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In this chapter, a general introduction about the topic ‘Bone health in transgender 
people’ will be given. First, some information about the diagnosis and treatment of 
transgender people will be given. Then, bone physiology will be explained, also 
describing the differences between cis (non-transgender) men and women. Thereafter, 
different methods for bone measurements are described. Earlier literature about bone 
health in transgender people will be described, with the remaining gaps in these studies. 
This chapter ends with describing the aims, study populations, and outline of this thesis. 

Transgender people

Transgender people are people who are diagnosed with gender dysphoria. According to 
the Diagnostic and Statistical Manual of Mental Disorders (DSM) criteria, the diagnosis 
gender dysphoria can be made if there is an incongruence between one’s sex assigned 
at birth and one’s identified gender.(1) This incongruence has to be present for at least 
six months and leads to significant distress. People diagnosed with gender dysphoria 
may wish to receive treatment with gender-affirming hormonal treatment (HT) with or 
without gender-affirming surgery, in order to adapt their physical characteristics to their 
identified gender. 
 Trans women are people who have a male sex assigned at birth, but have a 
female gender identity. Trans women can receive treatment with anti-androgens, usually 
until orchiectomy, and estrogens.(2) The most commonly prescribed anti-androgens are 
cyproterone acetate, spironolactone, or gonadotropin-releasing hormone analogues. 
Estrogen treatment changed over the years. In the past, the most commonly prescribed 
estrogens were ethinyl estradiol, conjugated estrogens, or injected estrogens. In the 
more recent years, mostly oral estradiol valerate, estradiol patch, or estradiol gel was 
prescribed. This hormonal treatment will result in physical changes, for example change 
in body composition, breast growth, softness of the skin, and decrease in body hair 
growth.(2-4) After at least one year of HT and at the age of 18 years or older, surgery can 
be performed. The most performed surgery is vaginoplasty with orchiectomy, but they 
may also choose to undergo breast augmentation or facial feminization surgery.
 Trans men have a female sex assigned at birth, but have a male gender identity. 
They can receive treatment with testosterone, either as testosterone gel, testosterone 
esters intramuscularly, or testosterone undecanoate orally or intramuscularly.(2) Physical 
changes that occur because of testosterone treatment include lowering of the voice, 
increased muscle mass, increased body hair growth, and cessation of the menses.
(2,5,6) After at least one year of HT and at the age of 18 years or older, surgery can be 
performed. Mastectomy is the most commonly performed surgery, but also hysterectomy 
with or without oophorectomy, and colpectomy, phalloplasty, or metadoioplasty can be 
performed. 
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 Besides the effects of hormonal treatment on the described physical changes, it 
can also influence bone health. However, before that topic will be described, first some 
information about bone physiology and bone measurements will be given. 

Bone physiology

Bone consists of trabecular and cortical bone. Cortical bone forms 80% of the total 
bones of the body, is mainly located in the long bones (7), and consists of three parts. 
The periosteal surface is the outer surface of the bone, the endosteal surface is the inner 
surface of the cortex facing the medulla, and the intracortical envelope, which is the 
cortical thickness. Although long bones also contain trabecular bone, it is predominantly 
present in the vertebrae.(7) 
 Bone is constantly modeled to stimulate bone growth, and remodeled to 
maintain bone strength by damage repair. The cells primarily responsible for this 
modeling and remodeling are osteoblasts, osteoclasts, and osteocytes.(8) Osteoblasts are 
differentiated from mesenchymal stem cells and synthesize bone. In the bone formation 
process, they produce collagen and proteins to form the organic matrix of bone. In 
addition, they produce hydroxyapatite, which is deposited into the organic bone matrix 
to form a strong and dense mineralized tissue. Osteoclasts develop from macrophages and 
break down bone tissue, by secreting acids and collagenase. Osteocytes are derived from 
osteoblasts and are found in mature bone tissue. Although they do not have synthetic 
activity, they are involved in bone turnover through mechanosensory mechanisms. 
 The remodeling of bone is also called bone turnover. The balance between bone 
formation by osteoblasts and bone resorption by osteoclasts determines whether bone 
mass increases or decreases. In young childhood, during puberty, and late adolescence, 
the bone formation exceeds bone resorption.(9) The net balance is therefore positive, 
leading to an increase in bone mass. After the peak bone mass, which is around the age 
of 25-30 years, bone formation and bone resorption occur in roughly the same amount, 
with only slightly more bone resorption than formation.(9) The net balance is negative, 
leading to a small decrease in bone mass over time. In postmenopausal women, the bone 
resorption exceeds bone formation, leading to a larger net negative balance and therefore 
a larger decrease in bone mass.(9) These changes in bone mass are shown in Figure 1.
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Figure 1. 
Changes in bone mass during life in cis males and females. Re-used from Weaver C.M. et al.(10) This article 
is available under the Creative Commons CC-BY-NC 4.0 license (https://creativecommons.org/licenses/
by-nc/4.0/) and permits non-commercial use, distribution and reproduction. No changes in this figure 
were made. 

Bone measurement

Dual-energy X-ray absorptiometry 
Different techniques are used in clinical practice that can contribute to estimate the bone 
strength. The most commonly used technique is the dual-energy X-ray absorptiometry 
(DXA) scan. This is a 2-dimensional scan using two X-ray beams with different energy 
levels, as shown in Figure 2. Bone mineral content (in grams) is measured by determining 
the bone absorption of both beams. This bone mineral content is thereafter divided by 
the bone area (in cm2) that is scanned. In that way, the bone mineral density (BMD, in 
g/cm2) is measured.(11)
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Figure 2. 
A schematic explanation of the high-energy and low-energy level beams of the DXA. The bone profile, 
observed as the x-ray moves linearly across the patient, and the corresponding tissue density profiles. Re-
used from Crabtree et al.(12), with permission from Springer Nature.
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BMD is primarily used for diagnosis and treatment of osteoporosis. Osteoporosis is 
characterized by low BMD and deterioration of bone tissue.(13) This leads to bone 
fragility and therefore an increased fracture risk of particularly the spine, hip, and 
forearm. To diagnose osteoporosis, the person’s BMD is compared with the BMD of 
a healthy young adult reference population. This difference is expressed as a T-score, 
which is calculated as the standard deviation (SD) difference between the person’s BMD 
and the BMD of the young-adult reference population. A T-score of -2.5 or lower is 
classified as osteoporosis when using the female reference population, while a T-score 
of -2.8 or lower should be used to diagnose osteoporosis when using the male reference 
population.(14) Besides the T-scores, also the Z-scores can be calculated. This is calculated 
as the SD difference between the person’s BMD and an age-matched BMD of the same 
sex and ethnicity. This Z-score is primarily used in children and adolescents who have 
not reached the peak bone mass yet. 
 A limitation of DXA is that BMD is measured in a 2-dimensional way. To 
accurately measure BMD, mass should be divided by volume. However, width of the 
bones is not measured by DXA. Therefore, BMD measured by DXA is also referred to 
as areal BMD (aBMD), while BMD measured by techniques with 3-dimensional view, 
such as quantitative computed tomography (qCT), is expressed as volumetric BMD 
(vBMD). People with wider bones will have a higher aBMD than people with smaller 
bones, even if vBMD is similar.(11) This difference in aBMD, vBMD, and bone size is 
shown in Figure 3. 

Figure 3. 
The volumetric BMD, areal BMD, bone area, and bone mineral content (BMC) are shown for two different 
cubes, as an example of differences in bone size. It is shown that areal BMD is higher with wider bones, even 
if volumetric BMD is similar. Re-used from Logan et al.(15) with permission from Springer Nature.
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Hip structural analysis and trabecular bone score
Another limitation of the general BMD images is that no specific information can be 
extracted about the cortical and trabecular bone. However, new techniques are available 
that can overcome this limitation. These techniques include hip structural analysis 
(HSA) and trabecular bone score (TBS). HSA uses the standard hip DXA images to 
obtain structural geometrical data.(11,16) It analyzes the distribution of the pixel mass 
across the regions in the hip to estimate different parameters, for example periosteal 
width, endocortical diameter, and cortical thickness, as shown in Figure 4. These 
measurements mainly include cortical bone, whereas TBS measures trabecular bone. 
TBS is measured from the standard lumbar spine DXA images (17), as shown in Figure 5. 
It analyzes the variations in grey-level of the pixels, to provide an index of the trabecular 
microarchitecture. TBS is associated with the number and connectivity of trabeculae. 
People with similar BMD can have different TBS values. A low TBS indicates poor 
microarchitecture and wide spaces between trabeculae. 

Figure 4. 
Method of performing the hip structure analysis by using the DXA hip images, including locations of the 
cross-sections and the corresponding plots of mass profiles. Re-used from Beck et al.(18) with permission 
from Elsevier. 
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Figure 5. 
Method of calculating trabecular bone score based on the DXA lumbar spine images. Representation of the 
TBS principles and an example where the TBS appears to be independent from BMD. Re-used from Silva 
et al.(17) with permission from John Wiley and Sons.

Bone turnover markers
Another technique to measure bone quality is measurement of bone turnover markers 
(BTMs). BTMs are collagen breakdown products and other molecules released by 
osteoblasts and osteoclasts, during the process of bone formation and bone resorption, 
respectively.(19) These BTMs reflect the changes in bone metabolism. Examples of BTMs 
are carboxy-terminal collagen crosslinks (CTX), procollagen type 1 N-propeptide 
(P1NP), alkaline phosphatase (ALP), and sclerostin. CTX is released by osteoclasts 
during bone resorption (19), whereas P1NP and ALP are bone formation markers 
produced by osteoblasts.(19) Sclerostin is primarily produced by osteocytes, but because 
it among others promotes apoptosis of osteoblasts, it can be interpreted as a bone 
resorption marker.(19,20) 

Before puberty sets in, bone mass is similar in boys and girls. However, men achieve 
a higher peak bone mass than women.(21) This can be explained because men develop 
wider bones than women. In men, periosteal growth is stimulated, while it is inhibited 
in women, leading to larger bones in men than in women.(22,23) In women, endosteal 
growth is stimulated, leading to narrowing of the medullary cavity (24), while this does not 
occur in men. These differences are shown in Figure 6. Although men have wider bones 
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than women, the cortical thickness, expressed as the distance between the periosteum 
and endosteum, is similar in men and women.(25) However, as the bones are wider in 
men, the total bone mass is higher in men than in women.(21) 

Figure 6. 
Changes in periosteal surface (outer surface of cortex) and endocortical (endosteal) surface (inner surface 
of cortex) during life, different for cis males and cis females. Re-used from Duan et al.(25) with permission 
from John Wiley and Sons.

 The increase in periosteal growth in men, but not in women, is thought to result 
from the higher testosterone concentrations in men than in women. This testosterone 
might act directly on the bone via androgen receptor (AR) activation.(26) The effect can 
also be indirectly, because of the increase in muscle mass caused by testosterone.(27-29) This 
increases mechanical loading on the bone, which can also increase the periosteal growth.(30) 
 The accelerated decrease in bone mass in women during menopause is the result 
of the decrease in estrogen concentrations. Estrogen is known to have positive effects on 
bone health, as shown in Figure 7. It stimulates the apoptosis of osteoclasts, leading to a 
decrease in bone resorption.(31) When estrogen deficiency occurs, as during menopause, 
an increase in osteoclastic bone resorption is found (32), leading to a decrease in bone 
mass.(33) 
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Figure 7. 
Working model for estrogen regulation of bone turnover via effects on osteocytes, osteoblasts, and 
osteoclasts. Re-used from Khosla et al.(34) with permission from Elsevier.

 Although estrogen is the main important factor of bone health in women, it 
is not clear yet whether this is also the case in men. After orchiectomy in men, or 
after chemical castration during prostate cancer treatment, testosterone concentrations 
decrease. Also, bone mass decreased in these people (35), indicating that decrease in 
testosterone concentrations influences bone mass in men. However, testosterone is 
aromatized into estradiol. Therefore, by decreasing the testosterone concentrations, also 
the estradiol concentrations decreased. One study by Finkelstein et al. (36) found that 
bone mass did not change in men with normal estradiol and normal testosterone levels, 
but decreased in men with normal testosterone but low estradiol levels. This indicates 
that maintenance of bone health, also in men, is mainly regulated by estrogens. 
 In addition to the direct effects of testosterone and estrogen on bone, also 
indirect effects can occur. Testosterone can increase muscle mass, which increases 
mechanical loading and can therefore influence bone remodeling and geometry, as 
described before. Besides the indirect effects on muscle mass, testosterone and estrogen 
can also influence the metabolism of vitamin D (25-hydroxy-vitamin D, 25[OH]D). 
Low vitamin D status is associated with high bone turnover and low bone mineral 
density.(37,38) Vitamin D deficiency can lead to osteoporosis, fractures, and mineralization 
defects.(39,40) In the circulation, more than 99% of the total 25(OH)D is bound to serum 
proteins, particularly to albumin and vitamin D-binding protein (DBP).(41) Contrary to 
DBP-bound 25(OH)D, albumin-bound 25(OH)D is available for metabolic processes. 
Albumin-bound and free circulating 25(OH)D together form the bioavailable 
25(OH)D. Sex steroids can influence vitamin D metabolism, in particular the DBP 
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concentrations. DBP concentrations are higher in women than in men.(42) Also, the 
use of oral contraceptives (43) or pregnancy (44,45) leads to higher DBP concentrations, 
whereas postmenopausal women have lower DBP concentrations than premenopausal 
women.(46) 
 Fracture risk is also different in men and women. At younger ages (<50 years), 
men have a higher fracture risk than women.(47,48) This is mainly the result of accidents, 
particularly because of sporting and traffic accidents.(47,48) At older ages (≥50 years), 
women have a higher fracture risk than men, which is mainly the result of the decreased 
bone mineral density after menopause.(47) 

As explained above, there are differences in bone health between cis men and women, 
mainly caused by differences in testosterone and estrogens. Hormonal treatment in 
transgender people might therefore affect bone health. 
 A few studies investigated the BMD in trans women and trans men compared 
with cis men and women, respectively, before the start of HT. Trans women were found 
to have lower BMD than cis men.(49,50) This difference might be explained because trans 
women also had lower vitamin D concentrations and lower muscle mass than cis men, 
which can be due to a different life style.(49) Trans men had higher or similar BMD than 
cis women (6,50), with no differences in vitamin D concentrations and muscle mass. 
 After one year of HT, BMD increased in trans women (50-56). In trans men, also 
an increase or a maintenance in BMD is described.(6,50,55,57) The long-term effects of 
approximately 10 years of HT on BMD have only been investigated in cross-sectional 
studies, with contradictory results. In trans women compared with cis men, either lower 
(58), similar (59), and higher BMD (60) was observed. Also, in trans men compared with cis 
women contradictory results are obtained: one study found no difference in BMD (61), 
while another study found higher whole body Z-scores.(59) 
 A few studies found no increased fracture risk before the start of HT in both 
trans women (49) and trans men.(6) In short-term follow-up studies, trans women, trans 
men, and their controls did not experience any fractures.(6,54) In studies after long-term 
HT, no increased fracture risk was found in trans women and trans men.(58,62) 
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 However, all these studies about bone health in transgender people are 
limited by small sample sizes. Most studies included less than 50 people per group. 
Therefore, it was not possible to study possible mechanisms or predictors, for example 
concentrations of testosterone or estradiol, or age. In addition, the long-term effects of 
HT on bone health are only investigated in cross-sectional studies, taking baseline data 
not into account. Also, fracture risk was only determined in small populations and used 
questionnaires to identify fractures. 

Aims, study populations, and outline of this thesis

Aims
This thesis has multiple aims. 
1.  To investigate the short-term effects of HT on bone health in trans women 

and trans men, focusing on short-term changes in bone mineral density, bone 
turnover markers, vitamin D metabolism, and grip strength and muscle mass. 
The influence of concentrations of sex steroids and age on these effects are 
investigated.

2.  To investigate the long-term effects of HT on bone health in trans women and 
trans men, focusing on the long-term change in bone mineral density, change 
in bone geometry, and fracture risk.

Study populations
To investigate these aims, we used two different study populations. The first study 
population, to study the aims of (1), was part of the European Network for Investigation 
of Gender Incongruence (ENIGI). This is a large prospective observational multicenter 
study, performed in Amsterdam (the Netherlands), Ghent (Belgium), Oslo (Norway), 
and Florence (Italy). Data were collected before the start of HT and thereafter every 
three months during the first year of HT. DXA was performed at baseline and after one 
year of HT. Blood samples were collected at baseline, after three months of HT, and 
after 12 months of HT. Physical examinations, including body height, body weight, and 
grip strength, was performed every three months. 
 The second study population, to study the aims of (2), was collected in the 
Amsterdam Cohort of Gender dysphoria (ACOG) study. This study is a retrospective 
chart study, including data of all 6,793 people who once visited the gender identity 
clinic of the Amsterdam UMC between February 1972 and December 2015. During 
clinical patient care, blood examination and DXA scans were regularly performed as 
they were part of the treatment protocol. These data were analyzed to study the long-
term effects of HT on bone mineral density and bone geometry. To study the fracture 



Chapter 1

22

risk, this cohort was linked to Statistics Netherlands (Central Bureau of Statistics, the 
Netherlands). 

Outline
In Chapter 2, the ACOG study population will be introduced, with the total number 
of people seen at our clinic and the treatment trajectories they had undergone, including 
hormones and surgery, and regret. In Chapter 3, the first-year changes in BMD, 
measured by DXA, in trans women and trans men will be described. In Chapter 4, the 
first-year changes in bone turnover markers, including P1NP, CTX, ALP, and sclerostin, 
in trans women and trans men are described. In Chapter 5, the changes in vitamin 
D metabolism, including vitamin D binding protein, free and bioavailable 25(OH)
D, and total 25(OH)D, during the first three months of hormonal treatment in trans 
women and trans men are evaluated. The changes in grip strength and muscle mass and 
its association with change in BMD during the first year of hormonal treatment are 
described in Chapter 6. In Chapter 7, the first ten-year effects of hormonal treatment on 
BMD, measured by DXA, are analyzed. In Chapter 8, the differences in bone geometry, 
measured by hip structure analysis and trabecular bone score, in trans women and trans 
men at baseline and after different durations of hormonal treatment, in different age 
groups, are analyzed. In Chapter 9, the fracture risk after long-term use of hormonal 
treatment in trans women and trans men, compared with age-matched control men and 
women, are described. In Chapter 10, the findings of this thesis will be discussed. 



General introduction

23

1

References

1. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed. 
(DSM-5). Arlington, VA: American Psychiatric Publishing; 2013.

2. Hembree WC, Cohen-Kettenis PT, Gooren L, Hannema SE, Meyer WJ, Murad MH, et al. 
Endocrine Treatment of Gender-Dysphoric/Gender-Incongruent Persons: An Endocrine Society 
Clinical Practice Guideline. J Clin Endocrinol Metab. 2017;102(11):3869-903.

3. Klaver M, de Blok CJM, Wiepjes CM, Nota NM, Dekker M, de Mutsert R, et al. Changes in 
regional body fat, lean body mass and body shape in trans persons using cross-sex hormonal 
therapy: results from a multicenter prospective study. Eur J Endocrinol. 2018;178(2):165-73.

4. de Blok CJM, Klaver M, Wiepjes CM, Nota NM, Heijboer AC, Fisher AD, et al. Breast 
Development in Transwomen After 1 Year of Cross-Sex Hormone Therapy: Results of a Prospective 
Multicenter Study. J Clin Endocrinol Metab. 2018;103(2):532-8.

5. Bultynck C, Pas C, Defreyne J, Cosyns M, den Heijer M, T’Sjoen G. Self-perception of voice in 
transgender persons during cross-sex hormone therapy. Laryngoscope. 2017;127(12):2796-804.

6. Van Caenegem E, Wierckx K, Taes Y, Schreiner T, Vandewalle S, Toye K, et al. Body composition, 
bone turnover, and bone mass in trans men during testosterone treatment: 1-year follow-up data 
from a prospective case-controlled study (ENIGI). Eur J Endocrinol. 2015;172(2):163-71.

7. Syed F, Khosla S. Mechanisms of sex steroid effects on bone. Biochem Biophys Res Commun. 
2005;328(3):688-96.

8. Florencio-Silva R, Sasso GR, Sasso-Cerri E, Simoes MJ, Cerri PS. Biology of Bone Tissue: Structure, 
Function, and Factors That Influence Bone Cells. Biomed Res Int. 2015;2015:421746.

9. Clarke BL, Khosla S. Female reproductive system and bone. Arch Biochem Biophys. 2010;503(1):118-
28.

10. Weaver CM, Gordon CM, Janz KF, Kalkwarf HJ, Lappe JM, Lewis R, et al. The National 
Osteoporosis Foundation’s position statement on peak bone mass development and lifestyle factors: 
a systematic review and implementation recommendations. Osteoporos Int. 2016;27(4):1281-386.

11. Beck TJ. Extending DXA Beyond Bone Mineral Density: Understanding Hip Structure Analysis. 
Curr Osteoporos Rep. 2007;5:49–55.

12. Crabtree NJ, Leonard MB, Zemel BS. Dual-Energy X-Ray Absorptiometry. In: Sawyer AJ, 
Bachrach LK, Fung EB, editors. Current Clinical Practice: Bone Densitometry in Growing Patients: 
Guidelines for Clinical Practice. Totowa, NJ: Humana Press Inc; 2007. p. 41-57.

13. World Health Organization. Prevention and management of osteoporosis. Report of a WHO 
Scientific Group. Geneva 2003.

14. Looker AC, Whaner HW, Dunn WL, Calvo MS, Harris TB, Heyse SP, et al. Updated Data on 
Proximal Femur Bone Mineral Levels of US Adults. Osteoporos Int. 1998;8:468–89.

15. Logan JG, Bassett JHD, Cheung MS. Paediatric Bone Physiology and Monitoring the Safety and 
Efficacy of Bone Drugs in Children. 2014:37-65.

16. Bonnick SL. HSA: beyond BMD with DXA. Bone. 2007;41(1 Suppl 1):S9-12.
17. Silva BC, Leslie WD, Resch H, Lamy O, Lesnyak O, Binkley N, et al. Trabecular bone score: a 



Chapter 1

24

noninvasive analytical method based upon the DXA image. J Bone Miner Res. 2014;29(3):518-30.
18. Beck TJ, Broy SB. Measurement of Hip Geometry-Technical Background. J Clin Densitom. 

2015;18(3):331-7.
19. Vlot MC, den Heijer M, de Jongh RT, Vervloet MG, Lems WF, de Jonge R, et al. Clinical utility 

of bone markers in various diseases. Bone. 2018;114:215-25.
20. Compton JT, Lee FY. A review of osteocyte function and the emerging importance of sclerostin. J 

Bone Joint Surg Am. 2014;96(19):1659-68.
21. Riggs BL, Melton Iii LJ, 3rd, Robb RA, Camp JJ, Atkinson EJ, Peterson JM, et al. Population-

based study of age and sex differences in bone volumetric density, size, geometry, and structure at 
different skeletal sites. J Bone Miner Res. 2004;19(12):1945-54.

22. Neu CM, Rauch F, Manz F, Schoenau E. Modeling of Cross-sectional Bone Size, Mass and 
Geometry at the Proximal Radius: A Study of Normal Bone Development Using Peripheral 
Quantitative Computed Tomography. Osteoporos Int. 2001;12:538–47.

23. Almeida M, Laurent MR, Dubois V, Claessens F, O’Brien CA, Bouillon R, et al. Estrogens and 
Androgens in Skeletal Physiology and Pathophysiology. Physiol Rev. 2017;97(1):135-87.

24. Kim B, Mosekilde L, Duan Y, Zhang X, Tornvig L, Thomsen JS, et al. The Structural and 
Hormonal Basis of Sex Differences in Peak Appendicular Bone Strength in Rats. J Bone Miner Res. 
2003;18(1):150-5.

25. Duan Y, Beck TJ, Wang X, Seeman E. Structural and Biomechanical Basis of Sexual Dimorphism in 
Femoral Neck Fragility Has Its Origins in Growth and Aging. J Bone Miner Res. 2003;18(10):1766-
74.

26. Venken K, De Gendt K, Boonen S, Ophoff J, Bouillon R, Swinnen JV, et al. Relative impact of 
androgen and estrogen receptor activation in the effects of androgens on trabecular and cortical 
bone in growing male mice: a study in the androgen receptor knockout mouse model. J Bone Miner 
Res. 2006;21(4):576-85.

27. Bhasin S, Storer TW, Berman N, Yarasheski KE, Clevenger B, Phillips J, et al. Testosterone 
Replacement Increases Fat-Free Mass and Muscle Size in Hypogonadal Men. J Clin Endocrinol 
Metab. 1997;82(2):407-13.

28. Bhasin S, Woodhouse L, Casaburi R, Singh AB, Bhasin D, Berman N, et al. Testosterone dose-
response relationships in healthy young men. Am J Physiol Endocrinol Metab. 2001;281:E1172–
E81.

29. Brown M. Skeletal muscle and bone: effect of sex steroids and aging. Adv Physiol Educ. 
2008;32(2):120-6.

30. Callewaert F, Sinnesael M, Gielen E, Boonen S, Vanderschueren D. Skeletal sexual dimorphism: 
relative contribution of sex steroids, GH-IGF1, and mechanical loading. J Endocrinol. 
2010;207(2):127-34.

31. Nakamura T, Imai Y, Matsumoto T, Sato S, Takeuchi K, Igarashi K, et al. Estrogen prevents bone 
loss via estrogen receptor alpha and induction of Fas ligand in osteoclasts. Cell. 7 2007;130(5):811-
23.

32. Sowers MR, Zheng H, Greendale GA, Neer RM, Cauley JA, Ellis J, et al. Changes in bone resorption 



General introduction

25

1

across the menopause transition: effects of reproductive hormones, body size, and ethnicity. J Clin 
Endocrinol Metab. 2013;98(7):2854-63.

33. Greendale GA, Crandall CJ, Sowers M, Lee JS, Han W, Huang MH, et al. Bone Mineral Density 
Loss in Relation to the Final Menstrual Period in a Multiethnic Cohort: Results From the Study of 
Women’s Health Across the Nation (SWAN). J Bone Miner Res. 2011;27(1):111-8.

34. Khosla S, Oursler MJ, Monroe DG. Estrogen and the skeleton. Trends Endocrinol Metab. 
2012;23(11):576-81.

35. Stepan JJ, Lachman M, Zverina J, Pacovsky V, Baylink DJ. Castrated Men Exhibit Bone Loss: 
Effect of Calcitonin Treatment on Biochemical Indices of Bone Remodeling. J Clin Endocrinol 
Metab. 1989;69(3).

36. Finkelstein JS, Lee H, Leder BZ, Burnett-Bowie SA, Goldstein DW, Hahn CW, et al. Gonadal 
steroid-dependent effects on bone turnover and bone mineral density in men. J Clin Invest. 1 
2016;126(3):1114-25.

37. Holick MF. Vitamin D Deficiency. The New England Journal of Medicine. 2007;357:266-81.
38. Bischoff-Ferrari HA, Dietrich T, Orav EJ, Dawson-Hughes B. Positive association between 

25-hydroxy vitamin D levels and bone mineral density: a population-based study of younger and 
older adults. Am J Med. 2004;116(9):634-9.

39. Stone K, Bauer DC, Black DM, Sklarin P, Ensrud KE, Cummings SR. Hormonal Predictors of 
Bone Loss in Elderly Women: A Prospective Study. J Bone Miner Res 1998;13(7):1167-74.

40. Cauley JA, LaCroix AZ, Wu L, Horwitz M, Danielson ME, Bauer DC, et al. Serum 
25-Hydroxyvitamin D Concentrations and Risk for Hip Fractures. Ann Intern Med. 2008;149:242-
50.

41. Bikle DD, Gee E, Halloran B, Kowalski MA, Ryzen E, Haddad JG. Assessment of the Free Fraction 
of 25-Hydroxyvitamin D in Serum and Its Regulation by Albumin and the Vitamin D-Binding 
Protein. J Clin Endocrinol Metab. 1986;63(4):954-9.

42. Bolland MJ, Grey AB, Ames RW, Horne AM, Mason BH, Wattie DJ, et al. Age-, gender-, and 
weight-related effects on levels of 25-hydroxyvitamin D are not mediated by vitamin D binding 
protein. Clin Endocrinol (Oxf ). 2007;67(2):259-64.

43. Moller UK, Streym S, Jensen LT, Mosekilde L, Schoenmakers I, Nigdikar S, et al. Increased plasma 
concentrations of vitamin D metabolites and vitamin D binding protein in women using hormonal 
contraceptives: a cross-sectional study. Nutrients. 2013;5(9):3470-80.

44. Schwartz JB, Lai J, Lizaola B, Kane L, Markova S, Weyland P, et al. A comparison of measured 
and calculated free 25(OH) vitamin D levels in clinical populations. J Clin Endocrinol Metab. 
2014;99(5):1631-7.

45. Heijboer AC, Blankenstein MA, Kema IP, Buijs MM. Accuracy of 6 routine 25-hydroxyvitamin D 
assays: influence of vitamin D binding protein concentration. Clin Chem. 2012;58(3):543-8.

46. Pop LC, Shapses SA, Chang B, Sun W, Wang X. Vitamin D-Binding Protein in Healthy Pre- 
and Postmenopausal Women: Relationship with Estradiol Concentrations. Endocr Pract. 
2015;21(8):936-42.

47. Donaldson LJ, Cook A, Thomson RG. Incidence of fractures in a geographically defined population. 



Chapter 1

26

J Epidemiol Community Health. 1990;44:241-5.
48. Farr JN, Melton LJ, 3rd, Achenbach SJ, Atkinson EJ, Khosla S, Amin S. Fracture Incidence and 

Characteristics in Young Adults Aged 18 to 49 Years: A Population-Based Study. J Bone Miner Res. 
2017;32(12):2347-54.

49. Van Caenegem E, Taes Y, Wierckx K, Vandewalle S, Toye K, Kaufman JM, et al. Low bone mass is 
prevalent in male-to-female transsexual persons before the start of cross-sex hormonal therapy and 
gonadectomy. Bone. 2013;54(1):92-7.

50. Haraldsen IR, Haug E, Falch J, Egeland T, Opjordsmoen S. Cross-sex pattern of bone mineral 
density in early onset gender identity disorder. Horm Behav. 2007;52(3):334-43.

51. Dittrich R, Binder H, Cupisti S, Hoffmann I, Beckmann MW, Mueller A. Endocrine treatment 
of male-to-female transsexuals using gonadotropin-releasing hormone agonist. Exp Clin Endocrinol 
Diabetes. 2005;113(10):586-92.

52. Mueller A, Zollver H, Kronawitter D, Oppelt PG, Claassen T, Hoffmann I, et al. Body composition 
and bone mineral density in male-to-female transsexuals during cross-sex hormone therapy using 
gonadotrophin-releasing hormone agonist. Exp Clin Endocrinol Diabetes. 2011;119(2):95-100.

53. Mueller A, Dittrich R, Binder H, Kuehnel W, Maltaris T, Hoffmann I, et al. High dose estrogen 
treatment increases bone mineral density in male-to-female transsexuals receiving gonadotropin-
releasing hormone agonist in the absence of testosterone. Eur J Endocrinol. 2005;153(1):107-13.

54. Van Caenegem E, Wierckx K, Taes Y, Schreiner T, Vandewalle S, Toye K, et al. Preservation of 
volumetric bone density and geometry in trans women during cross-sex hormonal therapy: a 
prospective observational study. Osteoporos Int. 2015;26(1):35-47.

55. Van Kesteren P, Lips P, Deville W, Popp-Snijders C, Asscheman H, Megens J, et al. The effect of 
one-year cross-sex hormonal treatment on bone metabolism and serum insulin-like growth factor-1 
in transsexuals. J Clin Endocrinol Metab. 1996;81(6):2227-32.

56. Van Kesteren P, Lips P, Gooren LG, Asscheman H, Megens J. Long-term follow-up of bone mineral 
density and bone metabolism in transsexuals treated with cross-sex hormones. Clin Endocrinol. 
1998;48:347–54.

57. Mueller A, Haeberle L, Zollver H, Claassen T, Kronawitter D, Oppelt PG, et al. Effects of 
intramuscular testosterone undecanoate on body composition and bone mineral density in female-
to-male transsexuals. J Sex Med. 2010;7(9):3190-8.

58. Lapauw B, Taes Y, Simoens S, Van Caenegem E, Weyers S, Goemaere S, et al. Body composition, 
volumetric and areal bone parameters in male-to-female transsexual persons. Bone. 2008;43(6):1016-
21.

59. Ruetsche AG, Kneubuehl R, Birkhaeuser MH, Lippuner K. Cortical and trabecular bone mineral 
density in transsexuals after long-term cross-sex hormonal treatment: a cross-sectional study. 
Osteoporos Int. 2005;16(7):791-8.

60. Sosa M, Jódar E, Arbelo E, Domínguez C, Saavedra P, Torres A, et al. Bone Mass, Bone Turnover, 
Vitamin D, and Estrogen Receptor Gene Polymorphisms in Male to Female Transsexuals. J Clin 
Densitom. 2003;6(3):297-304.

61. Van Caenegem E, Wierckx K, Taes Y, Dedecker D, Van de Peer F, Toye K, et al. Bone mass, bone 



General introduction

27

1

geometry, and body composition in female-to-male transsexual persons after long-term cross-sex 
hormonal therapy. J Clin Endocrinol Metab. 2012;97(7):2503-11.

62. Broulik PD, Urbanek V, Libansky P. Eighteen-Year Effect of Androgen Therapy on Bone Mineral 
Density in Trans(gender) Men. Horm Metab Res. 2018;50(2):133-7.


