of estradiol may be needed to off-
set bone loss, but given the potential for adverse cardiovascular
and venous thromboembolic effects, an alternative approach
might be administration of bisphosphonate therapy, which
reduces fracture risk in cis men and cis women.(29) However,
because this study was cross-sectional, we cannot exclude the
possibility that these deficits are due to sampling whereby trans
women had a lower pretreatment baseline level(19,30) or that cis
male controls had higher values or both.

Gender-affirming hormone therapy and bone
morphology

Most associations between gender-affirming hormone therapy
and bonemorphology are based on studies using BMD. The find-
ings are inconsistent—normal, reduced, or increased BMD rela-
tive to baseline or relative to controls reported in single studies,
meta-analyses, and systematic reviews.(6-19) Many factors may
account for these disparate reports. For example, between-group
differences depend on changes in controls as well as the treated
group. Changes in body composition accompanying hormone
therapy influence photon attenuation independent of bone
matrix volume. Testosterone administration increases lean mass
and decreases fat mass.(3) These soft tissue changes attenuate
photon transmission artifactually overestimating BMD. This may
obscure a true detrimental effect of hormone therapy in trans
men. Estradiol and androgen blockade reduce lean mass and
increase fat mass, resulting in greater photon transmission arti-
factually underestimating BMD.

Gender-affirming hormone therapy and fracture risk

Attributing fracture prevalence or incidence to the use of gender-
affirming hormone therapy is also challenging because no

Journal of Bone and Mineral Researchn 646 BRETHERTON ET AL.



randomized prospective controlled trials have been done. Cross-
sectional or prospective cohort studies are usually based on small
sample sizes limiting the ability to adjust for confounders that
may contribute to fracture risk independent of the hormonal
therapy. In the largest study of fractures in trans men and trans
women, Wiepjes and colleagues report only 18 trans men with
fractures in a cohort of 1036 trans men, a sample size insufficient
for robust multivariable analysis.(28) There was no overall increase
in fracture prevalence in trans women compared with cis men
(or cis women). However, in a subanalysis, there was a 4.4%
higher fracture prevalence in trans women older than 50 years
compared with cis men (odds ratio [OR] = 1.9, 98% CI 1.32–
2.74). Whether this risk is attributable to insufficient feminizing
hormone therapy or measured and unmeasured confounders
(ie, physical activity, tobacco use) is unclear because of the obser-
vational nature of the data.

Limitations

This study has several limitations. The cross-sectional study design
precludes establishment of causation between hormone therapy
and bone morphology. We did not quantify bone microarchitec-
ture before treatment and so we cannot exclude the possibility
that the absence of microarchitectural deterioration in trans men
is proof of safety of testosterone administration. Nor can we estab-
lish whether deteriorated microarchitecture in trans women was
the result of insufficient dosage of estradiol or baseline differences.
Other potential determinants of bone health, including physical
activity estimates, dietary calcium intake estimates, and smoking
status, were not measured. We did not measure testosterone
and estradiol levels using liquid chromatography mass spectrom-
etry. Clinically available immunoassay was used. Prospective stud-
ies are needed to address the effects of sex hormones on bone
remodeling and microstructure, the effects of treatment on BMD
independent of effects on body composition, and whether
between-group differences are due to changes in controls, trans
persons, or both.

Estradiol, whether of ovarian origin, synthesized by aromatiza-
tion of testosterone, or administered pharmacologically, plays a
central role in bone health in both trans men and trans women.
Within the constraints of this cross-sectional design, we infer that
in trans men, estradiol produced by aromatization of adminis-
tered testosterone preserves bone microarchitecture. In trans
women, microarchitectural deterioration may not be prevented
if estradiol replacement is insufficient to offset the reduced tes-
tosterone substrate for aromatization locally in bone.
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