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Introduction

The term “transgender” describes a person whose gen-
der identity is different from the sex assigned at birth. In 
Europe, gender incongruence has a prevalence of 0.2–0.6% 
in adults [1]. After psychological “diagnosis” and signing 
of an informed consent, gender affirming hormone therapy 
(GAHT) can be administered with the aim of modifying 
secondary sexual characteristics and adapt them to the indi-
vidual desire. GAHT decreases serum levels of endogenous 
sex steroids, achieving sex steroid levels within the limits 
of the individual’s gender identity [2]. Clinicians should 
personalize therapy according to age, health status, risk fac-
tors, lifestyle and individual desires [3]. GAHT significantly 
improves quality of life of patients suffering from gender 
dysphoria. Although it may be associated with potential 
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Abstract
Purpose  The study was aimed at evaluating areal (a) bone mineral density (BMD) and bone marrow adipose tissue (BMAT) 
in Assigned Male at Birth (AMAB) and Assigned Female at Birth (AFAB) transgender adults before and during gender 
affirming hormone therapy (GAHT).
Methods  The prospective observational pilot study was performed in 23 transgender adults (14 AFAB and 9 AMAB; mean 
age 24.1 and 27.1 years, respectively]. Testosterone in AFAB and 17-β estradiol, androgen antagonists in AMAB were 
administered as part of the clinical practice. Lumbar spine (L1-L4), femoral neck, total hip and distal radius aBMD were 
measured by Dual Energy X-ray Absorptiometry (iDXA, Lunar GE, USA) and BMAT by proton magnetic resonance spec-
troscopy (1H-MRS) before (T0) and 12 months (T12) after initiating GAHT. L1-L4 trabecular bone score (TBS) was calcu-
lated by TBS iNsight (Medimaps, Switzerland). Vertebral fracture assessment was performed by DXA (iDXA, Lunar GE, 
USA).
Results  AMAB had significant reduction in L1-L4 aBMD (p < 0.05) and an increase in TBS (p < 0.05) at T12. All-site aBMD 
and TBS did not significantly change over time in the AFAB group. No changes in BMAT values were observed in both 
groups. A negative correlation between BMAT and L1-4 aBMD was observed at T0 (p < 0.05), which remained significant 
after adjustment for BMI and age.
Conclusion  Lumbar spine aBMD declines while TBS increases in AMAB subject during GAHT. BMAT values are not 
influenced by a 12-month course of GAHT and their association with L1-L4 aBMD are significant before but not during 
treatment.
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adverse effects, including erythrocytosis in masculinizing 
regimen and venous thromboembolism in feminizing regi-
men, available evidence demonstrated that, when tailored to 
individual needs and administered under appropriate medi-
cal supervision, GAHT maintains a favourable safety profile 
and consistent therapeutic efficacy [4]; however, individual 
response to treatment may vary depending not only on ther-
apy-related factors, such as type, dose, and route of admin-
istration, but also on inter-individual variability, including 
genetic and biological determinants [5]. The goal of GAHT 
in Assigned Female at Birth (AFAB) individuals is the 
induction of a full masculinization (if full male character-
istics are desired). This can be achieved similarly to what 
is usually done in male hypogonadism with the administra-
tion of testosterone (intramuscular or transdermal), and with 
target serum testosterone levels typical of eugonadal men 
(320–1000 ng/dl; 11.1 to 34.7 nmol/L) [6, 7].

The feminizing hormonal treatment in Assigned Male 
at Birth (AMAB) individuals includes two types of drugs: 
estrogens that provide a feminizing process and androgen 
antagonists that block the action of the endogenously pro-
duced testosterone. Several estrogens can be used, most 
commonly oral and transdermal 17-β estradiol. Cyproter-
one acetate (oral 10–50 mg daily) and spironolactone (oral 
10–200 mg daily) are among the most commonly used 
androgen antagonists in Italy [7]. While cyproterone acetate 
acts mostly at the pituitary level by decreasing FSH and 
LH production and eventually testosterone, and less at the 
peripheral level, spironolactone blocks directly the andro-
gen receptor (AR) [6, 8, 9]. During treatment, serum estra-
diol levels should target the cis-women sex hormones levels 
(100–200 pg/ml), that should be obtained by the correct bal-
ance between doses and timing of administration [7]. Total 
testosterone levels should be maintained < 50 ng/dl (0.5 ng/
ml) in subjects administered with cyproterone acetate [3, 5, 
6].

Sex steroids can positively influence bone health in both 
genders, promoting osteoblastic activity while inhibiting 
osteoclasts [10]. As observed in other tissues, the effects 
of estrogens and androgens on bone are exerted through an 
high-affinity binding to the estrogen receptor (ER) α and 
β (also known as NR3A1 and NR3A2) and the AR (also 
known as NR3C4), respectively [11]. ERα, ERβ, and AR 
have been detected in several cell types along the differen-
tiation process of mesenchymal and myeloid precursors to 
osteoblasts and osteoclasts, as well as in other bone mar-
row cell types or even in tissues distant from bone that may 
indirectly influence bone homeostasis [11]. Despite the 
abundance of data on the influence of sex hormones on the 
skeleton, consistent evidence on the effects of GAHT on 
bone metabolism is lacking because of challenges in design-
ing and performing these types of studies [12]. Many studies 

assessed areal bone mineral density (aBMD) measured by 
Dual Energy X-ray Absorptiometry (DXA); GAHT was 
found to be protective on aBMD, which resulted normal 
or increased compared to controls [13, 14]. However, frac-
ture rate associated with feminizing therapy is not yet clari-
fied, as few, under-powered studies evaluated this outcome 
and assessed the alterations that could potentially lead to 
increased bone fragility in the transgender population [15].

Vertebral fracture assessment (VFA) is an accurate, 
DXA-based and safe technology commonly employed in 
clinical practice to obtain images of the lateral thoracic and 
lumbar vertebrae and assess the presence of fracture [16]. 
Several studies in adults, children and adolescence with dif-
ferent metabolic bone diseases successfully employed the 
VFA technology [16–18] Trabecular bone score (TBS) is 
a textural parameter derived from the DXA images of the 
lumbar spine and associated with the trabecular microar-
chitecture and with fracture risk [19]. Clinical studies in 
several metabolic bone disorders demonstrated that TBS 
may be reduced in association with altered bone quality and 
elevated fracture risk [20].

The overall evidence showed that GAHT could have 
an impact on bone microstructure and composition [21]. 
As changes in bone composition and microstructure could 
have a crucial role in the pathophysiology of bone fragil-
ity regardless of aBMD baseline values, the topic is of high 
interest in the definition of fracture risk, particularly in 
secondary, endocrine-related, forms of osteoporosis. Bone 
marrow adipose tissue (BMAT) is an endocrine regulator 
of bone metabolism, as it mediates the interaction between 
bone and adipose tissue; its increase was associated with 
impaired aBMD and bone quality in different metabolic 
disorders and during ageing [22]. BMAT represents a key 
component of the bone microenvironment, acting not only 
as an endocrine regulator but also as a direct modulator of 
bone metabolism through paracrine interactions with osteo-
blasts and osteoclasts [23, 24]. Specifically, BMAT modu-
lates bone homeostasis via multiple paracrine mechanisms: 
it inhibits osteoblast differentiation by shifting mesenchy-
mal stem cell fate toward adipogenesis; secretes osteoclas-
togenic factors such as RANKL and TNF-α that enhance 
bone resorption; releases saturated fatty acids that can 
impair osteoblast function; and produces soluble inhibitors 
of the Wnt/β-catenin pathway (e.g., sFRP1), thereby reduc-
ing osteoblastogenesis.

BMAT may be assessed by means of the gold standard, 
non-invasive technology, namely proton magnetic reso-
nance spectroscopy (1H-MRS); the overall evidence sug-
gests a possible negative role played by BMAT on fracture 
risk [25–29]. To date, no studies have specifically investi-
gated the association between bone marrow adiposity and 
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aBMD in transgender adults, nor the potential impact of 
GAHT on this relationship over time.

In this pilot study, we aimed to evaluate aBMD assessed 
by DXA and BMAT by 1H-MRS in AMAB and AFAB 
transgender adults before and during GAHT. Our results 
will provide evidence on the effect of GAHT on the bone 
marrow composition, suggest the possible role of BMAT in 
the pathophysiology of bone fragility and fracture in trans-
gender individuals, and potentially providing the prelimi-
nary mechanistic insights into hormone-induced skeletal 
adaptations.

Materials and methods

Participants

The study was conducted in accordance with the World 
Medical Associations Declaration of Helsinki-Ethical Prin-
ciples for Medical Research involving Human Subjects and 
was approved by CET - Territorial Ethics Committee Lazio 
Area 1 (reference number: 6554, date of approval: Novem-
ber 24, 2021).

The observational pilot study prospectively assessed 23 
transgender adult people (14 AFAB, mean age 24.1 ± 7.8; 9 
AMAB, 27.1 ± 11.0 years) at the initiation (T0) of GAHT 
and after 12 months (T12). Participants were recruited con-
secutively from the Endocrinology and Andrology Outpa-
tient Clinic, Sapienza University of Rome, and from the 
S.A.I.F.I.P. program (Service for the Alignment between 
Physical and Psychological Identity) at San Camillo-Forla-
nini Hospital, Rome, Italy. Inclusion of participants required 
a diagnosis of gender dysphoria, age over 18, the wish to 
start GAHT and the ability to understand and sign a writ-
ten informed consent. Exclusion criteria were prior use of 
GAHT or any drug that could affect hormone levels or min-
eral metabolism, history of genetic, endocrine, coagulation, 
oncologic disorders or any metabolic bone disease. As a part 
of the clinical care, subjects whose serum 25-hydroxyvita-
min D [25(OH)D] levels were < 30 ng/ml were treated with 
oral cholecalciferol 25,000 IU once or twice a month, as 
required. Data obtained at baseline and 12 months after ini-
tiation of GAHT included medical history and anthropomet-
ric measurements (weight, height, body mass index - BMI, 
waist circumference, hip circumference), glucose and lipid 
profile, serum sex hormone and 25(OH)D levels, aBMD, 
Trabecular Bone Score (TBS), Vertebral Fracture Assess-
ment (VFA), and 1H-MRS parameters. Any concomitant 
medication or new diagnosis emerging during follow-up 
was recorded in the case report form and reviewed; no cases 
meeting exclusionary criteria were retained in the analysis 
set. Physical activity level was systematically collected as 

part of the clinical history at baseline and follow-up visits. 
All participants reported no regular physical activity in the 
six months preceding enrolment, and physical activity sta-
tus was therefore homogeneous and low across the cohort.

Gender affirming hormone therapy protocol

The hormone therapy regimen used in our center for AMAB 
individuals includes, for the first six months, cyproterone 
acetate at a daily dose of 25 mg in combination with estra-
diol valerate (2 mg daily) or spironolactone at the daily 
dose of 50–100 mg combined with either estradiol valerate 
(2 mg daily) or estradiol hemihydrate 2–4 mg daily. After 
six months, and in the absence of any controindication or 
adverse effects, the treatment is individualized according to 
specific clinical needs and participant’s consent. Dose and 
formulation adjustments are made in order to ensure that 
estradiol and testosterone levels remain within the recom-
mended reference ranges of 100–200 pg/mL and < 0.5 ng/
mL, respectively [6, 7].

In AFAB, the hormone therapy protocol includes testos-
terone enanthate or testosterone esters at the intramuscular 
dose of 250 mg every 28 days, or daily transdermal testos-
terone (40–60 mg). The choice for a specific regimen was 
discussed with each individual, and both dose and formu-
lation were tailored to achieve masculinizing characteris-
tics (“binary”) in line with their goals [6, 7]. Notably, none 
of the participants reported identifying as non-binary or 
gender-fluid.

At the 12-month follow-up, 44% of AFAB participants 
achieved total testosterone levels within the reference range 
for cisgender eugonadal men, while 71% of AMAB partici-
pants achieved estradiol levels within the reference range 
for cisgender eugonadal women.

Areal bone mineral density (aBMD)

Areal BMD was measured at the lumbar spine (L1-L4), 
femoral neck, total hip, distal 1/3, ultradistal and total radius 
by Lunar-iDXA densitometer (Lunar iDXA TM, GE Health-
care, Madison, WI, USA; enCORETM 2009 software ver-
sion 13.20.033). Areal BMD data were expressed in grams 
per square centimeter (g/cm2) and Z-score and T-score units 
were used, as appropriate. Coefficients of variation (CVs) 
are 1.0% at L1-L4, 1.3% at the femoral neck, 1.5% at the 
total hip, and 1.6% at the distal radius.

Trabecular bone score (TBS)

Trabecular bone score was calculated from the de-identified 
L1-L4 DXA scans using the TBS iNsight software (ver-
sion 3.0.2.0; Medimaps Group, Geneva, Switzerland) as the 
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analyzed using a software (SAGE Dev2 0017.1 GE). Four 
main peaks were obtained: unsaturated lipids (UL; oleofinic 
double bond –CH = CH protons at 5.3 ppm), water (W; 4.7 
ppm), residual lipids (RL; CH2 methylene protons alpha to 
a double bond–CH = CHCH 2 at 2.0 ppm), and saturated 
lipids (SL; bulk CH2 methylene protons at 1.3 ppm). The 
peaks were fitted to obtain their line widths and areas (16, 
17). The 1H-MRS analyses were performed with automated 
software to obtain total bone marrow fat content (FC, %) 
for each vertebra and the L1-4 mean values for all subject 
40,41.

FC,%= [(UL + SL + RL/(UL + SL + RL + water)] × 
100%; unsaturation level (UL%) = [UL/(UL + SL + RL)] 
× 100%; saturation level (SL%) = [SL/(UL + SL + RL)] × 
100%; residual lipids (RL, %) = [RL/(UL + SL + RL)] × 
100% and water (W%) [36].

Biochemistry

Peripheral blood samples were collected from all subjects 
between 7.00 a.m. and 9.00 a.m. after an overnight fast-
ing. Hormonal assays performed at the center were coded 
and validated using Antibody Research Resource Identifi-
ers (RRIDs) to ensure standardisation and reproducibility. 
We quantified hormone levels by Chemiluminescent Mic-
roparticle Immunoassay, (CMIA, Architect System; Abbott 
Laboratories, Abbott Park, IL, USA) including follicle-
stimulating hormone (FSH) RRID: AB_2813910 lutein-
izing hormone (LH) RRID: AB_2813909 testosterone (T) 
RRID: AB_2895254), estradiol (E) RRID: AB_2813911 
and 25(OH)D RRID: AB_2924942.

The fasting plasma concentrations of glucose, insulin, 
total cholesterol, triglycerides, high and low-density lipo-
protein cholesterol (HDL and LDL, respectively) were mea-
sured according to standard laboratory methods at clinical 
pathology laboratories.

Statistical analysis

Statistical analysis was performed using the Statistical 
Package for the Social Sciences (SPSS) 27.0 software 
(SPSS Inc., Chicago, USA). Parameters of interest were: 
aBMD, TBS, fat content. A formal a priori power analy-
sis based on a two-way repeated measures design (time × 
group; α = 0.05, correlation between measures = 0.6) indi-
cates that the final sample of 16 participants (9 AFAB and 
7 AMAB completing 12 months) provides a statistical 
power of approximately 0.74 to detect large effect sizes 
(Cohen’s f = 0.4). The Kolmogorov-Smirnov test was used 
to assess the normality of the variable’s distribution. Con-
tinuous variables are described as median and interquartile 
range or mean ± standard deviation (SD), as appropriate. 

mean value of the individual measurements for the L1-L4 
vertebrae. We calculated the sum of the grey-level between 
pixels differences in the DXA images at a given distance 
and angle; the slope of the log-log transformation of this 
variogram was then assessed for calculation [30].

The coefficient of variation was 1.8% for TBS and did 
not vary between the vertebrae measured. According to the 
meta-analysis by Harvey et al., we considered values above 
1.31 as a normal pattern (low fracture risk), between 1.31 
and 1.23 as a partially degraded microarchitectural pattern 
(intermediate fracture risk) and below 1.23 as a degraded 
pattern (high fracture risk) [31].

Vertebral fracture assessment (VFA)

Lateral images of the spine (from the vertebra T4 to L4) 
were acquired using dedicated software on the iDXA den-
sitometer. The effective radiation exposure to the patient 
was ~ 12 µSv, as reported by the manufacturer. An expert 
skeletal radiologist identified the specific morphological 
signs of osteoporotic vertebral fractures (VF) on the DXA 
spine image according to the algorithm-based qualitative 
approach (ABQ) [32]. In particular, the endplate cortical 
fracture (ECF), and the endplate dip, were assessed [33, 34]. 
The enCORETM Software v13.5 was used to grade the VF. 
The software automatically inserts six points on each ver-
tebral body to measure the anterior (Ha), middle (Hm) and 
posterior (Hp) heights. We applied the Genant’s semi-quan-
titative method to classify VF as mild (20%-25% reduction), 
moderate (25%-40% reduction) or severe (> 40% reduction) 
[35] according to the vertebral height reduction.

Proton magnetic resonance spectroscopy (1H-MRS)

Twelve AFAB and 9 AMAB subjects underwent lumbar 
spine MRI with a 3 Tesla scanner (GE Discovery 750; 
General Electric Healthcare, Milwaukee, WI) with a four-
channel spine coil. Two AFAB subjects in the study did not 
undergo MRI because of claustrophobia; they did not dif-
fer from the rest of the cohort in terms of demographic and 
anthropometric characteristics (data not shown).

The MRI scan included a sagittal T2-weighted FSE 
sequence, which was used for visual assessment of the 
lumbar vertebrae and the spectral acquisition box. Single 
voxel 1H-MRS was acquired in the vertebral bodies from 
L1 to L5 using the Point Resolved Spectroscopy (PRESS) 
sequence. The parameters of PRESS 1H-MRS were TE: 
37ms, TR: 3000ms, 64 averages without water suppres-
sion, sweep width: 5000  Hz, data points: 4096; voxel 
size = 15 × 15 × 20  mm = 4.5 cm3. The PRESS box was 
positioned in the middle of each lumbar vertebral body. 
Spectroscopy data were transferred to a workstation and 
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Results

Baseline (T0) demographic, anthropometric, clinical, and 
laboratory data are summarised in Table 1. Table 2 shows 
aBMD and TBS data in the AFAB and AMAB groups at 
T12. No vertebral fractures were observed as assessed by 
ABQ and Genant’s semi-quantitative method on images 
obtained by VFA (Table 1). Serum glucose levels were sig-
nificantly lower in the AFAB group after 12 months of testos-
terone therapy, but without clinical relevance. As expected, 
statistically significant differences were observed after 12 
months of GAHT in total testosterone (T0: 0.5 ± 0.5 ng/ ml 
vs. T12: 2.6 ± 0.5, p < 0.05) in AFAB and estradiol levels (T0 
27.8 ± 9.3 pg/ml vs. T12: 72.6 ± 30.5 pg/ml, p < 0.05) and 
FSH (T0: 3.5 ± 2 ng/ ml vs. T12: 1.2 ± 1, p < 0.05) in AMAB 
subjects. No significant changes were observed in other 
anthropometric, clinical and laboratory parameters. After 
12 months of GAHT, there were no statistically significant 

The longitudinal within-group comparisons were analyzed 
using the Wilcoxon signed-rank test or Student’s t-test for 
paired data, based on the distribution curve of the variable. 
The Spearman rank correlation test was used to evaluate the 
correlations between the variables considered. For some 
variables, the partial correlation coefficient was calculated 
to estimate the effect net of some variables (age, BMI). A 
two-tailed p-value of less than 0.05 was considered statisti-
cally significant.

Table 1  Anthropometric characteristics, laboratory and densitometric 
parameters in AFAB and AMAB subjects at baseline (T0)
Parameter AFAB T0

(n = 14)
AMAB T0
(n = 9)

Age (years) 24.1 ± 7.8 27.1 ± 11.0
Weight (kg) 68.4 ± 19.5 73 ± 17.3
BMI (kg/m2) 26.2 ± 7 24.6 ± 5.6
WCF (cm) 79.6 ± 17.1 87.7 ± 13.2
SBP (mmHg) 124.6 ± 12.5 118.9 ± 6
DBP (mmHg) 76.8 ± 7.5 76.7 ± 4.3
Glucose (n.r. 74–106 mg/dl) 86.8 ± 11.0 85.3 ± 7.0
Insulin (n.r. 2.6–24.9 µU/ml) 10.5 ± 4.2 7.3 ± 3.8
Tot Chol ( n.r. 160–220 mg/dl) 162.4 ± 28.5 181.8 ± 46.3
HDL ( n.r. 40–80 mg/dl) 56.1 ± 17.0 50.1 ± 8.3
LDL (n.r. < 130 mg/dl) 90.0 ± 24.0 111.5 ± 35.8
TG (n.r. 50–150 mg/dl) 79.2 ± 35.6 112.4 ± 60.4
TT (mg/ml) 0.5 ± 0.5

( n.r. 0.06–0.82)
7.1 ± 2.9
( n.r. 
2.9–11.0)

E2 ( n.r. 25–107 pg/ml) 96.1 ± 85.2 27.8 ± 9.3
FSH ( n.r. 1.38–9.58 mUI/mL) 6.1 ± 3.0 3.5 ± 2.0
LH ( n.r. 1.8–8.16 mUI/mL) 10.9 ± 18.1 3.5 ± 1.2
25(OH)D 19.5 ± 7.4 17.6 ± 7.3
L1-L4 aBMD (g/cm2) 1.184 ± 0.115 1.064 ± 0.152
Femoral Neck aBMD (g/cm2) 1.040 ± 0.146 0.956 ± 0.180
Total Hip aBMD (g/cm2) 1.051 ± 0.118 0.956 ± 0.174
1/3 Radius aBMD (g/cm2) 0.827 ± 0.075 0.766 ± 0.297
Ultradistal Radius aBMD (g/
cm2)

0.420 ± 0.076 0.431 ± 0.091

Total Radius aBMD (g/cm2) 0.609 ± 0.099 0.671 ± 0.087
TBS 1.284 ± 0.55 1.11 ± 0.63
Vertebral fracture (n) 0 0
AFAB, assigned female at birth; AMAB, assigned male at birth; 
GAHT, Gender Affirming Hormone Therapy; BMI, body mass 
index; WCF, waist circumference; SBP, systolic blood pressure; 
DBP, diastolic blood pressure; n.r., normal values; Tot Chol, total 
cholesterol; TG, triglycerides; TT, testosterone; E2, estradiol; FSH, 
follicle-stimulating hormone; LH, lutenizing hormone; 25(OH)D, 
25-hydroxy-vitamin D; aBMD, areal bone mineral density; TBS, tra-
becular bone score

Table 2  Anthropometric characteristics, laboratory and densitometric 
parameters in AFAB and AMAB subjects after 12 months (T12) of 
GAHT
Parameter AFAB T12

(n = 9)
AMAB T12
(n = 7)

Age (years)
Weight (kg) 73.9 ± 22.9 71.4 ± 16.0
BMI (kg/m2) 27.7 ± 8.4 23.9 ± 4.6
WCF (cm) 84.7 ± 18.9 84.1 ± 12.2
SBP (mmHg) 120.8 ± 7.6 117.5 ± 4.6
DBP (mmHg) 80.0 ± 10.0 78.6 ± 3.5
Glucose (n.r. 74–106 mg/dl) 77.8 ± 12.0a 86.1 ± 12.2
Insulin ( n.r. 2.6–24.9 µU/ml) 11.2 ± 7.2 8.3 ± 2.5
Tot Chol ( n.r. 160–220 mg/dl) 158.8 ± 32.8 196.1 ± 57.2
HDL ( n.r. 40–80 mg/dl) 48.7 ± 19.9 55.4 ± 8.7
LDL (n.r. < 130 mg/dl) 91.6 ± 28.8 120.9 ± 56.1
TG ( n.r. 50–150 mg/dl) 92.3 ± 45.7 110.6 ± 50.6
TT (mg/ml) 2.6 ± 0.5a 2.4 ± 2.5
E2 (n.r. 25–107 pg/ml) 67.9 ± 20.3 72.6 ± 30.5a

FSH ( n.r. 1.38–9.58 mUI/mL) 7.3 ± 6.3 1.2 ± 1.0a

LH ( n.r. 1.8–8.16 mUI/mL) 6.8 ± 4.6 7.2 ± 11.1
25(OH)D 21.0 ± 7.3 22.5 ± 8.7
L1-L4 aBMD (g/cm2) 1.175 ± 0.144 1.047 ± 0.110a

Femoral Neck aBMD (g/cm2) 1.022 ± 0.133 0.892 ± 0.151
Total Hip aBMD (g/cm2) 1.048 ± 0.104 0.900 ± 0.133
1/3 Radius aBMD (g/cm2) 0.822 ± 0.076 0.864 ± 0.079
Ultradistal Radius aBMD (g/cm2) 0.419 ± 0.065 0.417 ± 0.082
Total Radius aBMD (g/cm2) 0.620 ± 0.076 0.640 ± 0.056
TBS 1.290 ± 0.49 1.23 ± 0.61a

AFAB assigned female at birth; AMAB assigned male at birth; 
aBMD, areal Bone Mineral Density; WCF, waist circumference; 
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic 
blood pressure; n.r., normal values; Tot Chol, total cholesterol; TG, 
triglycerides; TT, testosterone; E2, estradiol; FSH, follicle-stimu-
lating hormone; LH, lutenizing hormone; 25(OH)D, 25-hydroxy-
vitamin D; aBMD, areal bone mineral density; TBS, trabecular bone 
score; a p-value < 0.05 T0 vs. T12
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at T12. Similar results were observed in the AMAB group 
(data not shown).

Discussion

To our knowledge, this is the first longitudinal observational 
pilot study exploring the relationship between BMAT and 
aBMD in transgender adults during GAHT. Lumbar spine 
aBMD tends to decrease and TBS to increase in AMAB 
adults during GAHT, while no changes in the BMAT are 
evident. Interestingly, baseline BMAT was significantly and 
negatively associated with lumbar spine aBMD.

In the last decade, much attention has been paid to the 
effects of GAHT on bone health, but few studies have 
been conducted that adequately evaluated the skeleton 
before and during hormone therapy [14, 37, 38]. The lim-
ited data available suggest a predominant protective role 
of estrogens in AMAB subjects treated with estrogens and 

differences in aBMD and TBS compared to T0 in the AFAB 
group, whereas there was a statistically significant 1.6% 
decrease in L1-L4 aBMD (1.064 ± 0.152 vs. 1.047 ± 0.110; 
p < 0.05) and a 10.8% increase in TBS compared to T0 
(1.11 ± 0.63 vs. 1.23 ± 0.61; p < 0.05) in the AMAB group 
(Table 2; Figs. 1 and 2).

After 12 months of GAHT, the FC values remained rela-
tively stable in the AFAB group (Table 3).

Correlation analysis

We found a statistically significant negative association 
between L1-L4 aBMD and mean FC values at T0 (Table 4), 
but not at T12 (Table 5) in all subjects. However, no associa-
tion was found between FC and any of the other anthropo-
metric, glycometabolic parameters and TBS.

No association between FC and anthropometric, glyco-
metabolic parameters was observed in AFAB both at T0 and 

Fig. 1  L1-L4 aBMD values at baseline (T0) and after 12 months (T12) of GAHT in AFAB and AMAB adults; *p-value < 0.05 AMAB T0 vs. 
AMAB T12
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results [10, 39–41]. Sosa et al. found higher aBMD values 
at the lumbar spine and femoral neck in transgender women 
who received non-surgical treatment over a period ≥ 3 years 
compared to controls [42]. A long-term study by Wiepjes 

anti-androgens [6]. Nevertheless, our observation of a 1.6% 
decline in L1-L4 aBMD in this group suggests that the use 
of antiandrogens could potentially have a negative effect on 
bone that is not adequately compensated by the estrogen 
administration [21]. With reference to the effect of GAHT 
on aBMD, data from clinical studies have shown different 

Table 3  Fat content (%) values in AFAB and AMAB subjects before (T0) and after 12 months (T12) of GAHT
Parameter AFAB T0 (n = 12) AFAB T12 (n = 7) p-value AMAB T0 (n = 9) AMAB T12 (n = 5) p-value
FC L1 (%) 24.2 ± 7.0 29.3 ± 11.3 0.203 35.1 ± 9.7 33.6 ± 7.3 0.893
FC L2 (%) 26.9 ± 10.4 30.0 ± 12.4 0.864 35.6 ± 9.2 35.0 ± 8.5 0.785
FC L3 (%) 28.9 ± 10.6 32.4 ± 14.1 0.932 40.3 ± 7.5 35.4 ± 7.6 0.068
FC L4 (%) 30.1 ± 10.9 34.6 ± 13.0 0.301 42.8 ± 12.7 36.2 ± 8.4 0.216
Mean FC (%) 28.4 ± 9.4 32.3 ± 12.7 0.397 31.3 ± 9.3 35.6 ± 7.7 0.465
AFAB assigned female at birth; AMAB assigned male at birth; FC Fat Content

Table 4  Correlation analysis between the aBMD and the lumbar spine 
fat content (%) at T0
Parameter FC% L1 FC% L2 FC% L3 FC% L4 Mean FC%
aBMD L1-4 -0.499 -0.516 -0.445 -0.525 -0.518
p-value 0.021 0.017 0.043 0.014 0.016
FC Fat Content; aBMD, areal Bone Mineral Density

Table 5  Correlation analysis between aBMD and the lumbar spine fat 
content (%) adjusted for BMI and age at T12
Parameter FC% L1 FC% L2 FC% L3 FC% L4 Mean FC%
aBMD L1-4 -0.531 -0.569 -0.757 -0.651 -0.655
p-value 0.142 0.110 0.018 0.057 0.056
aBMD Neck -0.430 -0.550 -0.727 -0.705 -0.640
p-value 0.248 0.125 0.027 0.034 0.063
FC Fat Content; aBMD, areal Bone Mineral Density

Fig. 2  TBS values at baseline (T0) after 12 months of GAHT (T12) in AFAB and AMAB adults; *p-value < 0.05 AMAB T0 vs. AMAB T12
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treatment may explain the discrepancy between the effect on 
TBS and aBMD in our cohort. Areal BMD and TBS reflect 
distinct aspects of bone properties: while aBMD quantifies 
mineral mass per projected area, TBS is a texture index 
derived from lumbar spine DXA images that better repre-
sents trabecular microarchitecture. Estrogenic therapy may 
preferentially enhance trabecular connectivity and texture, 
improving TBS even when aBMD appears reduced due to 
changes in bone geometry or body composition, such as lean 
mass loss. The dissociation between TBS and aBMD has 
been reported in longitudinal studies in transgender women 
undergoing GAHT and in other endocrine-related condi-
tions [39, 49]. Additionally, body composition and techni-
cal artifacts can differentially affect DXA-based parameters. 
Variations in body weight, central adiposity, and soft-tissue 
thickness may influence aBMD and TBS in opposite direc-
tions. As highlighted by the ESCEO/IOF expert group, TBS 
should always be interpreted considering the least signifi-
cant change (LSC) and adjustments for body composition 
and scanning conditions [19]. Bone marrow adipose tissue 
may contribute to this apparent paradox, as its expansion 
has been linked to reduced aBMD and impaired bone qual-
ity [50, 51]. Hormone-induced modulation of marrow lipid 
content and composition during GAHT could influence 
the DXA signal differently from microarchitectural tex-
ture, potentially explaining the divergent trends observed. 
Finally, these findings align with prior observations in both 
transgender cohorts and endocrine disorders showing vari-
able aBMD changes but improved TBS with estrogen expo-
sure [39, 49]. Nonetheless, our data should be regarded as 
preliminary, given the small sample size and exploratory 
nature of the study.

Clinical studies have shown that GAHT may have an 
effect on bone microstructure and composition [21], but 
there is little data on BMAT. There have been two pilot 
studies assessing bone marrow composition in transgender 
and gender non-conforming adolescents (< 18 years) after 
12 months of therapy [52, 53]. Nasomyont et al. reported 
an increase in BMAT in the study group including both 
AMAB and AFAB and compared to cisgender controls, as 
well as an inverse association between BMAT and aBMD 
[52]. In AMAB adolescents, Guss et al. found no associa-
tion between aBMD and BMAT [53]. The observations in 
our cohort seem to suggest that the bone marrow adipos-
ity is not negatively affected by GAHT. The relationship 
between estrogens and BMAT has indeed been investi-
gated in studies of cisgender individuals. Schellinger et al. 
showed that BMAT increases steadily throughout life, with 
a rapid increase in women associated with postmenopausal 
estrogen deficiency [54]. Accordingly, estrogen replace-
ment therapy in postmenopausal women may reduce BMAT 
[55]. Therefore, it is possible that exogenous estrogens 

et al. showed no significant changes in lumbar aBMD in 
transgender women after 10 years of therapy [37]. Similar 
negative results regarding the effects of GAHT on aBMD 
have been documented in longer-term studies, while gender 
affirming surgery has been associated with a reduction in 
aBMD over time in several studies [40, 41].

According to our observations, there have been reports 
of no significant effect of testosterone treatment on aBMD 
and bone quality in the AFAB group [14]. Nonetheless, con-
sidering the numerically limited sample and the exploratory 
nature of the study, these observations must be regarded as 
preliminary. Larger longitudinal studies are required to vali-
date these results and to clarify the long-term skeletal effects 
of GAHT in this population. The effect of testosterone on 
the skeleton may be due in part to the testosterone-induced 
increases in muscle mass and increased periosteal bone 
formation, as observed during puberty [14]. At a cellular 
level, testosterone promotes osteoblast proliferation, differ-
entiation, extracellular matrix protein synthesis, and bone 
integrity [43]. The expression of the AR has been observed 
in osteoblasts, osteocytes and osteoclasts, and its activa-
tion increases the transcription of osteoprotegerin (OPG), 
with consequent inhibition of the osteoclast activity, while 
decreasing the expression of sclerostin, a potent inhibitor of 
the osteoanabolic pathway [44, 45]. In addition, the indirect 
effect of testosterone may be exerted through the aroma-
tization process. As observed in women with endogenous 
hyperandrogenism and/or hirsutism in the setting of the 
polycystic ovary syndrome, there is a significant association 
between serum testosterone levels and lean mass, which in 
turn correlates with trabecular aBMD in the same region of 
interest [46].

Regarding TBS, there are few and inconsistent data in 
transgender individuals, and no specific association analy-
sis between TBS and fracture risk has been evaluated [39, 
47]. Recently, Andrade et al. showed no difference in the 
TBS in a group of 19 transgender men on GAHT for at least 
6 months compared to 19 cisgender men [47]. Conversely, 
Wiepjes et al. observed increases and decreases in TBS val-
ues in transgender women and men during GAHT, respec-
tively [37]. Accordingly, our results, although observed in 
a relatively small group of subjects, seem to suggest that 
estrogen administration could potentially improve trabecu-
lar microarchitecture in AMAB. These data are consistent 
with the beneficial effect of estrogen on TBS described in 
several studies using hormone therapy in different popula-
tions and clinical settings (e.g. as hormonal replacement 
therapy) [48]. We agree that there are other biological and 
methodological factors to consider in interpreting the obser-
vation of the dissociation between the effects of GAHT 
on aBMD and TBS. In this context, the ineffectiveness of 
estrogen in limiting aBMD decline during antiandrogen 
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AFAB subjects were not matched for age, BMI and other 
parameters that may influence bone metabolism; therefore, 
within-group comparisons were not performed because of 
their limited power. In this context, the inclusion of age- 
and BMI-matched control groups of cisgender individuals 
would be of great importance in future studies to best assess 
the role of bone marrow adiposity on bone health status in 
transgender individuals during GAHT. Given the explor-
atory and preliminary nature of this study, no formal cor-
rection for multiple comparisons was applied. Therefore, 
we acknowledge a possible inflation of type I error, and the 
results should be interpreted with caution and confirmed in 
larger cohorts.

In addition, although not part of the primary outcome of 
the study, testosterone, estradiol, and 25(OH)D were mea-
sured by cheiluminescence rather than the gold standard 
liquid chromatography-mass spectrometry (LC MS/MS). 
Finally, the subjects were treated with cholecalciferol dur-
ing and not before the study and the possibility that vita-
min D deficiency may have influenced the results cannot be 
excluded. Nevertheless, this is the first report of the effect 
of GAHT on aBMD, TBS and BMAT in adult AMAB and 
AFAB subjects. Further studies are needed to confirm the 
negative associations between L1-L4 aBMD and BMAT, as 
well as to investigate whether GAHT could positively influ-
ence BMAT and thus play a protective role in bone health by 
maintaining serum estradiol levels within the normal range 
for age.

In conclusion, our pilot study shows that BMAT nega-
tively correlates with aBMD at the trabecular level in both 
AMAB and AFAB individuals before and during GAHT, the 
administration of which is not associated with a significant 
change in BMAT but rather with a small significant decrease 
in L1-L4 aBMD and an increase in TBS in AMAB. Our pre-
liminary report highlights the need for further specifically 
designed studies to assess the possibility that the admin-
istration of hormone therapy to otherwise healthy AMAB 
subjects with no specific hormone deficiency has the poten-
tial to negatively affect quantitative parameters of bone (i.e. 
aBMD) while having a positive or no impact on those asso-
ciated with bone quality and bone marrow adiposity.
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administered to the AMAB adults in our cohort will play a 
role in the acquisition of the typical pre-menopausal cisgen-
der female pattern of BMAT. Further longitudinal studies 
in larger cohorts may clarify whether BMAT is potentially 
reduced in AMAB during GAHT as an effect of estrogen 
therapy, as well as the potential influence of fat and lean 
mass distribution assessed by body composition analysis 
on bone-related outcomes. In particular, these studies will 
clarify how changes in BMAT may influence aBMD, which 
in our study decreased in AMAB at T12 without any asso-
ciation with BMAT at the same time point. The possibility 
that the small number of participants may have influenced 
these results cannot be excluded. The negative associations 
we observed between BMAT and L1-L4 aBMD at baseline 
confirm previous findings, which collectively demonstrate 
that bone marrow adiposity is a negative regulator of bone 
health. Studies in cohorts of individuals with various endo-
crinopathies (diabetes mellitus, obesity, primary hyperpara-
thyroidism, hypoparathyroidism, and hypogonadism) have 
suggested an association between the age- and/or disease-
related increases in bone marrow adiposity and loss of bone 
mass [22, 36, 56–58]. Longitudinal data from the SUPERB 
cohort demonstrated that higher bone marrow fat fraction 
(BMFF) predicts a greater risk of major osteoporotic frac-
tures and partially mediates the association with lower fem-
oral neck BMD [59]. The mechanisms involved are not yet 
fully understood. A complex process involving many growth 
and transcription factors regulates the differentiation of 
mesenchymal stem cells into adipocytes or pre-osteoblasts. 
The inhibition of osteoblasts differentiation by bone marrow 
adipocytes, which may act on multiple differentiation pro-
cesses, or their negative influence on the function of mature 
osteoblasts or osteoclasts have been hypothesized [22, 60]. 
Eventually, we cannot rule out the possibility that other 
molecules, yet to be discovered, mediate the mutual cross-
talk between bone marrow adipocytes and bone cells. In this 
context, early BMAT changes observed during GAHT could 
reflect dynamic bone remodeling before measurable aBMD 
alterations occur. However, our results should be interpreted 
with caution, as they derive from a pilot study with a limited 
sample size and short follow-up. Future long-term studies 
are warranted to confirm whether BMAT alterations may 
serve as early predictors of skeletal outcomes in transgender 
individuals.

Our study has some limitations. We acknowledge that 
the small number of subjects limits our analysis, and the 
design of the study with a 12-month follow-up excludes 
the possibility of an adequate assessment of fragility frac-
tures. Although the study is not powered to identify small 
or moderate changes, it is adequately designed to capture 
clinically meaningful differences and to generate robust 
preliminary data for future, larger-scale trials. AMAB and 
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