Chapter 8

Vitamin D and Ageing
Tom R. Hill, Antoneta Granic, and Terence J. Aspray

Abstract One hundred years has passed since the discovery of vitamin D as the
active component of cod-liver oil which cured the bone disease rickets. Since then
our knowledge of vitamin D has expanded tremendously and has included recognition of the importance of UV radiation as a source of the vitamin as well as the
discovery of the vitamin as a nutrient, a pro-hormone and a potent steroid hormone
with a major role in calcium and bone metabolism. In the last 25 years or so, the
discovery of the vitamin D receptor in over 30 different body tissues together with
the existence of the alpha-1-hydroxylase enzyme in these tissues provided evidence
of a pleiotropic role of vitamin D outside its classical role in the skeleton. These
important discoveries have provided the basis for the increasing interest in vitamin
D in the context of nutritional requirements for health including the prevention of
chronic diseases of ageing. The recent publication of the Dietary Reference Intake
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report on vitamin D and calcium by the North American Institute of Medicine
(IOM) is the most comprehensive report to date on the basis for setting nutritional
requirements for vitamin D. This chapter will summarize the nutritional aspects of
vitamin D and discuss the changes in vitamin D metabolism and requirements with
ageing. It will summarize key evidence on the relationship between vitamin D status
and some of the main ageing related health outcomes including bone, muscle and
cognitive health as well as survival focusing on the published literature in very-old
adults (those >= 85 years of age).
Keywords Vitamin D · Very-old adults · Metabolism and function · Nutritional
requirements · Epidemiology · Musculoskeletal health · Cognitive health ·
Mortality

Vitamin D Metabolism and Function
The term ‘vitamin D’ was given during the early 1920’s to a group of closelyrelated secosteroids with antirachitic properties. Two of the most important nutritional forms of vitamin D are cholecalciferol (vitamin D3, derived from animal
origin) and ergocalciferol (vitamin D2, derived from plant origin). However, natural
dietary sources of vitamin D are limited with oily fish, egg yolk and meat contributing up to 90% of vitamin D intake from non-fortified food sources (Hill et al. 2004).
Vitamin D3 and D2 can also be derived by photoirradiation from their precursors
7-dehydrocholesterol and ergosterol, respectively. In vertebrates, the cholesterol-
like precursor, 7-dehydrocholesterol, present in the skin epidermis, undergoes photolysis when exposed to UV-B-light of wavelengths 290–315 nm to yield a variety
of photoirradiation products including tachysterol, lumisterol and previtamin D3.
Previtamin D3 then undergoes spontaneous thermal rearrangement to vitamin D3.
Because of the skin’s ability to synthesise the vitamin upon exposure to appropriate
sunlight, vitamin D is only an essential nutrient when sunlight is limited.
Vitamin D3 (obtained from dermal synthesis or from dietary sources), which is
biologically inactive, is transported via vitamin D binding protein (DBP) to the
liver where it is hydroxylated at the C-25 position by the 25-hydroxylase enzyme
[CYP2R1] to yield 25-hydroxyvitamin D3 [25(OH)D or calcidiol] which is the
most commonly used index of vitamin D status (Ross et al. 2010). The CYP2R1
enzyme regulates 25-hydroxylation of vitamin D3 to produce 25(OH)D3, which is
dependent on the concentrations of vitamin D3 in circulating/plasma. From the
liver, 25(OH)D3 is returned to the circulation, bound to DBP, and transported to the
kidney where the enzyme 1-α-hydroxylase [CYP27B1] converts it to 1,25-dihydroxycholecalciferol (1,25(OH)2D33 or calcitriol), which is the major active
metabolite of vitamin D. When 1,25(OH)2D33 is in excess, the enzyme 24-hydroxylase (CYP24) in the kidney converts 25(OH)D3 to 24,25-dihydroxycholecalciferol, which is believed to be biologically inactive. Furthermore, 25(OH)D3 can be
converted to other inactive metabolites such as 23,25-dihydroxycholecalciferol,
25,26-
dihydroxycholecalciferol and 1,24,25-trihydroxycholecalciferol and
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excreted mainly in faeces, but the biological roles of these metabolites are not well
understood [for reviews, see Horst and Reinhardt 1997; Holick 2003].
The major biological role of 1,25(OH)2D33 is to promote intestinal calcium
absorption. In addition, 1,25(OH)2D33 increases the absorption of other essential
minerals across the intestine, such as phosphorus, magnesium, zinc and manganese
(Biehl et al. 1995; Krejs et al. 1983), and enhances the net renal reabsorption of
calcium and phosphorus (Singh and Dash 1997). Thus, 1,25(OH)2D33 is a major
regulator of calcium homeostasis. The classical target organs for 1,25(OH)2D3 are
the intestine, bone, the kidneys and the parathyroid glands however, 1,25(OH)2D3
also acts at several sites in the body in an intracrine or paracrine manner (White
2012). Normal physiological concentrations of calcium are required for proper neuromuscular and cellular functions. Low circulating calcium (hypocalcaemia) stimulates the secretion of parathyroid hormone (PTH) from the parathyroid gland,
which, in turn, enhances the conversion of 25(OH)D3 to 1,25(OH)2D3. 1,25(OH)2D3
acts on the intestine, kidneys and bone to restore normal circulating calcium concentrations. In addition to PTH, it is also well recognised that other hormones, such
as calcitonin, glucocorticoids, growth hormones and sex steroids regulate the production of 1,25(OH)2D3 (Lal et al. 1999). In addition to its classical role in the
skeleton, a number of key hydroxylase enzymes together with Vitamin D Receptors
(VDR) have been identified in over 30 different extra-skeletal tissues suggesting an
important regulatory role of vitamin D in these target tissues (Lal et al. 1999).
Furthermore, data from epidemiological and (some) intervention studies have provided fascinating and really exciting hypotheses about relationships between vitamin D status and risk of several chronic conditions [including multiple sclerosis,
tuberculosis, rheumatoid arthritis, cardiovascular disease, hypertension, cognitive
decline, lung conditions and certain cancers; [for reviews see Ross et al. 2010; Wang
2009]. The biological actions of 1,25(OH)2D3 in target tissues are mediated either
through:
(i) a nuclear vitamin D receptor (VDR), which, once complexed with 1,25 (OH)2
D3 and retinoic acid receptors (RXR), can regulate gene expression (genomic
effects),
(ii) intra-cellular signalling pathways activated through putative plasma membrane
receptors (non-genomic effects) (Lal et al. 1999).
It is well established that 1,25(OH)2D3 is essential for the normal growth and development of bone. In bone cells, 1,25(OH)2D3 acts on osteoblasts to increase osteoclastogenesis and bone resorption which contribute to mineral homeostasis (Turner
et al. 2012). The discovery of the molecular triad of receptor activator of nuclear
factor kappa (RANK), RANK–ligand (RANKL) and osteoprotegerin (OPG)
[RANK/RANKL/OPG] in the 1990’s represented a significant breakthrough in the
understanding of the pathophysiology of bone remodelling [for review see Theoleyre
et al. 2004]. RANK, on the surface of osteoclasts binds to its ligand (RANKL) present on surface of osteoblasts following their stimulation by 1,25(OH)2D3. Binding
of RANK to RANKL initiates the maturation of osteoclasts and is enhanced by the
antagonistic effect of 1,25(OH)2D3 on the protein OPG. As OPG normally binds
RANKL, it prevents binding to RANK therefore inhibiting osteoclast maturation. It
should be noted that 1,25(OH)2D3 also regulates the transcription of a number of
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key osteoblastic genes such as those coding for the bone proteins osteocalcin, osteopontin, osteonectin and proteoglycan (Martin and Seeman 2008).

Changes in Vitamin D Metabolism with Ageing
Calcium Absorption
Calcium is absorbed from the bowel by an active vitamin D dependent transport
mechanism and by passive diffusion. The active transport mechanism plays an
important role in calcium homeostasis, as the amount absorbed is inversely related
to dietary calcium intake (Ireland and Fordtran 1973). Fractional calcium absorption therefore increases when dietary calcium intake is reduced (Dawson-Hughes
et al. 1993). Calcium absorption decreases with advancing age (Bullamore et al.
1970), which has been attributed to a number of mechanisms, including the reduction in circulating 25(OH)D with age (Baker et al. 1980), impaired hydroxylation of
25(OH)D to 1,25(OH)2D3 with declining renal function (Francis et al. 1984), resistance to the action of vitamin D metabolites on the bowel mucosa (Eastell et al.
1991) and low circulating oestrogen concentrations in women after the menopause
(Heaney et al. 1989). Increasing circulating 25(OH)D concentrations by oral vitamin D supplementation improves calcium absorption in older women, but this is
attenuated by renal impairment (Francis et al. 1983), suggesting that lower levels of
substrate circulating 25(OH)D) and impaired hydroxylation of 25(OH)D to
1,25(OH)2D3 both contribute to the decrease in calcium absorption with age. Despite
the inverse relationship between dietary calcium intake and calcium absorption, the
increase in calcium absorption when dietary calcium is reduced is less marked in
older people than younger adults (Ireland and Fordtran 1973). This may be due to
reduced production of 1,25(OH)2D3, but it may also reflect resistance to the actions
of vitamin D metabolites on the bowel, as some studies have shown an attenuated
response in calcium absorption to increases in 1,25(OH)2D3 in older women (Eastell
et al. 1991). Although the decline in calcium absorption with advancing age is multifactorial in origin, the improvement in absorption with vitamin D supplementation
suggests that vitamin D deficiency is the major cause of malabsorption of calcium
in older people (Francis et al. 1983). The positive relationship between circulating
25(OH)D and fractional absorption extends to 25(OH)D concentrations above
100 nmol/L (Francis et al. 1983; Gallagher et al. 2012), leading some experts to
advocate that these concentrations are necessary for optimal bone health.
Nevertheless, although a recent randomised controlled trial comparing the effect of
different doses of vitamin D showed higher calcium absorption in subjects with a
circulating 25(OH)D of 75 nmol/L than those with 50 nmol/L, the magnitude of the
difference was small (Gallagher et al. 2012).
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Renal 1 α Hydroxylase
Renal function declines with advancing age and this is accompanied by a decrease
in circulating 1,25(OH)2D3 concentration (Epstein et al. 1986). As mentioned above,
the effect of vitamin D supplementation on calcium absorption is attenuated by
renal impairment (Francis et al. 1983). An early study showed that as glomerular
filtration rate (GFR) falls below 50 ml/min, there is a reduction in circulating
1,25(OH)2D3 and lower fractional absorption of calcium (Francis et al. 1984),
together with an increased circulating parathyroid hormone (PTH). Other studies
show an inverse relationship between circulating 25(OH)D and PTH across all adult
age groups, but that PTH is higher in older people than young adults for any given
circulating 25(OH)D concentration (Vieth et al. 2003) possibly due to reduced renal
1 α hydroxylation.

Dermal Vitamin D Production
The dermal capacity to produce vitamin D in persons aged 65 years has been estimated to be about 25% of that in persons aged 20–30 years exposed to the same
amount of sunlight (Holick et al. 1989; MacLaughlin and Holick 1985). This reduction cannot be explained by the decrease in mass of the epidermis with ageing, but
rather seems to be related to the reduction in the concentration of skin
7-dehydrocholesterol. Other indirect factors which affect exposure to sunlight in
older adults include the wearing of more concealing clothing (Matsuoka et al.
1992), an increased use of sunscreen (Holick 1994), and reduced sun exposure, arising from less physical activity and time outdoors compared with younger age groups
(Health Survey for England 2008).

Changes in VDR Numbers
Vitamin D deficiency is associated with muscle weakness which potentially
increases the risk of falls and fractures, possibly mediated through effects on
1,25(OH)2D3 receptors which have been discovered in muscle (Simpson et al. 1985;
Bischoff et al. 2001). Bischoff-Ferrari et al. demonstrated a strong negative correlation between age and VDR expression in muscle as measured by the number of
VDR-positive nuclei per 500 counted nuclei (Bischoff-Ferrari et al. 2004). This
association was independent of biopsy location and circulating 25(OH)D concentrations. This finding may have significant clinical ramifications in older age owing
to the importance of 1,25(OH)2D3 in regulating transcription of muscle related
genes. The role of vitamin D in muscle atrophy in older adults has been reviewed by
Dawson- Hughes (2012) and will be discussed later in this chapter.
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Nutritional Aspects of Vitamin D
Assessment of Vitamin D Status
Circulating 1,25(OH)2D33 concentrations are under homeostatic control, which
limits its value as a nutritional marker of vitamin D status (Ross et al. 2010).
However, circulating or plasma total 25(OH)D [i.e. that derived from adding 25(OH)
D2 and 25(OH)D3] concentration is widely accepted as a good biomarker of vitamin
D status, since the concentration of this metabolite closely reflects the amount of
vitamin D synthesized in the skin and ingested in the diet (Ross et al. 2010). During
winter, in countries of latitudes greater than 40° North or South the skin is incapable
of synthesizing vitamin D for 4–5 months of the year as sunlight must pass a much
longer distance through the atmosphere and most UV-B-light is absorbed by the
atmosphere, preventing any effective UV irradiation of the skin (Webb et al. 1988).
Therefore, it is assumed that during winter the circulating 25(OH)D concentration
is directly related to late-summer concentrations, oral intake and body stores of its
precursor vitamin D3. While circulating 25(OH)D is generally regarded as a good
biomarker of exposure [i.e. that derived from sun and diet], its use as a biomarker of
function and outcome is less clear owing to the multitude of factors influencing this
prohormone (Prentice et al. 2008). Notwithstanding such difficulties, the concentration of 25(OH)D is widely used to diagnose vitamin D deficiency in both the clinical and non-clinical settings.

Dietary Vitamin D Requirements and Vitamin D Intakes
Using the risk-assessment framework commonly used to set Upper Levels for nutrients, the Institute of Medicine (IOM) in their recent Dietary Reference Intake (DRI)
report (Ross et al. 2010) set a 25(OH)D concentration of 30 nmol/L as indicative of
vitamin D deficiency based on integrating a number of key bone health outcomes,
including rickets, osteomalacia, impaired calcium absorption and lower BMD. The
nature of the relationship between 25(OH)D concentration and bone health outcomes will be discussed in detail later in this review. It is noteworthy that the IOM
committee concluded that there was insufficient evidence to define vitamin D deficiency based on non-skeletal outcomes. Based on the relationship between 25(OH)
D status and those aforementioned bone health outcomes, and using both data from
epidemiological and intervention studies, the IOM established a population 25(OH)
D concentration of 40 nmol/L and 50 nmol/L as the basis for setting an Estimated
Average Requirement (EAR) of 10 μg/day and a Recommended Daily Allowance
(RDA) of 15 μg/day, respectively in people aged 1–70 years. The IOM set an RDA
of 20 μg/day for individuals aged >70 years, while it could only establish an
Adequate Intake (AI) of 5 μg/day for infants <1 year (Ross et al. 2010). The EAR is
the amount of a nutrient which meets the needs of half (50%) the population while
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the RDA is the amount of a nutrient which will meet the needs of practically all
(97.5%) healthy persons in a population. The AI is an estimation of the observed
dietary intake of an asymptomatic population. The approach and conclusions of the
recent IOM report (Ross et al. 2010) was a significant deviation from those of the
previous IOM DRI report of 1997 (Institute of Medicine 1997) in that for the first
time an EAR and RDA was established for children and adults. In the past only an
AI of 5 μg/day could be derived for persons up to 70 years (Institute of Medicine
1997). Two of the caveats of the IOM report are that the vitamin D recommendations (1) assume an adequate dietary calcium intake and (2) assume a negligible
contribution from sunlight to 25(OH)D concentrations. It is also noteworthy that in
terms of adverse effects, the Tolerable Upper Intake Level (UL) for vitamin D which
is the highest level of daily consumption that current data have shown to cause no
side effects is 100 μg/day (Ross et al. 2010) while in the older DRI report (Institute
of Medicine 1997) it was set at 50 μg/day. In 1998, the UK Committee on Medical
Aspects of Food and Nutrition Policy (COMA) concluded that a prudent public
health approach to safeguard against vitamin D deficiency and its adverse effect on
bone health would be to retain the Reference Nutrient Intake set in 1991 (10 μg/d
for those aged >65 year).
The Scientific Advisory Committee for Nutrition (SACN) in the UK re-evaluated
nutritional requirements for vitamin D for the British population in 2016 (SACN
2016). The findings of the report suggests a Reference Nutrient Intake (RNI) of
10 μg/day (400 IU/day), throughout the year, for everyone in the general UK population aged 4 year and above. The approach used in deriving the new RNIs involved
determining the dietary input of vitamin D required to keep the circulating 25(OH)
D above 25 nmol/L (the population protective cut-off to protect musculoskeletal
health) (SACN 2016). The RNI of 10 μg/day (400 IU/day) for the general UK population includes pregnant and lactating women and population groups at increased
risk of vitamin D deficiency. Since, there were insufficient data to set RNIs for
children aged under 4y, Safe Intakes were recommended for this age group (8.5–
10 μg/340–400 IU per day for all infants aged under 1year and 10 μg/400 IU per day
for ages 1 up to 4 year). SACN were unable to quantify and take account of sunlight
exposure in setting the DRVs because of the number of factors that affect endogenous vitamin D synthesis.
There can be no doubt (and ample evidence exists) that dietary vitamin D intakes
are a concern in large proportions of the European population [for review see Kiely
and Black 2012]. For example, mean dietary vitamin D intakes (including that from
supplements) are between 4 and 5 μg/day among adults from National Diet and
Nutrition Surveys in the UK, mostly from meat, fish and eggs, fortified foods and
supplements. Therefore, current vitamin D intakes are considerably lower than recommendations and urgent dietary-based strategies are needed to bridge the gap.
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Circulating 25(OH)D Concentrations in Older Age
An extensive array of studies including a mix of both representative and convenience sampling frames have reported 25(OH)D concentrations among older adults
all over the globe (Wahl et al. 2012; Mithal et al. 2009; Ovesen et al. 2003). Without
doubt, the region with the most available data on 25(OH)D concentrations is Europe,
followed by North America and Asia. Limited data exist for South America and
Africa with very few studies in children and adolescents in these regions (Wahl
et al. 2012). Cross sectional data predominate and year round 25(OH)D concentrations are only available in some studies. In addition, comparisons of the prevalence
of hypovitaminosis D between studies is compounded by the heterogeneity with
regard to circulating 25(OH)D concentrations used to define vitamin D status.
Furthermore, the very low calcium intakes seen in some communities complicate
the interpretation and subsequent treatment of vitamin D deficiency in these population groups. Data from three multi-centred, standardized studies show that between
17 and 58% of older Europeans are vitamin D deficient (defined as circulating
25(OH)D) less than 30 nmol/L (Van der Wielen et al. 1995; Andersen et al. 2005;
Lips et al. 2006). National representative data on 25(OH)D concentrations from the
National Diet and Nutrition Surveys in UK adults aged over 64 years show that up
to 10% of free-living and 40% of institutionalized adults have plasma 25(OH)D
concentrations less than 25 nmol/L throughout the year [reviewed by Lanham-New
et al. 2011]. Moreover, if the higher IOM cut point of 40 nmol/L is applied (defining
an EAR) the proportion of adults with inadequate 25(OH)D concentrations rises
considerably. While older adults are well-established as a ‘at risk’ group for vitamin
D deficiency, it should be noted that ethnic populations residing in less sunnier climates are also particularly at risk of vitamin D deficiency. For example, in a large
study of vitamin D status among South Asian (n 1105) and Black African and
Caribbean adults (n 748) >45 years living in the West-Midlands region of the UK
(Patel et al. 2013) plasma 25(OH)D concentrations <30 nmol/L were found in 76%
of South Asians and 55% of Black African and Caribbean adults throughout the
year. Another study involving 35 South Asians living in Surrey (Darling et al. 2013)
found that 81% and 79% of the participants had circulating 25(OH)D concentrations <25 nmol/L during winter and autumn, respectively. These studies suggest an
extremely high prevalence of vitamin D deficiency in these population groups which
require urgent attention. Despite recent concerns about the high prevalence of vitamin D deficiency in much of the British adult and paediatric population [Scientific
Advisory Committee for Nutrition 2016] there is a dearth of data on vitamin D status, and its predictors, in very old adults.
Recent data from a large broadly representative cohort of 85 year olds from the
Newcastle 85+ study, UK showed that vitamin D deficiency [as defined by a circulating 25(OH)D concentration <30 nmol/L] is alarmingly high at all times of the
year but particularly during winter and spring (Hill et al. 2016). Season of the year
and use of vitamin D containing preparations (both supplements and medications)
were strong predictors of 25(OH)D concentrations in these very old adults. In a
cross-sectional investigation of 25(OH)D concentrations among 367 Belgian 80+
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year olds, 20% and 66% had circulating 25(OH)D concentrations <25 and
50 nmol/L, respectively (Matheï et al. 2013). In a recent osteoporosis screening trial
investigating the anti-fracture efficacy of a new anti-osteoporotic drug, 25(OH)D
concentrations were measured at baseline in 1894 individuals aged 80+ years from
9 different European countries (Bruyėre et al. 2014). Mean (SD) 25(OH)D concentrations were 53.3 (26.7) nmol/L in the entire cohort while circulating 25(OH)D
concentrations showed wide geographical variation with the lowest mean 25(OH)D
concentration (45.7 nmol/L) in Belgian participants and the highest mean concentration (81.7 nmol/L) in Spanish participants (Bruyėre et al. 2014). The British participants in the Bruyėre et al. study (region not specified) had a mean 25(OH)D
concentration of 61.8 nmol/L with 22% of the participants having 25(OH)D concentrations <50 nmol/L. These 25(OH)D concentrations are considerably higher
than those observed in Newcastle 85+ participants despite the fact that both studies
used the same analytical assay for 25(OH)D (DiaSorin RIA).
While no information was available on season from the European study (Bruyėre
et al. 2014) the use of non-prescribed vitamin D containing supplements was high
at >30% among the British participants (Bruyėre et al. 2014) and higher than in
Newcastle 85+ participants (19%), which agrees with the evidence that vitamin D
supplements have a significant effect on circulating 25(OH)D in older adults
(Cashman et al. 2009). An extensive array of studies, including both representative
and convenience sampling frames have reported 25(OH)D concentrations among
the younger old (generally >65 years, but <85 years) all over the globe (Wahl et al.
2012; Mithal et al. 2009). Comparisons of the prevalence of suboptimal D status
between studies is compounded by the heterogeneity with regard to circulating
25(OH)D concentrations used to define vitamin D status. For example it has been
estimated that between 17 and 58% of older Europeans are vitamin D deficient (circulating 25(OH)D) <25–50 nmol/L (Van Der Wielen et al. 1995; Andersen et al.
2005). Furthermore, the well recognized analytical variability in assays for 25(OH)
D compounds further the comparison of vitamin D status measurements between
studies (Carter, 2011). In the Newcastle 85+ study, the observation that institutionalized participants had significantly higher circulating 25(OH)D concentrations
than their community dwelling counterparts is noteworthy (Hill et al. 2016). These
differences are explained primarily by a greater use of prescribed vitamin D containing preparations in institutionalized participants which tend to contain higher
amount of vitamin D than over the counter supplements (see below). For example,
45% and 14% of institutionalized and community-dwelling participants respectively took prescribed medicines containing vitamin D. Indeed, use of prescribed
and non-prescribed vitamin D preparations were strong independent predictors of
vitamin D status in the entire cohort. These findings agree with the commonly held
view that vitamin D medication and supplement use are strong predictors of 25(OH)
D in older adults (Van der Wielen et al. 1995). For example in a large European
multicentre study of vitamin D status of older adults >65 years (Van der Wielen
et al. 1995) mean circulating 25(OH)D concentrations were significantly higher in
Norwegian participants (51 nmol/L) than Spanish participants (34 nmol/L) which
was explained in part by high consumption of cod liver oil in Norwegian
participants.
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Indeed some studies show that 25(OH)D concentrations are inversely associated
with risks of death due to cardiovascular disease, cancer, and other causes (reviewed
later in the chapter). On the other hand, limited evidence suggests that there may be
a U-Shaped association between 25(OH)D and various health outcomes including
cognition and all-cause mortality (reviewed later in the chapter). Such findings may
lend support to the need to define ‘normal’ and ‘healthy’ reference range for 25(OH)
D concentrations in very old adults. This is vitally important as a 25(OH)D threshold >70–80 nmol/L across the lifecycle has been regarded by some as ‘optimal’ for
health (Heaney and Holick 2011). Furthermore, there is a need to determine the
vitamin D requirements in very old adults specifically since recommendations are
generally set for those aged 65+ and the needs of those aged 85+ may not be the
same as for those aged >65 but <85 years.

Vitamin D and Bone Health in Older Age
The latest report from the Scientific Advisory Committee on Nutrition (SACN,
2016) defined the threshold of 25 nmol/L as ‘population protective level’ for musculoskeletal health in the UK population, including older adults, whilst the IOM
(Ross et al. 2010) did not support 25(OH)D concentrations >50 nmol/L (i.e. above
deficiency threshold) as beneficial for non-skeletal health outcomes, warranting
more research. Severe vitamin D deficiency is defined by a circulating 25(OH)D
less than 25 nmol/L, which corresponds to the upper end of the range at which vitamin D deficiency osteomalacia and rickets has been observed (Prentice et al. 2008).
However, higher levels of circulating 25(OH)D have been associated with secondary hyperparathyroidism, increased bone resorption, bone loss, impaired muscle
function and an increased risk of falls and fragility fracture, and there remains contention about the thresholds applied. These outcomes will be reviewed in the next
two sections of this chapter.

Osteomalacia
Recommended circulating levels of 25(OH)D in adult life are commonly set against
the clinical risk of developing osteomalacia, although falls and fracture risk are
important considerations. The gold standard diagnostic test for mineralisation disorder associational with vitamin D deficiency (vitamin D deficiency osteomalacia)
is the identification of mineralisation defect with increased osteoid thickness and
reduced calcification fronts, which are identified by bone histomorphometry after
tetracycline labelling. However, population based studies, using this invasive technique, are impractical. One recent study used bone histomorphometry in post-
mortem specimens in Germany, apparently finding that abnormal bone mineralisation
was only seen in a proportion of subjects whose circulating 25(OH)D was less than
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75 nmol/L (Priemel et al. 2010). The study has been criticised because it uses post
mortem bone histomorphometry without tetracycline labelling, so both generalisability is compromised and causes other than vitamin D deficiency may explain
histomorphometric changes seen, while the use of such post-mortem data to make
dietary recommendations seems bizarre (Aspray and Francis 2013). This theme has
been addressed comprehensively in the IOM report (Ross et al. 2010) where, even
ignoring the technical limitations in Priemel’s study, osteomalacia is sometimes
reported at circulating 25(OH)D levels less than 30 nmol/L but rarely observed at
25(OH)D levels greater than 50 nmol/L.

Secondary Hyperparthyroidism
The circulating concentration of 25(OH)D below which parathyroid hormone
(PTH) increases outside the normal range may be used to establish a threshold value
for vitamin D insufficiency and this is of particular importance for bone metabolism, because an elevated PTH is associated with increased bone loss (Bischoff-
Ferrari et al. 2006, 2008; Sahota et al. 2001, 2004; Rejnmark et al. 2011). The
relationship of circulating blood levels of 25(OH)D to PTH is contentious. Some
studies suggest that PTH reaches a plateau with increasing circulating 25(OH)D
concentration (Chapuy et al. 1997; Lappe et al. 2006), while others demonstrate an
inverse relationship throughout the physiological range of 25(OH)D concentrations
(Vieth et al. 2003; Arabi et al. 2010; Bates et al. 2003; Durazo-Arvizu et al. 2010;
Sahota et al. 2006). It is important to consider that the relationship between 25(OH)
D and PTH may be influenced by the effects of many other factor including co-
morbidities. Advancing age, dietary calcium and phosphate intake, renal function,
plasma vitamin D binding protein (DBP), magnesium concentration, IGF-1, testosterone, smoking and physical inactivity may all have important roles in the development of secondary hyperparathyroidism (Vieth et al. 2003; Arabi et al. 2010;
Durazo-Arvizu et al. 2010; Sahota et al. 2006; Gunnarsson et al. 2009). Moreover,
comparisons between studies may be hampered by the use of different assays for
25(OH)D and PTH (Lai et al. 2012; Lips et al. 1999).

Bone Mineral Density
The National Health and Nutrition Examination Survey III (NHANES III) examined the relationship between circulating 25(OH)D and bone mineral density
(BMD) at the hip in 4958 women and 5003 men aged 20 years and above (Bischoff-
Ferrari et al. 2009a, b). This showed a positive association between circulating
25(OH)D and BMD in both sexes, with the highest BMD found in subjects with a
circulating 25(OH)D above 75 nmol/L. Although these results were adjusted for
potential confounding variables, the authors acknowledged that one cannot infer a
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causal relationship between circulating 25(OH)D and BMD from a cross-sectional
study. The evidence based reviews performed for the IOM Report also examined the
relationship between vitamin D and BMD (Ross et al. 2010). Among the observational studies reviewed, there was fair evidence to support an association between
circulating 25(OH)D levels and BMD or changes in BMD at the femoral neck.
The largest randomised controlled trial (RCT) of the effects of vitamin D supplementation on bone health was the Women’s Health Initiative Study (WHI), where
36,282 postmenopausal women aged 50–79 years were randomised to receive calcium (1000 mg) and vitamin D (10 μg) or placebo daily (Jackson et al. 2006). In a
sub-set of 2431 women who underwent bone density measurements, there was
greater preservation of BMD at the hip with supplementation than with placebo,
which comprised 0.59%, 0.86% and 1.06% after 3, 6 and 9 years respectively. The
IOM Report highlighted that the combined results of RCTs comparing calcium and
vitamin D supplementation with placebo were consistent with a small effect on
lumbar spine, femoral neck and total body BMD (Ross et al. 2010). In contrast, in
trials comparing combined calcium and vitamin D supplementation with calcium
alone, no significant difference in change in BMD was seen, suggesting that vitamin
D supplementation may be less beneficial in calcium replete subjects.

Fracture Risk
The IOM Report also examined the relationship between circulating 25(OH)D and
fracture risk (Ross et al. 2010). Only one of the three prospective cohort studies
reviewed found an inverse relationship between circulating 25(OH)D and fractures,
but in contrast nine of the 12 case-control studies observed lower 25(OH)D levels in
patients with fractures than in the control subjects. The apparent inconsistency
between the results of prospective cohort and case-control studies may reflect a
failure to fully adjust for confounding variables in the latter, not least the effect of
the fracture, any hospital admission, surgical procedure and associated inflammation on vitamin D production and metabolism (Reid et al. 2011). One of the earliest
RCTs investigating the anti-fracture efficacy of vitamin D supplementation compared the effect of combined calcium (1200 mg daily) and vitamin D (20 μg daily)
and placebo in 3270 women with an average age of 84 years living in French nursing homes or apartment blocks for the elderly (Chapuy et al. 1992). In a small sub-
set of subject undergoing venepuncture and BMD measurement, there was correction
of vitamin D deficiency and secondary hyperparathyroidism with supplementation,
together with a small increase in BMD. Intervention also reduced the risk of hip and
other non-vertebral fractures. It was unclear from this study if both calcium and
vitamin D was required for the beneficial effect of supplementation or if this would
be effective in community dwelling older people. The RECORD study sought to
address this question, by comparing the effect of placebo or calcium (1000 mg
daily) and vitamin D (20 μg daily), either alone or in combination, in 5292
community-dwelling older women or men with a low trauma fracture (Grant et al.
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2005). Over the 24–62 month follow-up period there was no difference in the incidence of all clinical fractures or hip fractures. Compliance with supplementation in
the RECORD study was relatively poor, especially when this included calcium.
Nevertheless, pre-planned analysis showed no difference in outcome in subjects
with good compliance with supplementation compared with participants who were
less compliant. Although the WHI study showed a small improvement in BMD with
calcium (1000 mg) and vitamin D (10 μg) supplementation, there was no overall
effect on fracture incidence (Jackson et al. 2006). Among the subjects who remained
compliant with supplementation there was a significant reduction in the risk of hip
fractures. The results of other RCTs of vitamin D supplementation, with or without
additional calcium, on the risk of fracture have yielded inconsistent results.
Meta-analyses indicate that combined calcium and vitamin D supplementation
reduces the incidence of hip fractures in older people, but vitamin D alone is ineffective (Boonen et al. 2007; DIPART Group 2010; Chung et al. 2011; Avenell et al.
2009). Nevertheless, much of the beneficial effect of combined supplementation in
these meta-analyses is driven by the results of the study in institutionalised French
women, where vitamin D deficiency is common. A meta-analysis by Bischoff-
Ferrari, which adjusted the dose of vitamin D for compliance, suggested that vitamin D decreased the incidence of non-vertebral fractures independent of additional
calcium supplementation (Bischoff-Ferrari et al. 2009a, b). The reduction in fracture risk was more marked in studies where the received vitamin D dose exceeded
10 μg daily, whereas there was no decrease in fractures in studies where the subjects
received 10 μg daily or less. An individual patient data meta-analysis by Bischoff-
Ferrari, which also adjusted the dose of vitamin D for compliance, showed a trend
for reduction in the risk of hip fractures but a small reduction in non-vertebral fractures (Bischoff-Ferrari et al. 2012).
The inconsistency of the results of the anti-fracture trials of vitamin D is likely to
reflect heterogeneity in the populations studied, their baseline vitamin D status,
dose of vitamin D, frequency and route of administration, compliance with supplementation and the use of additional calcium supplementation Nevertheless, it would
appear that vitamin D supplementation is most likely to be beneficial in older people
with vitamin D deficiency, such as those who are housebound or living in residential
or nursing homes. Although the study in institutionalised French women (Chapuy
et al. 1992) and several meta-analyses (Boonen et al. 2007; DIPART Group 2010;
Chung et al. 2011; Avenell et al. 2009) suggest that additional calcium supplementation is required, it is unclear if a high dietary calcium intake is sufficient to obtain
the benefit of vitamin D supplementation. Although the concept of the annual
administration of high dose vitamin D is potentially attractive, either by the intramuscular or oral route, this may be associated with an increase in fracture risk
(Sanders et al. 2010; Smith et al. 2007). For example, a study of high dose vitamin
D supplementation (12,500 μg once yearly) reported an increased rate of falls and
fractures, particularly in the first 3 months (Sanders et al. 2010). Similar findings
have been reported in another study which, gave 7500 μg to older people, with a
relative risk of hip fracture of 1.49 (1.02–2.18) in older people treated in their own
homes for 3 years (Smith et al. 2007) and a non-significant 1% increase in

204

T. R. Hill et al.

n on-vertebal fractures over 10 months in care home residents (Law et al. 2006).
These studies offer a concern with regard to what could be perceived as toxicological doses of vitamin D (i.e. 125 times the IOM UL) and its potential risks.
Unfortunately, 25(OH)D and PTH were only measured in a small minority of participants in all of these interventional studies (Francis 2007), limiting the ability to
explore the relationship between the circulating 25(OH)D achieved and fracture
prevention.

Vitamin D and Muscle Health in Older Age
Finding the likely factors such as circulating 25(OH)D which may help to maintain
or improve muscle strength, function, and physical performance well into advanced
age to preserve independence bears a great public health importance (Holick 2007).
Several lines of evidence have been suggested to support the involvement of 25(OH)
D in skeletal muscle strength and function (Bischoff-Ferrari 2012; Ceglia and Harris
2013; Girgis et al. 2013). Firstly, clinical signs of severe 25(OH)D deficiency
(<25 nmol/L) (Holick 2007) have been linked to myopathy, muscle pain and
impaired gait, and their amelioration by vitamin D supplementation (reviewed by
Girgis et al. 2013). Secondly, localisation of vitamin D receptor (VDR) in human
muscle cell lines, myoblasts (Olsson et al. 2016), and adult skeletal muscle (Bischoff
et al. 2001) although recently challenged (Wang and DeLuca 2011), and functional
in vitro studies have provided insights into direct biological role of active form of
vitamin D, the 1,25(OH)2D3 in regulation of genes and signalling pathways affecting calcium homeostasis, proliferation and differentiation of muscle cells (Ceglia
and Harris 2013; Girgis et al. 2013). Thirdly, despite conflicting findings across
individual intervention studies, the results of the latest meta-analyses of randomized
controlled trials (RCT) of vitamin D supplementation have showed a small but significant improvement in muscle strength and function in older adults who had
25(OH)D concentrations below 30 nmol/L (Beaudart et al. 2014) or 50 nmol/L
(Rejnmark 2011), and reduced risk of falls in those with 25(OH)D <25 nmol/L at
baseline after vitamin D and calcium co-administration (Murad et al. 2011). Lastly,
observational studies (reviewed in; Houston 2015; McCarthy and Kiely 2015),
although inconsistent, have suggested that 25(OH)D concentration of <50 nmol/L
exerts negative effect on various measures of muscle strength and function and
physical performance in older adults aged 60 and over.
Over a dozen prospective studies have examined the role of circulating 25(OH)
D in muscle strength and physical performance in older adults (Granic et al. 2017;
Houston 2015; Sohl et al. 2013a; Dam et al. 2009; Wicherts et al. 2007; Houston
et al. 2011a, b, 2012.
Most have hypothesised a protective effect of higher 25(OH)D concentrations
(≥50 or ≥ 75 nmol/L) for muscular health and function. The studies differed, among
others, in respect to participants’ characteristic, baseline 25(OH)D concentration,
muscle strength and functioning measures, and their baseline levels. Only a few
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have included the very old (aged ≥85) (Granic et al. 2017; Sohl et al. 2013a;
Wicherts et al. 2007; Houston et al. 2011a, b)–the age group at an increased risk of
muscle mass and strength loss (Dodds et al. 2017), functional decline (Kempen
et al. 2006), and low 25(OH)D (Hill et al. 2016). The Newcastle 85+ study was the
first cohort study to test non-linear relationships between 25(OH)D (defined by
season-specific quartiles) and decline in grip strength (GS) and timed up and go
(TUG) test in the very old (aged ≥85) living in the UK (Granic et al. 2017). The
results observed a U-shaped association between 25(OH)D and GS decline in both
men and women remained significant only for men in the lowest compared with
combined middle quartile. Men in SQ1 [25(OH)D <30 nmol/L] experienced a loss
of 1.41 kg/year and accelerated decline of −0.43 kg throughout the 5-year followup. Women (but not men) in the lowest and highest 25(OH)D quartile (>47–
75 nmol/L) had slower overall TUG times at baseline but not over time. Greater
benefits for muscle strength were not observed in participants with 25(OH)D
≥75 nmol/L (Granic et al. 2017). There is only one other study of adults aged ≥80,
from Belgium, which has found no association between 25(OH)D concentration
and several measures of muscle performance in cross-sectional analysis, although
severe vitamin D deficiency (<25 nmol/L) was high in this cohort, especially in
winter (Matheï et al. 2013). Therefore, in very old adults it appears that keeping
25(OH)D above 25–30 nmol/L minimum may reduce muscle strength decline,
whereas values >50 nmol/L may not confer additional benefits for muscle heath and
functioning in the very old.
Several other studies have reported an increased risk of muscle function decline
in younger-old participants with low vitamin D status (defined as either <30 or
<50 nmol/L or lowest data-driven quartile) (Sohl et al. 2013a, b; Dam et al. 2009;
Wicherts et al. 2007; Houston et al. 2011a), others have found no risk (Verreault
et al. 2002; Sohl et al. 2013b), and no association with the faster rate of decline in
functioning measures (Houston et al. 2011b, 2012). Recently recommended 25(OH)
D cut-offs for overall and musculoskeletal health in the UK are much lower (SACN
2016) than the required levels proposed by the IOM (Ross et al. 2010) and The
Endocrine Society guidelines (25 vs 50 vs 75 nmol/L, respectively). Despite the
differences in hypothesis, definition of exposure (25(OH)D cut-offs), and outcome
measures for muscle strength and function, certain parallels between the results in
our and the studies that included the very old (Wicherts et al. 2007; Houston et al.
2011a, b, 2012) should be noted. In a sub-group of 979 older adults (aged
65–88 years) from the Longitudinal Aging Study Amsterdam, those with 25(OH)D
<25 nmol/L had higher risk of decline in physical performance over 3 years, whilst
those in the intermediate group (50–75 nmol/L) did not experience greater rates of
decline compared with participants with 25(OH)D >75 nmol/L (Wicherts et al.
2007). In the Cardiovascular Health Study All Stars, participants aged 77–100 with
25(OH)D deficiency (<50 nmol/L) had weaker GS at baseline compared with those
in sufficient group (≥75 nmol/L), but did not have an increased risk of GS decline
over 3 years (Houston et al. 2011a). The Health, Aging, and Body Composition
Study of over 2600 older adults aged 71–80 have determined 25(OH)D threshold
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and best performance for physical function and strength at 70–80 nmol/L and
55–70 nmol/L, respectively (Houston et al. 2012). Although participants with
25(OH)D < 50 nmol/L had worse physical performance at baseline and 2- and
4-year follow-up compared with those in sufficient group (≥75 nmol/L), no association was found for GS, and no association with a faster rate of decline in either
measures. Increasing 25(OH)D to ≥50 nmol/L was associated with clinically significant improvement in the short physical performance battery over 12 months in
older adults aged 70–89 (Houston et al. 2011b). Taken together, the results suggest
detrimental effects of low circulating 25(OH)D (<25 nmol/L) and no change
(decline) or favourable outcomes for muscle strength and physical performance at
both intermediate (>50 nmol/L) and higher (>75 nmol/L) concentrations.
Previous data from the Newcastle 85+ study has identified sex-specific trajectories and baseline determinants of GS decline over 5 years in the very old (Granic
et al. 2016). Steeper slopes of GS decline in men compared with women could be
partially explained by multi-morbidity (Collerton et al. 2009; Kingston et al. 2014)
(a significant predictor of weaker GS in women), body composition (Siervo et al.
2015) (fat mass higher in women despite lower body weight), and survival. Shorter
survival time in women in both low and high 25(OH)D groups has also been
observed in participants from the Newcastle 85+ study (Granic et al. 2015a). In
addition, women’s longer life expectancy spend with more diseases and disabilities
(Kingston et al. 2014), and selective mortality in men (survival of heathier men),
may result in a biased sample, and a lack of power to detect associations in women.
Although recent meta-analyses of RCT have reported a small improvements in
muscle strength and function in deficient older adults (25(OH)D <30 or 50 nmol/L),
larger scale studies are needed to determine sources and thresholds of 25(OH)D for
physical functioning in advanced adulthood. The results of the above studies have
several sources of bias related to vitamin D. Most do not report 25(OH)D status
prior to baseline or adjust for long-standing vitamin D deficiency which may be
corrected by supplementation prior to study commencement (especially in women).
Single measures of 25(OH)D may also miss-classify individuals’ vitamin D status
throughout the year. Other sources of miss-classification in studies may be due to
assay variability in measuring 25(OH)D with immunoassays often over estimating
25(OH)D deficiency (<30 nmol/L) (Snellman et al. 2010), particularly in older
women (Perna et al. 2012). Loss to follow-up may be another source of bias. As
with any cohort of older adults, in particular very old cohorts, mortality is high, thus
the results may be influenced by the presence of more robust survivors. There still
remains the possibility of residual confounding affecting 25(OH)D status, muscle
strength and physical performance relationship.
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Vitamin D and Cognitive Health in Older Age
Recent evidence from life sciences and epidemiology points to the role of 25(OH)D
in brain function, including cognition, across the life span (Balion et al. 2012; Kesby
et al. 2011). Detection of hydroxylases for vitamin D activation and vitamin D
receptors in neurons and glia in brain regions essential for cognition and memory
implicates their relevance for brain health. Moreover, in vitro and in vivo studies
propose neuroprotective properties of 25(OH)D (Kesby et al. 2011).
Although recent evidence indicates that supplementation improves vitamin D
status in older adults without adversely affecting heath and survival (Bjelakovic
et al. 2014) there is no consensus on the definition of hypovitaminosis D and upper
25(OH)D thresholds for optimum physical and mental health in old age to prevent
problems with under- or over-treatment (Ross et al. 2010; Holick 2008; Sanders
et al. 2013; Cranney et al. 2007). Non-optimal concentration of 25(OH)D, variously
defined as <25 nmol/L (10 ng/ml) or <50 nmol/L (20 ng/ml), has been implicated as
a risk factor for global cognitive impairment (Annweiler et al. 2010; Llewellyn et al.
2011) and weaker performance on domain-specific cognitive tasks (Buell et al.
2009; Hansen et al. 2011; Lee et al. 2009; Seamans et al. 2010) in several, but not
all, cross-sectional studies (McGrath et al. 2007) involving adults aged 60+. Only
four prospective studies reported an increased risk of cognitive decline in association with lower concentrations of circulating 25(OH)D (≤50 nmol/L) in adults aged
65+ (Slinin et al. 2010, 2012; Llewellyn et al. 2010; Wilson et al. 2014). Studies on
25(OH)D and cognitive decline in those aged 85+ are scarce (Granic et al. 2015b;
Formiga et al. 2011; Menant et al. 2012).
The Newcastle 85+ Study tested for the presence of either an inverse or a non-
linear association between 25(OH)D concentrations and cognition at baseline and
cognitive decline over 3 years, utilizing measures of global and attention-specific
cognitive function (Granic et al. 2015b). The investigators found that both low and
high season-specific quartiles of 25(OH)D were associated with higher odds of
prevalent cognitive impairment (assessed by SMMSE), poorer attention reaction
times/processing speed and focused attention/concentration, and greater attention
fluctuation (assessed by Cognitive Drug Research battery). Differences remained
significant after adjustment for sex, education, lifestyle factors and the presence of
several chronic diseases, although effects were small (Granic et al. 2015b). However,
the rate of change of all attention measures over 5 years did not vary across 25(OH)
D groups, and no association between 25(OH)D and odds of global incident cognitive impairment or decline was found (Granic et al. 2015b). To our knowledge, this
is the first prospective study to find evidence for a U-shaped relationship between
25(OH)D and global cognitive function and attention in the very old. Taken together,
it could be hypothesized that the neuroprotective effects of vitamin D mediated via
expression of proteins that, for example, attenuate the toxicity of reactive oxygen
species (Ibi et al. 2001) in very old neurons are attained only at moderate but not at
low or high 25(OH)D concentrations.
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Thus far, only four prospective studies of older adults aged 65+ have examined
the association between 25(OH)D and prevalent and incident global cognitive
impairment, and decline in attention and executive function, with inconsistent
results. A study of community-dwelling older men (Slinin et al. 2010) found limited
evidence of an independent association between lower 25(OH)D concentration
(≤19.9 ng/ml) and incident cognitive impairment or decline in global and executive
function. A similar study involving community-dwelling older women (Slinin et al.
2012) reported that very low (<25 nmol/L) and low levels (<50 nmol/L) of 25(OH)
D were associated with an increased risk of impaired global cognitive function and
decline [defined by modified MMSE (3MS)], but not with impaired executive function or decline. Two further studies have also investigated these 25(OH)D cut-
points. The InCHIANTI study found that compared with participants with sufficient
25(OH)D (≥75 nmol/L) the deficient group (<25 nmol/L) experienced a substantial
global (assessed by MMSE) and executive cognitive decline (assessed by Trails A
and B) over 6 years (Llewellyn et al. 2010), whilst the Health, Aging and Body
Composition Study confirmed that lower 25(OH)D (<50 nmol/L) was associated
with a greater cognitive decline on the 3MS compared with sufficient 25(OH)D
(≥75 nmol/L) over 4-year follow-up (Wilson et al. 2014). A similar global cognitive
measure as in previous studies was utilized, although different circulating 25(OH)
D cut-offs were derived a posteriori (Wang et al. 2009), but no association between
25(OH)D and global incident impairment or decline after adjustment for confounders was detected. This lack of association may be due to very old age of study participants, reduced power to detect the association, specific definition of cognitive
change at an individual level, and/or changed circulating 25(OH)D status over the
3 years of the study. Increased mortality amongst older women belonging to the
lowest and highest season-specific 25(OH)D quartiles as observed in this cohort
(Granic et al. 2015a) could be one of the reasons for the loss of analytical power.
Nonetheless these findings are in agreement with reports from the NHANES III, a
cross-sectional study of the non-institutionalized US population, aged 60–90 years,
where the worst performance on learning and memory tasks was associated with the
highest quintile of 25(OH)D (McGrath et al. 2007).
There is the possibility of reverse causation (i.e. non-optimal 25(OH)D concentrations being a consequence of prevalent cognitive impairment) (Johansson et al.
2013). To assess change in attention/information processing speed, attention fluctuation and accuracy in relation to 25(OH)D, the CDR system, previously used in
dementia studies and clinical trials to discriminate between various types of dementias and to detect change in attention-specific cognitive domains pre and post treatment with millisecond precision, have been employed in previous studies (Wesnes,
2008; Wesnes et al. 2000; Rowan et al. 2007). Future studies should determine
whether these attention deficits relate to decline in global cognition and interfere
with daily functioning (Bronnick et al. 2006). A small clinical trial of patients aged
65 and over with a history of falls and 25(OH)D insufficiency (≤30 nmol/L) showed
an improvement of 0.4 s in CRT, compared with the control group, 6 months after a
single intramuscular injection of vitamin D, which increased the average circulating
25(OH)D from 10.4 to 17.5 ng/ml – the latter within the middle quartiles reported
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here to be associated with better attention scores (Dhesi et al. 2004). Future prospective studies should test the proposed U-shaped relationship between circulating
25(OH)D and cognition in this age group and determine whether other cognitive
domains are affected similarly by 25 (OH)D status.

Vitamin D and Mortality
In the past two decades, accumulated evidence from cellular, animal and population-
based studies has indicated the involvement of vitamin D metabolites in immunomodulation, cancer inhibition and cardiovascular, respiratory, brain and muscle
function (Christakos et al. 2013; Pludowski et al. 2013; Welsh 2012; IARC 2008;
Kesby et al. 2011). These extra-skeletal effects of vitamin D suggest its potential
role in overall health and survival (Hossein-Nezhad and Holick 2013). Recent
observational studies in the general and older populations (≥65) have shown a non-
linear relationship between circulating hydroxyvitamin D [25(OH)D], the major
circulatory and storage form of vitamin D, and both disease-specific and all-cause
mortality (Michaǣlsson et al. 2010; Signorello et al. 2013; Amer and Qayyum 2013;
Durup et al. 2012; Dror et al. 2013; Melamed et al. 2008). This indicates that moderate rather than low or high concentrations of 25(OH)D may result in more favourable health outcomes and increased survival. Using an evidence-based approach for
bone health, the US Institute of Medicine (IOM) has produced its latest report stating that: (i) concentrations of 50 nmol/L 25(OH)D meet the requirements of 97.5%
of the North American population; (ii) concentrations of ≥75 nmol/L are not consistently associated with increased health benefits; and (iii) not all persons have inadequate 25(OH)D if concentrations are below 50 nmol/L (Ross et al. 2010). Amongst
at-risk groups, older adults are more likely to have lower 25(OH)D levels (Hirani
and Primatesta 2005; Ovesen et al. 2003; Shoben et al. 2011) because of reduced
skin 7-dehydrocholesterol concentrations (the cutaneous precursor of vitamin D),
inefficient renal activation of 25(OH)D and a reduction in outdoor activities with
advancing age (Holick 2008). These factors also contribute to greater variability in
both circulating 25(OH)D concentrations and in the average requirement for vitamin D supplementation in older adults (Ross et al. 2010; Rosen et al. 2012). The
findings of observational studies, randomized control trials (RCTs) and benefit–risk
assessments all suggest that vitamin D supplementation in the general and older
populations can ameliorate suboptimal 25(OH)D concentrations without adverse
effects on disease-specific or all-cause mortality (Neuhouser et al. 2009; Bischoff-
Ferrari et al. 2010; Bischoff-Ferrari et al. 2009a, b; LaCroix et al. 2009; Autier and
Gandi 2007; Bjelakovic et al. 2014). However, there is no agreement amongst
researchers and healthcare professionals about the optimal, beneficial and age-
specific 25(OH)D concentrations in relation to extra-skeletal outcomes and mortality [Ross et al. 2010; Holick 2008; Rosen et al. 2012; Brannon 2012; Sanders et al.
2013), especially in older adults. Current evidence supports an inverse or non-linear
association between 25(OH) D levels and mortality amongst adults aged 65 years
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and older. For example, a meta-analysis including 24,000 participants from nine
prospective observational studies demonstrated a 25% increased pooled hazard
ratio for all-cause mortality in the lowest compared with the highest 25(OH)D category in those aged ≥65 years (Rush et al. 2013). A similar meta-analysis which
included 12 studies (30,000 participants) confirmed an inverse association between
25(OH)D and mortality and a decrease in mortality risk of 8% for an increase in
25(OH)D of 20 nmol/L (SchÖttker et al. 2013). Two recent population-based studies from Denmark (Durup et al. 2012) and Israel (Dror et al. 2013) which both
included over 40% of older adults (aged ≥65 years), showed a reversed J- and
U-shaped relationship between 25(OH)D concentration and total mortality, respectively, and the best survival for individuals with 25(OH)D levels between 50 and
90 nmol/L. Similarly, an examination of the National Health and Nutrition
Examination Survey (NHANES) data (2001–2004) revealed no significant reduction in mortality above a circulating 25(OH)D >52.6 nmol/L (Amer and Qayyum
2013).
To our knowledge, only one prospective cohort study has investigated the relationship between 25(OH)D and mortality in the very old (aged ≥85 years), despite
this being the fastest growing segment of many populations worldwide. Furthermore,
except for the study conducted amongst members of the Clalit Health Services in
Israel (Dror et al. 2013), the numbers of very old adults included in the above-
mentioned studies were small. In a prospective cohort study of older adults in the
Newcastle 85+ study, we found a dose–response relationship between circulating
25(OH)D and all-cause mortality, with both the lowest and highest season specific
25(OH)D quartiles being associated with higher mortality over 6 years (Granic et al.
2015a). The higher risk of mortality amongst participants with the highest concentrations [a threshold range of ≥47 nmol/L (spring) to ≥69 nmol/L (summer) for the
highest season-specific quartile] appeared to be driven largely by women taking vitamin D-containing supplements and/or prescribed medication (Granic et al. 2015a).
Furthermore, the greater risk of mortality amongst women with the highest 25(OH)
D concentrations (SQ4 or ‘sufficient’ categories) was independent of their frailty
status (Ensrud et al. 2010). To our knowledge, this is the first observational study to
suggest a U-shaped relationship between circulating 25(OH)D and all-cause mortality in very old adults. Several recent systematic reviews and meta-analyses of prospective cohort studies investigating the association between 25(OH)D status and
risk of mortality [Rush et al. 2013; SchÖttker et al. 2013; Zitterman et al. 2012;
Scragg 2011) have demonstrated a shorter survival amongst adults with the lowest
(<25 or <50 nmol/L) compared with highest 25(OH)D concentrations, especially in
those aged 65 years and older (Rush et al. 2013; Scragg 2011). In other studies, a
non-linear relationship was noted with favourable survival outcomes at concentrations between 50 and 90 nmol/L (Amer and Qayyum 2013; Durup et al. 2012; Dror
et al. 2013). However, except for the study conducted in Israel (Dror et al. 2013)
relatively few participants aged over 85 years were included in these studies.
In a large retrospective study from general practices in Copenhagen (CopD
Study) (Durup et al. 2012) an inverse J-shaped relationship between 25(OH)D and
mortality was observed, with the longest survival at concentrations of 50–60 nmol/L
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during 3 years of follow-up. Similarly, a historical prospective study of more than
420,000 members of the Clalit Health Services in Israel (Dror et al. 2013), which
included >20,000 participants aged ≥85 years, found that the lowest risk of mortality and acute coronary syndrome was associated with 25(OH)D in the range of
20–36 ng mL1 (50–90 nmol/L) during 4.5 years of follow-up. A meta-analysis of 14
prospective cohort studies involving the general population (age range 45–80 years
and 1.3–27.0 years of follow-up) also suggested a non-linear relationship between
25 (OH)D and mortality, but 25(OH)D levels of ~75–87.5 nmol/L were considered
optimal (Zittermann et al. 2012).
The higher mortality rates observed amongst very old women, with higher
25(OH)D concentrations [SQ4 or ‘sufficient’ (≥75 nmol/L) categories] whether
users or nonusers of vitamin D supplements/ medication, respectively, have not
been reported previously [Bischoff-Ferrari et al. 2010; Bischoff-Ferrari et al. 2009a,
b; LaCroix et al. 2009; Autier and Gandi 2007; Bjelakovic et al. 2014]. The Women’s
Health Initiative calcium/vitamin D RCT, a 7-year combined therapy intervention
(1 g calcium and 400 IU vitamin D daily), reported a trend towards mortality reduction amongst postmenopausal women aged <70 years, but neither a beneficial nor
an adverse effect in women aged >70 years (LaCroix et al. 2009). A meta-analysis
of 56 RCTs of vitamin D supplementation and survival (Bjelakovic et al. 2014)
demonstrated a decrease in all-cause mortality amongst predominantly older adults
including women aged ≥70 years, but also found adverse renal outcomes associated
with vitamin D3 and calcium combination therapy.
Lower (<37.5 nmol/L) and higher (≥75 nmol/L) concentrations of 25(OH)D
have been moderately associated with frailty amongst older women (aged ≥69 years)
in the Study of Osteoporotic Fractures (Ensrud et al. 2010), and the risk of death
was significantly increased amongst frail NHANES III participants (aged ≥60 years)
in the lowest (<49.5 nmol/L) compared with not frail participants in the highest
(>84.1 nmol/L) 25(OH)D quartiles (Smit et al. 2012). The results from observational cohort studies exploring sex differences in mortality in relation to 25(OH)D
are inconclusive and have not included the very old. The NHANES III showed a
U-shaped relationship between 25(OH)D levels and mortality in the general population of women (aged ≥20 years) but not in men at concentrations of <50 and
> 125 nmol/L (Melamed et al. 2008). In a study of older men (a birth cohort from
1920 to 1924, aged 71 at baseline) from the Uppsala region, an increased risk of
total and cancer mortality was observed at both low (<46 nmol/L) and high
(>98 nmol/L) 25(OH)D concentrations over 12.7 years of follow-up (Michaǣlsson
et al. 2010). In both these studies, the longest survival was associated with the middle 25(OH)D categories, but the thresholds were much higher than in the present
study (NHANES III: 75–100 nmol/L; Uppsala Study of Older Men: 46–98 nmol/L);
this difference may be related to the age of participants, habitual diet, supplementation, length of follow-up or other factors/covariates.
Several limitations of the aforementioned studies should be noted. There remains
the possibility of residual confounding by additional factors that affect the relationship between circulating 25(OH)D and mortality. Although many of these studies
controlled for the number of chronic diseases and for frailty status, increased mor-
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tality amongst older women may be mediated by other mechanisms associated with
non-optimal 25(OH)D levels such as polypharmacy (Sohl et al. 2012) or an acute
inflammatory response (Reid et al. 2011; Waldron et al. 2013). Recent studies have
demonstrated a rapid decline in circulating 25 (OH)D after elective hip or knee
surgery or after an acute inflammatory insult, thus 25(OH)D may be an unreliable
biomarker of vitamin D status up to 3 months after the event (Reid et al. 2011;
Waldron et al. 2013). Whilst recognizing that there is seasonal variations in 25(OH)
D status, the results of some of the studies above were based on a single measurement, which may misclassify 25(OH)D levels throughout the year. It is also difficult
to explore disease-specific mortality in relation to 25(OH)D in very old adults
because of high rates of multimorbidity in this age group (Collerton et al. 2009).

Conclusion and Future Direction
The last two decades have seen major advances in our understanding of the metabolism, nutritional requirements and molecular aspects of vitamin D. The upward shift
in the target 25(OH)D threshold set by authoritative bodies to define better bone
health has been a significant step in recent years and much of the world’s elderly
population have a vitamin D status below what is considered optimal for bone
health. However, the debate surrounding the optimal circulating 25(OH)D concentration for both skeletal and non-skeletal health will continue until significant progress has been made in a number of important areas:
1. The first centres around assay variability for 25(OH)D measurements, which has
been addressed somewhat by the recent introduction of the Standard Reference
Material (SRM) for vitamin D by the National Institute of Standards and
Technology (NIST) in the USA.
2. The second area centres around gaining a better understanding of the production,
storage and utilization of 25(OH)D (and it’s free form) as biomarkers of effect.
Future intervention studies investigating vitamin D on health outcomes need to
carefully choose the dose and form of vitamin D supplementation as well as the
appropriate study duration so as to ensure the desired target 25(OH)D concentration
is achieved. To date, only limited information is available in studies investigating
the relationship between 25(OH)D concentrations and health outcomes in population subgroups, such as infants, adolescents, pregnant and lactating women and in
dark-skinned individuals. To address this large research gap, vitamin D researchers
need to decide on appropriate endpoints for vitamin D adequacy and insufficiency.
The urgent need to undertake more high quality vitamin D intervention studies
which quantify the impact on an array of health outcomes (including non-skeletal
health) in a broader range of populations needs to be a priority. It is imperative that
such studies report all relevant outcomes including adverse events as some recent
research suggests (albeit a tentative) a U-shaped relationship between 25(OH)D
status and at least some health outcomes. Studies should also give due consideration
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to VDR genotype and should control for sun exposure, season, calcium intake, baseline circulating 25(OH)D concentrations and measure potential adverse effects.
Studies should take advantage of emerging technology which makes genome-wide
analysis possible. Appreciably, genotyping studies will need to be large in study
design or analysis, because of the very large sample sizes required to adequately
account for genotype effects. The dearth of information in many population subgroups including pregnant women and ethnic minorities should be prioritized in
future studies on vitamin D status and health. Finally, in light of the widespread
prevalence of dietary and biochemical vitamin D inadequacy in many populations
and its negative consequences for bone health, strategies to increase oral vitamin D
intake should be a priority.
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