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This part of the thesis summarizes the main findings of the studies of this thesis and discusses these 

results. In addition, strengths and limitations of our studies and future perspectives are provided.  

Part I: Introduction
The clinical utility of BTMs in various diseases is assessed in our review (chapter 2). Regarding 

the definition of clinical utility of BTMs, as described in the Introduction section of this thesis, our 

review shows that: several BTMs are of use in clinical practice in 1) diagnosing bone (related) disease 

in case of tumor induced osteomalacia (FGF23, ALP), van Buchem disease (sclerostin, ALP, P1NP, 

osteocalcin), Paget’s disease ((B)ALP, and PINP), and hypophosphatemic rickets (ALP, FGF23). Next, 

we show that BTMs are of use in clinical practice in 2) assisting in making a prognosis of either 

improvement or deterioration of bone (related) disease in chronic kidney disease ((B)ALP, trimeric 

P1NP, TRAP5B, FGF23), Paget’s disease ((B)ALP, P1NP) and that in osteoporotic patients the treatment 

effects can be monitored based on BTMs (CTX, P1NP), which is in line with current IOF and IFCC 

guidelines [1–4]. Last, we show that in case of 3) definition of high risk patients e.g. patients with low 

BMD or high fracture risk, no single BTM has proven to be suitable for prediction of fracture risk in 

individual patients up until now.  

Our review further emphasizes that (pre)analytical variability, use of different assays with 

variable cut-off values and heterogeneous study results are still challenging the clinician in 

requesting and interpreting BTM measurements. We also discuss that, especially in bone resorption 

markers, except for TRAP5B, the circadian rhythm is important to keep in mind, with higher 

concentrations at nighttime and early morning. Furthermore, CTX needs to be measured in fasting 

state as concentrations decrease after food intake. In case of decreased kidney function, trimeric 

PINP, BALP and TRAP5B are BTMS can be reliably interpreted. BTMs can be elevated 6 months to 1 

year after a fracture. Last, age and sex are important to keep in mind when interpreting BTMs as 

concentrations are higher in men and at younger age. 

Part II: Effects of sex steroids on bone health in transgender 
persons
In chapter 3 to 5 of this thesis, changes of BTMs and bone mineral density (BMD) during gender 

affirming hormone treatment (HT) in transgender persons are evaluated. Chapter 3 shows 

a decrease of P1NP and ICTP and volumetric bone mineral apparent density (BMAD) Z-score of 

the lumbar spine (LS) during gonadotrophin releasing hormone antagonist (GnRHa) treatment in 

adolescent transgender persons. 24 months after HT was started, P1NP and ICTP concentrations 

were even lower, whereas the BMAD and Z-scores returned to normal. In chapter 4  it is shown that 

BMD increases in both trans women and trans men after 1 year of HT. In trans women, an increase 

of BMD in LS, total hip (TH) and femoral neck (FN) was found. In trans men a smaller increase of 

TH BMD was seen, whereas no changes were observed in FN BMD. In chapter 5, bone turnover 

decreased in trans women and increased in trans men after 1 year of HT. In addition, a striking age 

difference was seen looking into more detail into the trans men aged > 50 years, as they all showed 

a decrease of all BTMs, which was opposite to the trans men group aged <50 years which showed an 

increase of BTMs. 
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In adolescent transgender persons, a deleterious effect of GnRHa on bone health was seen in 

chapter 3, which was also shown in other patient groups receiving GnRHa such as patients with 

prostate cancer [5,6]. Chapter 3 to 5 all show the beneficial effect of estradiol on bone as a decrease 

of BTMs and increase of BMD are described during HT treatment in transgender persons.  Estradiol 

exerts its anabolic effect on bone either direct or indirect after the aromatization of testosterone 

into estradiol [7–9]. Estradiol reduces osteoclast activity, shown by a decrease in BTMs (chapter 3 

and 5) and thereby results in less bone resorption and an increase of BMD (chapter 4). Testosterone 

itself does not decrease BTMs as shown in chapter 5. Testosterone concentrations are positively 

associated with muscle mass [10–12] leading to higher mechanical loading which is thought to result 

in higher BMD [13]. In contrast, a recent study showed that hand grip strength in adult trans men 

increased, but that this change was not associated with changes in BMD after 1 year of HT [14]. 

The studies in chapter 3, 4 and 5 show more differences between bone health in trans women and 

trans men, with lower BMD before and during HT and vitamin D deficiency being more prevalent in 

trans women. 

As the three chapters show only short term results on bone health, it is important to ensure that 

bone health of transgender persons is preserved on long term as well. A recent study from Wiepjes 

et al. [15] shows that mean estradiol concentrations are associated with changes of LS BMD in adult 

trans women, where the highest estradiol concentration tertile shows an increase, the middle 

tertile shows no change and lowest estradiol tertile shows a decrease of LS BMD respectively during 

10 years of HT. This study also emphasizes the anabolic effect of estradiol on bone and concluded 

that there is no negative effect of long-term HT on BMD after 10 years of HT in transgender persons, 

when using adequate HT continuously [15]. Compared to our short-term results, it is reassuring that 

this large prospective study did not show deleterious effects on BMD in adult transgender persons.

Summarized, our three studies (chapter 3, 4, and 5) show that, at least on the short term, 

HT is not harmful for bone health. Furthermore, our studies show no additional value of BTM 

measurements in transgender persons in clinical practice, as on the short term BTMs decreased and 

BMD increased, so no clinical consequences can be based on these results. To monitor bone health, 

we therefore do not advice that BTMs should be embedded as a standard part of the adolescent 

or adult transgender persons patient care. In addition, it is important for the clinician to provide 

lifestyle advices regarding physical activity (to increase mechanical loading of bones), cessation 

of smoking and adequate calcium and vitamin D intake [16,17] in transgender persons to ensure 

adequate bone health.  

Part III: Effects of inflammation and auto-immune disease on 
bone turnover 
Our study in chapter 6 shows that combined antiretroviral therapy (cART) results in increased bone 

turnover and decreased BMD of the hip in adult men with primary human immuno-deficiency virus 

(HIV) infection. All BTMs, except ICTP, showed a significant increase versus no changes of BTMs in 

an untreated group of men with primary HIV infection. DXA revealed a significant decrease of FN 

and TH BMD in both groups, however LS BMD did not change in both groups. Previous studies also 
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showed that HIV-infected persons have a lower BMD compared to a healthy reference population 

[18,19]. Inflammatory factors such as interleukin-8 (IL-8) and tumor necrosis factor alpha (TNF-α) 

are known to negatively affect bone health [20] and this study emphasizes the deleterious effects 

of both HIV and cART on bone health. We feel that the outline of this study has become even more 

interesting as nowadays, patients infected with HIV start cART therapy directly after the diagnosis 

has been made and therefore studies in cART naïve primary HIV infected men are scarce. 

Based on our study we suggest that BTMs should not be routinely incorporated in bone health 

assessments of male HIV patients. We suggest that DXA scans should be performed routinely given 

the high prevalence of a lower BMD in HIV-infected persons. In addition, patients require lifestyle 

advice on physical activity to improve mechanical loading on bones and to stop using cigarettes 

and alcohol and need to ensure adequate calcium and vitamin D intake [21]. Furthermore, especially 

tenofovir containing cART should be reconsidered in men with HIV who already have osteopenia 

or osteoporosis, due to the phosphaturic effects of this drug [21,22]. In this case, BTMs can be of 

additional value to evaluate if bone turnover decreases after the cART regimen is changed from 

a tenofovir containing cART regimen to another cART regimen. 

Next to viral inflammation, also auto-immune diseases are known to affect bone metabolism. 

In case of the auto-immune disease multiple sclerosis (MS), both vitamin D insufficiency and 

lower BMD are common [23,24]. Vitamin D deficiency is associated with increased bone turnover 

and FGF23 is known to play a key role in vitamin D metabolism. However, chapter 7 shows that 

no differences in plasma FGF23 concentrations, ratio of 25(OH)D/24.25(OH)
2
D or BTMs between 

MS patients and healthy controls were observed. MS patients had lower bioavailable 25(OH)D and 

1.25(OH)
2
D concentrations compared to healthy controls. In addition, serum concentrations of 

total 25(OH)D, 25(OH)D
3
, 24.25(OH)

2
D, free 25(OH)D and free 1.25(OH)

2
D were lower in female MS 

patients compared to female healthy controls, while serum concentrations of vitamin D binding 

protein (VDBP) were higher in male MS patients compared to male controls. Our study therefore 

shows that a single 25(OH)D measurement probably does not reflect all changes occurring in 

vitamin D metabolism in MS patients.

Based on our study, BTM measurements are not indicated in MS patients to evaluate bone 

health. MS patients should receive lifestyle advice on physical activity to increase mechanical 

loading of the bone, vitamin D supplementation to ensure adequate 25(OH)D concentrations and 

quit smoking, as the latter is associated with worse bone health especially in elderly people [16]. 

Last, the exact role of VDBP in MS and the clinical relevance of the gender related differences in 

vitamin D metabolites in MS patients need to be assessed further in future studies. 

Part IV: Possible role of FGF23 as tumor marker in malignant 
disease 
In chapter 8 plasma FGF23 concentrations in prostate cancer (Pca) were evaluated. In case of malignant 

disease, tumor derived factors such as tumor growth factor beta (TGF-β) can negatively affect bone 

metabolism [5,6]. These factors often result in an increase of bone resorption and lead to possible 

deleterious effects on BMD and bone strength. FGF23 is thought to have autocrine, paracrine and 
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endocrine effects in PCa and to increase growth factor activity in PCa [25–27]. However, in our study in 

PCa patients, FGF23 was not increased, even in spite of inclusion of patients with high Gleason-scores. 

We did show a significant association between the glomerular filtration rate (GFR) and the plasma 

FGF23 concentration, even in a group with a GFR > 60 mL/min, which was also seen in previous  

studies [28–30]. 

We showed that plasma FGF23 is not a promising biomarker in prostate cancer. We emphasize 

the importance of keeping the kidney function in mind when interpreting FGF23 concentrations 

as these increase when kidney function declines. Future studies are needed to evaluate whether 

BTMs are of additional clinical value to monitor malignant disease with risk of bone metastases, as 

discussed earlier in our review in chapter 2.  

Strengths and limitations
Strengths
The studies in this thesis investigated various factors affecting bone health such as changes in 

sex steroids, presence of prostate cancer, infectious disease or auto-immune disease. Most of 

the studies contain large study groups, which allowed us to perform sub group analyses e.g. based 

on bone age or pre- and postmenopausal state. We were also able to include large cohorts of rare 

patient groups such as adolescent transgender persons and male primary HIV patients who were 

not treated with cART yet. The measurements of BTMs were all performed using state-of-the-art 

analytical methods using the same assays in the same laboratory throughout the different studies in 

this thesis. BTMs were measured in all studies in fasting state, except for the study in chapter 3. For 

this reason the marker CTX was not included in this study, as CTX concentrations are highly affected 

by food intake. Last, several studies of this thesis contained both BTM and DXA measurements, 

which allowed us to compare both short- and longer term effects of therapy or disease on bone 

health. DXA scans were included in the studies only if they were performed on the same DXA 

machine, to ensure that BMD data were comparable. 

Limitations
This thesis contains both longitudinal and cross-sectional studies. The cross-sectional aspect of 

some studies limits us to discuss causality of the associations we found. In addition, the natural 

course through time of changes in BTMs or BMD could not be evaluated in the cross-sectional 

studies. A possible bias due to confounding can be expected as all studies are observational studies. 

Not all studies contained a control group, especially in the studies in transgender persons as 

a control group was not ethical to include. In the transgender person studies it can be questioned 

which sex is the appropriate sex to us as reference sex when evaluating BTMs and BMD; we used 

the reference ranges of sex assigned at birth, but this needs further study. In the transgender studies, 

progestagens were also used by some trans women, which results in a decrease of testosterone 

itself [31]. This might have had a small effect on the changes in BMD and BTMs that we described as 

being a estradiol effect alone. Furthermore, the effects of lifestyle advice in the transgender studies 

during HT, but also in the HIV and MS studies were not possible to evaluate. In general, no data on 
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fractures, bone histomorphometry or bone geometry (such as Trabecular Bone Score (TBS)) were 

available. Last, most studies had a relatively short follow-up time.

Summary and conclusion 
We show that BTMs are useful in clinical practice to diagnose tumor induced osteomalacia, van 

Buchem disease, Paget’s disease, or hypophosphatemic rickets. In addition, BTMs are useful to 

monitor disease activity in chronic kidney disease and Paget’s disease which assists the clinician to 

assess the prognosis of his/her patient. Moreover, although measuring BTMs is not useful to predict 

the fracture risk of the individual patient, BTMs are useful to monitor treatment effects in patients 

with osteoporosis. Based upon the results of the studies of this thesis we can further conclude that 

there is no need to routinely measure BTMs in transgender persons, HIV patients and MS patients. 

FGF23 is not recommended to measure as biomarker in prostate cancer patients. However to assess 

bone health in these patient groups, DXA can be performed in case of low vitamin D status, suspicion 

of high fracture risk, or previous lower BMD. 

The studies in this thesis attribute to the knowledge of BTMs from both clinical and biochemical 

perspective. As it remains a clinical challenge to choose the best BTMs to use and to interpret them 

with all possible (pre)analytical pitfalls, we underline the need for the clinician to inform oneself 

about these pitfalls one can come across when measuring BTMs. For clinical practice, it would be of 

great help if the clinicians and clinical chemists collaborate when requesting BTM measurement(s), 

in order to choose the right BTM and assay for the patient and to minimize the possibility of 

interpreting BTM concentrations falsely. Keeping in mind these challenges, we have shown that 

BTMs can contribute to a direct evaluation of bone health compared to longer term evaluation  

by DXA.

By all means, adequate standardized sample collection and analysis are the cornerstones of 

correct interpretation of BTMs. When measuring BTMs, the preferred timing is in the morning after 

an overnight fast, to limit effects of both circadian rhythm and food intake on bone turnover as 

much as possible. In addition, the age, sex, kidney function, liver function and previous fractures of 

the patient should all be taken into account when interpreting BTM concentrations. 

For future research, it would be of great interest if changes in BTMs in large patient groups would 

be studied combined with additional information on bone health such as bone histomorphometry, 

fracture risk and rates and trabecular bone score as outcome measures. We also stress the urge to 

improve assay standardization, due to the high variety of different assays used, often with their own 

standardization. In addition, we emphasize the need for well described reference ranges for BTMs, 

preferably linked to sex and age of the patient. 

To conclude, BTMs are useful to diagnose and to monitor primary bone disease. The additional 

value of BTM measurements in other diseases are limited, despite the effects these diseases may 

have on bone tissue. Further research is needed, with standardized assays, under standardized (pre-

analytical) conditions, using also newer bone related proteins such as FGF23 and sclerostin, to show 

whether there are more possibilities to use BTMs in clinical care to improve the bone health of  

our patients.
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