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Chapter 9

General discussion



The general aim of this thesis was to gain more knowledge about the potential role of 
vitamin D in the emotional and physical health of older persons. In this chapter, I will 
discuss the main findings of this thesis, place them in a broader perspective, and I will 
discuss their implications for future research and clinical practice.

9.1 MAIN FINDINGS

9.1.1 No consistent cross-sectional or longitudinal association between vitamin D 

status and depressive symptoms in older persons 

Chapters 2 and 3 reported on two large observational studies, each with data from two 
different cohorts of the Longitudinal Aging Study Amsterdam (LASA). The overarching 
research question of these chapters was whether serum 25(OH)D concentrations are 
related to depressive symptoms in older adults. To obtain a thorough understanding 
of the nature of this potential relationship, this question was addressed in multiple 
ways. 
  In Chapter 2, we studied the association cross-sectionally and longitudinally (6 
years of follow-up). Furthermore, we examined whether onset of depression was 
related to 25(OH)D concentrations, whether sex was an effect modifier, and whether 
physical functioning was a mediator in the relation between vitamin D status and 
depressive symptoms. In a sensitivity analysis, the two cohorts were pooled to 
increase power. Chapter 3 addressed the research question in a novel way by relating 
change in serum 25(OH)D concentrations to parallel change in depressive symptoms 
over time (6-13 years). To the best of our knowledge, this type of analysis had not been 
done before in this research field.
  In Chapter 2, we did not observe a significant cross-sectional association between 
serum 25(OH)D concentrations and depressive symptoms after adjustment for 
confounders, although the association did become statistically significant in the pooled 
sensitivity analysis. Longitudinally, we found that older (≥65 years) women with 
baseline serum 25(OH)D below 75 nmol/L had 17-24% more depressive symptoms 
in the next 6 years compared to older women with baseline serum 25(OH)D above 
75 nmol/L. Poor physical performance partially mediated this association. No such 
associations were observed in women of 55-65 years or men. In contrast, in Chapter 
3 we found a significant association in younger (55-65 years) persons only: in this 
group, an increase in 25(OH)D concentrations was associated with a small parallel 
decrease in depressive symptoms over six years, but only in persons with serum 
25(OH)D levels below 59 nmol/L (the median in this study). Unlike Chapter 2, effect 
modification for sex was not observed. 
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The magnitude and width of the LASA study enabled us to investigate effect 
modification, mediation and many potential confounders, which deepened our 
understanding of potential underlying mechanisms. However, the disparity of the 
results of these two studies indicates that there is no simple, straightforward answer 
to whether vitamin D status is linked to depressive symptoms in older adults. The 
results suggest that, if such a relationship exists, it seems to apply to persons with 
25(OH)D concentrations lower than 59 or 75 nmol/L only.

9.1.2 Supplementation with vitamin D in a high-risk group of older adults did not 

improve depressive symptoms or physical functioning

Chapters 4 and 5 described the D-Vitaal study: a randomized, placebo-controlled 
supplementation trial to investigate whether 12 months of 1200 IU/day vitamin D3 
would improve depressive symptoms and physical functioning in older persons. For 
this trial, we recruited 155 persons between 60 and 80 years who would optimally 
benefit from the supplementation: participants with low vitamin D status (15-50/70 
nmol/L, depending on season), clinically relevant depressive symptoms and at 
least one functional limitation. Although the vitamin D supplementation markedly 
improved serum 25(OH)D concentrations in the intervention group – rising to a mean 
of 85 nmol/L (SD 16) after 6 months – we did not find relevant effects of vitamin 
D on depressive symptoms, physical performance tests, or self-reported functional 
limitations. Secondary outcomes of the trial included incident major depressive 
disorder (MDD), anxiety symptoms, cognitive functioning (executive functioning 
/ processing speed), health-related quality of life, hand grip strength and mobility. 
Similar to the primary outcomes, no significant differences between the intervention 
and placebo group were found. The number of participants who developed MDD 
during the trial was too small to analyse the effect of supplementation on incident 
depression. Overall, these findings suggest that rising serum 25(OH)D levels in a 
vulnerable group of older persons with low vitamin D status does not improve their 
emotional or physical functioning. 

9.1.3 No association between vitamin D status and anxiety symptoms in older 

persons

In Chapter 6, we used data of two LASA cohorts to look at the association between 
25(OH)D concentrations and symptoms of anxiety. As anxiety is closely related to 
depression [1, 2], an association with vitamin D status seemed plausible. However, 
after adjustment for confounders, a significant association between serum 25(OH)D  
concentrations and anxiety symptoms was not observed in older persons, either 
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cross-sectionally or after three years. This is in accordance with the finding in 
Chapter 5 that vitamin D supplementation does not improve symptoms of anxiety 
in the D-Vitaal trial.

9.1.4 Low vitamin D status is associated with a higher overall mortality risk in 

older men and women; high PTH status is associated with higher overall and 

cardiovascular mortality in older men

In Chapter 7, we again used data from the LASA study to see whether vitamin D 
and parathyroid hormone (PTH) status influenced mortality risk. We studied overall 
mortality (follow-up period: 18 years), cardiovascular mortality and cancer-related 
mortality (follow-up period: 13 years). We found a higher overall mortality risk for 
persons with low 25(OH)D concentrations (<50 nmol/L; hazard ratio (HR): 1.24-1.46) 
and for men with high PTH concentrations (≥7 pmol/L; HR: 2.54). In addition, a high 
PTH level was associated with a higher cardiovascular-related mortality rate in men 
(HR: 3.15). No significant associations of vitamin D or PTH status with cancer-related 
mortality were observed.

9.1.5 Supplementation with vitamin B12 and folic acid in older persons with elevated 

homocysteine concentrations did not improve depressive symptoms or health-

related quality of life

Finally, to broaden our horizon beyond vitamin D, we investigated the effect of 
supplementation with B-vitamins (vitamin B12 and folic acid) on depressive symptoms 
and health-related quality of life (HR-QoL) in a large sample of older persons with 
elevated homocysteine concentrations. Chapter 8 describes the results of this study, 
for which data of the B-vitamins for the Prevention Of Osteoporotic Fractures 
(B-PROOF) trial were used. The results of our study indicate that there is no effect of 
these B-vitamins on depressive symptoms and only a small, clinically non-relevant 
positive effect on HR-QoL. 
  In summary, the observational studies in this thesis did not show clear-cut 
associations between vitamin D status and depressive symptoms in older persons, 
which was confirmed by the results of the D-Vitaal trial. Physical functioning did not 
improve as a result of vitamin D supplementation, either. Symptoms of anxiety were 
not related to vitamin D status in both LASA and D-Vitaal. We observed a higher 
overall mortality risk for older persons with 25(OH)D levels below 50 nmol/L and 
for men with PTH levels above 7 pmol/L. In men, a high PTH concentration was also 
associated with an elevated risk of cardiovascular mortality. Finally, supplementation 
with vitamin B12 and folic acid did not improve depressive symptoms or HR-QoL in 
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older persons with elevated homocysteine levels. 

9.2 EVALUATION OF THE D-VITAAL STUDY
This paragraph discusses in more detail the strengths and limitations of the 
randomized placebo-controlled trial that was described in Chapters 4 and 5 of this 
thesis: the D-Vitaal study. 

9.2.1 Study and participant characteristics

An important asset of D-Vitaal is that we studied the effect of vitamin D supplementation 
on both emotional and physical functioning in a high-risk population of older persons. 
Emotional and physical functioning are highly interrelated concepts. Problems with 
physical performance and presence of functional limitations are risk factors for 
depression and, in turn, depressive symptoms can worsen physical functioning [3-9]. 
  Previous vitamin D supplementation trials have yielded inconsistent or negative 
results. Over the years, it has become clear that new trials should therefore adhere 
to a number of criteria to optimize the chance to observe an effect, if this effect exists 
[10-14]:
 − The study sample should have low baseline vitamin D status;
 − The study sample should have symptoms of the health condition under 

investigation (e.g. depressive symptoms);
 − The vitamin D supplementation dose should be large enough to reach serum 

25(OH)D concentrations well above the deficiency level;
 − The duration of the trial should be long enough to sufficiently increase serum 

25(OH)D concentrations and to allow for an effect on the outcome of interest;
 − The trial should include a true placebo group without (low-dose) vitamin D 

supplementation;
 − The N should be sufficiently large to detect an effect.

The D-Vitaal study adheres to these criteria: presence of clinically relevant depressive 
symptoms and at least one functional limitation were inclusion criteria; the 
supplementation raised serum 25(OH)D concentrations in the intervention group to a 
mean of 85 nmol/L with everyone in this group above 50 nmol/L; the study duration 
was 12 months, which is long enough to establish an effect on depressive symptoms 
and physical functioning [15-17]; the placebo group did not receive vitamin D; and 
although the N was not large (N=155), especially compared to mega-trials such as the 
ViDA and VITAL studies [18, 19], it exceeded the number required according to the 
power analysis (N=140). Moreover, a high-risk sample as used in D-Vitaal requires 
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a smaller N than trials that use general population samples (such as the mega-trials 
mentioned above) [20]. In addition, the small effect sizes that were observed in 
D-Vitaal suggest that a larger N would not change the results. 
  All participants were allowed to take up to 400 IU/day supplemental vitamin D in 
addition to the study medication, which could potentially lead to an underestimation 
of the results. Twenty percent of the study participants actually used additional 
supplementation at some point during the study. However, the mean 25(OH)D 
levels in the placebo group remained the same over time, indicating that this did not 
influence our results.
  Despite these strengths of the D-Vitaal trial, an effect of the supplementation 
on emotional or physical functioning was not observed. This could be interpreted 
as evidence for the futility of vitamin D supplementation to improve emotional and 
physical health in older persons. However, it is still possible that our baseline 25(OH)D 
cutoff was too high to detect an effect. We included persons with a serum 25(OH)D 
level up to 50 nmol/L in winter (October – March) and up to 70 nmol/L in summer 
(April – September). Our rationale behind this season-dependent cutoff was that 
persons with 25(OH)D levels up to 70 nmol/L in summer will most probably have 
25(OH)D levels below 50 nmol/L in the winter months, due to the seasonal variation 
[21-23]. This implies that these persons have low vitamin D status during at least half 
of the year. Nevertheless, a season-dependent cutoff of 30 nmol/L in winter and 50 
nmol/L in summer or a year-round limit of 50 nmol/L may have been more adequate. 
We conducted sensitivity analyses for these two scenarios in subgroups of D-Vitaal 
participants, but this did not change the conclusions. However, due to the small N in 
these subgroup analyses, we should be careful with the interpretation of these results 
as their validity is uncertain. 
  For the outcome of depressive symptoms, our power analysis was based on an 
RCT by Van ‘t Veer - Tazelaar et al. [24]. This trial had a comparable sample and 
study duration. However, the D-Vitaal baseline Center for Epidemiological Studies 
Depression Scale (CES-D) score turned out somewhat lower (mean score: 23; 43% had 
CES-D scores between 16 and 20) compared to the study by Van ‘t Veer - Tazelaar et al. 
(mean score: 26). This suggests that we may have enrolled a healthier study sample, 
which could have impaired the power of the study.  
  Furthermore, we observed a decrease in CES-D scores in both the intervention and 
placebo group in the first 6 months of our study, indicating a natural improvement of 
depressive symptoms over time. Nevertheless, the mean CES-D score was still around 
16 in both groups during follow-up, indicating that clinically relevant depressive 
symptoms were still present in many participants. 
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The D-Vitaal study excluded persons with MDD at baseline. Perhaps, a study sample 
with MDD would yield different results, as some trials aiming to treat MDD showed 
a positive effect of vitamin D supplementation [17, 25, 26]. Although all participants 
had clinically relevant depressive symptoms, fewer persons than expected developed 
MDD during the study. To make a well-founded statement on whether vitamin D 
supplementation can prevent MDD, we would need a larger sample size and a longer 
study duration [20].

9.2.2 Ceiling effects

The functional limitations questionnaire and the balance test of the Short Physical 
Performance Battery (SPPB) exhibited substantial ceiling effects in our study. Most of 
our participants had only few functional limitations and obtained the maximum score 
on the balance test. This may have hampered the detection of more subtle differences 
in (higher-level) physical functioning. Already in the screening phase of the study, we 
noticed this issue with the functional limitations questionnaire. Therefore, we added 
the SF-36 physical functioning subscale to the screening, to capture a broader range 
of physical functioning. We analysed this SF-36 subscale separately as a secondary 
outcome, but we found no significant effects. In additional sensitivity analyses, we 
performed subgroup analyses in participants with at least two functional limitations 
at baseline and in participants with a lower score (≤8) on the SPPB test. These analyses 
did not notably change the results (data not shown), but it should be kept in mind that 
they were not very reliable due to their small N.

9.2.3 Recruitment of participants

Recruitment of the required number of participants proved more challenging than 
expected. Persons with both low vitamin D status, clinically relevant depressive 
symptoms, and functional limitations were difficult to find or unwilling to participate 
in our RCT. Initially, we planned to recruit through general practitioners (GPs). 
Although we collaborated with some very cooperative GPs, it was hard to find GPs 
who were willing to participate, which was mostly due to their busy schedules. For 
this reason, we switched to recruitment through municipality registries, which meant 
that we had to send invitation letters to every resident between 60 and 80 years. We 
knew that many of these persons would not be interested or eligible to participate, but 
we did not have any additional information to make a preselection. As a consequence, 
we sent out about 56,000 invitation letters in order to enrol 155 participants in our 
trial (inclusion percentage: 0.3%). Although we expected some difficulties with the 
recruitment of our specific study sample, we did not expect having to send out this 
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many invitations to meet the required number of participants. These experiences 
underline the difficulty of recruiting for this type of RCT in the general population. 

9.3 THE LASA STUDY
Long-term population-based cohorts such as the Longitudinal Aging Study 
Amsterdam (LASA) provide a unique view on the natural course of health and disease, 
and offer the possibility to investigate a broad range of risk and protective factors. 
The LASA study encompasses multiple large cohorts of older persons with follow-up 
measurements performed every three years. Its main study objectives are the physical, 
emotional, cognitive and social aspects of aging, and it therefore provides a wealth of 
variables for research purposes [27, 28].
  The inherent difficulty with observational studies is their limited causal explanatory 
power. Nevertheless, the risk of reverse causality in LASA is somewhat attenuated by 
its prospective nature (the predictor can be measured before the outcome) and the 
ability to control for many potential confounding variables. 
  Population cohort studies may have some limitations. Generally, healthy and 
motivated persons are more likely to participate in long-term research, which could 
lead to selection bias. Furthermore, drop-out usually increases if serious health 
issues occur. This may cause selective attrition of the most frail participants and 
hence an underestimation of effects. However, the main reason for attrition in LASA 
is mortality, and as the mortality characteristics in LASA are similar to those of the 
general population, LASA’s representativeness seems satisfactory [27]. Moreover, 
the LASA researchers put a lot of effort in preventing attrition, by offering less 
burdensome alternatives such as interviews by telephone instead of face-to-face, 
shortened interviews, and use of proxies as a source of information. For all LASA 
studies in this thesis, we performed non-response analyses to elucidate any attrition 
effects in our specific study samples. 
  As the LASA participants comprise a relatively healthy population, research on 
serious illnesses such as MDD may be complicated by the fact that the number of 
participants with the disease is often too small to perform adequate analyses. On 
the other hand, LASA offers the opportunity to study the temporal course of disease 
development, including its subclinical phases.
  In LASA, follow-up measurements were conducted every three years. This creates 
the possibility that we missed important health events that occurred in the time 
between measurements, such as MDD episodes. Furthermore, blood collection was 
not regularly performed at every follow-up moment, which means that information on 
25(OH)D concentrations is available at only a few time points. In Chapter 3, we used 
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two 25(OH)D measurements to calculate a change score, whereas in Chapters 2, 6 and 
7 we used a single baseline 25(OH)D value. The predictive ability of a single 25(OH)D 
measurement may decrease in the long term due to other factors that influence 
vitamin D status over time, such as altered sunlight exposure, diet, or supplement 
use. Unfortunately, in LASA we do not have detailed information on these factors. 
Nevertheless, several studies, also with LASA data, suggest that a single 25(OH)D 
measurement in longitudinal research is an acceptable predictor in longer follow-up 
studies [23, 29, 30]. 
  Finally, virtually all LASA participants (99%) are Caucasian [23], which make 
generalizability to other ethnicities uncertain, especially considering that bioavailable 
vitamin D may differ between ethnicities due to differences in genetic vitamin D 
polymorphisms [31]. 

9.4 CHALLENGES IN VITAMIN D RESEARCH
In any research field, various factors can complicate the interpretation of study results. 
This paragraph discusses the challenges that apply especially to research in the field of 
vitamin D and health outcomes. 

9.4.1 Measuring 25(OH)D concentrations

Many different assay types to measure 25(OH)D in blood are available, but their 
accuracy varies considerably. The liquid chromatography/tandem mass spectrometry 
(LC/MS) method is now seen as the gold standard [32-35]. Between-assay variability, 
which can be as high as 20-30% [34, 36], poses a problem when comparing results 
of different studies and when performing meta-analyses. Assay inaccuracy and 
variability is especially problematic for 25(OH)D concentrations around clinically 
relevant thresholds (e.g. 30, 50 or 75 nmol/L) and may lead to misclassification 
when assigning participants to groups based on 25(OH)D levels (e.g. deficient vs. 
adequate vitamin D status). This inaccuracy may also be a reason why consensus 
regarding optimal 25(OH)D levels for various health outcomes is still lacking [37]. By 
introducing a standardized protocol for 25(OH)D blood measurements, the Vitamin 
D Standardization Program (VDSP) aims to make vitamin D studies comparable and 
to prevent bias [37, 38].
  In the LASA study, three different 25(OH)D assays were used over the years: a 
competitive protein binding assay, a radioimmunoassay, and LC/MS. LASA-specific 
cross-calibration formulas (as used in Chapter 2 of this thesis) were developed to make 
the different measurements comparable. Recently, as part of the large European ODIN 
study [39], a reanalysis of LASA blood samples was performed to measure 25(OH)D 

General discussion

 199

9



according to the standardized VDSP protocol [40]. This resulted in a slight shift to the 
left for older blood samples. As a consequence, more LASA participants were labelled 
vitamin D deficient compared to the original analyses. In LASA, this shift was small, 
but other European cohort studies showed larger discrepancies when comparing their 
original measurements to the standardized 25(OH)D levels [39]. This again points to 
the importance of using standardized 25(OH)D measurements in vitamin D research. 
In Chapter 3, we were able to use these standardized 25(OH)D values in our LASA 
analyses, but they were not yet available when the other studies of this thesis were 
performed. 

9.4.2 Measuring bioavailable vitamin D

Ultimately, we are interested in the bioavailability of the active vitamin D metabolite 
(1,25(OH)2D) in the tissue of interest, e.g. the brain or muscle. However, this is 
hampered by technical limitations, possibly due to very low concentrations or 
properties of the substance. To the best of our knowledge, 1,25(OH)2D itself has not 
been measured in muscle and brain tissue yet, but its metabolites and receptor have 
[41-44] (although some controversy exists regarding the presence of the VDR in adult 
muscle cells [45, 46]).
  Furthermore, some researchers suggest that serum 25(OH)D is a suboptimal 
measurement of vitamin D status, especially when it concerns the bioavailability of 
extraskeletal vitamin D [47]. It is suggested that measuring free 25(OH)D (not bound 
to vitamin D binding protein (DBP) or albumin) may be a better indicator of vitamin 
D status [48, 49]. Further research should elucidate this. 

9.4.3 Seasonal variation of vitamin D status

Seasonal variation of 25(OH)D is an important factor when considering optimal levels 
and dosing, especially in countries with large differences between seasons, such as the 
Netherlands [23]. Having a 25(OH)D concentration just above the deficiency threshold 
(e.g. 50 nmol/L) in summer will most likely result in deficiency during wintertime. 
Defining this person as having a sufficient serum 25(OH)D level may therefore be 
misleading, both in a clinical and a research setting. 
  In this thesis, various methods were used to adjust for the season of blood 
collection. In the D-Vitaal trial (Chapters 4 and 5), we used season-specific inclusion 
thresholds (50 nmol/L in winter; 70 nmol/L in summer). In the longitudinal cohort 
studies of Chapters 2 and 7, we included season as a confounder in all analyses, 
either as a dichotomous variable (winter/summer) or as a sine/cosine function 
based on the date of the blood collection. In Chapter 3, it was especially important 
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to eliminate any seasonal influence on the 25(OH)D levels, as we used two 25(OH)D 
measurements to create a change score. Therefore, we adjusted for seasonal variation 
by ‘deseasonalizing’ the 25(OH)D values using a sinusoidal regression model. 

9.4.4 Defining optimal levels and supplementation doses

Despite the plethora of vitamin D studies in the past years, the debate regarding the 
most favorable vitamin D status and supplementation dose is still ongoing. The use of 
different dosing regimens and varying deficiency/sufficiency thresholds complicate 
comparison between studies and may be a reason for the inconsistent results [50]. 
Moreover, the variety of expert opinions and guidelines may be confusing for 
clinicians and their patients. 
  Most studies now agree that the lower limit of 25(OH)D should be at least 50 
nmol/L to ensure normal calcium homeostasis and bone health. Although most 
evidence points to 25(OH)D levels similar to this, there is no clear consensus on a 
threshold for extraskeletal outcomes [41, 51]. Multiple factors contribute to the 
controversies around vitamin D levels and dosing. 
  First, the optimal 25(OH)D concentration may depend on the health outcome under 
study [41, 52]. According to the results of this thesis, serum 25(OH)D should be at least 
59 nmol/L in younger-old persons (55-65 years) and at least 75 nmol/L in women of 
≥65 years in order to decrease depressive symptoms. Furthermore, to decrease overall 
mortality risk, 25(OH)D should be above 50 nmol/L.
  Second, the increase in 25(OH)D blood levels in response to vitamin D intake is 
not linear, but inversely related to the baseline 25(OH)D concentration [53-55]. For 
instance, in a study that supplemented 400-600 IU/day vitamin D plus 500 mg calcium, 
the mean increase in serum 25(OH)D level after 6 months was 58 nmol/L in persons 
with baseline 25(OH)D of <25 nmol/L; 39 nmol/L in persons with baseline 25(OH)D 
of 25-50 nmol/L, and only 14 nmol/L if baseline 25(OH)D was >50 nmol/L [56]. 
  Third, specific genetic variants (polymorphisms) related to 7-dehydrocholesterol, 
DBP, the VDR, and the hydroxylation process influence the bioavailability of vitamin 
D, which implies that persons with different vitamin D genotypes may respond 
differently to supplementation [15, 53, 57]. In a similar fashion, evidence suggests that 
the increase in 25(OH)D levels after supplementation is less in persons with higher 
BMI [53, 58, 59].
  Finally, it seems that the association of 25(OH)D with certain outcomes are 
U-shaped: persons with either very low or very high 25(OH)D concentrations had 
increased risks of falls and fractures, both in observational studies and trials [47, 60, 
61]. This effect was also observed in observational studies with mortality as outcome, 
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but this may be due to confounding by indication: supplementation may be given 
to the more frail persons who also have a higher mortality risk [62, 63]. However, 
both in the observational mortality study in Chapter 7 of this thesis and in a recent 
meta-analysis of trial data [13], a U-shaped relationship between vitamin D status and 
mortality was not observed.
  As already suggested above, higher 25(OH)D concentrations and supplementation 
doses are not necessarily better. Older women with 25(OH)D concentrations of ≥100 
nmol/L had an increased risk of falling [64], and several studies have demonstrated 
adverse effects of high-dose supplementation (corresponding to ≥2000 IU/day), such 
as more falls and fractures and decreased muscle strength and mobility [65, 66]. On 
the other hand, a large study that supplemented 100,000 IU/month for over 3 years 
did not observe any adverse effects [67]. The risk of adverse effects seems particularly 
high if supplementation is given in large bolus doses. A single mega-dose of 500,000 IU 
significantly increased fall and fracture risk, especially in the following three months 
after the dose [61]. 
  Multiple vitamin D guidelines were developed with the aim to optimize bone 
health. The Institute of Medicine (IOM) recommends a 25(OH)D level of at least 50 
nmol/L to meet the vitamin D requirements of at least 97.5% of the general population. 
This level can be reached if total vitamin D intake (diet + supplements) is 600-800 
IU/day [68]. On the other hand, the Endocrine Society (ES) recommends vitamin D 
supplementation of at least 1500-2000 IU/day to attain a 25(OH)D level of ≥75 nmol/L, 
which they consider sufficient [69]. The difference between the IOM and ES guidelines 
can be explained by their differing goals. The IOM developed their guideline for the 
general population, mostly consisting of healthy persons, whereas the ES guidelines 
aimed to advise clinicians on how to prevent vitamin D deficiency in their patients [70]. 
The guidelines of the Dutch Health Council (Gezondheidsraad) [71] and the European 
Food Safety Authority (EFSA) [72] are in accordance with the recommendations of the 
IOM. For older persons, the Dutch Health Council recommends a 25(OH)D level of 
≥50 nmol/L. Their supplementation advice is 400 IU/day for women between 50 and 
70 years and 800 IU/day for all persons over 70 years [71]. 

9.4.5 Ethical aspects of vitamin D trials

In order to be informative, RCTs on the effect of vitamin D supplementation should 
be conducted in persons who have both low baseline 25(OH)D concentrations and 
symptoms of the studied disease. However, this type of research may lead to ethical 
concerns. 
  Health guidelines as described in the previous paragraph recommend vitamin D 
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supplementation for older persons. But if these persons participate in a vitamin D 
trial, they may receive placebo for the duration of the study. Most likely, this will lead 
to continued or worse vitamin D deficiency over time, which may pose health risks. 
A potential solution for this issue is to give low-dose vitamin D to the placebo group. 
However, 25(OH)D concentrations quickly increase in response to supplementation in 
persons with low vitamin D status, so this will distort the study results [73]. 
  A recent study reported that only 15% of Dutch older adults use vitamin D 
supplements [74], which shows that adherence to the guidelines is low in the 
Netherlands. Therefore, one can argue that conducting a placebo-controlled vitamin 
D trial does not differ much from how persons would behave in everyday life. The 
recent mega-trials ViDA and VITAL were conducted in line with this reasoning [73]. 
Blood was collected at baseline but 25(OH)D levels were not determined until the 
end of the study. In this way, the 25(OH)D levels of the participants were unknown 
during the study, which, for most participants, also would have been the case if they 
had not participated in the trial. A drawback of this method is that a larger number of 
participants has to be included in order to obtain a sufficiently large subgroup with 
low vitamin D status. Moreover, as pointed out previously, including persons with 
sufficient vitamin D status may not be efficacious at all. 
  For the D-Vitaal study, the Ethical Review Board did not agree with this method. 
Therefore, we determined 25(OH)D levels in the screening phase and excluded 
persons with very low concentrations (<15 nmol/L) as these may lead to impaired 
bone health [75]. In addition, we allowed all participants to take up to 400 IU/day 
vitamin D supplements. Throughout the study, 14-20% used vitamin D supplements, 
evenly distributed across the intervention and placebo group. This did not influence 
our results, as the mean 25(OH)D levels of the placebo group remained stable over 
time. Once participants had completed the study, they received personalized advice 
on vitamin D supplementation according to the guidelines of the Dutch Health 
Council [71]. 

9.4.6 Measuring emotional and physical functioning

Depressive symptoms are inherently subjective experiences, which complicates the 
use of standardized questionnaires to measure them. Nevertheless, several scales 
have been validated in older populations and are frequently used in research, 
such as the Center for Epidemiological Studies Depression Scale (CES-D) [76-78] 
and the Geriatric Depression Scale (GDS) [79]. These scales were also used in this 
thesis. Despite their validation, some studies suggests that these questionnaires are 
suboptimal, as somatic disease symptoms may resemble the depressive symptoms 
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measured by the questionnaire [80]. In addition, older persons generally experience 
more somatic than affective symptoms of depression [81] and medical comorbidities 
are common. This complicates discerning emotional from physical symptoms and 
may lead to misinterpretation of somatic complaints as depressive symptoms (and 
vice versa). Therefore, it is important to inquire about the presence of somatic diseases 
in addition to measuring depression. 
  In this thesis, we used both self-report questionnaires and performance tests to 
assess physical functioning. To obtain a valid picture of a person’s physical state, self-
reported functional limitations provide a valuable addition to objective performance 
tests, as the latter do not always reflect daily life functioning due to its standardized 
setting [82].

9.5 VITAMIN D: CAUSAL FACTOR OR MARKER FOR HEALTH?
The pivotal role of vitamin D in calcium metabolism for bone mineralization and 
the prevention of rickets and osteomalacia is well-known and undisputed [83-86]. 
However, the influence of vitamin D on a wide range of other health outcomes is an 
ongoing matter of debate. Generally, preclinical and epidemiological studies suggest 
a link between low vitamin D status and a plethora of illnesses, whereas vitamin D 
supplementation trials mostly failed to confirm this [13, 50, 87]. A similar pattern 
emerged in this thesis: our observational studies showed an association between 
vitamin D status and depressive symptoms, but our RCT could not establish this link. 
This raises the question whether low vitamin D status truly is a causal factor, or rather 
just a co-occurring marker or consequence of poor health [88-91]. This paragraph 
explores this issue in more depth. 

9.5.1 Reverse causation and unmeasured / unresolved confounding

The inherent difficulty with observational studies is that no statements can be made 
regarding the causality of an association, i.e. whether low vitamin D status actually 
causes a disease. This is further complicated by the fact that many observational 
studies did not adequately control for confounding [50]. Therefore, reverse causation 
or unmeasured/residual confounding are plausible reasons for the observed 
associations between vitamin D status and many health outcomes [90, 92]. 
  Reverse causation - i.e. a disease causes low vitamin D status instead of vice versa - 
is especially a threat to cross-sectional study designs, as the determinant and outcome 
are measured at the same time. This thesis mainly includes longitudinal studies that are 
less prone to this type of bias, as the determinant precedes the outcome. Nevertheless, a 
prospective study design does not rule out the possibility that important confounding 
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variables were missed. We and other investigators may have observed statistically 
significant associations of low 25(OH)D levels with disease because we failed to take 
into account the variable(s) that were actually responsible for this association. 
  In LASA, we were able to control for many potential confounders, but we still 
may have missed important factors such as unknown disabilities or co-morbidities, 
lifestyle-related variables, or frailty indicators [63, 92, 93]. In addition, it is possible 
that we did not measure our confounders in sufficient detail to capture its influence 
on the vitamin D - disease link [94]. For instance, in LASA we used the number of 
the most common chronic diseases to adjust for chronic disease, whereas it may be 
important to consider this potentially important confounder in more detail, e.g. by 
taking into account the type and severity of the disease(s). In addition, due to the 
three-year time gaps between LASA measurements, we may have missed important 
changes in variables. For example, our measure of physical activity (an important 
predictor for sunlight exposure and hence vitamin D status) took into account only 
the past two weeks instead of longer-term habitual physical activity. Nevertheless, a 
sensitivity analyses that excluded persons who reported that their physical activity 
pattern of the previous two weeks was not representative of the past year did not 
change our results. 
  Finally, although observational studies – including Chapter 7 of this thesis – show 
a consistent association of low vitamin D status with mortality [13, 29, 62, 73, 95, 96], 
this outcome is especially sensitive to confounding, as there is a myriad of potential 
factors contributing to the processes that eventually lead to death [97]. In Chapter 7, 
high PTH was a stronger predictor of mortality than low 25(OH)D, potentially because 
of its association with vascular disease [98]. But, like 25(OH)D, it is also possible that 
PTH is merely an indicator of poor health, which may explain its association with 
mortality [99].

9.5.2 Evidence from genetic studies

Knowledge of the influence of genetics on vitamin D status has expanded in the 
past years. We now know that specific genotypes are linked to the efficiency of the 
metabolism, transport and receptor of vitamin D [15, 57, 100]. Studies using genetic 
information can help to disentangle the vitamin D – health association further. For 
instance, the Mendelian randomization (MR) approach is less prone to confounding 
or reverse causation. MR is an epidemiological study design in which genetic 
variations that are linked to the exposure of interest (in this case: vitamin D status) 
serve as independent variables to predict an outcome, e.g. depressive symptoms. As 
genetic variants are randomly determined at conception, MR is a less biased method 
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to investigate the causality of an association [101].
  A few studies have examined the vitamin D – depression link with MR and 
have yielded mixed results. Whereas one study found that certain single nucleotide 
polymorphisms (SNPs) related to low 25(OH)D levels were associated with more 
depressive symptoms [102], two more recent studies did not observe this [92, 103]. 
Regarding physical functioning, several studies have found that specific VDR 
genotypes are associated with muscle strength [15, 100]. Finally, MR studies provide 
promising evidence for involvement of vitamin D in the autoimmune system [95, 104]. 
  However, the MR approach also has some limitations. For instance, the vitamin 
D-related SNPs that have been discovered so far explain only about 5 to 7.5% of the 
variation in the 25(OH)D phenotype [95, 105]. Furthermore, the vitamin D-related 
genes may not only affect 25(OH)D concentrations, but other factors as well [95, 101, 
106].

9.5.3 Recent developments in vitamin D research

Recent reviews suggest that there is some evidence for an effect of vitamin D 
supplementation on depression and muscle functioning in vitamin D deficient persons 
[10, 12], although this could not be confirmed by our D-Vitaal trial. Recently, the 
long-awaited results of two large vitamin D trials were published: the Vitamin D and 
Omega-3 Trial (VITAL) [107] and the Vitamin D Assessment study (ViDA) [108]. These 
RCTs investigated the effects of long-term vitamin D supplementation on a range of 
health outcomes. The VITAL trial supplemented 2000 IU/day vitamin D and/or 1 g/
day omega-3 fatty acids versus placebo in a 2x2 factorial design to 25,871 middle-aged 
and older persons for a median duration of 5.3 years. The ViDA trial included 5110 
persons of 50-84 years and supplemented a 200,000 IU bolus dose followed by 100,000 
IU/month vitamin D versus placebo for a median duration of 3.3 years. Neither study 
observed a significant effect of the supplementation on cardiovascular disease, cancer, 
falls, or fractures. The ViDA study observed small subgroup effects on lung function, 
arterial function and bone mineral density. 
  Low vitamin D status was not an inclusion criterion in both studies. In the VITAL 
subsample that underwent blood measurements, mean baseline 25(OH)D was 77 
nmol/L, with 13% of participants having baseline 25(OH)D concentrations below 50 
nmol/L. In ViDA, 25% had baseline 25(OH)D levels below 50 nmol/L and only 2% had 
baseline 25(OH)D levels below 25 nmol/L. Although subgroup analyses according 
to baseline 25(OH)D levels were conducted (≤50 versus >50 nmol/L), the N of the 
lower group may have been too small to make definite statements on the extraskeletal 
effects of vitamin D supplementation in persons with low 25(OH)D levels. Moreover, 
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the subgroup of persons with baseline 25(OH)D below 30 or 25 nmol/L was not 
analyzed at all. In conclusion, long-term high-dose vitamin D supplementation in 
mostly vitamin D-replete and generally healthy older persons did not affect a range 
of skeletal and extraskeletal health conditions. Considering the sample characteristics 
of both studies, these results are not surprising. The most promising group for 
potential supplementation effects - persons with 25(OH)D concentrations below 30 
or 25 nmol/L - was underrepresented in both VITAL and ViDA. Although the results 
of VITAL and ViDA provide important information regarding the futility of vitamin 
D supplementation in generally replete and healthy older persons for the diseases 
that were studied, they do not provide definite answers on the effect of vitamin D 
supplementation in persons who need it the most. At this moment, two studies related 
to VITAL have yet to publish their results: VITAL-DEP, on the effect on depressive 
symptoms and MDD [109], and DO-HEALTH, on the effect on physical performance 
[110]. Both studies are closely related to the topics of this thesis. 
  At the moment, the most convincing evidence for a protective effect of vitamin D 
supplementation is for asthma and COPD exacerbations and acute respiratory tract 
infections, but only in persons with 25(OH)D concentrations <25 nmol/L [89, 95, 
111-113]. A potential mechanism for this effect might be that vitamin D strengthens 
the immune system, thereby preventing acute infections. This could also explain 
the consistent association of low vitamin D status with mortality [89]. In support of 
this, it was found that higher 25(OH)D concentrations were associated with fewer 
inflammation markers [114]. However, it still cannot be ruled out that low vitamin D 
status is a consequence of systemic inflammation [89]. 

9.5.4 What about the mechanistic evidence?

As described above, the evidence for a causal role of vitamin D in most extraskeletal 
diseases is limited. But then what can explain the results of the numerous preclinical 
studies showing that vitamin D is related to these diseases [115]? Molecular and 
cellular studies have shown that CYP27B1, CYP24A1 and the VDR are expressed 
throughout the body and that 1,25(OH)2D is capable of activating a large variety of 
genes, suggesting widespread actions of vitamin D [95, 116]. 
  A potential interpretation is that most biological evidence was collected in highly 
controlled laboratory environments, which may be problematic to generalize to the 
complex human being [41]. Another, more often suggested explanation is that the 
extraskeletal influences of vitamin D are more pronounced in the developmental 
stages of life, as opposed to the adult phase. The genetic evidence of MR studies does 
not tell us at which time point in life the vitamin D-related genes exert their influence. 
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Potentially, this predominantly takes place in the earliest phases of life, suggesting 
that adequate vitamin D status is needed for normal development. In support of this, 
VDR-knockout mice and vitamin D deficient neonatal rats show many developmental 
anomalies, including muscle and brain abnormalities [117, 118]. Furthermore, in 
both mice and humans, the presence of the VDR in muscle is much higher in the 
developmental stages, whereas VDR expression is very low in adult muscle cells 
[45, 117]. Finally, it is possible that VDRs in some parts of the body are rudimentary 
remnants from our evolutionary ancestors.
 
In summary, at this point we cannot completely rule out a causal role of vitamin D in 
extraskeletal health, but evidence is very restricted and mainly points to a role in the 
earliest phases of life. Now that we know the negative results of two mega-trials, we 
can safely conclude that vitamin D supplementation in replete and generally healthy 
older persons is not efficacious. However, too little research has been conducted on 
supplementation effects in persons with (very) low baseline 25(OH)D levels. 

9.6 FUTURE PERSPECTIVES FOR VITAMIN D RESEARCH
As noted in the previous paragraph, knowledge on the relationship between vitamin 
D and health outcomes is still incomplete. This paragraph provides an overview of the 
topics that call for more in-depth research in the future. 

9.6.1 Low baseline vitamin D status

Most previous vitamin D RCTs included persons from the general population with 
replete vitamin D status [73], while the most interesting group for a potential effect 
was underrepresented, even in the large VITAL and ViDA trials [107, 108]. As a 
consequence, we still cannot draw firm conclusions on whether vitamin D improves 
extraskeletal health in persons with low 25(OH)D levels [13]. Frequently, trials analyze 
their - usually small - subgroups with low baseline 25(OH)D levels in post hoc analyses, 
with questionable validity [89]. Also in our D-Vitaal study, the subgroup with baseline 
25(OH)D concentrations below 30 nmol/L was too small to draw definite conclusions. 
As vitamin D supplementation in persons with replete vitamin D status has proven 
futile [73, 107, 108], we now should primarily focus on persons with 25(OH)D levels 
at least below 50 nmol/L, but preferably even lower, e.g. 30 or 25 nmol/L. However, 
these trials create ethical concerns that are not easy to overcome. Meta-analyses with 
individual patient data offer an alternative way to investigate this topic. With this 
method, data of participants with low baseline 25(OH)D levels from many trials can 
be pooled to create a group large enough to conduct valid analyses [89].
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9.6.2 Improved adjustment for confounding

As noted previously, conducting RCTs in the vitamin D field is ethically complex 
and not always feasible. Therefore, high-quality longitudinal cohort studies are also 
needed to provide more clarity on the vitamin D - disease link. For instance, it has 
been suggested that the preclinical phase of a disease may cause a drop in 25(OH)D 
concentrations, e.g. due to a decrease in physical activity (leading to less sunshine 
exposure) and dietary changes. When the disease finally reaches its overt, clinical 
phase, we may, erroneously, be inclined to believe that the low 25(OH)D levels have 
caused the onset of the disease [90]. Longitudinal studies are indispensable in this 
context, as they can examine whether diseases are preceded by a change in lifestyle 
factors and a parallel decline in vitamin D status. In addition, long-term cohort studies 
are important to study the relationship between vitamin D status and (disease-specific) 
mortality, as the required size and duration of an RCT to study this outcome may not 
be feasible [97]. 
  In longitudinal observational studies, adequate adjustment for confounding 
variables - e.g. chronic diseases, frailty, and lifestyle factors - is crucial to be able to 
draw valid conclusions [63, 92, 93, 119]. Therefore, future studies could use more 
advanced methods to control for confounding, such as propensity scores and/
or matching techniques [120]. However, a drawback of these methods is that they 
can only use variables that were measured in the study [121]. A novel method that 
estimates the effect of unmeasured confounding is the E-value. This value provides 
an estimation of the robustness of an association by calculating how large the effect 
of unmeasured confounding would have to be in order to nullify the study findings 
[121, 122].

9.6.3 Improved measurement of vitamin D, health and lifestyle variables 

The use of standardized definitions, measurement instruments and analysis methods 
is pivotal to make studies comparable [123]. The considerable variability in 25(OH)D 
measurements hampers the development of clinical guidelines and thresholds for 
optimal vitamin D status [37, 73]. Therefore, as discussed in paragraph 9.4.1, the 
standardized VDSP methods should be applied to any future measurement of 25(OH)D 
to enhance comparability [37]. Furthermore, in longitudinal studies in which vitamin 
D status is determined only once, researchers should consider using season-specific 
deficiency thresholds for 25(OH)D-related group assignment (e.g. 30 nmol/L in winter 
and 50 nmol/L in summer), as this creates less bias [124]. If longitudinal studies assess 
vitamin D multiple times, it is important to measure 25(OH)D in the same time of year 
or use advanced seasonal correction, such as the ‘deseasonalizing’ method that was 
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used in Chapter 3 of this thesis. 
  The variety of assessment tools used to operationalize emotional and physical 
functioning impedes comparability between studies and, ultimately, clarity on the 
associations between vitamin D status and health outcomes. For example, for the 
measurement of depression, an MDD diagnosis, depressive symptoms (measured with 
various questionnaires), or scales for wellbeing are being used. This heterogeneity may 
explain some of the variations in results between studies [50]. In addition, a wide range 
of instruments to measure muscle strength and physical performance are available, 
making it difficult to draw conclusions about an association between vitamin D and 
physical functioning [125]. Ideally, researchers should reach consensus on a minimal 
‘core set’ of well-standardized questionnaires and tests that can be adopted by future 
studies to create comparable results and to facilitate meta-analyses. 
  Finally, new technologies could be employed to improve the measurement of 
emotional and physical functioning. For instance, digital diaries better capture the 
fluctuating nature of depressive symptoms and functional limitations [126], while 
physical activity patterns can be assessed with accelerometers [127].  

9.6.4 Mechanistic vitamin D research

Many underlying biological mechanisms of the extraskeletal actions of vitamin D 
are still unknown. Future research should clarify this, although technology does not 
enable some of these studies yet. 
Especially knowledge on the functions of vitamin D in the brain is incomplete or 
indirect [42]. Also regarding the effect of vitamin D on muscle functioning, much 
remains to be elucidated. Some studies suggest that the effect of vitamin D on muscle 
is indirect only, through calcium or secondary hyperparathyroidism [125]. Therefore, 
the complex interplay and interdependency between vitamin D, calcium and PTH 
should be investigated further [128].
  Another future mechanistic research topic is the effectiveness of vitamin D 
analogues, as it was shown that supplementation with alphacalcidol resulted in better 
muscle performance compared to vitamin D3 supplementation, which could not be 
explained by a difference in 25(OH)D levels [129]. In addition, the potential benefits of 
measuring free, bioavailable 25(OH)D concentrations should be investigated further 
and may offer more insight in vitamin D’s extraskeletal effects [48, 49]. Finally, we 
should study the genetic influences on vitamin D functioning in more depth and 
define within which time frames in life vitamin D exerts its extraskeletal influence, i.e. 
whether this is mainly during or also beyond the developmental stages. 
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9.6.5 Vitamin D supplementation in different subgroups

Some studies suggest that vitamin D supplementation may be more effective in 
specific subtypes of depression [16]. Furthermore, persons with different vitamin 
D-related genotypes may respond differently to supplementation [15]. Also, persons 
with a higher BMI had a smaller increase in 25(OH)D levels in response to vitamin 
D supplementation compared to persons with normal weight [130]. Finally, age- and 
sex-related differences in vitamin D effects are regularly, but not consistently observed 
[131-135]. Future research should clarify whether these disparities are caused by 
suboptimally measured confounders or whether there are true underlying differences 
between these subgroups. With sufficiently large sample sizes, subgroup analyses 
can be conducted to examine potentially differential effects on (extra)skeletal health 
outcomes. Elucidating these differences further may lead to the development of 
supplementation regimes tailored to the needs of specific subgroups.

9.6.6 Combining vitamin D with other interventions

A combination of vitamin D supplementation with other interventions may be 
more effective than treatment with vitamin D alone. For instance, tentative evidence 
suggests that the treatment of depression may be more successful when antidepressant 
medication is combined with vitamin D or other ‘nutraceuticals’ such as omega-3 fatty 
acids or folic acid [136], although studies to investigate this may be difficult to conduct 
[137]. The recent MooDFOOD trial investigated whether one year of micronutrient 
supplementation (vitamin D, omega-3 fatty acids, folic acid, selenium and calcium), 
combined in a factorial design with food-related behavioral activation therapy 
sessions, would prevent incident MDD in a high-risk sample of 1025 overweight 
persons with clinically relevant depressive symptoms [138]. The trial was negative, 
but low baseline values of the micronutrients were not an inclusion criterion. The 
large VITAL trial [107] found no effect of the combination of vitamin D and omega-3 
fatty acids on a range of extraskeletal outcomes, but the results of their ancillary study 
on depressive symptoms and MDD (VITAL-DEP) [109] have not yet been published 
at this moment.
  For improving physical functioning, the combination of vitamin D supplementation 
and exercise holds some potential. A recent study observed an additional effect of 
vitamin D supplementation on muscle strength when combined with resistance 
exercises [127]. More work in this area is required to investigate whether combined 
treatments are feasible and effective. 
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9.7 CLINICAL IMPLICATIONS
This paragraph describes the implications for clinical practice and public health 
that can be derived from the integration of this thesis with the current views in the 
literature.

9.7.1 A role for vitamin D in emotional and physical health?

Based on the studies described in this thesis, vitamin D supplementation to improve 
depressive symptoms, anxiety symptoms and poor physical functioning in older 
persons cannot be recommended. However, we do not have sufficient evidence to 
rule out a supplementation effect in persons with very low vitamin D status (<30 or 
<25 nmol/L). 
  Chapter 7 of this thesis found that serum 25(OH)D concentrations should be at 
least 50 nmol/L and PTH concentrations below 7 pmol/L to lower the risk of mortality, 
whereas Chapters 2 and 3 observed fewer depressive symptoms in subgroups if 
25(OH)D levels were higher than 75 or 59 nmol/L, respectively. However, we cannot 
rule out that these effects were caused by unresolved or unmeasured confounding, for 
instance because persons with higher 25(OH)D levels were generally healthier.

9.7.2 Adequate vitamin D status

Most research now agrees that extraskeletal effects of vitamin D, if any, are observed 
only in persons with 25(OH)D concentrations of <50 nmol/L or even lower [10, 62, 
73, 86, 89, 95]. Therefore, adherence to the guidelines of the IOM [68] and the Dutch 
Health Council [71] is still an appropriate advice for clinical practice. The Council 
advises supplementation of 400 IU/day for women between 50 and 70 years and 800 
IU/day for all persons over 70 years to reach a 25(OH)D level of at least 50 nmol/L 
year-round. Although ≥50 nmol/L is a conservative threshold, it ensures vitamin 
D’s important calcemic effects and prevents secondary hyperparathyroidism [117]. 
Adopting a higher threshold of ≥75 or ≥59 nmol/L, as found in Chapters 2 and 3, will 
not be harmful, but will lead to unnecessary high costs if the entire older population 
is to reach these levels.

9.7.3 Achieving adequate vitamin D status

Adequate 25(OH)D levels can be achieved with moderate sunshine exposure, 
supplementation, and through dietary sources. 
  Sun exposure: The duration of sunshine exposure to achieve adequate vitamin D 
status depends on many factors, such as latitude, time of day, weather conditions, 
skin type, clothing and season [139, 140]. As prolonged unprotected UVB exposure 
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poses safety issues, sunscreen use is widely promoted. Until recently, it was believed 
that sunscreen severely compromised vitamin D synthesis [84], but new studies 
show that vitamin D production in the skin is still possible when sunscreen is used 
[141, 142]. However, in the Netherlands, obtaining vitamin D from the sun is only 
possible from late March until September. Therefore, dietary sources of vitamin D and 
supplementation are also important.
  Supplementation: A serum 25(OH)D level of ≥50 nmol/L can be reached with a daily 
supplementation dose of about 800 IU vitamin D [41, 86]. Generally, higher doses 
are unnecessary and doses exceeding 2000 IU/day can incur health risks such as an 
increased number of falls, fractures and reduced muscle strength [10, 61, 66, 86, 143]. As 
discussed in the previous paragraph, future research should elucidate whether specific 
subgroups require adjusted supplementation guidelines, e.g. persons with a specific 
25(OH)D-related genotype, persons with a high BMI, or women. Daily and weekly 
supplementation have similar effects and ensure consistent 25(OH)D concentrations 
[117, 144], whereas annual bolus doses incur risks [61, 86]. In addition to vitamin D, 
calcium supplementation may be warranted, especially for musculoskeletal outcomes 
such as falls, fractures and bone mineral density [91, 95, 145, 146]. A recent study 
showed that Dutch older adults who engaged in regular outdoor physical activity 
generally have high 25(OH)D levels in summer (mean: 88 nmol/L) without taking 
vitamin D supplements [147]. This implies that, at least in the summer months, not all 
older persons require vitamin D supplementation. However, special attention should 
be given to risk groups such as frail, immobile and institutionalized older persons, as 
they engage in few outdoor activities [146]. Vitamin D supplementation should be a 
priority in these persons.
  Diet: Fatty fish such as salmon, herring and mackerel are rich sources of vitamin 
D. However, it is almost impossible to reach a healthy vitamin D status through food 
alone [84, 146]. Therefore, responsible sun exposure and supplements are also needed. 
Moreover, as the number of people with deficient vitamin D status is large and the 
adherence to supplementation is guidelines low, food fortification programs should 
be considered, such as addition of vitamin D to dairy products. In this, the Finnish 
food fortification program could serve as an example, as it dramatically decreased 
vitamin D deficiency in the population [148, 149].

9.7.4 Increase awareness of the importance of vitamin D

Despite the fact that the vitamin D guidelines of the Dutch Health Council date back 
to 2012, the adherence to these guidelines is low and the prevalence of vitamin D 
deficiency is still high among older persons [149]. Two studies among community-
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dwelling Dutch persons of ≥65 years found that only 15-20% took vitamin D 
supplements [74, 150]. Another study investigated the reasons why older persons 
do not take vitamin D supplements [151]. Frequently mentioned reasons were that 
they believed they were eating healthy, were already taking many medications, went 
outside often, that costs were too high, and that they were not aware that vitamin D 
supplementation was necessary. This shows that familiarity with vitamin D and its 
actions is still low. Furthermore, knowledge of the importance of vitamin D does not 
always lead to adequate vitamin D intake [139]. For these reasons, it is important to 
create more awareness of the supplementation guidelines and the benefits of a healthy 
vitamin D status, both for the target groups and clinicians [152].

9.7.5 Treating depressive symptoms and poor physical functioning

The results of the D-Vitaal trial imply that vitamin D supplementation is not effective 
in improving depressive symptoms, functional limitations, or physical performance. 
Nevertheless, many observational studies have shown a link between low 25(OH)D 
concentrations and depression. So apparently, a depressed person is at risk of having 
a low vitamin D status, whether or not these two are causally related. Therefore, 
a health professional should consider measuring the 25(OH)D level or directly 
recommend vitamin D supplementation to an older patient who presents with 
depressive symptoms and is not taking vitamin D supplements. This especially 
applies to persons who spend little time outdoors and have dark skin. Even though 
the supplementation may not alleviate the depressive symptoms, it will at least be 
beneficial for the patient’s skeletal health [153].
  Improving depressive symptoms is of great importance, as subthreshold 
depression can have major health and economic consequences and negatively affects 
quality of life [154]. The Dutch guideline for the treatment of subthreshold depression 
in older persons is mainly directed at psycho-education, short-term counselling, and 
encouraging a healthy, active, and structured lifestyle. MDD treatment additionally 
focusses on antidepressant medication and more extensive psychotherapy [155, 156].
  Alleviating depressive symptoms may also improve physical functioning and vice 
versa, as these conditions influence each other [4-6, 8, 9]. Evidence for this was shown 
in Chapter 2 of this thesis, in which fewer functional limitations and better physical 
performance were associated with fewer depressive symptoms. 
  For patients presenting with functional limitations and poor physical performance, 
measuring 25(OH)D levels may be worthwhile, as severe vitamin D deficiency can 
cause muscle pain and weakness [87, 128]. Decreased muscle functioning and poor 
physical performance are related to falling [10, 125], which can have detrimental 
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consequences such as fractures and loss of independence in daily life. Healthy physical 
functioning and muscle strength can be stimulated with regular physical activity, if 
possible [157]. 

9.8 VITAMIN B12, FOLIC ACID AND HOMOCYSTEINE
The main focus of this thesis was on the effects of vitamin D. However, in Chapter 8 
we expanded our horizon towards B-vitamins. With data from the B-PROOF trial [158, 
159], we investigated whether supplementation with vitamin B12 and folic acid affected 
depressive symptoms and health-related quality of life (HR-QoL) in older adults 
with elevated homocysteine (Hcy) concentrations. Although the supplementation 
effectively lowered the Hcy levels in the intervention group, our study showed that 
vitamin B12 and folic acid did not influence depressive symptoms and had only a 
minor, not clinically relevant, positive effect on HR-QoL.
  Vitamin B12 and folate play a central role in the breakdown of Hcy levels [160, 161]. 
Like vitamin D deficiency, elevated Hcy levels are common: they occur in about 30-
50% of older adults and this percentage increases with age [162, 163]. Furthermore, 
low vitamin B12, low folate, and elevated Hcy levels are associated with depressive 
symptoms in both mechanistic and observational studies [160, 164-169], whereas trials 
have yielded inconsistent or negative results [170, 171]: a pattern similar to the vitamin 
D studies that have been described. Therefore, the topic of Hcy and B-vitamins in 
relation to health raises the same questions on whether or not a causal relationship 
exists.
The B-PROOF trial was primarily designed to study whether vitamin B12 and folic acid 
would reduce fracture incidence in older persons with elevated Hcy concentrations. 
The primary results of the B-PROOF study showed that fracture incidence was not 
reduced, but per protocol analyses showed a lower fracture incidence in participants 
>80 years. However, it should be noted that this age group also had a higher incidence 
of gastrointestinal cancers in the B-vitamins group compared to the placebo group 
[159]. 
  Depressive symptoms and HR-QoL were predefined secondary outcomes of 
B-PROOF. A potential reason for our null-results is that the B-PROOF study was not 
powered for these outcomes. Moreover, the B-PROOF study participants had only 
mildly elevated Hcy levels, ranging from 12 to 50 µmol/L with a mean of 14 µmol/L 
[159], whereas hyperhomocysteinemia is usually defined as ≥15 µmol/L [162, 172]. 
In addition, only a very small percentage of the participants were vitamin B12 (7.3%) 
or folate (3.1%) deficient, most participant experienced a high HR-QoL, and only 7% 
of the study sample had clinically relevant depressive symptoms at baseline. Finally, 
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both the placebo and intervention group received 600 IU/day vitamin D, which may 
have influenced the effects of the B-vitamin supplementation. 
  For these reasons, the B-PROOF participants may not have been an optimal sample 
to answer our research questions. Hence, the generally negative results of our study 
do not preclude an effect in persons with higher Hcy levels, lower vitamin B12 and 
folate levels, lower HR-QoL and more depressive symptoms. Future studies should 
investigate this further. 
  Similar to vitamin D, several studies have found evidence for an additional effect 
of B-vitamins in the treatment of depression when combined with antidepressant 
medication [167, 173, 174]. This is a topic that deserves more in-depth research. 
However, caution is warranted for future studies with these B-vitamins, as the 
B-PROOF trial observed higher cancer incidence in the intervention group, potentially 
related to the folic acid supplementation [159].

9.9 CONCLUSIONS
This thesis aimed to further elucidate the role of vitamin D in the emotional and 
physical functioning of older persons. Both observational and experimental research 
designs were adopted to investigate these topics. The observational studies in this 
thesis showed no consistent effects of vitamin D on the emotional health of older adults: 
an association between low 25(OH)D concentrations and more depressive symptoms 
over time was observed, but in subgroups only, and no significant relationship of 
vitamin D status with anxiety symptoms was found. Nevertheless, we did observe a 
higher risk of mortality for older persons with low 25(OH)D or high PTH levels. Our 
randomized placebo-controlled trial demonstrated that vitamin D supplementation to 
improve depressive symptoms, functional limitations and physical performance in a 
high-risk population of older adults is not effective. However, an important remaining 
question is whether we would have observed an effect if we had included persons 
with even lower baseline 25(OH)D concentrations.
  Generally, current evidence suggests that the extraskeletal effects of vitamin D are 
limited and that low vitamin D status may be a marker for disease rather than its 
cause, but research in persons with low baseline vitamin D status is underrepresented. 
Nevertheless, it is clear that vitamin D supplementation for persons with 25(OH)D 
levels above 50 nmol/L is not efficacious. A priority for future research is to further 
investigate potemtial extraskeletal effects of vitamin D supplementation in persons 
with low 25(OH)D levels.
  The results of this thesis do not provide convincing evidence to change the 
existing Dutch guidelines for vitamin D supplementation in older persons, although 
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awareness of these guidelines should be increased. In addition, the continued search 
for effective and easily accessible treatments for emotional and physical complaints in 
older persons is pivotal, due to their high burden and currently suboptimal treatment 
possibilities. 
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