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SUMMARY

Introduction

An increasing body o f evidence supports a role for vitamin D in cognition, blood 

pressure, mood and falls. Vitamin D deficiency is prevalent in older adults and might 

provide an alternative novel treatment strategy for some non-skeletal diseases. 

However, studies to date have given conflicting results and the role o f vitamin D 

beyond bone health remains unclear.

Aims

This study aimed to explore the relationship between vitamin D and cognition, blood 

pressure, falls and mood in community dwelling older Irish adults. It also aimed to 

investigate the correlates o f serum vitamin D in the same population, with particular 

regard to the effect of season and supplement use.

Methods

The study population comprised community dwelling adults aged over sixty years 

who were participants of a large cross sectional (Trinity, University o f Ulster, Dept of 

Agriculture) study. Study subjects were recruited into three disease defined cohorts 

which included those with hypertension, cognitive impairment or osteopaenia / 

osteoporosis. Detailed psychosocial, medical, biophysical and neuropsychological 

assessments were performed. Vitamin D and other blood tests were also taken.

Results

Analysis was performed in 1568, 1199 and 1330 subjects in the hypertensive, bone 

and cognitive cohorts respectively. When the vitamin D by cohort interaction term 

was significant (P <0.05) the cohorts were analysed separately.

The most important correlates o f vitamin D were season and supplement use, though 

other predictors included physical frailty, sun holiday travel, preference for sun 

exposure, smoking, oily fish consumption and depression. Vitamin D levels were 

lowest in the months of February/March and highest in August/September. Vitamin 

D deficiency (< 50 nmol/1) was common, especially in non-supplemented older adults 

where prevalence ranged between 40.2% -  73.6%
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SUMMARY

Serum vitamin D was positively associated with global cognitive performance, 

executive function and language tests but only in ‘younger’ old participants. The 

findings were independent o f several confounding factors.

Likewise, an inverse relationship between vitamin D and depressive symptoms was 

identified in adults at the younger end of the older age spectrum independent o f a 

prior history of depression and other covariates.

In a pooled analysis including subjects in all three cohorts, lower vitamin D status was 

associated with a diagnosis of hypertension but not diastolic or systolic blood 

pressure. The relationship was significant after adjustment for several confounds 

including serum parathyroid hormone.

Finally, in ‘older’ old adults in the cognitive cohort, lower vitamin D status was 

associated with an increased risk of falling but not recurrent falls, and only in those 

who were not supplemented. The effect was independent of physical frailty as 

assessed with the Timed Up and Go.

Conclusion

Results emphasize the high prevalence of vitamin D deficiency in older adults and the 

importance of factoring in season when interpreting vitamin D levels. Study findings 

support a role for vitamin D in mood and cognition, in particular executive function 

and language. However, results suggest that the benefit may be confined to ‘younger’ 

old adults and raises the possibility that longer-term deficiency may cause negative 

effects that may not be amenable to treatment with vitamin D in later life. Results also 

suggest that lower vitamin D status may be important in the development of a 

hypertensive disease state. Finally, vitamin D may play a role in falls in older adults 

but it remains unclear which target group benefits most and the specific mechanistic 

actions that mediates any potential reduction.
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CHAPTER 1: VITAMIN D -  HISTORY AND BACKGROUND.

1.1 History of Vitamin D

The discovery o f Vitamin D in the 1920’s came from the search for a cure for rickets 

at the turn o f  the last century. The finding that both cod liver oil (which contains 

vitamin D) and sunlight could be used in the prevention and treatment o f rickets led to 

a unifying theory underpinning our current understanding o f the “sunshine vitamin”

Rickets

Rickets is a disease o f children giving rise to the classical deformity o f the lower 

limbs called ‘bowed’ or ‘knock knees’. It occurs when calcium, phosphate and 

vitamin D are not present in sufficient amounts to allow growing bone calcify 

normally (Weick. 1967). In the 17*'’ and 18”’ century, rickets was quite prevalent in 

Europe and also in the New England Colonies (Weick, 1967). By the early 20”' 

century it reached epidemic proportions with an estimated 80-90% o f children in 

Northern Europe and some US cities having evidence o f rickets (Holick, 2006). 

Whilst the bony deformities o f rickets were noted as far back as the 2"‘̂ century AD, 

the earliest scientific description was made much later by the English physician 

Daniel Whistler in 1645 (Smerdon, 2007). A treatise on rickets in 1650 by Francis 

Glisson outlined in detail the observations o f the disease based on clinical and post

mortem experience (Dunn et al., 1998) though added little to our current 

understanding o f its aetiopathology. It was nearly two centuries later before any 

advances were made in the study o f rickets. Two theories began to emerge, centred on 

the proposed effect o f sunlight exposure and/or cod liver oil as a prevention or cure.

A T r c i f t ’o ftS c *

R 1 C K E  t S
b e n g a  D i i c a f  c o m m o n

lO  C  H I L  D K  B N .  

vrbccic C w bw ifcinp )  u

I. 7% rfiM., 2

c  •••••• urxnw M *':
fWk, indl-eltom of tbc

T u n O iv d  iowt T- PkM  A->

L O  N  T iO  V -  
I f  f t t t r C d t ,  t td N

laCM dhil* a m  d c  • 
tlojfal t i r f c im  t«>i. ^

Fig 1.1: Rachitic skeleton o f child Fig 1.12: Francis Glisson’s Treatise on Rickets
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Rickets and Sunlight Exposure

The hypothesis that differences in sunlight exposure may a play a part in rickets was 

first made by Sniadecki in 1822. He discovered that children in Poland who lived in 

rural areas had a lower incidence of rickets in comparison to those living in the city of 

Warsaw (Mozolowski et al., 1939). In 1890, Theodore Palm found that children living 

in equatorial countries did not develop rickets (Palm, 1890). He noted that while 

children living in London and Glasgow had rickets, those in Asia and India were free 

of the disease (Holick, 2006). He concluded that the common factor for the 

development o f rickets in children was lack of sunlight exposure and suggested 

sunbathing as a means of preventing and curing rickets (Holick et al., 2006). Studies 

reporting a seasonal variation in rickets also suggested a role for sunlight. The 

influence of season on the incidence of rickets was first noted in 1884 by Max 

Kassowitz who identified that it was greater in the winter with a decline in the 

Summer and Autumn (Kassowitz et al., 1897). This was also supported by autopsy 

studies that identified more rickets in the months between November and May 

(Schmorl, 1909).

This theory led scientists to directly study the effects of light treatment on rickets. In 

1919 the effect of UV light in curing rickets was reported by Huldschinsky. He 

showed that exposure of four children with rickets to a mercury vapour light over a 

four month period resulted in cure of their rickets as shown by x-ray analysis 

(Huldschinsky et al., 1919). Similar studies by Hess and Unger using x-ray analysis in 

1921 found an improvement in rickets in children in response to sunlight (Hess et al., 

1921; Hess etal., 1922).

Rickets and Cod Liver Oil

The use of cod liver oil as a specific remedy for rickets was noted as early as 1824 

(Guy, 1923). In the mid 1800’s, Bretonneau reported that the treatment of a 15 month 

old child (who had acute rickets) with cod liver oil led to a quick recovery. The use of 

cod liver oil in treating rickets was subsequently recommended by Trousseau in 1865. 

He had used a variety of fish oils to treat rickets and advocated their use preferably 

with exposure to sunlight as a cure (Holick et al., 1990; Dunn, 1999). In 1889, it was 

proposed by Bland-Suttton that rickets might be caused by a deficiency of dietary fat 

(Chesney et al., 2009). He found that addition of cod liver oil and crushed bones to
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the diet of rachitic hon cubs (previously fed only boneless lean meat) helped them 

recovery fully.

These findings had strongly suggested that rickets was due to a ‘nutritional 

deficiency’ though this was not widely accepted until 1918 when Sir Edward 

Mellanby discovered cod liver as a cure for rachitic dogs. He proposed that cod liver 

oil contained a fat soluble factor that he called the ‘antirachitic factor’ (Mellanby, 

1918). This was later identified as a heat stable component of cod liver oil by Me 

Collum in 1922 (McCollum et al., 1922). He concluded that it was distinct from fat 

soluble vitamin A as it was not destroyed by oxidation under heat. As three vitamins 

had already been named and this was the fourth in order it was called vitamin D (Me 

Collum, 1957). By the 1930’s the use o f cod liver oil in the prevention and treatment 

of rickets had become common place (Weick, 1967).

A Unifying Theory

The finding that UV irradiation of foods or skin produced an antirachitic factor 

greatly improved our understanding of vitamin D biochemistry and supported the 

dictum the “ light equals vitamin D.”

Hess and Weinstock showed that an antirachitic factor was produced by UV 

irradiation of food (Hess et al., 1924). This ultimately led to the discovery of 

precursor molecules of vitamin D, the first of which was ergosterol. The product from 

this irradiation was initially called vitamin D1 but was mistakenly believed to be a 

single product and when purified was later named ergocalciferol or vitamin D2 

(Fieser et al., 1959). Steenbock also confirmed this in his experiments and 

recommended that the irradiation of milk (with added ergosterol) might be a good 

way to provide vitamin D to children and prevent rickets (Steenbock, 1924). By 1934, 

the FDA had approved the vitamin D fortification of milk in several US states (FDA, 

1934). This addition o f vitamin D2 to milk led to the eradication o f rickets as a health 

problem in the US within a few years (Centers for Disease Control, 1999).

The discovery of the structure o f vitamin D3 came in 1936 following the isolation of a 

form of cholesterol called 7-DHC (7-dehydrocholesterol) in the skin as a precursor of 

Vitamin D by Windaus and colleagues (Windaus et al., 1937). Their experiments
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showed that when 7-DHC isolated from pig skin was exposed to UV irradiation it 

induced the formation of Vitamin D which was named Vitamin D3 or cholecalciferol 

(W olf et al., 2004). 7-DHC was later identified in human cadaver skin (Rauschkolb et 

al., 1969) confirming the role of UV light in vitamin D synthesis in humans.

These experimental findings ultimately unified the two competing concepts regarding 

the use of cod liver oil or UV light in treating rickets, by showing that exposure to UV 

light was responsible for Vitamin D synthesis.

Fig 1.13: Adolf Windhaus (1876-1959)

A d olf Windaus who with his colleagues 

discovered the structure o f  vitamin D3 in 1936 

and was awarded the Nobel prize in chemistr>' 

in 1928 for his studies on the constitution of 

sterols and their connection with vitamins 

(W o lfe t al., 2004).

1.2 Biochemistry

Vitamin D is a fat soluble secosteroid (steroid with a broken ring). It exists in two 

major physiological forms. Vitamin D2 (ergocalciferol) and Vitamin D3 

(cholecalciferol). The structural difference between both forms exist in their side 

chains, with vitamin D2 having a methyl group on carbon 24 and the presence of a 

double bond between carbon 22 and 23. Vitamin D2 is produced in invertebrates, 

plants, yeasts and fungi in response to ultraviolet B (UVB) irradiation of ergosterol. 

Vitamin D3 is synthesised photochemically in the skin of vertebrates in response to 

UVB irradiation (wavelength 270 - 310 nm) o f 7-dehydrocholesterol (7-DHC), 

(Holick, 2007: Holick et al., 2009).
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Fig 1.24: Vitamin D3 Fig 1.25: Vitamin D2
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1.3 Photobiology

The action of UVB radiation (270-310 nm) on 7-DHC results in it’s photolytic 

conversion to previtamin D3 through cleavage o f the C9-C10 bond (Holick et al., 

200). About 95% of previtamin D3 is produced in the epidermis where most UVB 

radiation is absorbed (Holick et al., 1981). This synthesis peaks at a wavelength of 

295-297 nm. Previtamin D3 is transformed rapidly to vitamin D3 within the skin cell 

plasma membrane by a thermally induced isomerisation. It is then translocated to the 

dermal capillary bed by an unknown mechanism which may involve Vitamin D 

binding protein (DBF) (Holick et al., 1990). Prolonged exposure to sunlight degrades 

vitamin D3 into inactive photo products including suprasterols, thereby preventing 

excess vitamin D synthesis (Webb et al., 1989).

1.4 Metabolism

Vitamin D2 and D3 from dietary sources are absorbed in the small bowel and 

incorporated into chylomicrons and transported in the lymphatic system into the 

circulation. Vitamin D3 synthesised in the skin is also released into the circulation 

(Holick, 2006) . The majority o f both forms of circulating vitamin D are bound to 

vitamin D binding protein (VDBP) (80-90%) and albumin (10-20%), with a small 

fraction being free (Zerwekh et al., 2008). Vitamin D in circulation is transported to 

the liver where it is converted by vitamin D-25 hydroxylase to 25-hydroxyvitamin D 

[25(OH)D] (Holick, 2007). Liver production of 25(OH)D is primarily dependant on 

the availability of vitamin D (Zerwekh et al., 2008).
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Fig 1.4: 25-Hydroxyvitamin D3 [25(OH)D]
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Activation of Vitamin D

Inactive 25(OH)D is converted in the kidneys (in the mitochondria of the proximal 

renal tubules) by a 25-hydroxyvitamin D -ld  hydroxylase into its biologically active 

fonn 1,25-dihydroxy vitamin D [l,25(OH)2D] (Plum & De Luca, 2010). The enzyme 

responsible for this is part of the cytochrome system and is known as CYP27B1 

(Prosser et al., 2004).

Renal production of active vitamin D is tightly regulated and dependant on the 

activity of 25-hydroxyvitamin D -ld hydroxylase which is controlled by serum levels 

o f PTH, calcium and phosphorus. When serum 25(OH)D or calcium levels drop, 

increased release of PTH leads to upregulation of 25-hydroxyvitamin D -ld 

hydroxylase in the kidney and increased synthesis o f active l,25(OH)2D to maintain it 

at a constant level. Conversely, l,25(OH)2D is a potent down regulator of PTH which 

provides a negative feedback loop to Id-hydroxylation. l,25(OH)2D also suppresses 

it’s own activity by inducing a 24-OHase which converts active vitamin D into a 

metabolically inactive metabolite (l,24,25(OH)3D). It also increases the level of 

fibroblast grow1;h factor 23 (FGF-23) which causes phosphate diuresis and suppresses 

l,25(OH)D synthesis. In addition, 24-OHase activity is also suppressed by PTH. In 

this way the active form of vitamin D (l,25(OH)2D) is maintained at a homeostatic 

level (Plum & De Luca, 2010).
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Fig 1.41: 1,25 Dihydroxyvitamin D3 [l,25(OH)2D]
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Extra-renal activation of Vitamin D

It is now known that 1-a hydroxylase (CYP27B1) which is responsible for conversion 

of vitamin D to its active fonn is found in several tissues outside the kidney 

suggesting a role for vitamin D beyond bone health. As far back as 1979, studies 

suggested that the placenta could produce l,25(OH)2D (Wiesman et al., 1979) and 

soon after osteoblasts were identified as having CYP27B1 (Turner et al., 1980). 

Expression of 1-a hydroxylase has since been shown in numerous tissues following 

the cloning of the enzyme (Fu et al., 1997) and development of antibodies to it 

(Zehnder et al., 2001). It is often expressed in conjunction with the vitamin D receptor 

(VDR) and has been found in breast, colon, cervix, endometrium, ovary, testis, 

thyroid, liver, brain, pancreas, parathyroid, adrenals, monoctyes and lung tissue 

(Holick et al., 2007).

1.5 Mechanism of Action

Directly or indirectly l,25(OH)D has been reported to regulate over 200 genes 

(Holick et al., 2007). Wang et al., reported that vitamin D controls the expression of at 

least 913 genes (Wang et al., 2005). More recently, it has been noted that vitamin D 

may regulate up to 3% of the human genome (Pilz et al., 2009).
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Vitamin D Receptor

The discovery of the nuclear vitamin D receptor (VDR) for l,25(OH)2D was made in 

1969 (Haussler et al., 1969). This had followed the discovery o f l,25(OH)2D as a new 

steroid hormone in the late 1960’s (Norman, 2006). However, it wasn’t until 1987 

that it was cloned and sequenced (Baker et al., 1988). Vitamin D exerts its genomic 

effect through binding to the nuclear vitamin D receptor (VDR). This is a member of 

the steroid/thyroid hormone super-family o f transcription regulation factors that is 

widely distributed throughout the body and found in over 50 tissues (Stumpf et al., 

2005). VDR are present on a large variety of cell types including myocytes, 

cardiomyoctes, pancreatic beta cells, vascular endothelial cells, neurons and 

osteoblasts (Holick et al., 2007).

Classical Action

The classical action of l,25(OH)2 D begins when it binds to the nuclear VDR, which 

after phosphorj'lation heterodimerises with nuclear receptors of the retinoic X 

receptor (RXR) family. VDR is the only nuclear protein that binds l,25(OH)2D with 

high affinity. The l,25(OH)2DA^DR/RXR complexes recognise specific genomic 

sequences named vitamin D Response Elements (VDRE’s) within the promoter 

regions o f hundreds of genes. Binding of co-repressive or co-activator factors to these 

complexes modulates gene expression by both directly activating or down regulating 

gene transcription (Fernandes de Abreu et al., 2009). Two major co-activator 

complexes have been identified, the steroid receptor activator complex (SRC) and the 

vitamin D receptor interacting protein complex (DRIP), (Rachez et al, 2000; Leo et 

al., 2000). Activation of genes involves the binding of at least one VDR molecule but 

often more to VDREs. Co-pressors that block VDR mediated transcription include 

nuclear compressor (NcoR) and Silencing Mediator o f Retoinic acid and Thyroid 

receptor (SMRT), (Bikle et al., 2009).

Non Classical Action

1,25(0H)2D is believed to mediate more rapid non classical (non-genomic) actions 

through binding to the putative MARRS (Membrane Associated Rapid Response 

Steroid Binding) receptor at the cell surface (Jia et al., 1999). VDR is however, 

necessary for some of these non-genomic pathways (Jia et al., 1999). Vitamin D by 

this mechanism is known to activate a variety of signal transduction systems including
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calcium influx, release of calcium from intracellular stores, modulation of adenylate 

cyclase, PLC. protein kinases C and D as well as MAP and Raf kinase pathways 

(Fernandes de Abreu et al., 2009). Some rapid responses include the intestinal 

absorption of calcium, secretion of insulin by pancreatic cells, opening of voltage 

gated Ca“̂  and Cl' channels in osteoblasts, and the rapid migration of endothelial cells 

(Norman, 2006).

1.6 Vitamin D and Bone Health

The classical role o f vitamin D is to maintain adequate levels of serum calcium and 

phosphorus for bone mineralisation. In this way, vitamin D prevents the development 

of rickets in children and osteomalacia in adults.

Activated vitamin D [l,25(OH)2D] stimulates the active transport of calcium and 

phosphate from the lumen of the intestine into the blood (Schachter et al., 1963; 

Walling et al., 1977). It mediates this by increasing the expression of the epithelial 

calcium channel (EcaC) and the calcium binding protein Calbindin 9K (Plum & 

DeLuca, 2010). Correcting vitamin D deficiency increases intestinal absorption of 

calcium from about 10-15% to 30-40%. It also increases phosphorus absorption from 

about 60% to 80% (Holick , 2007).

1,25(0H)2D also increases the expression of RANKL (receptor activator nuclear 

kappa ligand) by osteoblasts which on binding to RANK receptors on pre-osteoclasts 

induces their maturation to osteoclasts. Mature osteoclasts remove calcium and 

phosphorus from bone maintaining homeostatic serum calcium and phosphorus 

(Holick, 2007).

Vitamin D deficiency by causing impaired calcium absorption leads to reduced serum 

ionized calcium. This causes an increase in PTH secretion (secondary 

hyperparathyroidism) to maintain normal serum calcium levels. PTH increases 

urinary calcium absorption and bone breakdown releasing calcium in to the 

bloodstream. In this way, vitamin D deficiency may help to cause or exacerbate 

osteopaenia or osteoporosis. In addition, inadequate calcium and phosphate may lead
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to poor bone mineralisation which will cause osteomalacia in adults and rickets in 

children (Holick, 2007).

1.7 Vitamin D and Non-Skeletal Health Outcomes 

Vitamin D and Cancer

In the early 1980’s it was proposed that low vitamin D status from UYB exposure 

might explain the association established in the 1930’s between higher latitudes and 

greater mortality from several different cancers (Garland et al., 1980). Numerous 

laboratory based and populations studies (cross sectional, longitudinal and 

randomised controlled trials) have since been performed linking vitamin D to over a 

dozen cancers (Garland et al., 2009). The role o f vitamin D in cancer prevention still 

however, remains unproven (Rosen et al., 2012).

Vitamin D, Cardiovascular Disease and Mortality

Several studies and large meta-analyses have found an inverse relationship between 

vitamin D status and mortality (Bjelakovic et al., 2011; Schottker et al., 2012; Saliba 

et al., 2012; Zittermann et al., 2012). There are multiple potential mechanisms by 

which this could be mediated including cardiovascular disease, cancer and dementia. 

Vitamin D has been inversely associated with atrial fibrillation (Demir et al., 2012), 

heart failure (Pourdjabbar et al., 2013), stroke (Sun et al., 2012), coronary heart 

disease (Robinson-Cohen et al., 2013), peripheral arterial disease (Chua et al., 2011) 

and cerebrovascular disease (Chowdury et al., 2012). It is also associated with 

vascular risk factors including diabetes (Forouhi et al., 2012), hypertension (Tamez et 

al., 2012), dyslipidaemia (Jorde et al., 2011) and obesity (Earthman et al., 2012).

Vitamin D and other Diseases

Studies point to a potential role for vitamin D in Parkinson’s disease, (Newmark et al., 

2007), A lzheim er’s disease (Lu’o'ng, K. V. et al., 2011) and multiple sclerosis (Simon 

et al., 2012). In addition, vitamin D has also been associated with COPD and several 

autoimmune diseases (Szekely et al., 2012) and has been implicated in cognitive 

dysfunction and depression. For a summary o f the evidence linking vitamin D to 

cognition, blood pressure, falls and mood (see sections five, six and seven).

13



CHAPTER 2: VITAMIN D DEFICIENCY

2.1 Vitamin D Deficiency

No consensus has been established regarding the optimum level of serum 25(OH)D. 

In 2011, the US Institute of Medicine (lOM) concluded after a comprehensive 

literature review that most people had replete vitamin D status when the serum level 

was greater than or equal to 50 nmol/1. Their findings considered that 25(OH)D 

levels o f 40 nmol/1 and 50 nmol/1 met the requirements of over half and 97.5% of the 

North American population respectively (Institute of Medicine, 2011).

These recommendations were based on a detailed review o f vitamin D and several 

health outcomes. This included markers of bone health but also cancer and site 

specific neoplasms, cardiovascular disease, hypertension, diabetes, metabolic 

syndrome, autoimmune disorders, infectious diseases, falls and physical performance, 

neurospsychological function (cognition, depression and autism) and disorders of 

pregnancy (Ross et al., 2011).

Data available at the time only supported a causal role for vitamin D in skeletal 

disease and hence reconmiendations were based on the vitamin D level required for 

optimal bone health (including calcium absorption, PTH levels, bone mineral density 

and fracture risk). A small number o f randomised controlled trials, lack of 

confounding and reverse causality were cited as factors in studies of vitamin D and 

non skeletal outcomes in their conclusion. They also found evidence of a ‘U ’ shaped 

relationship for all cause mortality, fractures, falls, certain cancers and cardiovascular 

disease. While several studies have established that vitamin D is important in bone 

health the evidence for non-skeletal benefits is less clear.

The lOM did not find a beneficial role for higher vitamin D level in falls prevention. 

However, this conflicts with a meta-analysis of studies looking at the affect of vitamin 

D supplementation on falls in older adults which supported a minimum level o f 60 

nmol/1 in falls reduction (Bischoff et al., 2010).
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2.11 Vitamin D deficiency

It is generally considered that a 25(OH)D level below 50 nmol/1 represents deficiency 

(Holick., 2007). This is based upon the fact that most studies show that secondary 

hyperparathyroidism and markers of bone disease are minimized when the level is 

above this (Chapuy et al., 1997; Thomas et al., 1998; Heaney et al., 2003). 

Maintaining a level of up to 50 rmiol/1 is also consistent with the most recent lOM 

recommendations. Serum 25(OH)D levels below 25miiol/l are known to cause rickets 

in children and osteomalacia in adults and so this is often considered to represent 

severe deficiency (Holick, 2007)

2.2 Vitamin D Insufficiency

As studies suggest a beneficial affect of higher 25(OH)D levels on falls prevention, 

bone and other health outcomes, many experts have defined vitamin D insufficiency 

as less than 75 nmol/1 (Holick et al., 2007). This remains controversial though such a 

level does not appear to be associated with an increased risk of adverse health 

outcomes (Heaney et al., 2011; Holick et al., 2011). In addition, the statistical 

methodology used by the lOM in calculating the optimum level for bone health and 

falls reduction has been questioned (Maxmen 2011; Holick et al. 2012).

Serum vitamin D levels up to 75 nmol/1 have been associated with more optimal PTH 

suppression, intestinal calcium absorption and bone mineral density in some studies. 

In a review of studies looking at fracture risk and vitamin D in 2012, it was suggested 

that a 25(OH)D level of at least 65 nmol/1 is needed to reduce non-vertebral fractures 

and 75 nmol/1 may be needed to lower hip fracture risk (Dawson-Hughes B, 2013). In 

2005, a review of the literature by six experts stated that the optimal vitamin D level 

for bone health was greater than 75 nmol/1 (Dawson Hughes et al., 2005).

A higher 25(OH)D level has been advocated by other experts. Heaney et al report that 

the distinction between deficiency and insufficiency is not useful or necessary and 

argues that levels below 120 nmol/1 are associated with preventable disease and could 

be classified as deficient (Heaney et al., 2011). A risk review of vitamin D 

supplementation also suggested that a vitamin D level of about 75 -110 nmol/1 should 

be attained for optimal health outcomes (Bichoff Ferrari et al., 2009). Similarly, a 

target range of 75 -100 nmol/1 has also been recommended for multiple health
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outcomes (Souberbielle et al., 2010). Levels above 75 mnol/1 and up to 90-100 nmol/I 

were also found to be optimal in relation to various outcomes including falls, 

fractures, physical functioning, dental health, and colorectal cancer (Bischoff-Ferrari 

et al., 2006). However, in a recent large study of 422,822 subjects aged over 45 and 

followed up for 54 months, a 25(OH)D level between approximately 50-90 nmol/1 

was associated with the lowest risk o f all cause mortality and acute coronary 

syndrome (Dror et al., 2013).

The concept of ‘Vitamin D insufficiency’ has been adopted by the US Endocrine 

Society which it defines as less than 75 nmol/1 (Holick et al., 2012). The ESCEO 

(European Society for Clinical and Economic Aspects of Osteoporosis and 

Osteoarthritis) also recommends a minimum level of 75 nmol/1 in fragile elderly who 

are increased risk of falls and fracture (Rizzoli et al., 2013).

2.3 Prevalence of Vitamin D Deficiency

It is estimated that one billion people worldwide have Vitamin D deficiency or 

insufficiency (Holick, 2007). Prevalence rates vary widely depending on the 

definition used and time of year when levels are checked (see Table 2.1). In a recent 

systematic review of 75 studies which included over 168,000 subjects in 44 countries, 

mean population 25(OH)D levels varied between 4.9-136.2 mnol/l. In addition, in 

37.3% of studies mean level was in the deficient range (<50 nmol/1), (Hilger et al., 

2013). Deficiency has been reported in healthy children, adolescents and adults. A 

high prevalence has been found in postmenopausal women, those with a history of 

osteoporosis or fracture, institutionalised elderly and in ethnic groups with increased 

skin pigmentation (Holick, 2007).

Some studies suggest that vitamin D insufficiency/deficiency is on the rise. The 

prevalence o f vitamin D levels below 25 and 75 nmol/1 trebled and nearly doubled 

respectively, in participants of the NHANES study comparing results in 1988-1994 

with that in 2001-2004 (Ginde et al., 2009). In a survey of over 20,000 Americans 

also as part o f the NHANES study, approximately 75% of adults had serum 25(OH)D 

levels below 75 nmoI/1 (Looker et al., 2008). Despite this, based on lOM criteria, the 

majority of the North American population have adequate vitamin D levels and 

vitamin D inadequacy could therefore be overestimated (Ross et al., 2011).
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Table 2.1: Prevalence o f  vitam in D deficiency (< 50 nmol/1) in population studies.

Prevalence of vitamin D deficiency (< 50 nmol/1) in population studies

A u th o r Size P opu lation P revalence (% ) O th e r  com m ents

Choi et al, 20! 1 6925 Subjects in KNHANES study in Korea aged > lOyrs 47.3 (M ), 64.5 (F)

Thuesen et al., 2012 6416 General population in Denmark aged 30-60 years 52.2

M cCullough et al., 2010 4723 Cancer free men and women from 10 cohorts 29 -82 Subjects in US, Asia

Forrest et al., 2011 4496 Subjects in NHANES study in US 41.6

Hintzpeter et al., 2008 4030 Com m unity dwelling in Germany aged 18-79 years 57.0 (M ), 58.0 (F) 75%  in those aged 65-79 yrs.

Rockell et al., 2006 2946 New Zealand aged > 15 yrs 48.0

Shea et al., 2011 2581 Com m unity dwelling in US aged 7 0 - 8 1  years. 18 (whites), 54 (blacks)

Hirani et al., 2010 2070 Com munity dwelling in England aged > 65. 49.0 (M ), 57.0 (F) 9-13%  (< 2 5  nmol)

Klenk et al., 2013 1418 Com munity dwelling in Germany (aged > 65 yrs). 78.8“, 16.1'’ Not taking supplem ents

Absoud et al., 2011 1102 Aged 4 - 1 8  years in Great Britain 35.0

Gonzalez Gross et al., 2012 1006 Healthy European adolescents 42.0

Janssen et al., 2012 802 Subjects in Netherlands aged 40-80 years 36 (M), 51(F)

Vierucci et al., 2013 652 Children and adolescents aged 2-21 years in Italy 45.9

Nanri et al., 2010 529 Com m unity dwelling aged 21-67 years in Japan 46.7'" 9.3''

M enant et al., 2012 463 Com m unity dwelling aged 70-90 years in Australia 21.0 (M ), 44(F) < 50 nmol/1

(M )- Male, (F) -F em ale , “M onth o f  M arch, '’M onth o f  A u g u s t, ‘M onth o f  November, ‘‘Month o f  July, KNHANES -  Korean National Health & Nutrition Exam ination Survey, 

NHANES - National Health & N utrition Exam ination Survey (US).
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Table 2,2: Prevalence of Vitamin D deficiency (< 50 nmol/l) in Ireland.

Prevalence of Vitamin D deficiency (< 50 nmol/l) in Ireland

A u th o r Size P opu lation P revalence (% ) O th e r  C om m ents

Cashman et al., 2013 1132 Adults aged > 18 years 40.1 Year round figure

Hill e ta l.,  2008 1015 12-15 years old in Northern Ireland 36.0 Adolescent group

Lardner et al., 2011 143 Com m unity dwelling middle aged females 47.0 N ot on supplements

H ille t a l.,2006 95 Healthy postm enopausal females (51-75 years) 48.0 In W inter, not on supplements



2.4 Causes of Vitamin D deficiency

As approximately 90% of vitamin D is derived from cutaneous synthesis, lack of 

UVB exposure is attributed as the major cause (Holick, 2007). Several other factors 

are also associated with Vitamin D deficiency / insufficiency (See Table 2.4).

Cutaneous synthesis is affected by age, skin pigmentation, sunscreen use and UVB 

exposure which is determined by time spent outdoors, clothing, time of year, cloud 

cover, latitude, altitude and sun tanning practises. Factors associated with reduced 

bioavailability include malabsorption states, liver impairment and the use of 

medications which alter vitamin D metabolism or absorption. 25(OH)D levels are also 

strongly affected by diet and supplement use, whilst renal impairment will affect 

1,25(0H)2D levels. In addition, genetic factors appear to have a small influence on 

vitamin D status (Berry et al., 2011).

The relative importance of different factors may vary by season, location and 

ethnicity. For example, in the Winter dietary intake may play a more important role 

than sun exposure particularly in locations above 30° North Latitude and in those with 

more pigmented skin. The effect of other lifestyle factors on serum 25(OH)D also 

appears to be different across seasons (Nanri et al., 2011).

Listed below are the main determinants of vitamin D status and the proposed 

mechanisms by which they influence serum 25(OH)D.

2.41 Geophysical Factors

Several factors influence the amount of UVB light that is absorbed in the atmosphere 

and hence reaches the earth. These include the solar zenith angle, latitude, altitude and 

cloud cover (Webb et al., 1988). The zenith angle depends on the time of the day and 

season. It is more oblique in the early morning and late afternoon resulting in more 

attenuation of UVB and reduction in vitamin D synthesis by up to 20%. It is also 

estimated that cloud cover can block up to 99% of vitamin D production (Engelsen et 

al., 2005).
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Season

Season has a significant affect on vitamin D levels, as during the Winter months the 

zenith angle is very low and nearly all UVB radiation is absorbed in the atmosphere. 

It is estimated that in locations which are above 35°N in latitude, there is little or no 

cutaneous production of vitamin D during the Winter months (Holick, 2007). This has 

given rise to the notion o f a ‘Vitamin D winter’ with ineffective vitamin D synthesis 

betu^een the months o f November to March at locations of similar latitude to Ireland 

(Webb et al., 1988). Changes in UVB irradiation reaching the earth’s surface leads to 

changes in serum 25(OH)D with a lag period of about 6-8 weeks. This may relate to 

the time required to reach steady state post UVB exposure This may explain why in 

most studies peak and trough vitamin D levels occur in Autumn and Spring 

respectively. The prevalence of deficiency is also greater in the Spring and Winter 

months (Klenk et al., 2013).

Other factors related to season also influence vitamin D status. For example, during 

the Winter in the Northern hemisphere people also spend less time outside and wear 

more clothing which prevents skin exposure to UVB light (Matsuoko et al., 1992). 

Seasonal changes in cloud cover and hence atmospheric absorption of UVB radiation 

may also account for lower levels in the Winter (Bolland et al., 2010). The mean 

seasonal variation in serum 25(OH)D in studies ranges from approximately 10-20 

nmol/1 (van der Mei et al., 2007). This variation may be attenuated in those who are 

supplemented (Romano Oturno et al., 2011; Whiting et al., 2011).

Altitude / Latitude

Increasing altitude has been associated with increased production of vitamin D in the 

skin. This may be explained by the reduced attenuation of UVB as it passes tlirough a 

shorter distance o f atmosphere (Chen et al., 2010).

Higher latitude is associated with lower vitamin D status, reflecting the greater 

distance UVB has to travel to reach the earth’s surface. A 1° increase in latitude has 

been associated with a 1 nmol/1 reduction in 25(OH)D in subjects living between 38 ° 

-  48° S in the southern hemisphere (van der Mei et al., 2007). In the UK, the odds of 

vitamin D insufficiency were greater in Northern versus Southern England after 

adjustment for several covariates (OR 2.13, P <0.001) (Hypponnen et al., 2007). In a
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meta-analysis of several studies, greater latitude was also associated with lower 

vitamin D though only in Caucasians (Hagenau et al., 2009).

2.42 Lifestyle Factors 

Sun Exposure

Lack of adequate sun exposure is attributed as the main cause of vitamin D 

deficiency. The dose equivalent of vitamin D for those receiving abundant sun 

exposure is estimated to be up to 4000 lU - 20,000 lU per day (Barger Lux et al., 

2002). Even exposure of the hands, anns and legs to UVB for approximately 20 

minutes or a time sufficient to cause the skin go pink (one erythemal dose) is 

equivalent to consuming about 4000 lU of vitamin D (Holick et al., 2007).

Sunscreen has been shown to reduce vitamin D production by up to 95% and clothing 

also blocks UVB irradiation (Matsuoko et al., 1992). The nature and type of clothing 

worn will also affect the sun protection factor (SBF) provided. An SPF ranging 

between two and one thousand has been identified betw-een different clothing items 

(Robson et al., 1990). Clothing practises in some countries may also affect vitamin D 

status. For example, veiled woman have been found to have lower vitamin D status 

than their peers in the same country (Al Attia et al., 2012). Conversely, those who use 

tanning beds are more likely to have higher serum 25(OH)D levels (Tangpricha et al., 

2004; Van der Meer et al 2008; Wallingford et al., 2013) on account o f direct UVB 

exposure. Time spent outdoors and hours of UVB exposure are both associated with 

higher vitamin D status (Brustad et al., 2004; Hyponnen et al., 2007). Similarly, sun 

holiday travel and sun avoidance is associated with higher and lower vitamin D status 

respectively (Al Anouti et al., 2011; Mavroeidi et al., 2013).

Dietary Intake

The overall contribution of diet to vitamin D status is small as up to 95% of the 

body’s vitamin D requirement comes from the synthesis in the epidermis from sun 

exposure (NIH, 2007). Dietary sources of vitamin D are limited (Holick, 2007) with 

most foods containing little or no vitamin D. Naturally occurring sources of vitamin 

D2 (ergosterol) include yeast products and mushrooms and of vitamin D3
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(cholecalciferol), oily fish and egg yolks (See Table 2.41 for Vitamin D content of 

foods). Vitamin D2 and D3 are also found in fortified foods and supplements.

Several studies show a positive relationship between dietary’ intake and/or supplement 

use on vitamin D status (HyppSnen et al., 2007; Scragg et al., 2008; Pasco et al., 2009; 

Brock et al., 2010; Shea et al., 2011). The total average adult dietary consumption 

ranges from about 150-300 lU per day in population studies (Moore et al. 2004). 

Intake has been found to vary with gender, age and national fortification and 

supplementation policies (Calvos et al., 2005).

Dietary Intake from food

In Ireland, the intake of vitamin D has been reported to be 136 lU /day from food 

(Hill et al., 2006). This is substantially less than the current RDA requirement (400 - 

600 lU daily) set by the Institute o f Medicine in the US, highlighting the small 

contribution that diet makes to overall vitamin D status. Data on vitamin D intakes 

from two national nutrition surveys in Ireland have suggested that meat and meat 

products, fish and fish products, and egg and egg-dish foods account for 30%, 12- 

14%, and 9% of the respective mean daily intake of vitamin D in 1 8 - 6 4  year olds 

(Cashman et al., 2012).

Differences in dietary food intake have been correlated with serum vitamin D status. 

For example, a vegetarian diet has been identified as a risk factor for vitamin D 

deficiency in the UK, which may relate to reduced intake o f fish and/or eggs (Davey 

et al., 2003). Conversely, oily fish intake has been positively correlated with vitamin 

D in several cross sectional studies (Hyponnen et al., 2007; van Dam et al., 2007; van 

der Meer et al., 2008; Nanri et al., 2011) Some of the difference in dietary intake can 

be explained by differences in cultural eating practises. For example, fish accounts for 

about 60-72 lU of the daily intake in Norway (Jorde et al., 2000) but about 256 lU in 

older Japanese women (Nakamura et al., 2002).

Fortified Foods

In come countries such as Canada, fortification of certain foods including milk is 

mandatory (Calvos et al., 2004) though in general fortification is less widespread in 

Western Europe aside from margarine (Laird et al., 2010). In Ireland, vitamin D
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fortified milk is available (Supermilk®) and contains approximately 80 lU per 200 ml. 

Even in countries where there is fortification, vitamin D intake has been found to be 

low in certain groups (Calvos et al., 2005). However, vitamin D food fortification has 

been shown to increase serum 25(OH)D), (O’Donnell et al., 2008; Black et al., 2012).

The contribution of supplements to overall vitamin D intake varies widely and was 

found to be between 6 - 47% of the average vitamin D intake in a global review that 

included several countries (Calvos et al., 2005). Supplement use added about 160- 

200 lU to the total daily intake of vitamin D for women and men over aged 50 in the 

NHANES 1999-2000 study (Whitig et al., 2007). It also added about 68 lU to the 

daily intake of vitamin D in Ireland in a small study (Hill et al., 2006).

Many over the counter supplements have small amounts of vitamin D, However, 

prescribed supplements used in the treatment of osteopaenia/osteoporosis (Calcichew 

D3 forte®, Ideas®, Osteofos®, Desunin®) contain greater amounts (400IU-800 lU per 

tablet) and therefore could contribute to most or all o f the daily vitamin D need 

depending on compliance and the target serum level desirable.

Medication use

Medications that alter vitamin D metabolism or impair absorption can affect vitamin 

D levels. Few medications are known to impair vitamin D absorption, though both 

cholesytramine and orlistat have been implicated as cause of low vitamin D status via 

this mechanism (Compston et al., 1978; McDuffie et al., 2002).

Vitamin D metabolism may be altered by several medications, particularly those that 

are ligands for the Pregnane X Receptor (PXR) (Grober et al., 2011). PXR is found in 

renal, hepatic and gastrointestinal cells and plays an important role in detoxifying 

drugs. It has a 60% homology with DNA binding domains on the VDR which means 

that it can bind to VDRE’s and can affect the expression of genes that can be 

otherwise regulated by vitamin D. Drugs that are ligands for PXR can up regulate 

expression o f 24-hydroxylase that leads to the degradation of 25(OH)D and 

1,25(0H)2D. PXR ligands also induce other enzymes such as CYP2C9 and CYP3A4 

which alter vitamin D metabolism. Drugs that activate the RXR receptor and lower
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25(OH)D levels include anti-epileptic medications (phenytoin, carbamazepine), 

steroids, some anti-hypertensives and antiretroviral drugs. Phenobarbitone is also 

known to suppress 25 hydroxylation (Hosseinpour et al., 2007) while oestrogens 

increases activity of 1-a-hydroxylase responsible for conversion of 25(OH)D to the 

biologically active l,25(OH)2D (Grober et al., 2011).

Smoking

Vitamin D levels have been found to be lower in smokers in some studies (Brot et al., 

1999; van Dam et al., 2007; Pasco et al., 2009; Nanri et al., 201 l;Yoshimura et al., 

2013) but no clear causation has been established. It has been proposed that altered 

hepatic metabolism of vitamin D may explain this finding, though there is little 

evidence to support this (Brot et al., 1999). Smoking may simply be a surrogate 

marker for other factors that negatively influence vitamin D.

2.43 Biological Factors 

Age

Skin thickness reduces with age and this is correlated with a decrease in epidennal 

levels of 7-dehydrocholesterol and the capacity of the skin to produce vitamin D3 

(MacLaughlin et al., 1985). Older adults may be three times less affective at 

increasing 25(OH)D levels following UVB exposure (Holick et al., 1989). At the age 

of 70 years, despite similar sunlight exposure vitamin D synthesis has been reported 

to be approximately 75% less than that of a twenty year old (Mithal a et al., 2009). 

Numerous studies have also shown lower serum vitamin D with increasing age (van 

Dam et al., 2007). In addition, there are several lifestyle factors in older age that may 

independently affect vitamin D levels. These include sun exposure, diet, medication 

use and medical illness such as liver or renal disease. Physical frailty which is more 

prevalent with increasing age is also associated with lower vitamin D status 

(Wilhelm-Leen et al, 2010; Wong et al., 2013). Conversely, several studies show 

increased vitamin D in those who are more physically active (Scragg et al., 2008: 

Pasco et al., 2009: Brock et al., 2010),
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Table 2.41: Vitamin D content of Foods

Source Vitamin D content (lU)

F ish  /F ish  oils

Cod liver oil 400-1000 lU  / teaspoon

Cod 100 lU /  lOOg

Salmon (wild) 600-1000 lU /  lOOg

Salmon (farm ed) 100-250 lU  / lOOg

Salmon (canned) 300-600 l U /  lOOg

Trout (farmed) 250 lU /  lOOg

Sardines (canned) 300 lU /  lOOg

M ackerel (canned) 250 lU /  lOOg

Tuna (canned) 236 1U / lOOg

M ushroom s

Shiitake (fresh) 100 lU /  lOOg

Shiitake (sun dried) 1600 lU /  lOOg

Portabella 400 lU /  lOOg

Egg yolk 20-40 lU /y o lk

M eat

Liver (lamb) 36 lU /  lOOg

Kidney (lamb) 24 lU /  lOOg

Pork 30 lU /  lOOg

Turkey 100 lU /  lOOg

F ortified  Foods

Supermilk® 80 lU  / 200 ml

Low fat spread (Flora®’ 300 lU /  lOOg

Breakfast cereals (Kelloggs Special K®’ 100 IU /3 5 g

S upplem ents

Calcichew D3 Forte / Osteofos D3 / Ideas 400 lU  / tablet

Desunin® 800 lU  / tablet

References: Vitamin D  Deficiency, Holick MT, 2007, NEJM; Vitamin D, Physiology, M olecular Biology  

and Clinical A pplications (2"“* edition, published 2010): Chapter 18, Determinants o f  vitamin D intake.

Gender

There are conflicting results from many studies that have found gender differences in 

serum vitamin D levels. Lower vitamin D status has been associated with female 

gender in some (Hyponnen et al., 2007; Scragg et al., 2008) but not all studies 

(Hintzpeter et al., 2008; Brock et al., 2010). In addition, a recent systematic review of
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vitamin D status in several populations across the world found no gender difference 

(Hilger et al., 2013). The observed findings in some studies may reflect lifestyle and 

biophysical differences between both genders. For example, lower serum vitamin D in 

females was largely explained by their greater body fat in one study (van Dam et al., 

2007)

Skin Pigmentation

Skin pigmentation can reduce cutaneous synthesis by as much 99.9% (Clemens et al., 

1982). This is because melanin absorbs solar radiation from 290 -700nm (in the range 

of UVB) thereby reducing cutaneous synthesis of previtamin D3. Those with skin 

type III-IV require twice the UVB exposure per vitamin D synthesised (Clemens et 

al., 1982).

Adiposity

As vitamin D is lipophilic, it is postulated that sequestration in fat cells may accounts 

for lower serum levels (Holick et al., 2006). Storage o f vitamin D in adipose tissues in 

humans has been reported to be as high as 5000 lU per kilogram (Lawson et al., 

1986). Several studies show that different measures of adiposity are negatively 

correlated with serum 25(OH)D including body mass index (BMI) (Jorde et al., 

2010), waist circumference (Snidjer et al., 2005), percentage body fat (Arunabh et al., 

2003) and visceral and cutaneous fat (Kremer et al., 2009; Dong et al., 2010; Caron- 

Jobin et al., 2011),

Recent meta-analysis of 34 studies which included healthy adults revealed an overall 

negative correlation between BMI and 25(OH)D except for women living in 

developing countries (Saneei et al., 2013). In one of the largest studies to date that 

identified an inverse relationship (N= 10,229), changes in BMI were found to be a 

significant negative predictor of change in vitamin D status at several years follow up 

(Jorde et al.,2010). Studies have also shown a negative correlation between vitamin D 

levels post irradiation or supplement use and BMI (Wortsman et al., 2000; Dong et 

al., 2010; Forsythe et al., 2012).
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Malabsorption States

As vitamin D absorption occurs in the ileum and jejunum (Bikle et al., 2007) 

disorders o f the small bowel including coeliac and Crohn’s disease can lead to 

malabsorption and lower vitamin D status (Avioli et al., 1969; Driscoll et al., 1982). 

Coeliac disease is in fact considered to be a silent cause o f vitamin D deficiency 

(Holick, 2010) and in particular active Crohn’s disease is associated with lower 

25(OH)D (Jorgensen et al., 2013).

Liver and Renal Disease

Severe liver disease will impair 25-hydroxlyation preventing the formation of 

25(OH)D and renal impairment may lead to reduced activation of 25(OH)D to 

1,25(0H)2D (Holick et al., 2007). Several studies have also found lower 25(OH)D 

levels in subjects with renal disease though it unclear as to how this may be mediated 

and it could be due to other surrogate factors (Liu et al., 2013).

2.44 Genetic Factors and Vitamin D

There is some evidence to suggest that genetics may explain a small variation in 

serum 25(OH)D. Studies have investigated for associations between serum vitamin D 

and single nuclear polmymorphisms (SNP’s) in common vitamin D pathway genes. 

These include genes that encode Vitamin D Binding Protein (VDP), 25-Hydroxylase 

(CYP2B1) and 1 a  hydroxylase (CYP27B).

Genetic variations in the VDP gene have been associated with serum 25(OH)D 

(Lauridsen et al., 2005; Engelman et al., 2008; Sinnotte et al., 2009; Fu et al., 2009) 

and response to supplementation (Nimitphong et al., 2013).

Variants in SNP’s in the gene encoding VDP and 25-Hydroxylase (CYP2R1) were 

also associated with serum 25(OH)D levels and clinical deficiency (Ahn et al., 2010). 

Likewise, variants in three genetic loci near genes involved in hydroxylation and 

vitamin D transport were linked to an increased risk of having vitamin D insufficiency 

(Wang et al., 2010). A genetic variant in the VDBP was associated with vitamin D 

insufficiency in 712 southern Chinese women (Cheung et al., 2013).
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The overall affect of genetic factors on serum vitamin D is small compared with 

environmental exposure (Berry et a l, 2011). For example, approximately 5% of the 

variation in 25(OH)D in Afro-Americans has been linked to a genotype score 

representing risk alleles across three SNP’s for the gene encoding VDP and 

CYP27B1 (Signorello et al., 2011).

28



Table 2.42: Major causes of Vitamin D Deficiency

Major Causes of Vitamin Deficiency
Reduced Skin Synthesis Effect

Sunscreen Use - absorption o f UVB radiation Reduces vitamin D3 synthesis in 
skin: SPF 8 by 92.5%

Skin pigm ent - absorption of UVB Reduces vitamin D3 synthesis by as 
much as 99%

Aging -  reduction of 7-dehydrocholesteroI in the skin Reduces vitamin D3 synthesis by 
about 75% in 70 year old

Season, latitude and time of day Above 35° N latitude, little vitamin 
D3 produced from Nov to Feb

Skin graft o r burns - reduction in 7-DHC in skin Reduced synthesis o f vitamin D3

M alabsorption -  Coeliac disease, Whipples disease, 

Crohn’s disease, Cystic Fibrosis, bypass surgery, 

medications that reduce cholesterol absorption

Impairs absorption o f vitamin D 
from bowel

Obesity -  sequestration o f vitamin D in fat Reduced availability o f vitamin D

M edications - Anticonvulsants, glucocorticoids, 

antiretroviral and anti-rejection medications

Activates the destruction of 

25(OH)Dand l,25(OH)2D

Liver failure

Mild to moderate dysfunction
Malabsorption o f vitamin D but not 
production o f  25(OH)D

Dysfunction o f 90% or more Inability to make 25(OH)D

N ephrotic Syndrom e

Loss of 25- hydoxyvitamin D bound to vitamin D 

binding protein in urine

Substantial loss o f 25(OH)D to urine

Chronic kidney disease

Stage 2-3 (GFR 31-89 ml/min/1.73m'^

Stage 4-5 (GFR <30 ml/min/1.73m'^

Reduction in 1,25(OH)2D

Inability to produce adequate 
amounts o f 1,25(OH)2D

Adapted from V itam in D  D efic ien cy ; H oiick  M F.. 2007 . N e w  England Journal M edicine.
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2.5 Assessment of Vitamin D Status

Serum 25-hydroxyvitamin D is the only reliable measure of vitamin D status (Holick 

et al., 2007). Levels reflect both vitamin D obtained from ingestion and cutaneous 

synthesis. Serum l,25(OH)2D is not indicative of vitamin D status as it is tightly 

regulated such that the level usually remains within normal range. Indeed, serum 

25(OH)D levels correlate directly with vitamin D but not l,25(OH)D. This is because 

when 25(OH)D levels drop, increases in PTH maintain it’s level by increasing la -  

hydroxylation. In addition, it has a short half-life (4-6 hrs) making interpretation of 

levels difficult (Holick et al., 2009). For this reason, 25(OH)D and not l,25(OH)2D is 

recommended for measuring vitamin D status by the Food Nutrition Board o f the 

Institute of Medicine.

25- Hydroxyvitamin D Measurement

The predominant mode of measurement of 25(OH)D is by immunoassay. Choice of 

assay used by labs may depend on cost, turn around time, convenience, specificity and 

accuracy. Some laboratories maintain quality assurance through the DEQAS (Vitamin 

D External Quality Assessment Scheme) which was founded in 1989 to compare 

vitamin D assay performance (Fraser et al., 2013).

The DiaSorm radioimmunoassay is commonly used to determine 25(OH)D status. 

However, it also recognises 24,25(OH)D and to some extent other metabolites and 

can overestimate 25(OH)D by 10-20%. The IDS (a more recent radioimmunoassay) 

has been developed which has a specificity of 100% and 75% for 25(OH)D3 and 

25(OH)D2 respectively (Holick, 2009).

The current gold standard for measurement of 25(OH)D is liquid chromatography 

tandem mass spectroscopy (LCMS). The removal of interfering Vitamin D 

metabolites by chromatography combined with spectroscopy allows for a direct and 

quantitative measurement of 25(OH)D2 and 25(OH)D3 (Holick et al., 2009).

30



2.6 Screening for Vitamin D deficiency

There are no guidelines that support universal screening for vitamin D deficiency / 

insufficiency. However, serum 25(OH)D should be checked in those with a diagnosis 

o f osteoporosis or osteopaenia where a target level of 50nmol/l is recommended. 

Whilst no consensus has been established with regard to checking vitamin D status in 

other groups, some experts advise that it should be considered in those at high risk of 

vitamin D insufficiency/deficiency (Holick, 2010). This includes those with 

malabsorption states such as coeliac and inflammatory bowel disease, liver and renal 

disease, pregnant and lactating women, veiled, pigmented immigrant women, 

vegetarians and those with minimal sun exposure.

Predictive models fo r  Vitamin D

No models to date have been created that reliably predict vitamin D status. The 

existence of a method to estimate serum 25(OH)D might be useful in identifying at 

risk groups without needing to formally do blood tests. Peiris et al attempted to create 

a predictive model for vitamin D deficiency but only correctly identified one third of 

those who were deficient (Peiris et al., 2011). However, it largely looked at blood 

parameters and basic demographics and failed to take account of the most important 

determinant ultraviolet B light exposure. A prediction model consisting of dietary and 

supplement intake, outdoor physical activity, tanning bed use, smoking and month of 

measurement was found to explain 40.1% of the variance in serum 25(OH)D in a 

study o f 1494 pregnant women (Bjorn Jensen et al., 2013). Whilst the model was felt 

to be useful for examining associations between vitamin D and disease in the cohort, 

only 32.2% were placed in the same quintile when compared to measured serum 

levels.

Value o f  once-off Vitamin D levels

The extent to which a single 25(OH)D measurement reflects long-term vitamin D 

status is unclear. As 25(OH)D has a half life of about 3 weeks, levels may simply 

reflect recent sun exposure and dietary habits. In addition, changes in lifestyle factors 

over time could result in differences in serum vitamin D even when measured at the 

same time o f year.
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Some studies have reported on the measured change in vitamin D levels at between 3- 

5 year follow up. In a comparison analysis o f 8881 subjects (not on long-term 

supplements) who had vitamin D levels taken in the same month of the year but on 

two different occasions between 2008-2011, levels were considered to be relatively 

stable with a small difference of 5 nmol/1 at follow up (r = 0.63). The correlation did 

however, decrease with time (r = 0.83 after 1 year and r = 0.55 after 3 years), (Saliba 

et al., 2012).

In a smaller analysis of 672 post menopausal women in the Women’s Health Initiative 

(WHI), a comparison of two measures of 25(OH)D status collected about 5 years 

apart revealed an mean increase by 7.8 nmol/1 (r = 0.61). The difference was less for 

subjects with deficient versus sufficient vitamin D status at baseline (Meng et al., 

2012) but still supported the use of once off measurement.

2.7 Prevention / Treatment of Vitamin D Deficiency 

Recommended Daily Vitamin D (RDA) Intake

The RDA for vitamin D intake will depend on what is considered the most 

appropriate level desirable for optimal health outcomes. The first recommendation for 

vitamin D intake for Americans was in 1941 and advised on 400 lU daily for adults. 

This was based on the observation that a similar amount found in one teaspoon of cod 

liver oil could prevent rickets (Park, 1940). The most recent update in 2011, by the 

US Institute of Medicine (lOM) recommended an increase in the daily dietary vitamin 

D intake to 600 lU and 800 lU respectively for those aged between 51-70 and above 

70 years o f age. This assumed a setting of minimal sun exposure and was predicated 

on achieving a 25(OH)D level o f 50 nmol/1. Guidelines were based on higher quality 

studies than 1997 leading to an increase in RDA. Dietary Reference Intakes were 

based on those required for optimal bone health outcomes (including calcium 

absorption, PTH levels, bone mineral density and fracture risk).

Tolerable Upper Intake

The Tolerable Upper Intake (TUI) is the highest daily intake that is likely to pose no 

risk. The lOM have recommended a TUI for vitamin D of 4000 lU per day. Whilst 

10,000 lU was taken as a starting point the recommendation was based on
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maintaining a blood levels o f less than 150 nmol/1 and factored in uncertain long term 

effects of higher intake on chronic disease and mortality. However, it is known that 

consumption of 10,000 lU daily for 5 months is associated with no toxicity (Holick et 

al, 2007).

Vitamin D Supplementation

It has been reported that for every 100 lU of vitamin D supplemented there is a 

corresponding mean rise in serum 25(OH)D of approximately 2.5 nmol/1 (Heaney et 

al., 2005). However, in a recent meta-analysis o f studies that included Caucasian 

subjects aged over 50 who were not taking calcium supplements, an equivalent mean 

rise of 4.9 nmol/1 was calculated per 100 lU o f daily vitamin D consumed (Autier et 

al., 2012). In addition, in a review of 41 studies the mean rise per 100 lU intake per 

day was 5.3 nmol/1 (95% Cl 4.4 -6.2), (Me Kenna et al., 2013). As vitamin D has a 

half-life of about 3 weeks, supplementation with 2000 lU per day over a 3 month 

period would be expected to increase levels by at least 50 nmol/1. This corresponds to 

an approximate accumulative dose of 180,000 lU and should therefore be adequate to 

treat severe deficiency (<25 nmol/1). This however, assumes minimal sun exposure 

and so dosing requirements are likely to be less in the Summer months. Differences in 

recommendations for supplement dosage as advised by the lOM versus other bodies 

may be related to a greater focus on guidance for food fortification and general 

population use as opposed to tailored treatment for the individual.

Vitamin D  Dosing Regimens

There are several different dosing regimens recommended by experts or expert 

organisations. Treatment dose will ultimately depend on the baseline serum vitamin 

D level and desired post treatment target range.

A regimen consisting of 50,000 lU per week for eight weeks followed by the same 

dose every 2 weeks after has been advocated by some experts (Holick et al., 2007). 

The US Endocrine Society’s Clinical Practise Guideline suggest a dose of 1500-2000 

lU per day in adults aged 19 or older to maintain serum 25(OH)D above 75 nmol/1 

(Pramyothin et al., 2012).
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Others have suggested that an average older adult needs an oral intake of 800-1000 lU 

per day to achieve a serum 25(OH)D of 75 nmol/1 (Dawson Hughes et al., 2005). A 

dose of between 1800-4000 lU /day has also been suggested to bring the majority of 

adults to a serum range above 75nmol/l (Bischoff-Ferrari et al., 2009). To maintain a 

level of above 50 nmol/1, a daily intake of 930 lU per day was predicted in a model 

that included a 95% range and accounted for inter-individual variability (Cashman et 

al., 2011).

However, to achieve a higher vitamin D status at a population level a higher daily 

dose may be required. For example, to maintain a 25(OH)D of 100 nmol/1 in 97.5% of 

the population, a daily dose of 9600 lU has been proposed (Garland et al., 2011).

Factors Determining Effect of Vitamin D Supplementation

Several factors may influence the response to supplementation. These include 

baseline vitamin D level, preparation of supplement and type o f vitamin D used, route 

and schedule of administration, body mass index, liver and renal function and 

medication use. Genetic factors may also affect response to treatment.

Baseline 25(OH)D status

Response to treatment may be greater in those with a lower baseline vitamin D but 

studies are limited. In one study of 10,229 subjects who were supplemented with 

vitamin D, the rise in 25(OH)D level was significantly and inversely related to 

baseline levels (Jorde et al., 2010). Similarly, in a review of three studies of vitamin D 

supplementation, those with the lowest baseline 25(OH)D had the highest increase 

(Didriksen et al., 2013). Aloia et al showed a nonlinear dose response relationship 

betw'een vitamin D intake and serum 25(OH)D with a lower rate of increase at higher 

levels of intake (Aloia et al., 2008).

Supplement vehicle substance

The vehicle substance used in supplements may affect the bioavailability o f vitamin 

D. In a review of four studies of supplementation of healthy subjects with vitamin D, 

an oil vehicle produced a greater serum 25(OH)D response than when used in a 

powder or ethanol form (Grossmann et al., 2010).
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Adiposity

The effect of supplementation on plasma 25(OH)D concentrations has been found to 

be negatively modulated by adiposity as previously discussed (Dong et al., 2010; 

Didriksen A et al., 2013). It is proposed that vitamin D sequestration in the fatty 

tissue post supplementation may account for this.

Genetic Factors

Genetic variations in the gene encoding VDP may affect response to supplementation 

(Nimitphong et al., 2013;Didriksen et al., 2013). However, few studies have examined 

for the effects o f genetics in this regard.

Vitamin D2 or D3

The effect of vitamin D2 (ergocalciferol) versus vitamin D3 (cholecalciferol) at 

increasing the levels o f 25(OH)D appears to depend on the frequency of 

administration as opposed to the actual dose used (Holick et al., 2008). As vitamin D2 

appears to have a higher rate of degradation, it requires more frequent dosing (Holick 

et al., 2008). However, it is unclear whether activated vitamin D3 [l,25(OH)2D3] is 

more effective at a biological and receptor level than activated vitamin D2 

[1,25(0H)2D2]. As our bodies have evolved to synthesize vitamin D3, there is a 

biological plausibility that it is more potent.

Vitamin D2 was first produced in the early 1920’s through ultraviolet exposure of 

food, a process that was patented and licensed by phannaceutical companies in the 

US. Vitamin D2 is now widely used form of vitamin D available in the US today 

whereas vitamin D3 is more commonly used in Europe. Whilst it was initially thought 

that vitamin D2 and D3 were equipotent, as early as 1930 it was suggested that the 

activity o f cod liver oil (D3) was different than commercially available D2 (Hess et 

a l, 1930).

It was noted that one unit o f cod liver oil was as effective at preventing rickets as four 

units o f vitamin D2 (Visoterol). Whilst over 40 studies were conducted in the ten 

years following this, results were inconclusive (Park, 1940). In 1949, the World 

Health Organisation made no distinction between vitamin D2 or D3. However, it was
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only in 1972, that one lU of vitamin D was defined in molar terms. This meant that 

although both molecules have different molecular weights, one lU of D3 and D2 now 

equated to the same molecular amount of vitamin D (Norman et al., 1972). This 

allowed for an equal comparison of vitamin D2 and D3 doses used in studies.

Most studies now suggest that provided dosing is regular or daily the efficacy o f using 

vitamin D2 or D3 in raising 25(OH)D levels is similar. This is borne out by a recent 

meta-analysis of 10 randomised controlled trials. Though vitamin D3 was 

significantly better at raising 25(OH)D concentration than vitamin D2, the affect 

existed only for bolus dosing and was lost for daily supplementation (Tripkovic et al., 

2012) .

The controversy of D2 versus D3 may stem from the faster clearance of D2 when 

given as a large dose (Annas et al., 2004). For example, a once off dose of vitamin D2 

(50,000 lU) in as study of 20 healthy males was found to be about one third as potent 

as D3 in maintaining 25(OH)D levels based on area under curve analysis.. Though 

there was a similar initial increase in 25(OH)D compared with same dose D3, the 

concentration fell off rapidly after 3 days before returning to baseline at two weeks 

(Armas et al., 2004). A higher rate of degradation o f ergocalciferol versus 

cholecalciferol was also noted following discontinuation of treatment after 12 weeks 

with 50,000 lU per week (Heaney et al., 2011).

There has however, been studies which have found daily supplementation with D3 to 

be more efficacious than D2 at raising 25(OH)D levels. Trang et al., found that 

supplementation with 4000 lU of oral D3 over a 2 week period was about twice as 

effective at increasing 25(OH)D levels than oral D2, though the study number was 

small (Trang et al., 1998). Mastaglia et al., also reported that 2.5 times the daily dose 

of vitamin D2 was required to achieve similar 25(OH)D levels compared to using D3 

(Mastaglia et al., 2006). Similarly, vitamin D3 given at the same dose as D2 either 

daily or monthly also had a small but significantly greater affect at increasing 

25(OH)D levels in 64 community dwelling adults aged 64 or older over a one year 

period (Binkley et al., 2011).
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Biological Differences in Vitamin D3 & D2

Differences in hepatic hydroxylation, binding to VDP, and direct metabohsation of 

D2 to 24(OH)D may explain some of the differences in the effects of vitamin D2 

versus vitamin D3 (Houghton et al., 2006). The weaker binding affinity of vitamin 

D2 metabolites to DBP may account for it’s shorter circulating half life (Houghton et 

al., 2006) and may be potentially explained by the presence of the methyl group at 

carbon 24 (Hollis, 1984). Hepatic 25-hydroxylase may convert vitamin D3 to 

25(OH)D at a faster rate than D2 which might account for D3 reputed increased 

potency (Holmberg et al., 1986). Further hydroxylation in the kidney leads to the 

formation of, l,24,25(OH)2D3, though this may be a form in which D2 and not D3 is 

inactive (Horst et al., 1986). l,24,25(OH)D3 retains its capacity to bind to the VDR 

(Houghton et al., 2006) and needs to be further oxidised for deactivation (Horst et al., 

1986). In addition, it is believed that 24-hydroxlation of D2 but not D3 may also 

occur directly in the liver thereby leading downstream to [l,24(OH)2D] which has less 

affinity for the VDR (Houghton et al., 2006).

Method o f  Administration

The method of administration and dose used will affect the time required to reach a 

specific steady state serum level. Vitamin D2 or D3 can be given in tablet form or by 

intramuscular injection. Synthetic vitamin D analogues have also been administered 

intravenously in experimental studies. Dosing regimes vary from daily to weekly to 

monthly. It may be more optimal to give parenteral preparations to those who have 

disorders of malabsorption or where medication compliance may be an issue.

Vitamin D3 is available as a prescription drug (in a combined preparation with 

calcium carbonate) licensed for use as a phosphate binder and for the treatment of 

osteoporosis/osteopaenia (Calcichew®, Calcichew D3 forte®, Ideas®, Osteofos®, 

Calcipios®). It is also available in Ireland in prescribed tablet form (Denusin®) and as 

an unregulated over the counter supplement.

2.8 Vitamin D Toxicity

Vitamin D intoxication is observed when 25(OH)D levels are greater than 225-300 

nmol/1 (Holick, 2007) and is rare (Barne et al., 1957; Araki et al., 2011) Serum levels

37



of up to 2400 nmol/1 have been reported in cases of extreme toxicity (Vieth et al., 

2002). While circulating levels of l,25(OH)2D are not increased much in toxicity, it is 

likely that at high concentrations of 25(OH)D may bind to VDR contributing to the 

toxic effects (Lou et al., 2010). Toxicity is generally associated with the intake of 

large amounts of vitamin D. The toxic dose of vitamin D is estimated to be greater 

than 100,000 lU per day for a duration of at least one month (Vieth, 1999).

Vitamin D toxicity is not believed to result form sun exposure (Holick et al., 1981). In 

fact, vitamin D levels of up to 235 mnol/1 without hypercalcaemia or hypercalcuria 

have been identified in subjects with sun exposure only (Vieth et al., 1999; Kimball et 

al., 2007) suggesting it may represent a normal and safe physiologic level.

The absence of any toxicity including hypercalcaemia at a serum 25(OH)D levels up 

to 250 nmol/1 in trials of vitamin D supplementation also suggests that this may be 

considered a safe upper limit (Bishoff-Ferarri et al., 2010; Hathcock et al., 2007). 

However, the emergence of a ‘U ’ shaped curve for vitamin D and health outcomes 

including cardiovascular disease, falls and bone health raises the possibility that long 

term levels above 125 nmol/1 may be injurious. In addition, higher serum levels may 

increase the risk of renal calculi (lOM, 2011).

Signs and Symptoms o f  Vitamin D  Toxicity

The clinical signs and symptoms of excess vitamin D are due to the effects of 

hypercalcaemia including nausea and polyuria (Araki et al., 2011).

Management o f  Vitamin D  Toxicity

This involves treatment of hypercalcaemia with intravenous fluids, administration of 

bisphosphonates or calcitonin (to inhibit bone breakdown) and glucocorticoids which 

appear to suppress l a  hydroxylase conversion to the active vitamin D (Ozkan et al., 

2012). After discontinuation o f of vitamin D, the decline in serum levels occurs with 

a half life of about two monhts (Vieth et al., 2002) so high levels may take several 

months to normalise (Ozkan et al., 2012).
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2.9 Conclusions

Vitamin D has a proven role in maintaining bone health and preventing rickets in 

children and osteomalacia in adults. Vitamin D is unique amongst vitamins in that 

approximately 90% is synthesized by our bodies in response to sunlight rather than 

obtained from our diet. Furthermore, vitamin D is a secosteroid which upon activation 

functions as a hormone that regulates the expression o f hundreds o f genes. The 

presence o f  the vitamin D receptors in most cells coupled with the metabolic 

pathways for it’s activation strongly suggest a role for vitamin D in the 

pathophysiology o f several diseases.

W’hat constitutes an optimal serum vitamin D level remains controversial, though 

deficiency is generally defined as being below 50 nmol/1 and severe deficiency below 

25 nmol/1. This is based on what is considered optimal in studies for bone health 

outcomes. However, some studies point to beneficial effects on bone health at higher 

vitamin D levels and some experts define insufficiency as below 75 nmol/1. Higher 

levels may be deleterious and emerging evidence suggests a ‘U ’ shaped relationship 

with some health outcomes.

The evidence for vitamin D in non-skeletal disease is inconclusive, though studies 

strongly support a role in falls prevention. In addition, vitamin D has been implicated 

in the pathogenesis o f cardiovascular, neurological and autoimmune disease, as well 

as cancer and depression.

Vitamin D deficiency is widely prevalent and may be increasing at a population level. 

Given that supplementation is inexpensive, correction o f  low vitamin D status may 

have a significant global impact on several health outcomes but this remains to be 

proven. Well designed randomised controlled trials are needed to further establish the 

role o f vitamin D beyond bone health.
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CHAPTER 3: VITAMIN D & COGNITION

3.1 Introduction

An increasing body of evidence strongly suggests that vitamin D is involved in 

critical brain function and development and may play a role in cognition. Findings are 

based on studies that have looked at the;

1. The presence o f metabolic pathways for vitamin D in the brain.

2. Affect of the loss of function of Vitamin D Receptor (in rodent models).

3. Affect o f vitamin D on in the central nervous system in vitro and in vivo.

4. Association between serum vitamin D and cognition

Vitamin D may protect against cognitive decline through its affect on neuro

protection, vasculo-protection, modulation of vascular risk factors, anti-oxidation, 

neuronal calcium regulation, immunomodulation, enhanced nerve conduction and 

detoxification mechanisms (Buell et al. 2008). The evidence to date establishes a good 

biological plausibility for the role o f vitamin D in cognition as supported by the 

widespread presence of VDR, vitamin D and Id- hydroxylase in the developing and 

adult brain and the known involvement of vitamin D target gene products in brain 

function and neuro-protection (McCann et al., 2008).

3.2 Vitamin D and the Brain

The first indirect clue that vitamin D may have some role in the brain was when its 

metabolites were discovered in the cerebrospinal fluid of healthy adults (Balabanova 

et al., 1984). This was supported by the earlier finding of l,25(OH)2D binding in the 

brain (Stumpf and O Brien, 1987) and later the presence o f a vitamin D receptor 

(VDR) in the CNS of several species (Musiol et al., 1992; Stump et al.,1995)

3.21 Vitamin D Receptor in the CNS

VDR is expressed widely in the adult brain in temporal, orbital and cingulated 

cortices, cerebellum, mesopontine area, thamalus, hypothalamus, in the accumbens 

nuclei, parts of the stria terminalis and amygdala and widely throughout the olfactory 

system (McCann et al., 2008). It is also expressed in the pyramidal neurons of the 

hippocampal regions CAl ,CA2, CAS, CA4 in rats (Stumpf et al., 1987) as well as in
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humans and is most highly expressed in the subsantia nigra (Eyles et al., 2005). VDR 

has been reported in several cell types o f the CNS including astrocytes, 

oligodendrocytes and Schwann cells (Comet et al., 1998; Prufer et al., 1999; Baas et 

al., 2000). VDR is also densely expressed in the subventricular zone in neonatal rat 

brains, the area representing the active site for proliferation in the embryo and 

throughout life.

3.22 Vitamin D metabolites in the CNS

I,25(0H)2D crosses the blood barrier (Kaleuff et al., 2006) and may also be 

synthesised in the brain (Eyles et al., 2005). In vitro and animal data confirm the 

presence o f  vitamin D in the brain. An early study o f patients with Alzheimer’s 

revealed the presence o f VDR mRNA in humans (Sutherland et al., 1992). 

1,25(0H)2D injected into hamsters was found to be concentrated in nuclei o f neurons

in several brain areas important in memory and cognition (Musiol et al., 1992). The

discovery o f the 1 ct-hydroxlase and biosynthetic / biodegradative pathways for 

vitamin D in neurones and glial cells (Neveu et al., 1994; Eyles et al., 2005) in co- 

location with the VDR supports a functional role for vitamin D in the human brain. 

Genes encoding 25-hydroxylase and Id-hydroxylase are expressed in neurons and 

glial cells within human brain structures critical for cognition (Neuveu et al, 1994; 

Zendher et al., 2001). This supports the theory that serum 25(OH)D levels may 

influence paracrine production o f  1,25(OH)2D directly in the central nervous system 

(Sutherland et al., 1992; Zehnder et al., 2001).

3.23 Vitamin D Gene Products in the Brain

Vitamin D is known to have multiple gene targets in the brain, whose products play 

an important role in neuro-protection, neuronal differentiation and brain function. 

Most evidence comes from studies looking at the direct effect o f on specific gene 

expression while a small number have examined the effects o f vitamin D deficiency. 

In vivo studies where effects on gene expression were observed used relatively high 

doses o f  1,25(0H)2D and in some it was directly injected into the brain (McCann et 

al., 2008). A list o f gene products whose expression is altered by vitamin D is listed in 

Table 3.2.
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Table 3.2: Vitamin D Target Gene Products in the Brain

1,25(0H)2D Gene Target Products in the Brain

Effect Role

N eu ro tro p h in s

Nerve Growth Factor (NGF)
Up regulates Important for growth and survival o f  many cells including cholinergic basal forebrain neurons.

N euro trophin-3  (NT-3) Up regulates Increases transm ission in hippocampal cells, also found in neocortex.

Glial Derived N erve Growth Factor (GDNF) Up regulates Reduces oxidative stress in Parkinson’s Disease.

C alc ium  B ind ing  P ro te in s

Calm odulin, Parvalbum in, Calretinin Up regulates Calcium signalling and homeostasis.

Enzym es

Gama Glutam yl Transpeptidase Up regulates
Enhances innate antioxidant pathways by increasing production o f  glutathione -  protects 
integrity o f  nerve conduction pathways.

Nitric Oxide Synthetase Down regulates Generates Nitric Oxide which can cause dam age to neurons at high concentrations

Choline AcetyLtransferase Up regulates Responsible for neurotransmitter acetlycholine known to play a role in memory function.

Cell S ignalling  P ro te in s

N-myc, c-m yc, protein kinase C Up regulates Control o f  cell cycle, differentiation and proliferation.

L -T ype V oltage Sensitive C hannels Up regulates
Regulation o f  neuronal calcium -role in neurotransmission, neurogenesis,, hippocampal cell loss.

C ytokines ( l l-b , II- 2) Down regulates M ediates inflammation and neuronal damage.



3.24 Vitamin D and Neurotrophins

Studies have shown that vitamin D may protect the structure and integrity of neurons 

through detoxification pathways and neutrophin synthesis. Vitamin D is known to 

effect the expression of three of the four neurotrophins in mammals including nerve 

growth (NGF), glial cell derived nerve factor (GDNF) and neurotrphin-3 (NTS) 

Neruotrophins are proteins necessary for neuronal survival in aging (McCann et al., 

2008).

Nerve Growth Factor (NGF}

This is potently up regulated by vitamin D (Neveu et al., 1994) and is essential for the 

growth and survival of many cells in the brain but in particular the cholinergic basal 

forebrain neurons which project to the hippocampus (Korsching et al., 1985). It is 

also found in the hippocampus where it affects neurotransmission (Siegel, 1999). 

Decreased expression is observed in neonates when vitamin D is removed from the 

diet of pregnant rat females (Eyles et al., 2003). NGF is capable of binding to the pan- 

neurotrophin receptor p75^™ (Chao et al., 1995) both of which are essential factors in 

programmed cell death (Chao, 1994). Vitamin D has also been shown to positively 

regulate the expression of p75^™ in glioma cells (Naveilhan et al, 1996).

Neurotrophin-3 (NT-3)

This is found in the hippocampus and neocortex and is up regulated by vitamin D 

(Neveu et al., 1994). It increases transmission in hippocampal cells (Kang et al., 

2003).

Glial ceil Derived Neurotrophic Factor (GDNF)

Vitamin D has been shown to upregulate GDNF (Nalveilhan et al., 1996) which 

affects the survival and differentiation o f dopaminergic cells (Christophersen et al., 

2007). Recent evidence indicates a role in synaptogenesis (Ledda et al., 2007). 

Treatments with GDNF in rodent and primate models o f Parkinson’s rescued 

damaged dopamine neurons and associated functions (Tomac et al., 1995; Do Thi et 

al., 2007). In the Parkinson’s model in rats, l,25(OH)2D treatment attenuated 

neurotoxicity (Wang et al., 2001). Studies show that the neuro-protective effects were
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dose dependent and found at vitamin D levels that also increased GNDF (Wang et al., 

2000).

3.25 Vitamin D and Enzyme Regulation 

Nitic Oxide Synthetase

1,25(0H)2D inhibits inducible nitric oxide synthetase (Garcion et al., 1997) an 

enzyme that is up regulated during ischaemic events and in patients with Alzheimer’s 

and Parkinson’s Disease (Buell et al., 2008). It is responsible for generating nitric 

oxide which is known to cause damage to neurons and oligodendrocytes at high 

concentrations. In Alzheimer’s and amyloid precursor protein (APP) transgenic mice, 

high NOS levels within astrocytes have been associated with amyloid (3 protein 

deposits (Luth et al., 2001). Nitric oxide snythetase activity has also been reported to 

increase significantly in leukoctyes (De Sevri et al., 2002), and brain micovessels of 

patients with AD (Dorheim et al., 1994). NOS deficiency protected AD-like mice 

from premature mortality, cerebral plaque formation, increased AB protein levels, 

astrocytosis and microgliosis (Nathan et al., 2005)

Gamma Glutamyl Transpeptidase

Vitamin D enhances innate antioxidant pathways. It is known to up regulate Gamma 

Glutamyl Transpeptidase (Baas et al. 2000), an enzyme that leads to increased 

production of glutathione (a potent antioxidant which protects oligodendrocytes and 

the integrity o f nerve conduction pathways critical to mental processing) (Buell et al., 

2009).

3.26 Vitamin D and Neuronal Calcium Regulation

Three calcium binding proteins have been shown to be modulated by vitamin D in 

brain tissues, calbindin, parvalbumin and calretinin (Alexianu et al., 1998; DeViragh 

et al., 1989). All three are widely and uniquely distributed in adult brain and are 

believed to serve a neuro-protective role as calcium buffers (Fierro et a., 1996) as well 

as being involved in critical brain functions (McCann et al., 2008)..
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Calbindin D28K

This is required for normal signalling of synaptically evoked calcium transients 

(Airaksinen et al., 1997), synaptic plasticity (Chard et al, 1995), long terni 

potentiation (Jouvenceau et al., 2002) and memory formation (Molinari et al., 1996 

Dumas et al, 2004). It is also found in Purkinje cells in the cerebellum (where it 

comprises 15% of the total protein content) (Bambridge et al., 1992) and may have a 

direct involvement in motor control (Airaksinen et al., 1997).

Calmodulin

Calmodulin is involved in intracellular calcium homeostasis (Vazquez et al., 2000.) 

Calmodulin is also involved in neurotransmitter activity, NMDA induced synaptic 

plasticity and short term plasticity. It is also a cofactor for (CAM kinase li), the 

enzyme which is believed to have a central role in memory and learning and has been 

suggested as the basis of long-term synaptic memory. Calmodulin content has been 

found to be reduced in Alzheimer brain’s versus controls (McLachlan et al., 1987)

L-Type Voltage Gated Channels

Vitamin D appears to regulate the expression of L-type gated calcium channels. This 

is important as intracellular calcium influx appears to play an important role in 

neurogenesis, synaptogenesis, myelination and neurotransmitter release (Berridge et 

al., 1998; Komuro et al., 1996). In addition, excessive calcium levels are deleterious 

for memory formation and cognitive function (Thibaukt et al., 2001; Veng et al., 

2003). In particular, elevated intracellular calcium levels have been observed in 

neurons in Alzheimer’s disease, as have increased L-type gated calcium channels 

(Coon et al., 1999). Hippocampal cell loss and neuronal aging (features of 

Alzheimer’s) have been attributed to elevated L type voltage calcium channels and 

glucocorticoid neurotoxicity (Kimura et al., 1998). l,25(OH)2D is known to down 

regulate the expression of voltage sensitive calcium channel transcripts in rat 

hippocampal cells. Treatment o f aged rats with l,25(OH)2D restores L-type voltage 

activity to that seen in younger animals (Brewer et al., 2006). In addition, amyloid [3 

protein is known to trigger neurodegeneration by inducing L-type voltage gated 

calcium expression but also by suppressing VDR expression. Treatment with vitamin
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D in this model protected neurones by downregulating LVSCC and upregulating VDR 

(Dursun et al., 2011).

3.27 Vitamin D and Cytokines

There is widespread agreement that vitamin D is a potent immunosuppressant and is 

considered an anti-inflammatory agent with profound affects on T cell function 

(Hayes et al., 2003; van Etten and Matthieu, 2008). One potential mechanism of 

action of neuroprotection may involve the suppression of pro-inflammatory cytokines 

in the brain (van Etten and Matthieu, 2008).

1,25(0H)2D is synthesized by microglial cells (Neveu et al., 1994) which are the 

primary mediators of pro-inflammatory immune responses in the brain. l,25(OH)2D is 

also known to inhibit the synthesis of pro-inflammatory cytokines in the microglial 

cell line (Lefbvre d’Hellencourt et al., 2003). It may decrease the production of 

Tumour Necrosis Factor-alpha (TNF-d) in the brain, which is thought to play a 

pathogenic role in neurodegenerative disorders such as Alzheimer’s and Parkinson’s 

disease (van Etten., 2005). Oral treatment with 25(OH)D has also been shown to 

reduce production o f the pro-inflammatory cytokine IL -lb in rat hippocampus. 

(Moore et al., 2005). In addition, l,25(OH)2D has been shown to down regulate NF- 

kB an important mediator of inflammation (Zhu et al., 2005) that has been associated 

with stress induced neuronal loss in rodents (Madrigal et al., 2002).

3.28 Vitamin D and Neuronal Function

Evidence suggests that, l,25(OH)2D may stimulate adult neurogenesis acting through 

some of its target gene proteins. Vitamin D is known to increase neurite outgrowth 

when added to embryonic hippocampal explant cultures in rodents, an effect which is 

most likely due to and induction of NGF in vitro (Brown et al., 2003).

Vitamin D has been shown to regulate the expression o f a number o f proteins 

important in maintaining the neuron cytoskeleton and plastic synapticity. It is known 

to upregulate the expression of microtubule-associated protein-2 (MAP-2), growth 

associated protein-43 (GAP43) and synapsin-i in cultured rat cortical neurons 

(Taniura et al., 2006). Rat models of maternal hypovitaminosis D also show consistent 

down regulation o f transcripts and proteins involved in cytoskeleton maintenance
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(neruofilament, tubulin, actin, MAP2, glial fibrillary acidic protein), molecular 

transport o f organelles (creatine kinase b, kinesin, Rhoa, dynactin) and synaptic 

plasticity (drebin, GAP43, connexion 43) (Almeras et al., 2007; Eyles et al., 2007).

3.3 Vitamin D Rodent Models

Direct evidence linking vitamin D to cognition has been obtained from rodent models 

where Vitamin D deficiency has been induced (through dietary or UV radiation 

restriction) or in models of defective vitamin D metabolism (VDR knockout mice or 

lot -hydroxylase knockout mice), (McCann et al., 2008).

VDR Knockout Mice

These mice have a defective VDR that can bind 1,25-dihydroxyvtiamin D, but cannot 

bind to DNA (Bula et al., 2005) and hence are not able to regulate gene expression. 

Such mice display several phenotypical and biochemical abnormalites as a result of 

loss of vitamin D function. They appear normal in growth rate until after weaning and 

usually die by 15 weeks of age unless fed a special calcium rich diet (Li et al., 1998). 

After 6 months of age, they show clear symptoms of premature aging, immunological 

deficiency, osteoporosis and ectopic calcification of the thalamic area o f the brain 

(Tuohimaa et al., 2009). Behavioural studies suggest an effect on cerebral function 

with increased anxiety, abnormal grooming, pup cannibalism, impaired nest building 

and neophobia (Kalueff et al., 2004; Keisala et al., 2007: Minasyan et al., 2007).

Vitamin D deficient Mice

Models using gestational dietary and UV radiation restriction have resulted in greater 

than 90% reduction in serum 25(OH)D concentration in neonates (Eyles et al., 2003). 

Vitamin D deficient rats appear to have normal working memory but disrupted latent 

inhibition which is a measure of attentional processing (Becker at al., 2005). Several 

other abnormalities in models have been reported on specific tests including 

hyperlocomotion (Bume et al., 2004) and reduced habituation (Becker et al., 2006). 

In embryonic models, vitamin D deficiency during foetal development has resulted in 

morphological brain changes, motor impairments and memory and learning 

impairments. Vitamin D deficient mice had altered responses to heat, sound and 

shock, reduced levels of glutamate and glutamine and increased levels of GAB A and
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glycine (Groves et al., 2013). Vitamin D deprived rats also had significantly poorer 

performance on a spatial learning task (Taghizadeh et al., 2011).

Morphological changes identified in the newborn offspring o f DVD-deficient rats 

include larger brains, increased volume of the lateral ventricles and a smaller 

neocortical width when corrected for overall larger brain (Eyles et al,., 2003). 

Addition of vitamin D into the diet from birth appears to ameliorate lateral ventricle 

changes (Feron et al., 2005).

Studies in vitamin D -deficient mice show significantly altered expression of 36 

proteins and 74 genes involved with cytoskeleton maintenance, calcium homeostasis, 

synaptic plasticity and neurotransmission, oxidative phosphorylation, redox balance, 

protein transport, chaperoning, cell cycle control and post translational modifications. 

(Almeras et al, 2007; Eyles at al., 2007). Reduced concentration o f brain calcium was 

also observed in Vitamin D restricted rats that resulted in a 50% reduction in serum 

calcium (Harris et al., 1981).

Limitations o f  Rodent M odel Studies

Results from above the above studies appear to be inconsistent, including those 

reporting hyperlocomotion, altered grooming activity, impairment of tests o f working 

memory and reduced habituation (McCann et al., 2008).

Possible reasons for this include differences in the sex and genetic background o f the 

rodents used and different study methodologies employed such as the use o f different 

dietary methods to rescue VDR knockout mice. In addition, few tests were targeted at 

learning and results in several spatial learning tests were mainly negative. Potential 

confounders including the effects of hypocalcaemia and the development of a 

phenotype similar to Type 2 Hereditary Rickets in humans. Some changes were 

consistent with reduced musculoskeletal development and motor impairment (reduced 

stride length, hyperlocomotion, and reduced habituation in the open field test.) (Me 

Cann et al., 2008).

Given that mice are primarily nocturnal and that lithocholic acid can substitute for 

vitamin D in rodent deficiency states raises the possibility that other homeostatic
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mechanisms might protect vital organs such as the brain from loss o f calcitriol 

regulated functions.

3.4 Vitamin D, Alzheimer’s

Alzheimer’s disease is characterised pathologically by the presence of amyloid 

plaques and tangles in multiple brain areas important in cognition. Early in the disease 

the hippocampus is affected which is important in laying the trace for new memory 

As it progresses there is involvement of temporal, parietal and frontal lobes (Salawu 

et al., 2011).

Vitamin D may play a role in Alzheimer’s by protecting against hippocampal atrophy, 

preventing or reducing amyloid accumulation, increasing acetylcholine levels, 

counteracting glutamate toxicity and by anti-inflammatory, antioxidant, vasculo- 

protective and neuro-protective affects. In addition, several risk factors (as identified 

in epidemiological studies) for Alzheimer's disease are also associated inversely with 

serum vitamin D. This includes diabetes, hyperlipidaemia, obesity, hypertension and 

depression. In a clinical trial of 43 subjects (mean age 84.7 ± 6.3 years) with a new 

diagnosis of AD, treatment with vitamin D and memantine for 6 months resulted in an 

improvement in MMSE scores versus vitamin D or memantine alone (Annweiler et 

al., 2012). Alzheimeric rats fed a diet lacking vitamin D had a lower perfonnance on 

a spatial learning task versus Alzheimeric rats with or without supplementation with 

vitamin D (Taghizadeh et al., 2011).

Vitamin D & the Hippocampus

In human subjects with Alzheimer’s, a reduction in VDR mRNA in specific regions 

of the hippocampus (CAl and CA2) was found compared to controls (Sutherland et 

al., 1992). Hippocampal cell loss and neuronal aging have been attributed to elevated 

L type voltage calcium channels and glucocorticoid neurotoxicity (Kimura et al., 

1998). Vitamin D (calcitriol) is known to down regulate the expression of voltage 

sensitive calcium channel transcripts in rat hippocampal cells. Treatment of aged rats 

with vitamin D restores L-type voltage activity to that seen in younger animals 

(Brewer et al., 2006). However, no association between vitamin D status and 

hippocampal volume was identifed in one study involving 318 older community
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dwelling adults (mean age = 73.5, 72.6% female), though subjects did not have 

Alzheimer’s (Buell et al., 2010)

Vitamin D & Amyloid

1,25-dihydroxyvitamin D may play a part in amyloid clearance, as it has been shown 

to stimulate [3-amyloid phagocytosis while protecting against apoptosis (Masoumi et 

al., 2009). l,25(OH)D also appears to enhance blood to brain amyloid efflux transport 

at the blood brain barrier through genomic and non genomic actions (Ito et al., 2011). 

Genomic and non-genomic signaling induced by l,25(OH)2D3 has also been shown to 

promote the recovery of amyloid-P phagocytosis by Alzheimer's disease macrophages 

(Mizwikcki et al., 2012). VDR mRNA expression was found to be strongly 

upregulated in human microglia stimulated with aggregated A(3-42 (Walker et al., 

2006), suggesting that VDR activation by vitamin D could be a therapeutic anti

inflammatory target.

Vitamin D supplementation of aged rats was found to increase |3-amyloid clearance 

and decrease amyloid burden (Briones et al., 2012). It also ameliorated the age related 

decline in learning and memory. In addition, a vitamin D enriched diet was correlated 

to a decrease in amyloid plaques and AP amyloid peptides in transgenic mice that 

develop amyloid plaques within 3-4 months of birth (Yu et al., 2011).

The level of vitamin D-binding protein (DBP) is increased in the cerebrospinal fluid 

of patients with Alzheimer's disease (AD), suggesting a relationship with its 

pathogenesis. DBP prevented Ap-mediated death in cultured mouse hippocampal cells 

and decreased AP-induced synaptic loss in the hippocampus and rescued memory 

deficits in mice after injection of AP into the lateral ventricle. This suggests that DBP 

attenuates the harmful effects of Ap by a direct interaction, and that it maybe a 

promising therapeutic agent for the treatment of AD (Moon et al., 2013).

Whilst in a cross sectional study of 1219 elderly subjects, no association was found 

between 25(OH)D and either serum Ap-42 or AP-40, subjects were cognitively 

healthy (Gu et al., 2012).
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Vitamin D, Prostaglandins and AD

Prostaglandins which are formed after the actions of COX-2 might play an 

inflammatory role in Alzheimer’s as over expression of COX-2 has been identified in 

the hippocampus (Ho et al., 1999) and has been shown to potentiate A(3 protein 

production (Xiang et al., 2002). It has been reported that vitamin D may play a role in 

regulating the expression of several genes in the prostaglandin pathway, thereby 

reducing levels (Moreno et al, 2005). l,25(OH)2D and its analogs have been shown to 

inhibit the activity of COX-2 (Apama et al., 2008).

Vitamin D Nitric Oxide and AD

Vitamin D is known to down regulate iNOS activity (Garcion et al., 1997) which may 

play a role in the pathogenesis of AD (Lu’ong et al., 2011). NOS activity has been 

found to be higher in leukocytes and microvessels of patients with AD (De Servi et 

al., 2002; Dorheim et al., 1994). In addition, in a model of Alzheimer like mice, iNOS 

deficiency protected against cerebral plaque formation, increased A|3 protein levels 

and microgliosis (Nathan et al., 2005).

Vitamin D, ACE activity and Alzheimer’s

Studies point to a potential role of Angiotensin Converting Enzyme (ACE) in the 

pathogenesis of AD, though this remains controversial. ACE activity has been 

reported in post-mortem brain tissue from subjects with AD and was also associated 

with Ap plaque load (Arregui et al., 1982). Increased ACE immunoreactivity and 

ACE activity has been identified, respectively in the parietal cortex (Savaskan et al, 

2001) and peripheral blood of AD patients (Akatsu et al., 2011). ACE has also been 

shown to inhibit the aggregation and secretion o f A(3, an affect which was blocked by 

an ACE-I (Hu et al., 2001). Evidence though is conflicting and conversely in another 

study ACE-I’s appeared to have no affect on levels of A|3 or plaque (Kolsch et al., 

2005).

Vitamin D has been reported to reduce ACE activity in bovine endothelial cells 

(Higiwara et al., 1988). It is also known to down regulate the renin, angiotensin 

system, components of which have been indentified in the CNS in rat models (Ganten
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et al., 1983). It is therefore possible that vitamin D might play a role through it’s 

affect on ACE activity in the CNS.

Vitamin D & Glutamate Toxicity

Vitamin D has displayed neuro-protective properties against glutamate toxicity 

through antioxidant effects (Ibi et al., 2001). Glutamate toxicity is believed to play a 

role in Alzheimer’s disease for which treatment with the glutamate antagonist 

memantine is used.

MHC II Class Antigen expression & Vitamin D

Vitamin D reduces the expression of MHC Class II antigens in humans (Tokuda et al., 

1996) which are reported to be increased on microglial cells in AD brains (Styren et 

al., 1990).

VDR Polymorphisms and AD

Susceptibility to late onset Alzheimer’s disease has been mapped in several studies to 

loci on chromosome 12ql3, where the VDR gene is located (Podsuslo et al., 2001; 

Wang et al., 2012). Higher frequency o f VDR polymorphisms have been found in 

Alzheimer’s brains versus aged matched controls (Gezen-Ak et al., 2007).

In a study of 492 late onset cases of Alzheimer’s and 496 controls an association was 

found between a specific single nucleotide polymorphism (SNP) and Alzheimer’s 

(Wang et al., 2012). The presence of VDR genotypes Apa IT and Taql G were 

associated with an increased risk of Alzheimer’s disease in 255 subjects, especially in 

those under 75 years of age (OR > 3.0, p < 0.005) (Lehmann et al., 2011). These 

polymorphisms were also associated with two other genes involved in the regulation 

o f inflammation, interleukin -10  and dopamine B hydroxylase. A specific VDR 

polymorphism has been associated with a greater decline in category fluency (a test 

which is often impaired in AD) in females in one study (Beydoun et al., 2012

Clinical Studies of Vitamin D & AD

Three meta-analyses have looked at 25(OH)D levels and AD. In one which analysed 

seven case control studies, serum 25(OH)D levels were found to be 1.4 SD lower in
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AD cases compared to cognitively healthy controls (Annweiler et al., 2013). Balion et 

al also performed a meta-analyis of 4 case control studies with AD and found a 

weighted mean difference of 25(OH)D of 6.2 nmol/1 between AD subjects and 

controls (Balion et al., 2012). Finally, a meta-analyses of six studies (N=892) also 

found significantly lower vitamin D status in AD patients versus controls (Zhao et al., 

2013). However, lack of sunlight exposure and dietary habits as a secondary 

consequence of AD might account for this association.

A 25(OH)D level of less than 50 nmol/1 was associated with a higher prevalence of 

possible or probable Alzheimer’s (Buell et al., 2010). Despite this, in a study of 45 

high functioning females who had 25(OH)D levels below 25 nmol/1, no association 

was identified for those who developed Alzheimer’s dementia at seven year follow up 

(Anweiller et al., 2011).

Lower dietary intake of vitamin D in community dwelling females (mean age 79.8 

yrs) has also been associated with an increased risk of developing Alzheimer’s 

dementia at 7 year follow up (Annweiller et al., 2012).

3.5 Vitamin D & Vascular Cognitive Impairment

Vitamin D may help reduce vascular related brain injury by mediating the effects of 

inflammation, calcium dysregulation and increased oxidative stress. During transient 

ischaemic events TGF and GDNF are up regulated in hippocampal cells to promote 

survival. Vitamin D increases innate antioxidant defences by upregulating glutathione 

and GDNF concentrations (Naveilhan et al., 1996) which has been shown to attenuate 

ischaemic brain disease in rodents (Wang et al., 2000). In animal and in vitro models 

of cerebral ischaemia, vitamin D inhibits antigen cell maturation (Carthy et al., 1989), 

and stimulates anti-flammatory cytokine production (Timms et al., 2002).

Vitamin D insufficiency (level of 25-50 nmol/1) has been associated with large vessel 

infarcts and white matter hyperintensity volume and severity (Buell et al., 2010). In 

addition, vitamin D deficiency has been associated with stroke (Chowdury et al., 

2012) as well as atrial fibrillation (Demir et al., 2012). The potential role in 

cerebrovascular protection could be mediated through its possible affect on blood
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pressure (Fonnan et al., 2005), diabetes (Mathieu et al., 2005), and endothelial 

dysfunction (Liu et al., 2013).

3.6 Vitamin D / Secondary Hyperparathyroidism & Cognition

Vitamin D deficiency is a known cause of secondary hyperparathyroidism and an 

inverse relationship exists between serum 25(OH)D and PTH levels. Receptors for 

PTH have been found in numerous organs including the brain and it is widely 

distributed in the central nervous system (Weaver et al., 1995; Usdin et al., 1996). 

PTH appears to pass the blood brain barrier and could therefore affect cerebral 

function (Jobom et al., 1991). PTH increases intracellular calcium concentration in 

nerve cells which could have potentially harmful affects like inhibited mitochondrial 

oxidation and ATP production (Smogorzewski et al., 1991; Massry et al., 1995;) 

Incubation with PTH in one study caused increased intracellular calcium 

concentration and cell deterioration in rat hippocampal slices (Hirasawa et al., 2000) 

It is plausible that PTH and calcium levels may be part of a complex relationship 

between vitamin D and cognitive function. However, serum PTH is also affected by 

several other factors including calcium intake, serum phosphate levels and renal 

function. There is also the potential for the effects of serum calcium on cognition. 

Higher serum calcium has a been associated with greater cognitive decline in older 

adults but not in adolescents (Tolppanen et al., 2011).

Primary hyperparathyroidism is associated with cognitive impairment. In elderly 

patients with primary hyperparathyroidism, dementia is frequently found and often 

alleviated after parathyroidectomy (Ohrvall et al., 1994). Impairments on tests of 

cognitive function in patients with primary hyperparathyroidism includes verbal 

memory, nonverbal abstraction (Walker et al., 2009) and spatial learning (Roman et 

al, 2005) some of which may improve post parathyroidectomy (Walker et al. 2009).

Clinical studies have also found a correlation between serum PTH and cognitive 

performance. High PTH levels were associated with low performance in 10 out of 13 

tests o f cognition in the 5^ Tromso Study (Jorde et al., 2005). PTH was associated 

with impaired cognition at baseline (as measured by MMSE and CDR) and with a 

five-year cognitive decline in a general aged population independent of calcium and 

renal function (Bjorkman et al., 2010).
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3.7 VDR Polymorphisms and Cognition

Further evidence for the role of vitamin D in cognition comes indirectly from studies 

of Vitamin D receptor polymorphisms, some of which as discussed earlier are 

associated with Alzheimer’s disease. A positive association between cognitive decline 

and carriers of the BsmI and TaqI polymorphisms of the VDR gene has been reported. 

These associations could not be explained by differences in calcium levels or survival 

suggesting that genetic variance in the VDR gene influences the susceptibility to age 

related cognitive changes (Kuningas et al., 2009).

3.8 Clinical Studies of Vitamin D & Cognition

A relatively small number of studies have explored the relationship between serum 

25-hydroxyvitamin D and adult cognition and include cross sectional, longitudinal 

and a few intervention trials. Some have been large but used only brief cognitive 

measures. A few studies have also examined the association between vitamin D intake 

and cognition.

Whilst most studies show a positive association between serum 25(OH)D and some 

tests o f global or specific cognitive function, results are inconsistent and the 

relationship remains controversial. It also remains unclear as which cognitive domains 

are most affected by vitamin D. Annw'eiler et al. have suggested that hypovitaminosis 

D is associated with dysfunction of the frontal- subcortical neuronal circuits, 

particularly the dorsolateral circuit (Annweiler et al., 2012). This is based on the 

finding of an inverse relationship between vitamin D and executive function in some 

studies but results are conflicting.

Studies of vitamin D and Cognition - Pitfalls

Inconsistent study findings may be partially explained by a number o f factors 

including choice and sensitivity of cognitive tests used, heterogeneity of the study 

populations, lack of control for multiple potential confounders and differences in 

study methodology. Some studies were small and may not have had sufficient 

statistical power to detect the effect of small differences due to vitamin D.
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Cognitive Testing

Vitamin D deficiency / insufficiency has the potential to affect multiple cognitive 

domains including those specific to Alzheimer’s disease and vascular cognitive 

impairment. Studies that have used a narrow range of cognitive tests or brief global 

cognitive measures may not be targeting the potential areas that may be affected by 

vitamin D. In addition, short neuropsychological assessments are likely to lack 

sensitivity and specificity.

Study Population

Differences in study population characteristics have the potential to affect results, 

especially were known confounders of either cognition or vitamin D have not be 

controlled for. Some studies have been small in size and may not be representative of 

the wider population. Others have included subjects with dementia as opposed to 

mild cognitive impairment increasing the chance of a positive finding being explained 

by ‘reverse causality’. Most have included community dwelling subjects but some 

have included institutionalised elderly. In addition, the exclusion criteria of several 

studies has the potential to bias results. Predisposing genetic factors in different study 

populations may alter vitamin D response, such as the possible impact of normal 

human VDR polymorphisms on cognition.

Confounding Factors

Multiple factors influence vitamin D status (as previously discussed) and when not 

adjusted for could account for false positive results. Cognitive impairment and 

vitamin D deficiency are common in older age though cognitive impairment may 

contribute to low vitamin D levels by reducing outdoor activity and hence sunlight 

exposure. In addition, cognitive impairment could lead to poor dietary habits and a 

reduction in dietary vitamin D intake.

Tests of cognition are affected by age, gender, education, and psychiatric morbidity, 

visual and motor impairment. Correlates of cognitive impairment include current 

smoking status, alcohol consumption, diabetes, cardiovascular disease, stroke and 

hypertension. Vitamin D deficiency is also associated with hypertension, diabetes, 

stroke and metabolic syndrome. The absence or incomplete inclusion o f potential 

confounders may account for mixed results from previous studies. Studies have also
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varied in their analysis o f the relationship, with some exploring associations with 

cognition as a continuous outcome variable as opposed to abnormal cognitive 

performance.

Studies of Dietary Vitamin D Intake and Cognition

Since about 90% of vitamin D is obtained from cutaneous synthesis, the effect of diet 

on vitamin status is small apart from supplements that may be consumed. However, 

at least three studies to date have specifically looked at vitamin D intake and cognitive 

status and have found a significant inverse relationship.

Higher vitamin D intake was associated with a lower risk o f developing Alzheimer’s 

dementia (AD) within 7 years in a cohort of 5596 community dwelling women (mean 

age 79.8 years) who were free of vitamin D supplements after adjustment for several 

confounds (Annweiler et al., 2012). The mean difference in the weekly intake of those 

who developed AD versus no dementia was 348 lU. The risk reduction for those in 

the highest versus the lowest quintile of intake of vitamin D was 77%.

Inadequate dietary intake o f vitamin D (less than 1400 lU per week) was also 

associated with cognitive impairment as measured by the SPSMQ score in a study of 

5596 community dwelling older females (mean age 80.4 years) after adjustment for 

several potential confounders (Anweiller et al., 2010). Subjects in the study were not 

taking vitamin D supplements and hence the difference in vitamin D intake between 

those with and without cognitive impairment is likely to be small.

An inverse correlation between dietary vitamin D intake (mean 316 lU per day) over a 

3 day period and MMSE scores was identified in 59 community dwelling subjects 

(aged 70-89 years) but no adjustment was made for confounds (Rondanelli et al. 

2007).

Cross Sectional Studies

To date, at least 15 out o f 22 cross sectional studies which have looked at serum 

25(OH)D and cognition have reported a positive association (See table 3.81). 

Participants have ranged from young to old. Some studies have only included females. 

Three meta-analyses have been performed. In one of eight case control studies where
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participants where dichotomised as having a 25(OH)D of less or more than 50nmol/l, 

found a higher MMSE in those with the greater vitamin D level though there was 

significant heterogeneity between studies (Balion et al., 2012). A meta-analysis of 

five cross sectional and two longitudinal studies involving 7,688 participants also 

found an increased risk of cognitive impairment in those with lower vitamin D status 

(OR 2.39, 95% Cl 1.91-3.00), (Etgen et al., 2012). In another recent meta-analysis 

which looked at 11 cross sectional and 3 longitudinal studies lower 25(OH)D 

prediceted executive function (Annweiller et al., 2013). A recent systematic review 

found that a worse outcome on one or more cognitive tests or a higher frequency of 

dementia in 18 out of 25 cross sectional studies which looked at serum vitamin D or 

vitamin D intake (van der Schaft et al., 2013).

Ten cross sectional studies involved only a small a number of subjects (Kipen et al., 

1995; Jorde et al., 2006; Wilkins et al., 2006; Przyelski et al., 2007; Aung et al., 2007; 

Oudshorn et al., 2008); Dhesi et al., 2002; Hansen et al., 2011; Lasaite et al., 2011; 

Skalsa et al.,2012) and used only brief measures of cognitive function or had subjects 

with dementia or adjusted for few or no confounding factors.

Of seven large cross sectional studies (Me Grath et al., 2007; Lewellyn et al., 2009; 

Lee et al., 2009; Annweiler et al., 2010; Tolpanenn et al., 2011; Annweiler et al., 

2012) only one used a more extensive battery of cognitive tests (Buell et al., 2009).

The largest study included 6257 community dwelling females (mean age 76.6 years) 

and found an increased risk of global cognitive impairment (-1.5 SD below mean 

study MMSE) in those who were vitamin D deficient (<25nmol/l) versus replete (>75 

nmol/1).. However, no association was found with executive function as assessed by 

the Trails B test. (Slinin et al., 2012).

In an analysis using data from the third NHANES study, no inverse association was 

found though cognitive tests were brief (Me Grath et al., 2007). In a further large 

study of 4929 adolescents, no association between serum 25(OH)D and specific 

cognitive tests were found after adjusting for age and ethnicity (Tolppanen et al., 

2011). Likewise, no relationship was identified in 4310 older adults aged 60 -90  years
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after multivariate adjustment though only a brief test of recall was used (Tolppanen et 

al„ 2011).

A smaller study involving 387 subjects found a positive association when using a 

comprehensive cognitive test, though no significant difference was found in males 

when comparing the lowest and highest tertiales of 25(OH)D (Seamans et al., 2010).

Serum 25(OH)D was also significantly associated with cognitive impairment as 

assessed by the MMSE and CDR in 159 community dwelling older adults (mean age 

85 years) after adjustment for age, gender, and education (Peterson et al., 2012). 

However, vitamin D was taken within 6 months of assessment and no adjustment was 

made for season.

One study to date has looked at vitamin D status in subjects with mild cognitive 

impairment and found a significant inverse relationship after multivariate adjustment 

(Anweiller et al., 2012).

Longitudinal Studies

In a recent review, in four out of six longitudinal studies, subjects with lower baseline 

vitamin D status had a decline in cognition at 4-7 year follow up (van der Schaft et al., 

2013). Studies point to a 25(OH)D level of below 25-50nmol/l as being predictive of 

future cognitive decline in older adults (See Table 3.82).

The largest study to date found an increased risk of decline in the modified MMSE in 

6257 older females (mean age 75.0 years) in those who were severely deficient (< 

25nmol/l) or with a level between 25.0-49.9 nmol/1 at baseline versus 75 mnol/l or 

above. However, no effect was found for executive function as assessed with the trail 

making part B test (Slinin et al., 2012). Likewise, serum 25(OH)D below 25 nmol/1 

and 50 nmol/1 has been associated with cognitive decline as measured by the standard 

MMSE over a 4-6 year period in a studies after adjustment for several covariates 

(Llewellyn et al. 2010). Conversely, no significant decline in MMSE scores or 

perfonnance on Trails B test was identified in a study of 1604 males with 25(OH)D 

below 19.9 rmiol/1 at mean follow up of 4.6 years (Slinin et al., 2010).
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In a study of 45 highly functioning females (mean age 78.4 years) subjects with 

25(OH)D below 25 nmol/1 had an increased risk of developing non-Alzheimer’s 

dementia at 7 year follow up though this did not hold true for subjects who developed 

Alzheimer’s, though the study number was small (Anweiller et al., 2011).

In 1639 German subjects aged over 65 or older, poorer performance on the COGTEL 

phone assessment at 5 years follow up was found in those in the lowest quintile of 

25(OH)D at baseline (Breitlin et al., 2012).

In a study of 473 Caucasian women in Perth, Australia, women with vitamin D 

deficiency during pregnancy (< 46nmol/l at 18 weeks term) were two times more 

likely to have children with a language difficulty at 5 and 10 yrs follow up compared 

to women with a 25(OH)D > 70 nmol/1 (Whitehouse et al., 2012).

Vitamin D -Intervention Trials

There have only been six intervention studies involving vitamin D and measures of 

cognition, with only three finding a positive result. O f these, four were randomised 

controlled trials including those with dementia and healthy subjects. Apart from one 

large study, they were small, of short duration and lacked a comprehensive 

assessment of cognition (see Table 3.83)

In a post hoc analysis of a large randomised controlled trial (the Women’s Health 

Initiative), no significant effect of vitamin D on cognition was noted during a mean 

follow up of 7.8 years. In this study which included 2034 females aged over 65 and 

without probable dementia at baseline, treatment with vitamin D (400 lU) and calcium 

(1000 mg) daily did not result in any difference in the rate of incident dementia, mild 

cognitive impairment or global or domain specific cognitive function compared to 

placebo (Rossom et al., 2012). However, the vitamin D dose used was small and 

subjects in the placebo group were also able to take over the counter supplements 

which may have contained vitamin D. In addition, it is unclear as to what effect 

supplemental calcium may have had.
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Supplementation of 16 subjects who had moderately advanced Alzheimer’s dementia 

with high dose vitamin D (7000 lU D2 per day) for 8 weeks was not associated with 

any improvement in the ADAS-cog or WMS logical memory versus placebo. Study 

subjects were initially treated for a run in period off 8 weeks with 1000 lU D2 per day 

before randomisation to high dose vitamin D or placebo with nasal insulin. Findings 

were negative despite a rise in 25(OH)D from 49 -187 nmol/1 in the treatment group. 

(Stein et al., 2011).

Treatment of 63 healthy young adults (mean age 21-22) in Queensland with 5000 lU 

D3 per day for 6 weeks was not associated with any change in tests o f working 

memory and executive function (Dean et al., 2011). However, baseline serum 

25(OH)D was high (median of 75.0 nmol/1) and subjects were healthy which suggests 

an inappropriate target group for supplementation.

In a double blind pilot randomised controlled trial of 43 elderly oupatients (mean age 

84.7 ± 6.3 yrs) with a new diagnosis of AD, treatment with vitamin D and memantine 

for six months increased MMSE scores compared to subjects taking memantine or 

vitamin D alone (Anweiller et al., 2012). The result remained significant after 

adjustment for covariates, age, gender, pre-treatment score and duration of treatment, 

however only eight were in the combined vitamin D/memantine group. The results 

suggest a potential synergistic affect of combined treatment.

An improvement in attention and reaction times was found in 139 ambulatory subjects 

who were supplemented with vitamin D for six months (Dhesi et al., 2004). Another 

study was non-blinded and involved treatment of only 25 participants, had a short 

duration of 28 days and used only two limited tests o f cognition (Przybeiski et al., 

2008). Whilst it found that an improvement in the Clock Drawing Test was associated 

with an increase in serum 25(OH)D, there was no significant between-group 

difference.
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Table 3.81: Cross Sectional Studies of 25(OH)D and Cognition

Cross Sectional Studies of 25(OH)D and Cognition

A u th o r No. Age T est / M easu re A ssociation C om m ent

Me Grath et al., 2007 9556 20-59

60-90

Adult group: DDST. SDLT 

Elderly: Short story recall

No B rief test in elderly

Slinin et al., 2012 6257 76.6 M odified MMSE (3M S), TMB Yes Both tests when 25(OH)D < 25 nmol/1 versus > 75 nmol/1.

Tolpannen et al., 2011 4310

4290

60-90

20-59

O lder adults: story recall 

Y ounger adults: DSST, SDLT
No

Llewellyn et al., 2010 3325 73.7 W AIS digit span, limited M M SE, EBMT( story 

recall), GCS, MCS

Yes Only attention, orietantion when 25(OH)D 25 -5 0  nmol/1, no 

confounds

Lee et al., 2009 3133 60.0 DSST, ROCT, CTRM , Yes Only with DSST

Llewellyn et al., 2009 1766 78.2 AM T Yes Only in males in full model, some subject institutionalised

Buell et al., 2009
1080 75.0

Trails A & B, DSST, W M S logical memory and 

subtests

Yes Executive tests only and when 25(OH)D< 25nmol/l

Chan et al., 2011 939 > 6 5 CSl-D
No In males when com paring 25(OH )D  < 63 nmol/l vs. >92 

nmol/1

A nw eiller et al. 2010 752 80.7 SPM SQ Yes Below 25 nmol/l increased risk

D SST  - D ig it Sym bol Substitution T est, A M T  - A bbreviated M ental T est, C D R  -  C linical D em entia Rating Scale , M M SE -  M ini M ental State Exam ination, S l’M SQ  -  Short Portable M ental 

State Q uestionnaire, W A IS -W e sc h le r  A dult In teiiig ience T est., G C S- G lobal C om posite  Score, M C S- M em ory C om posite Score, EBM T -E astern  B oston  M em ory T est., - W eschler M em ory  

Scale. D SM T - D igit Sym bol M atching T est, T M B  -T rA II m aking B. CSI C ogn itive S tyle  Index, [A g es quoted as range or m ean |.



Table 3.81: Cross Sectional Studies of 25(OH)D and Cognition

Cross Sectional Studies of 25(OH)D and Cognition

A u th o r No. Age T est / M easure A ssociation C om m ent

M eNant et al., 2012 463 78.0 M M SE, DSM T TM T A&B, TM T diff. Block Design Score Yes Below 50mol/l reduced score in TM T B & 

BDS

Seamans et al., 2010 188 76.2 CANTAB Yes Only in females

Oudshoom  et al., 2008 225 77.7 MMSE Yes

Peterson et al., 2012 159 85 CDR, MMSE No No adjustm ent for season

Jorde et al., 2006 148 62.1 Trails A & B ,  m em ory, language & executive tests No May have been underpowered

Skalksa et al., 2012 138 79.6 AM T Yes Higher risk when 25(OH )D  between (23.26- 

47.8 nmol/I), no confounds

Lasaite et al., 2011 130 18-26 DST, TM A &B No No adjustm ent for confounds

Brouwer-Bolsm a et al., 2013 127 65+ Executive function Yes

Anweiller et al. 2010 95 71.1 Mild Cognitive Impairment (W inblad et al. criteria) Yes

W ilkins et a!., 2006 80 74.8 CDR, SBT, M M SE, Language, Memory, Executive tests Yes Only with SBT & CDR, Some subjects with 

dementia

Aung et a!., 2007 44 > 6 5 M M SE, CDT No No adjustm ent for confounds

Przyelski et al., 2007 32 79.5 M M SE Yes No adjustm ent for confounds

Hansen et al.. 2011 25 34.6 N-Back test, accuracy & reaction time Yes No adjustm ent for confounds

DSST - Digit Symbol Substitution Test, DSMT- Digit Symbol Matching Test, AM 1' - Abbreviated Mental Test, CDR -  Clinical Dementia Rating Scale, CAN TAB -  Cambridge 

Neuropsychological Testing Automated Battery, MMSE -  Mini Mental State Examination, SB T -  Short Blessed Test, TM A&B -Tr\ail making A & B. [Ages quoted as range or mean]
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Table 3.82: Longitudinal Studies of 25(OH)D and Cognition

Longitudinal Studies o f 25(OH)D and Cognition

A u th o r No. Age L en g th  (yrs) C ogn itive  O u tcom e In v erse  A ssociation C o m m en t

Slinin et al. ,2 0 1 2 6257 75.0 4 M odified M M SE , Trails B Yes Only with m odified M M SE when 25(O H )D  <25 or 

25-49.9 nmol/l versus > 75 nm ol/l)

Breitlin et al., 2012 1639 > 6 5 5 C OGTEL Yes Yes

Slinin et al., 2010 1604 74.6 4.6 M odified M M SE, Trails B No No

Lew ellyn et al., 2011 858 >75 3-6 M M SE, Trails A & B Yes Both tests, significant when com paring (<25 

versus >75 nm ol/l)

W hitehouse et al., 2012 473 5 Peabody Picture Vocabulary 

Test

Yes C hildren o f  pregnant wom en at increased risk when 

25(OH )D < 46 nmol/l vs. > 70 nm ol/l at 16 w eeks 

gestation

A nw eiller et al., 2011 49 76.4 7 Diagnosis o f  Dem entia 

A lzheiem er’s (AD) or 

N on -A lzheim er’s (NAD)

Yes Increased risk only with NA D  when

25(01 l)D< 25 nmol/l

Sm all no. o f  cases o f  incident dem entia

M M SE -  M ini M ental State Exam ination, C O G TEL [Age quoted as mean]



Table 3.83: Randomised Controlled Trials of Vitamin D and Cognition.

Randomised Controlled Trials of Vitamin D and Cognition

A u th o r No. Population L ength Age (yrs) In terv en tio n C ogn itive  O u tco m e R esu lt / C o m m en t

Rossoni et al., 

2012

4143 C om m unity dw elling fem ales 7.8 years > 6 5 400 lU D3 /day + Calcium 

Placebo

Incident dem entia & mild 

cognitive im pairm ent

No efi'ect

Low vitam in D dose 

Poor com pliance

Lew ellyn et al., 

2011

120 M oderate dem entia (M M SE 10-20) 

N ot on dem entia drugs

43 weeks 84.7 100.000 lU D3/ m onth + m em antine 

Placebo/ month + m em antine

M M SE, FAB,

Trail m aking A&B, 

A D AS Cog

Positive effect

Dean et al., 

2011

128 Healthy adults in Q ueensland 6 weeks 21-22 5000 lU D3 /day Visuospatial w orking 

mcmor>' (N -B lack test) 

M ental llexibility

No effect

High baseline 25(OH )D

Stein et al. 

2011

16 C om m unity dw elling

M ild /m o d erate  AD  (M M SE 12-24)

16 weeks > 6 0 1000 lU D3/ day throughout and 

after 8 wks randomised to either: 

1.7000 lU D3 + nasal insulin/day 

2. Placebo + nasal insulin /day

A D A S-cog

W M S logical mem ory

Disability A ssessm ent in 
Dem entia

No efl'ect

1 M M SE -M in i M ental State Exam ination, FAB -F ro n ta l A ssessm ent Battery, AD AS Cog -A lzheim er's Disease A ssessm ent Scale, W M S -  W eschler M em ory Scale, AD -A lz h e im e r 's  Disease
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Conclusion

Relatively few studies to date have examined the relationship between serum vitamin 

D and cognition. The relationship in cross sectional and longitudinal studies tends to 

be confined to those who are vitamin D deficient (< 50 nmol/1). It is unclear as to 

which cognitive domains are most affected by vitamin D, though it has been 

associated with both measures of executive function as well as global cognitive tests 

scores. As cognitive impairment is correlated with frailty there is the potential for 

reversal causality in studies whereby lower vitamin D status is simply explained by 

inadequate sun exposure in those who are cognitively impaired. Whilst vitamin D may 

have dynamic and immediate effects on neurotransmitters that play a role in cognition 

including acetylcholine, proving causality may be difficult if  the effects are more long 

term through modulation of multiple risk factors. This highlights the need for well 

designed randomised controlled trials of adequate duration and vitamin D dosage.
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CHAPTER 4: VITAMIN D AND BLOOD PRESSURE

4.1 Introduction

Increasing evidence has emerged that supports a role for vitamin D in the 

pathophysiology of hypertension. Disorders of calcium, parathyroid hormone (PTH) 

and vitamin D metabolism were proposed to be related to the development of 

hypertension more than twent>' years ago (McCarron et al. 1980). Early studies also 

demonstrated a relationship between vitamin D and blood pressure in rodent models 

of vitamin D deficiency (Weishaar et al., 1987). Further supportive evidence to date 

has come from several studies that have looked at the:

1. Affect o f loss of VDR function and vitamin D deficiency on blood pressure in 

animal models.

2. Affect o f vitamin D on physiological detenninants of blood pressure.

3. Association between vitamin D intake or serum vitamin D and blood pressure.

4. Affect o f vitamin D supplementation on blood pressure.

The presence o f VDR and Id-hydroxylase in the myocardium, vascular smooth 

muscle cells and endothelium, and the affect of vitamin D on the renin angiotensin 

aldosterone (RAAS) system supports a plausible biological role for 25(OH)D in the 

modulation of blood pressure. In addition, numerous studies report an association 

betw'een serum vitamin D levels and hypertension or higher systolic and diastolic 

blood pressure. Furthermore, supplementation with vitamin D has been found to have 

a favourable affect on blood pressure in some intervention trials.

Potential Mechanisms of Action

There are several mechanisms via which vitamin D may affect blood pressure. It is 

postulated that the vitamin D may modulate blood pressure through it’s affect on the:

1. Renin Angiotensin Aldosterone (RAAS) system

2. Parathyroid Hormone levels (PTH)

3. Calcium metabolism

4. Vascular endothelial / smooth muscle function

5. Reno-protection
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It may also improve insulin sensitivity and blunt cardiomyocyte hypertrophy which 

may prevent against hypertension (Cosenso-Martin et al., 2011).

4.2 Vitamin D and Regulation of Renin Angiotensin Aldosterone System

The renin angiotensin aldosterone system (RAAS) plays a critical role in the 

regulation of blood pressure, electrolyte and plasma volume homeostasis. It’s 

activation leads to increased production o f renin and angiotensin which contributes to 

the development of hypertension (MacKenzie al., 2006). Vitamin D appears to play an 

important role as a negative regulator of the RAAS. Vitamin D deficiency and 

supplementation are associated respectively with both up and down regulation of the 

RAAS, suggesting a beneficial role for vitamin D in control o f blood pressure. There 

may also be an interaction between dietary sodium intake, the RAAS and vitamin D 

(Vaidya A et al., 2011). However, there has been some inconsistent results. In a small 

study, treatment o f subjects with 25(OH)D or l,25(OH)2D did not change RAAS 

parameters (Bernini et al., 2013).

4.21 Vitamin D Deficiency and Up Regulation of RAAS

VDR knockout mice have increased expression of renin and angiotensin II leading to 

hypertension, cardiac hypertrophy and increased water intake, an effect that was 

found to be independent of serum calcium and PTH levels (Li et al., 2002). Three fold 

higher levels of renin mRNA and 2.5 fold higher levels of angiotensin II have been 

identified in such models, and treatment with an ACE inhibitor or ATI receptor 

blocker can prevent the above abnormalities. Renin activity has been inversely 

associated with l,25(OH)2D levels in hypertensive patients (Burgess et al., 1990). In 

normotensive human subjects, serum angiotensin II and intrinsic RAAS activity were 

found to be higher in those who were vitamin D deficient ( < 3 0  nmoI/1) and 

insufficient (37.5-75 nmol/1) compared to those who were vitamin D sufficient ( > 75 

nmol/1) (Forman et al., 2010). A trend for higher plasma renin activity was also found 

in 50 subjects (mean age 49.5 ± 7.8 years) with lower vitamin D status (Kota et al., 

2011). Serum 25(OH)D was also inversed associated with plasma renin activity in 223 

hypertensive Caucasians (Vaidya et al., 2011).
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4.22 Vitamin D and Down Regulation of RAAS

Vitamin D is a potent suppressor of renin synthesis, an effect which appears to be 

independent of calcium and PTH levels (Zhao et al., 2008). In cell cultures, 

1,25(0H)2D directly suppresses renin gene transcription by a VDR dependent 

mechanism. In normal mice vitamin D deficiency stimulates rennin expression, 

whereas injection of l,25(OH)D reduces renin synthesis. In transgenic mouse models 

that over express the VDR receptor, suppression of renin synthesis by l,25(OH)?D in 

vivo was also found to be independent of PTH and calcium (Kong et al., 2008). 

Correction o f vitamin D levels has been found to blunt systemic RAAS activity. In 

vitamin D deficient mice, with increased systolic and diastolic blood pressure, high 

plasma renin levels were reversed in six weeks by a vitamin D sufficient diet (Weng 

etal.,2013).

In a small study involving 15 drug free patients with essential hypertension and low 

vitamin D levels, treatment with oral vitamin D (25,000 lU once a week) 

significantly reduced plasma renin and aldosterone levels, with a trend also for a 

reduction in angitotensin II levels (Carrara et al., 2013).

4.23 VDR Polymorphisms and RAAS

Genetic variation at the FokI polymorphism of the VDR gene, in combination with 

higher vitamin D levels were associated with lower plasma renin activity in 375 

hypertensives subjects (Vaidya et al., 2011). However, 25(OH)D was not associated 

with renin activity in normotensives in the same study. In addition, the FokI 

polymorphism has also associated with an increased risk of hypertension in a case 

control study involving 480 patients (Swapna et al., 2011).

4,3 Vitamin D, PTH and Hypertension

Vitamin D deficiency is associated with elevated PTH levels and an inverse 

relationship exists between vitamin D and PTH (Thomas et al., 1998). It has been 

proposed that the possible affect o f vitamin D on blood pressure may be in part 

mediated by PTH.

Several observational studies report a high prevalence of hypertension in states of 

primary or secondary hyperparathyroidism which often normalise post
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parathyroidectomy. In addition, several cross sectional studies report a significant 

positive correlation between PTH levels and blood pressure. The association may be 

more marked in those with low calcium intake and/or elevated PTH (Jorde et al., 

2000). While evidence points to a direct or indirect physiological role of PTH in blood 

pressure homeostasis, the nature of the relationship is unclear.

Potential Mechanisms of PTH on Blood Pressure

The underlying relationship between PTH and blood pressure may be complex. 

Chronic PTH infusion is known to cause increased blood pressure in healthy subjects 

though this may be due to high calcium levels (Hulter et al., 1986). Conversely, a 

hypotensive and vasodepressor effect has been reported in animal species (Saglikes et 

al., 1985).

Some studies point to a potential role o f PTH in vascular smooth muscle function, it’s 

association with a PTH hypertensive factor, a possible affect on renin secretion and 

vascular inflammation and atherosclerosis.

PTH  and Vascular Smooth M uscle

Receptors for PTH and PTH-related peptide have been located in vascular smooth 

muscle cells and in the arterial endothelium (Usdin et al., 1996). PTH has a pro- 

sclerotic effect on vascular smooth muscle cells which may contribute to vessel wall 

thickening and consequently to higher blood pressure (Perkovic et al., 2003). A 

positive correlation between PTH and intracellular calcium suggests that PTH may act 

as an ionophore for calcium entry into cells which could lead to hypertension 

(Fardella et al., 1995).

PTH  and 1,25 (OH)2D  levels

High levels of l,25(OH)2D which can be due to elevated PTH have been associated 

with hypertension in humans in many studies (Rensick et al, 1986; Sowers et al, 1988; 

Brickmann et al. 1990; Morimoto et al, 1991; St. John et al., 1994), but not in all 

(Young et al., 1990; Lind et al., 1995; Duprez et al.,1994). l,25(OH)2D has been 

shown to increase intracellular calcium concentration in isolated vascular smooth 

muscle cells (Kawashima et al., 1988). Increased levels o f l,25(OH)2D has also been 

reported in spontaneous hypertensive rats (Kurtz et al., 1986).
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1,25(0H)2D reportedly increases the uptake of calcium into vascular smooth muscle 

cells (Bukoski et al., 1987) and has been shown to increase calcium adenosine 

triphosphate (Ca-ATPase) activity in a vascular smooth muscle cell line (Kawashima 

et al., 1988). It is postulated that increased 1,25(OH)2D levels in response to elevated 

PTH may lead to increased calcium influx into vascular smooth muscle ceils resulting 

in contraction and increased peripheral resistance, increasing blood pressure (Zemel et 

al.,2001).

PTH and PTH Hypertensive Factor

The existence of the above factor was first proposed in 1989 (Pang et al., 1989). The 

co-release of a PTH hypertensive factor along with PTH has been reported in 

spontaneously hypertensive rats (SHR) which when injected into normotensive rats 

produced a delayed hypertensive effect (Pang et al., 1989). Parathyroid hypertensive 

factor-like activity levels have also been found to be elevated in hypertensive 

individuals (Resnick et al., 1993).

PTH and the RAAS

A  dose dependant increase in plasma renin activity was found following a PTH 

infusion in 22 normotensive human subjects (Broulik et al, 1986) though this has not 

been replicated by other studies (Hulter et al. 1986). High plasma renin activity and 

aldosterone levels in hypertensive patients with primary hyperparathyroidism were 

found to normalise along with blood pressure in most patients after_parathyroidectomy 

in one case series (Gennari et al., 1995) suggesting the possible direct effect of PTH 

on renin secretion. However, increased levels of l,25(OH)2D which is a potent 

suppressor of RAAS is known to occur in association with high PTH levels. In 

addition, elevated PTH levels have been found in individuals with low renin 

hypertension (Resnick et al., 1986).

Hypertension and Primary / Secondary Hyperparathyroidism

Vitamin D deficiency is prevalent in patients with primary hyperparathyroidism. 

(Grey et al., 2005; Silverberg et al., 2007; Grubbs et al., 2008) and is also a cause of 

secondary hyperparathyroidism. In addition, patients with primary 

hyperparathyroidism have been found to have increased radial artery stiffness (Rubin
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et al., 2005) and both increased stiffness and intimal thickness of the carotid artery 

(Walker et al., 2009).

Several case reports and series describe improvement in blood pressure post 

parathyroidectomy in patients with hypertension and hyperparathyroidism (Stefenelli 

et al.,1993; Gennari et al., 1995; Puepet et al., 2008), though some have reported no 

difference (Bollerslev et al., 2009) and others an increase in blood pressure (Rydeberg 

et al., 2010).

Clinical Studies of PTH and Blood Pressure

While several cross sectional studies have found a positive association between PTH 

levels and blood pressure (Gennari et al., 1986; Rensick et al, 1986; 1987; Hvarfner 

1987; Brickmann et al. 1990; Young et al.,1990; St John et al., 1994; Morfis et al., 

1997; Jorde et al., 2000; Jorde et al., 2005; Snijder et al., 2007; Zhao et al., 2010), (He 

et al., 2011; Chan et al., 2012; Mateus-Hamdan et al., 2012) others do not show any 

significant relationship (Kristal -  Bonch et al., 1997; Kim et al., 2010),

In at least two studies where PTH was associated with blood pressure, no 

corresponding association was identified with vitamin D (Snidjer MB et al., 2007), 

(Chan et al., 2012) but this may have been due to a high vitamin D status of study 

subjects. In a recent large population study (N=7561), most o f the association between 

25(OH)D and blood pressure was attenuated by PTH (He et al., 2011) suggesting that 

it was an explanatory variable.

One longitudinal cohort study found PTH to be a significant predictor of rise in 

systolic blood pressure over a seven year period in men but not in women (Jorde et 

al., 2005). In addition, in one randomised controlled trial of vitamin D and calcium 

supplementation, a significant positive correlation between the change in PTH and the 

change in systolic blood pressure was found (Pfeiffer et al. 2001, r = 0.9).

Confounding Factors for PTH

PTH levels can be influenced by factors other than vitamin D including the intake of 

calcium, phosphate and sodium (Bucher et al., 1996; Calvo et al 1996; Altun et al. 

2006). Low serum calcium was reported as the commonest cause of elevated PTH in

72



the 5*'̂  Tromso study. No significant difference in serum 25(OH)D were found 

between a cohort with normal and high PTH levels in one study despite finding a 

positive correlation between PTH and blood pressure (Jorde et al., 2000). Sodium 

intake and calcium excretion are tightly related (Zemel et al., 2001) and several 

studies report that increased dietary sodium intake can increase urinary calcium 

excretion (MacGregor et al., 1993) which could result in an increase in PTH and also 

1,25(0H)2D. Some studies also report increased renal calcium excretion in 

hypertensive subjects (Gennari et al., 1986) which has been proposed as cause for 

elevated PTH levels in patients with essential hypertension (McCarron et al., 1980; St. 

John et al., 1994).

4.4 Vitamin D, Calcium and Blood Pressure

Vitamin D is critical for calcium absorption and homeostasis. Dietary calcium may 

lower the activity of the renin angiotensin system (Resnick et al., 1983) and inhibit 

vascular smooth muscle contraction (Bohr et al., 1963) and improve sodium/ 

potassium balance (Resnick et al., 1999). It is possible that the relationship between 

vitamin D and blood pressure could be mediated by its affect on calcium homeostasis. 

Several studies have identified a relationship between calcium intake or serum 

calcium levels and blood pressure. In addition, numerous randomised control trials of 

calcium supplementation have reported statistically significant reductions in systolic 

and / or diastolic blood pressure though results are inconsistent and the effect is small.

Calcium Intake and Blood Pressure

A relationship between calcium intake and / or supplementation and blood pressure 

has been identified in several meta-analyses (Griffith et al., 1999; Allender et al., 

1996; Bucher et al., 1996; Birkett et al., 1998;Dickinson et al., 2006), In a systematic 

review by Chung et al., calcium supplementation in trials of hypertensive adults was 

associated with lower systolic but not diastolic blood pressure (Chung et al., 2009).

Serum Calcium and Blood Pressure

A significant inverse relationship between plasma ionized calcium and blood pressure 

has been found in a few studies (Hvarfer et al., 1986; Lind et al., 1987; Brickmann et 

al., 1990; Orwoll et al., 1990).
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4.5 Vitamin D and Endothelial Dysfunction

Several studies including randomised controlled trials have provided evidence which 

suggests that vitamin D has a positive effect on endothelial function. Results however, 

have been inconsistent. Despite this, there is a strong biological plausibility 

underpinning vitamin D’s potential effect.

The VDR and 1-a hydroxlase are found in endothelial and vascular smooth muscle 

cells (Somjen et al., 2005). Vitamin D regulates expression of several proteins in the 

arterial wall including vascular endothelial growth factor, matrix metalloproteinase 

type 9, myosin, elastin, type I collagen, and gamma carboxyglutamic acid, a protein 

that protects against arterial calcification (Norman et al., 2005).

It is believed that 1,25 dihydroxy vitamin D may exert a vasculo-protective effect 

through it’s anti-inflammatory properties and down regulation o f endothelial adhesion 

molecules as well as increasing the activity o f endothelial nitric oxide synthetase 

(Talmor et al., 2008), (Molinari et al., 2011). It has been shown to increase 

prostacyclin production which may have an affect on vasodilation and atherosclerosis 

(Wakasugi et al., 1991). It has been suggested that l,25(OH)D could increase vascular 

resistance by increasing the sensitivity to vasoconstrictors (Bukoski et al.,1990).

Chronic treatment with vitamin D reduces endothelial contractions and lowers arterial 

blood pressure in the aorta of the spontaneously hypertensive rat (Wong et al., 2010). 

Vascular smooth muscle tone was also doubled and nitric oxide evoked vasodilatation 

halved in young vitamin D deficient mice who also had markedly elevated blood 

pressure and heat rates (Tare et al., 2011).

Cross Sectional Studies

Most cross sectional studies in humans have shown an inverse association between 

vitamin D and endothelial dysfunction using different measures (Liu et al., 2013). 

Some studies were relatively large (N=554) (Yu et al., 2011) but many have included 

much smaller sample sizes (Duprez et al., 1993; Ertek et al., 2012; Jablonski et al., 

2011).
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In addition, to endothelial dysfunction studies have also found vitamin D to 

independently associated with increased carotid intimal/media thickness (Targher et 

al., 2006) decreased arterial compliance (London et al., 2007) and arterial calcification 

(Watson et al., 1997).

Randomised Controlled Trials

At least 12 randomised controlled trials of vitamin D and endothelial function have 

been performed (Liu et al., 2013). Results have varied with only six reporting a 

positive effect of supplementation (Schleithoff et al., 2006), (Sugden et al., 2008), 

(Tarcin et al., 2009; Dong et al., 2010; Harris et al., 2011; Witham et al., 2012). 

Different findings may in part be due to differences in study methodologies, vitamin 

D dose used, outcomes measures and participant characteristics. Study sizes were 

small and included those with varied conditions including stroke, diabetes, heart 

failure and peripheral arterial disease.

4.6 Vitamin D and Renoprotection

Vitamin D may also have reno-protective properties which might be mediated by it's 

affect on podocyte hypertrophy (Kuhlmann et al., 2004) and suppression of mesangial 

cell proliferation in the kidney (Hariharin et al., 1991). Vitamin D deficiency has 

been associated with an increased risk of proteinuria in the US adult population (De 

Boer et al., 2007). Vitamin D could protect against this, as reduction of angiotensin II 

through RAAS blockade may have an antiproteinuric and antifibrotic effects (Shroff 

et al., 2012). These reno-protective properties could explain how vitamin D might 

positively influence blood pressure status.

4.7 Studies Supporting a Role For Vitamin D in Hypertension 

UVB Exposure, Vitamin D and Hypertension

Some cross sectional studies reporting geographical differences in blood pressure 

support an association between vitamin D and hypertension. This is based on the fact 

that UVB exposure is a surrogate marker o f vitamin D synthesis in the skin which 

declines with increasing distance forni the equator and is lower in the Winter than in 

the Summer.
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Systolic and diastolic blood pressure were significantly and positively associated with 

distance fi-om the equator in the INTERSALT study which examined more than 

10,000 participants form around the world (Rostand et al., 1997). Geographic 

differences in blood pressure have also been observed in individuals of African origin, 

with those residing in northern regions having higher blood pressure than those living 

closer to the equator (Cooper et al., 1994).

Several studies have shown seasonal variations in blood pressure with it peaking in 

the Winter and falling in the Summer (Kristal-Boneh et al.,1996; Minami et al., 1996; 

Rosenthal et al.,2004)..

It has been postulated that UVB sun exposure might have the potential to lower blood 

pressure by inducing the cutaneous production of nitric oxide (Juzeniene et al., 2012) 

an effect which would be independent o f vitamin D. In addition, a seasonal change in 

both systolic and diastolic blood pressure was found independent of vitamin D dose in 

a trial of 305 healthy postmenopausal woman aged 60-70 supplemented with vitamin 

D(W ood et al., 2012).

UVB Treatment and Blood Pressure

At least one study that investigated the effect of UVB treatment on blood pressure. In 

18 individuals with mild hypertension aged 26 - 66 years who were randomised to 

receive UV-B or UV-A exposure tliree times weekly for six weeks, a 162% rise in 

serum 25(OH)D in the UV-B cohort was associated with a 6 mmHg drop in both 

systolic and diastolic blood pressure. No change in blood pressure was observed with 

UV-A exposure. Most subjects in the study had serum 25(OH)D levels well below 50 

mnol/1 suggesting that lower levels of vitamin D are associated with hypertension 

(Krause et al., 1998).

Vitamin D and Pre-eclampsia

Studies suggest that vitamin D may play a role in pathogenesis o f pre-eclampsia, a 

condition that causes hypertension. There appears to be a racial disparity in pre

eclampsia with black females being more likely both to develop severe preeclampsia 

and suffer greater morbidity with it than white women (Eskenazi et al., 1991). The 

incidence of pre-eclampsia has been found to vary with season being the highest in
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the Winter (Wellington et al., 2012) also supporting the hypothesis that vitamin D 

may play a role. In one study, an early pregnancy serum 25(OH)D of less than 37.5 

and 50 rmiol/1 was associated with a respective fivefold and twofold increased risk 

after confounding for several factors (Bodnar et al., 2007). l,25(OH)2D regulation of 

vascular endothelial growth factor (VEGF) (Cardus et al., 2009) which has been 

reported as a predictive marker for pre-eclampsia (Bills et al., 2009) may be a 

possible mechanism to account for this. Vitamin D therefore may have a role in the 

pathogenesis o f hypertension via decreased VEGF production (Ullah et al., 2010),

4.8 Clinical Studies of Vitamin D and Blood Pressure

Clinical studies to date that have explored the relationship between vitamin D and 

blood pressure have included cross sectional and longitudinal studies of vitamin D 

intake or serum 25(OH)D, as well as randomised controlled trials. Many studies were 

not primarily designed to look specifically at the relationship with blood pressure.

The majority o f studies have found an inverse relationship, though there have been 

inconsistent findings. This may reflect a number of different factors such as 

differences in study population characteristics or inclusion criteria, methods of 

measuring blood pressure or defining hypertension, evaluation of 25(OH)D levels, 

treatment interventions and adjustment for potential confounding factors for blood 

pressure and vitamin D.

4.81 Vitamin D and Blood Pressure Studies -Pitfalls

Study Population

As many studies looked at blood pressure as a secondary outcome, many participants 

had other medical conditions including obesity, metabolic syndrome and cardiac 

disease and were therefore were not representative of the general population. It is also 

not known whether genetic factors in specific populations may account for a 

differential effect of vitamin D on blood pressure.

Confounding Factors

Several factors are known to affect blood pressure including sodium, calcium and 

alcohol intake, BMI, physical activity, use of medications including anti-
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hypertensives, smoking, exercise and family history. Some factors that can affect 

vitamin D (as have been previously discussed) are also associated with blood 

pressure. Residual confounding may occur in studies where there has been inadequate 

adjustment for these covariates.

Factors related to the effect o f vitamin D on Blood Pressure

It is not clear what level o f vitamin D deficiency will activate the RAAS or affect 

blood pressure and hence the supplementation dose and duration of treatment that 

might be required to achieve a beneficial outcome. It is also unclear whether the affect 

of supplementation may be greater in those with higher blood pressure or a diagnosis 

of hypertension and whether it is age dependent. It has been suggested that in subjects 

taking medications which antagonise the RAAS system, the effect o f vitamin D might 

be minimal as this is one o f the potential mechanisms via which it exerts it’s anti

hypertensive effect. Several trials of vitamin D supplementation did not measure 

baseline or post treatment serum 25(OH)D levels making it difficult to interpret 

results, especially in studies with poor compliance.

Blood Pressure Measurement and Definition

Methods of blood pressure measurement have varied between studies with many only 

taking one or two readings and only a few using 24 hour blood pressure monitors. 

Other studies have relied on ‘self-reported’ hypertension which may not be as reliable. 

Given the phenomen o f ‘white coat hypertension’ it is possible that some studies may 

have included subjects as hypertensive who may have been normotensive giving false 

results. Studies have used different definitions of hypertension and some have looked 

only at the relationship with blood pressure readings. In addition, others have included 

only normotensive subjects.

4.82 Studies of Vitamin D intake and Blood Pressure

Studies that have looked at the relationship between vitamin D intake and blood 

pressure have given conflicting results but this may be due to the relatively small 

amounts of vitamin D consumed in the diet. A higher intake o f cod-liver oil (which is 

a rich source of vitamin D) has also been inversely associated with systolic blood 

pressure in a study of 236 Icelandic adults aged 65-91 (Amarson et al., 2012).
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N egative Studies

The Nurses Health Study I (77,436 women aged 30 - 55 years with follow up at 18 

years), the Nurses Health Study II (93,803 women aged 4 0 - 7 5  years with follow up 

at 8 years) and the Health Professional Study (51,529 men aged 40 -75 years with 

follow up at 16 years) found no significant association between self reported vitamin 

D intake and incident hypertension in multivariate analysis (Forman et al., 2005). This 

was despite some subjects consuming more than 1600 lU of vitamin D per day.

A cross sectional study o f 15,596 community dwelling adults in Norway aged 

between 25 to 69 years, found no significant association between vitamin D intake 

and blood pressure after adjusting for age, BMI, alcohol and coffee consumption, 

cigarette smoking and physical activity (Jorde and Bonaa et al., 2000). The estimated 

mean daily intake for men and women was 240 lU and 360 lU which may not have 

been enough to detect a correlation.

Positive Studies

Normotensive subjects in the Women’s Health Study (N= 8,886) aged 45 or older 

who had increased intake o f dietary but not supplemental vitamin D had a reduced 

risk of self reported incident hypertension at ten year follow up after adjusting for 

several confounding factors (Wang et al., 2008). The discrepancy between the effect 

of supplemental and dietary vitamin D suggests other possible confounding factors.

Vitamin D intake but not supplementation was also associated with diastolic and 

systolic blood pressure in 615 males of Japanese descent in the Honolulu Heart 

Program though the correlation was small (Joffres et al., 1987).

Participants in the Women’s Health Study (N = l0,066) were found to have a reduced 

incidence of hypertension across increasing quartiles of dietary and supplementary 

vitamin D intake, though the only covariate adjusted for was age and blood pressure 

was self reported (Liu et al., 2005)

A study of normotensive females (N=86) found a significantly higher systolic blood 

pressure (+ 6mmHg) in those aged 20 to 35 years who consumed less than 400 lU of 

daily vitamin D after adjusting for age, BMI, calcium and alcohol intake. The same
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comparison in older women aged 55 to 80 years (n = 222) was also associated with a 

higher systolic blood pressure (+ 4mmHg), (Sowers et al.,1985).

4.83 Clinical studies of serum vitamin D and blood pressure

Cross Sectional

Most cross sectional studies have found a inverse relationship between 25(OH)D and 

either systolic or diastolic blood pressure or a diagnosis o f pre

hypertension/hypertension. Study methodology has varied widely and has included 

children, adolescents, middle age and older adults. Only few have included subjects 

not taking anti-hypertensives. Study sample sizes varied from very small to up to 

27,153 and have included children, adolescents and older adults. Most studies show 

an association across all ages, though some adjusted for only few potential 

confounders. Many used the mean of two or three blood pressure readings in 

diagnosing hypertension but a few used 24 hour blood pressure monitors. The 

relationship appears to be more consistent in those who are vitamin D deficient (<50 

nmol/1) with the potential effect on blood pressure reduction being greater for systolic 

than diastolic blood pressure.

In a meta-analyses o f 18 studies, 14 cross sectional and 4 prospective, serum 

25(OH)D was inversely associated with hypertension (OR 0.73, 95% Cl 0.63-0.84). 

with a 16% reduction in the risk (OR 0.84, 95% Cl 0.78-0.90) for an every 40 nmol/1 

increase in 25(OH)D (Burgaz et al., 2011).

In the largest study to date (using data from NHANES), increased systolic blood 

pressure in community dwelling US adults aged over 20 years was associated with 

reducing categories of vitamin D status (moving from 75-90 nmol/1 down to less than 

25 nmol/1) after adjustment for age, gender, ethnicity, body mass index, physical 

activity, smoking, co morbidities and blood pressure treatment (Scragg et al., 2010). 

Other large studies using data from the Nutritional Health and Examination Survey’s 

(NHANES) in the US have found an inverse association (Martins et al., 2007; Scragg 

et al., 2007; Judd et al., 2008; Kumar et al., 2009; Nam et al., 2009; Sabanayagam et 

al., 2011; Gupta et al., 2011; Williams et al., 2011; Zhao et al., 2012).
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An increased risk (OR 1.48) of pre-hypertension (SBP 120-139 or DBP 80-89 mmHg) 

was also found comparing the lowest versus the highest quartile of 25(OH)D in 9,215 

participants free of hypertension in the 3"̂ *̂ NHANES study independent of BMI, GFR, 

and other factors (Sabanayagam et al., 2011).

In 3060 participants of the European Male Ageing study (males age 40-79 years), 

systolic blood pressure was associated with higher quintiles of vitamin D (<37.5 to 

85.9nmol/l) (Lee et al., 2009).

In the Shangai Health Study which included 1460 subjects aged 40-74 years, 

25(OH)D was inversely associated with both systolic diastolic blood pressure as well 

as hypertension, though only in males. Conversely, Chan et al., found no association 

in Chinese age over 65 years though mean 25(OH)D was high (Chan et al., 2012).

A serum 25(OH)D below 37.5 nmol/1 versus 50-74.9 nmol/1 was associated with an 

increased risk of hypertension (OR 3.2, 95% Cl 1.0-11.1) in 833 males (mean age 

71.1 ± 0 .6  years) in a study that assessed blood pressure with a 24 hour blood pressure 

monitor (Burgaz et al., 2011). Other studies have shown a decrease in both diastolic 

and systolic blood pressure going from 25(OH)D levels below 25 -30.6 nmoI/1 up to 

and above 75 mnol/l (Farouhi et al., 2009; Pilz et al., 2009). Almirall et al also found 

an inverse relationship between systolic and diastolic blood pressure and 25(OH)D in 

those aged between 64-93 years of age (Almirall et al., 2009).

At least two out of three studies which included subjects not taking anti-hypertensives 

found a inverse association (Zhao et al., 2010; Jungert et al., 2012; Li et al., 2012)

Some studies have looked at the association between vitamin D and pulse pressure 

(the difference between systolic and diastolic blood pressure). A higher pulse pressure 

(as assessed by 24 hour blood pressure monitor) was associated with lower vitamin D 

status in a study of 171 subjects with stage 4/5 chronic kidney disease (Garcia-Canton 

et al., 2010). Conversely, no association between pulse pressure and 25(OH)D was 

found in a similarly small study of 156 adults though all were normotensive (Ertek et 

al., 2011).
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In one small case control study using a 24 BP monitor (N =80), vitamin D was found 

to be lower in hypertensive dipper patients (32 nmol/1 versus 54.8) versus non-dipper 

hypertensives despite similar daytime systolic and diastolic blood pressure as (Demir 

et a l ,  2012).

Negative Studies

Some negative studies have included subjects with relatively high mean serum 

25(OH)D, (Lind et al., 1995; Scragg et al., 1995; Peters et al., 2009; Chan et al., 

2011). Others have not adjusted for season and a had a small number who were 

hypertensive (M ichos et al., 2009) or may not have been o f  sufficient statistical power 

and only recorded one blood pressure reading (Snidjer et al., 2007). N o association  

was found by Frost et al. even when comparing those who were vitamin D deficient 

versus sufficient, however the study population was young and more likely to be 

normotensive (Frost et al., 2010). The study by Schmitz et al. was negative but only 

after adjustment for BMI (Schmitz et al., 2009). Rachel et al found no difference in 

diastolic blood pressure in males in a small case control study but did not measure 

systolic blood pressure (Reichel et al., 1992). Two studies reported an unexpected 

positive correlation between serum 25(OH )D and blood pressure but both were small 

and one involved dialysis patients (Brickmann et al., 1990; Argiles et al., 2002).

Cross Sectional Studies o f  1,25 (OH)D and blood pressure.

There has been inconsistent findings in studies that looked at 1,25(OH)2D and blood 

pressure with some finding positive, negative or no associations. However, 1,25 

(0 H)2D levels are affected by renal function and also depend on serum calcium  

levels. In addition, low, normal or high levels can be found in vitamin D deficiency or 

insufficiency (Pilz et al., 2009).

A  weak but significant positive correlation between l,25(O H)2D and mean blood  

pressure was reported in 583 elderly not receiving any anti-hypertensive treatment (St 

John et al., 1994). However, other positive studies have been small (Sowers et al., 

1988; Brickman et al., 1990; A l- Saleh et al., 2013).
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Table 4.83: Cross sectional studies of serum 25(OH)D and Blood Pressure

Cross Sectional Studies of 25(OH)D and Blood Pressure
Author Number BP HTN Comment

Scragg et al., 2010 27,153 Yes -

M artins et al., 2007 15,088 - Yes

Scragg et al., 2007 12,644 Yes - SBP and pulse pressure

Judd et al., 2008 7699 Yes -

He et al. 2011 7561 No - Insignificant in full model

Hypponen et., 2008 6810 - Yes

Kumar et al., 2009 6275 Yes - Younger adults, SBP

Zhao et al., 2010 5414 Yes Yes

W illiams et a!., 2011 4807 Yes - Adolescents

Hintzpeter et al., 2008 4030 - Yes

Sabanaygam et al., 2012 3712 Yes -

Reis et al., 2009 3577 Yes Yes Adolescents

Lee et al., 2009 3069 Yes - SBP

Gupta et al., 2011 1711 - Yes Pre-hypertension

Nam et al., 2012 1504 No - Aged 12-18 yrs

Dorijgochoo et al., 2012 1460 Yes Yes Only in males

Schimtz et al., 2009 1334 No -

Snijder et al., 2007 1205 No

Chan et al., 2012 939 No - High mean 25(OH)D

Pasco et al., 2009 861 Yes Yes

Burgaz et al., 2011 833 Yes - 24 BP monitor

Frost et al., 2010 783 No - Young adults

M ichos et al., 2009 650 No No

Pilz et al., 2009 648 Yes -

Forouhi et al., 2008 524 Yes - SBP & DBP

Seiki et al., 2012 495 Yes Severe kidney disease, DBP

Gannage-Yared et al., 2009 381 Yes - Young adults, SBP

Garcia et al., 2013 332 No No PTH assoc with SBP/DBP

BP -  Systolic or Diastolic Blood Pressure, HTN - Hypertension
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Table 4.83: Cross Sectional Studies of 25(OH)D and Blood Pressure

Cross Sectional Studies of 25(OH)D and Blood Pressure

Author Number BP HTN Comment

Scragg et al., 1992 295 - No

Kruger et al., 2013 291 Yes - SBP &DBP, middle aged

Thomas et al., 1998 290 - Yes

Almirall et al., 2009 237 Yes - SEP &DBP

Caro et al., 2012 219 No - M ost were overweight.

Smotkin-Tangorra et al., 2007 217 Yes - SBP

Kokot et al., 1981 212 No Yes

Peters et al., 2009 205 No - Adolescents

Reichel et al., 1992 157 No -

Ulu et a!., 2013 152 Yes -

Zhou et al., 2011 140 Yes - Obese children

Jungert et al., 2012 132 Yes - Only in males

Kulah et al., 2007 118 Yes - 24 BP monitor

Kristal-Boneth et al., 1997 100 No -

4.84 Longitudinal Studies of serum 25(OH)D and Blood Pressure

Several prospective studies show an inverse relationship between lower vitamin D 

status and incident hypertension (Forman et. al 2007; Forman et al., 2008; Griffin et 

al., 2010; Kim et al., 2010). However, there has been inconsistent findings with some 

reporting no association (Forouhi et al., 2008; Jorde et al., 2010; Holland et al., 2010; 

Margolis et al., 2012; Skaaby et al., 2012; Ke et al., 2013). Studies that have a found 

an increased risk of hypertension have usually included subjects who are vitamin D 

deficient (< 50 nmol/1).

In a recent meta-anaylsis of seven prospective studies, a reduced risk of incident 

hypertension was found when comparing the highest versus the lowest tertiale of 

serum 25(OH)D (RR. 0.70, 95% Cl 0.58-0.86). A 12% reduction in incident 

hypertension was identified with every 25 nmol/1 rise in 25(OH)D from baseline 

(Kunutsor et al., 2013). Meta analysis of four other studies by the same authors found
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no overall change in the risk of future hypertension when comparing oral intake of 

vitamin D (RR 1.0, 95% Cl, 0.95-1.05), (Kunutsor et al., 2013).

An earlier meta-analysis of three studies also found an increased risk of incident 

hypertension after 7-8 years (RR 1.76, 95% Cl 1.3-2.4) when comparing subjects in 

the lowest concentration category ( < 3 7 - 5 1  nmol/1) with those in the highest (> 75 to 

81 nmol/1) (Pittas et al., 2010).

Positive Studies

In 613 men in the Health Professional Follow Up Study (HPFS) and 1198 women in 

the Nurses Health Study (NHS) there was an increased risk of incident hypertension 

(OR 3.18) in those with 25(OH)D below 37.4 nmol/1 versus 75 nmol/1 or greater 

(Forman et al., 2007). A further analysis which included 38,383 males in the HPFS 

and 77,531 females in the NHS but used predicted 25(OH)D concentrations, found an 

increased risk of hypertension in both cohorts (OR 2.31, 95% Cl 20.3-2.63) and (OR 

1.57, 95% Cl 1.44-1.72) comparing the lowest with the highest decile of vitamin D 

(Forman et al., 2007).

A nested case control study of 1484 in the NHS also found an increased risk of 

hypertension when comparing the lowest with the highest quartile of vitamin D (OR 

1.66, 95% Cl 1.11-2.48). An 8% increased risk was found for every 12.5 nmol/1 

decrease in 25(OH)D (Forman et al., 2008). Both studies above by Forman et al. did 

not measure blood pressure but relied on a self reported diagnosis of hypertension, 

however, participants were nurse’s or healthcare workers.

In 559 females aged between 22 - 44 years, 25(OHD)D below 80 nmol/1 was 

associated with an increased risk of systolic hypertension (OR 3.0, 95% Cl 1.01 -8.7) 

at 14 year follow up, but not rate o f change of blood pressure (Griffin et al., 2011).

A 25(OH)D below 46.8 nmol/1 at baseline was associated with an increased risk of 

hypertension at 4 year follow up (OR 2.74, 95% Cl 1.40 - 5.34) in 324 Korean 

subjects aged over 40 (Kim et al., 2010).
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Negative Studies

In an analysis of 4863 participants of the WHI, no significant difference in the 

adjusted mean change in systolic or diastolic blood pressure or incident hypertension 

was found over a 7 year follow up. There was no difference in incident hypertension 

comparing those with 25(OH)D below 25 nmol/1 versus above 50 nmol/1 after 

adjusting for covariates. A slightly higher risk of incident hypertension (OR 0.67, 

95% Cl 0.46 - 0.96) was however, identified in those with 25(OH)D between 47.7 -  

64.6 nmo/1 versus less than 34.4 nmol/1 but may have been due to chance (Margolis et 

al., 2012). However, diagnosis of hypertension was self reported and no follow up 

25(OH)D levels were taken.

In a study of 2385 subjects (mean age 56.2 ± 9.3 years) no association was found 

between baseline vitamin D status and change in blood pressure at 14 year follow up. 

In addition, the lowest 5th and 10th percentile of vitamin D (<29.6 nmol/1 and <34 

nmol/1) did not predict future hypertension. This was despite finding a significant 

inverse relationship with baseline 25(OH)D (Jorde et al., 2010).

No increased risk of risk of blood pressure was found in a study of 4,330 subjects 

aged 30 -  60 years, after a follow up o f five years. The median 25(OH)D at baseline 

was 48.0 nmol/1 (Skaaby et al., 2012).

Likewise, in 1,957 middle aged male Finnish smokers, no association was found 

between 25(OH)D and blood pressure at 4 year follow despite a significant inverse 

relationship with systolic blood pressure at baseline. A large proportion (63%) of 

subjects had hypertension at study entry (Ke et al., 2013).

In 1,471 community dwelling females (mean age 74 years), those with a seasonally 

adjusted 25(OH)D of less than 50 nmmol/1 did not have an increased risk o f higher 

systolic or diastolic blood pressure at approximately 5 year follow up. However, 

subjects were participants o f a trial of calcium supplementation and were largely free 

of medical disease (Holland et al., 2010).
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Finally, in the Ely study baseline 25(OH)D levels in 524 subjects aged 40-69 years 

were not associated with new onset hypertension or changes in blood pressure at 10 

year follow up despite an association with blood pressure readings at baseline 

(Forouhi et al., 2008). However, age adjusted mean 25(OH)D was relatively high 

being 64.5nmol/l and 57.2 nmol/1 in males and females respectively (Forouhi et al., 

2008).
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Table 4.84: Longitudinal Studies of 25(OH)D and Blood Pressure or Hypertension

Margolis et al. 2012 4863 66.0 7 yrs No No Overall, no difference across quartiles o f 25(OH)D j
Skaaby et al., 2012 4330 30-60 5 yrs - No High baseline 25(OH)D

Jorde et al., 2010 2385 56.2 15 yrs - No No difference comparing 5"' versus 95"' percentile o f  25(OH)D

Ke e ta l., 2013 1957 - 4 yrs - No Association with SBP at baseline

Foreman et al., 2008 1484 43.0* 8 yrs Yes Yes OR 1.47 when 25(OH)D < 50 nmol/l

Bolland et al., 2010 1471 74.0 5 yrs - No No increased risk when comparing <50nmol/l vs. > 50nmol/l

Kim et al., 2010 1337 65.8* 4 yrs Yes - Risk in normotensives when 25(OH)D < 46.8 nmol/l

Foreman et al., 2007 1198 57.0 8 yrs Yes - OR 1.70 when 25(OH)D <37.5nmol/

Foreman et al., 2007 613 65.0 8 yrs Yes - OR 3.53 when 25(OH)D <37.5nmol/l.

Griffin et al., 2010 559 2 4 -4 4 14 yrs - Yes OR 3.0 when 25(OH)D < 80 nmol/l

Forouhi et al., 2008 524 40-69 10 yrs - No No difference, high baseline vitamin D

HTN -  Hypertension, BP -  Blood Pressure. [Age quoted as range, mean or median*]



4.85 Intervention trials of vitamin D and blood pressure.

There has been a lack of well designed randomised controlled trials to examine the 

effect of vitamin D on blood pressure and many have been small in size. The vast 

majority of studies were not primarily designed to investigate blood pressure as a 

primary outcome and have included a heterogeneous groups of patients including 

pregnant women, subjects with obesity, chronic renal disease and heart failure. Some 

have used high dose vitamin D in deficient older adults and found no effect. Other 

trials have used activated vitamin D [l,25(OH)2D] and found an improvement in 

blood pressure. Overall, results are conflicting but suggest a possible small effect on 

blood pressure.

Meta-analyses of RCT’S of vitamin D and Blood pressure

Four meta-analyses of randomised controlled trials involving vitamin D and blood 

pressure have been performed (Witham et al., 2009; Pittas et al., 2010; Wu et al., 

2010; Elamin et al., 2011). Three showed a positive effect of vitamin D on either 

diastolic or systolic blood pressure.

The largest of these included ten randomised controlled trials (N=32,181) and found a 

non-significant reduction in systolic blood pressure (weighted mean difference -1.9 

mmHg) and no effect on diastolic blood pressure (Pittas et al., 2010). Two of the 

trials in the analysis used vitamin D in combination with calcium, one used vitamin 

D2 and another examined the affect of UVA exposure. The dose range of vitamin D 

varied from 400 to 8571 lU. Follow up ranged from 5 to 52 weeks in most studies 

and was 7 years in the Women’s Health Initiative trial. No difference in the change in 

systolic and diastolic blood pressure was found between trials that used vitamin D 

alone or in combination in with calcium. The change in systolic blood pressure did not 

differ between trials that used higher ( > 1000 lU / day) versus lower ( < 1000 lU / 

day) vitamin D doses. However, there was a significant difference on the affect on 

diastolic blood pressure in trials that used a higher dose of vitamin D (-1.5 mmHg, P 

= 0.039), (Pittas et al., 2010).

A separate meta-analysis of eight randomised trials (N=5500) showed a non

significant reduction in systolic blood pressure but a small and statistically significant
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reduction in diastolic blood pressure (-3.1 nunHg). This analysis included four trials 

that used activated vitamin D, though subgroup analysis suggested that the inactivated 

form produced a greater fall in systolic blood pressure (Witham et al., 2010). In 

addition, no effect was seen in studies where subjects where normotensive at baseline.

A meta-analysis of 14 randomised controlled trials involving 1518 subjects found no 

significant effect of vitamin D supplementation. However, there was a trend for a 

reduction, though there was significant heterogeneity between studies (Elamin et al., 

2011).

Finally, the smallest meta-analysis which included four randomised controlled trials 

involving 429 participants found that vitamin D supplementation resulted in a 

significant reduction in systolic blood pressure by 2.44 mmHg but not diastolic blood 

pressure compared with placebo. Subgroup analysis suggested that the change in 

blood pressure did not vary much across the dose of vitamin D used or study length 

(Wu et al.,2010).

RCT’s using non activated vitamin D [25(OH)D]

Positive Studies

Seven intervention studies to date using non-activated vitamin D [25(OH)D] have 

found a favourable effect o f vitamin D on blood pressure. Positive trials have been 

small and of short duration (between eight to twenty weeks) and generally included 

those with low serum 25(OH)D (Pfeiffer et al., 2001; Sugden et al., 2008; Larsen et 

al., 2012; Goel et al., 2011; Wood et al., 2012; Asemi et al., 2013; Forman et al., 

2013), Most positive studies report a reduction in systolic but not diastolic blood 

pressure.

In 250 black subjects (median age 51 years), treatment with vitamin D3, 1000, 2000 

or 4000 lU daily resulted in a respective reduction in SBP of -0.66, -3.4 and -4.0 

mmHg at 3 months versus placebo (Forman et al., 2013). For every 2.49 nmol/1 

increase in 25(OH)D there was a 0.2 mmHg reduction in SBP. No effect o f vitamin D 

on DBP was identified.
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In 148 normotensive community dwelling females aged seventy or over and who had 

serum 25(OH)D levels of less than 50 nmol/1, supplementation with 800 lU of vitamin 

D3 plus 1200 mg of calcium for eight weeks significantly reduced systolic blood 

pressure versus treatment with calcium alone. Whilst there was a significant net 

difference in systolic blood pressure of - 7.4 mmHg between groups (P=0.02) no 

difference in diastolic blood pressure was found. Serum 25(OH)D increased by 20.48 

mnol/1 in the combined treatment versus the calcium only cohort (Pfieffer et al., 

2001).

In a study of 112 patients (mean age 61 years) with 25(OH)D levels below 80 nmol/1, 

treatment with vitamin D3 resulted in a significant reduction in SBP and DBP as 

assessed by 24 BP monitor (Larsen et al., 2012).

In another RCT involving 34 patients with stable diabetes and serum 25(OH) D levels 

o f less than 50 nmoI/1, those assigned a one time treatment with 100,000 lU o f vitamin 

D2 were found to have a significant decrease in systolic blood pressure (- 7.3 mmHg) 

versus the placebo group (+ 6.6 mmHg) at eight weeks (P = 0.001) Whilst there was a 

reduction in diastolic blood pressure (net difference -4.5 mmHg) it did not reach 

significance ( P = 0.08). Serum 25(OH)D increased by 15.3 nmol/1 relative to placebo 

(Sugden et al., 2008).

The addition of vitamin D supplement (33,000 lU D3 every 2 weeks for 3 months) to 

100 hypertensive patients (aged over 35 years) already assigned to receive 

conventional treatment was found to reduce systolic blood pressure compared to 

controls on blood pressure therapy only (Goel et al., 2011).

Finally, in one small RCT, treatment of 24 pregnant women with 400 lU of vitamin 

D3 daily for nine weeks resulted in a significant reduction in systolic and diastolic 

blood pressure compared to placebo (Asemi et al., 2013).

Negative Studies

In the largest (N=36,282) and longest trial the Women’s Health Initiative, 

supplementation with lOOOmg of calcium and 400 lU o f vitamin D3 daily versus 

placebo in a random double blind fashion in postmenopausal women aged between 50
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to 79 years did not show any significant decrease in the incidence of hypertension 

after a median follow up of 7 years, even when comparing those in the lowest versus 

highest quartile of 25(OH)D at baseline (Margoli et al., 2008). However, a number of 

factors might account for this result. The level o f compliance was only modest at 

60%, blood pressure criteria were not strict and were probably not blinded to staff and 

participants, and incident hypertension was self reported. The dose of vitamin D used 

was relatively low and post treatment 25(OH)D were not measured. On the basis of 

doses and adherence, the effect of supplementation was estimated to increase 

25(OH)D by only 5rmiol/l which is unlikely to have had an affect.

In an RCT of 330 obese subjects aged 21 to 75 with diabetes, daily treatment with 

calcium (500 mg) and vitamin D ( 20,000 lU or 40,000 lU per week) for one year did 

not result in a change in blood pressure versus placebo. This was despite an increase 

in serum 25(OH) D by 43 and 92 nmol/1 in the two respective groups of vitamin D 

supplementation. Conversely, there was a small but significant increase in systolic 

blood pressure in those treated with 20,000 lU per week versus the placebo group 

(Jorde et al., 2010).

Similarly, in a trial of 165 subjects with a BMI greater than 27 kgm’ and aged 

between 18 to 70, no significant difference in systolic or diastolic blood pressure was 

found between those randomised to receive daily vitamin D3 (3332 lU) or placebo. 

Mean 25(OH)D at baseline was 30 nmol/1 and increased by 43.2 nmol/1 after 

supplementation (Zittermann et al., 2009). However, the primary goal was to measure 

weight loss and fat loss. In addition, blood pressure was only measured once at the 

beginning and end of the study. Patients were also overweight which may have 

affected the response to vitamin D.

Another RCT of 159 older adults (mean age 77 years) with isolated hypertension, 

treatment with 100,000 lU of vitamin D3 versus placebo every three months for one 

year did not result in any reduction in office readings in SBP (Witham et al., 2013). In 

addition, no effect on 24 hour blood pressure was found despite a rise in mean serum 

25(OH)D from 44.8 nmol/1 to 69.8nmol/l. Whilst this was the largest RCT primarily 

designed to investigate the effect of vitamin D on blood pressure the number was still 

relatively small. However, there was a statistically non-significant between group
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difference in SBP of -0 .7  mmHg suggesting a potential small effect of vitamin D on 

blood pressure.

In a trial involving 189 females aged 63 -76 (mean age 70) with a mean 25(OH)D of 

33nmol/l, no change in blood pressure was found at five weeks after supplementation 

with a single dose of 100,000 lU D3 during the Winter months. This was despite a net 

rise in 25(OH)D of 18.9 nmol/1. There was however a trend towards reduction in both 

systolic and diastolic blood pressure (Scragg et al., 1995).

In a trial of 63 subjects (mean age 41-43) with a body mass index between 27-40, 

blood pressure less than 160/95 and daily calcium intake of less than 800 mg per day, 

no significant difference in systolic or diastolic blood pressure was found between 

groups randomised to receive daily vitamin D3 (400 lU) and calcium (1200 mg) or 

placebo over a 15 week period. No serum 25(OH)D levels were checked and the dose 

o f vitamin D was relatively small (Major et al., 2007).

One negative trial included treatment o f 90 subjects who were vitamin D deficient 

(<50 nmol/1) with high dose vitamin D for three months (Sokoi et al., 2013). 

Similarly, another involved 52 subjects who were also vitamin D deficient (<50 

nmoll) and treated with high dose vitamin D (7000 lU daily) for 26 weeks but were 

obese (Wamberg et al., 2013). In addition, treatment of 75 patients (mean age 66 

years) with 100,000 lU of vitamin D3 at baseline, two and four months did not result 

in any significant change in SBP or DBF (Witham et al., 2013). Similarly, in an RCT 

of 46 subjects, treatment with 50,000 lU of vitamin D / week for 12 weeks followed 

by 50,000 lU every alternate week for 40 weeks did not result in any significant 

change in blood pressure compared to placebo. However, study participants had stage 

two-three chronic kidney disease (Alvarez et al., 2012).

Another trial involved treatment of 265 post-menopausal woman aged 60-70 years for 

one year with either 400 lU or 1000 lU of vitamin D3 but found no change in blood 

pressure versus placebo (Wood et al., 2012).

Most other negative interventions have involved subjects with either higher 25(OH)D 

levels or younger age or lower baseline blood pressure (Schleithoff et al., 2006;
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Myrup et al., 1992; Orwoll et al., 1990; Zittennann et al., 2009; Nagpal et al., 2009; 

Jorde et al., 2010; Witham et al., 2010). Some trials that were negative used a 

relatively low dose of vitamin D (Margolis et al., 2008; Major et al., 2007).

Intervention studies involving supplementation with alphacalcidiol [ l ,25 (OH)2D]

Of six trials of oral alphacalcidiol supplementation, four found a blood pressure 

lowering effect (Lind et al., 1987; Lind et al., 1988; Lind et al., 1988; Lind et al., 

1989; Myrup et al., 1992: Judd et al., 2010). None of these studies measured serum 

vitamin D, the supplementation dose used was low and duration was short. Apart from 

one study, those that were positive included subjects who hypertensive or older adults. 

Two trials that were negative involved subjects who were either nomiotensive or 

younger.

Intravenous l,25(OH)D2 has also been shown to reduce systolic and diastolic blood 

pressure but the effect is inconsistent (Mak et al., 1992; Jespersen et al., 1998). 

Conversely, administration of paracacitriol (a vitamin D analogue) was found to have 

no effect on 24 hour ambulatory systolic of diastolic blood pressure (Alborzi et al., 

2008).

Positive Studies

In a non randomised non-placebo study, treatment o f 3 subjects (mean age 46.5 years) 

with 0.5 meg of alphacalcidiol twice daily for one week resulted in a 9% decrease in 

mean SBP as measured by a 24 hour blood pressure monitor with blood pressure 

returning to pre-treatment levels following discontinuation (Judd et al., 2010).

In a trial involving 65 males aged 61 to 65 with impaired glucose tolerance, daily 

supplementation with 0.75 meg of alphacalcidiol versus placebo for twelve weeks was 

associated with a significant net reduction in systolic blood pressure by 4.0 mmHg 

and DBP by 1.6 mmHg but only in those with pre-treatment hypertension. (Lind et al., 

1988).

In two other trials (Lind et al., 1987:Lind et al., 1988) involving hypertensive subjects 

with a mean age o f 65 and 63 respectively, treatment with 1.0 meg alphacalcidiol for 

six months resulted in a significant net reduction in diastolic blood pressure. A
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reduction in systolic blood pressure was also found in one o f these two trials (Lind et 

al., 1987) though subjects in both studies included those with primary 

hyperparathyroidism and intermittent hypercalcaemia.

Negative Studies

In a randomised controlled trial o f 42 subjects with untreated mild to moderate 

hypertension and with a mean age o f 51 years, daily supplementation with l |ig  o f 

alphacalcidiol for 18 weeks did not result in any change in systolic blood pressure. 

(Lind et al., 1989)

Finally, treatment with alphacalcidiol in normotensive women aged 70 years for 

twelve months resulted in no significant change in blood pressure. Patients were 

randomised to any one o f four treatment arms which included ether placebo alone or 

in combination with alphacaldiol (O.Smcg or 1.0 mg /day) or (oestrogen/ 

norethindrone). No change in blood pressure within or between groups was found. 

(Myrup et al., 1992).
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Table 4.85: Intervetion Trials of Vitamin D and Blood Pressure

Intervention Trials of Vitamin D and Blood Pressure
A u th o r No. D u ra tio n In terv en tio n Effect C om m ent

Margoli et al., 2008 36,282 7 yrs 400 lU D3 + 1000 mg Ca^" No Low dose o f  vitamin D, poor com pliance

Jorde et al., 2010 330 1 yr 40,000 lU D3 + 500 mg Ca^" No Diabetic

W ood et al, 2012 265 ly r 400 or 1000 lU daily vs placebo No Healthy post menopausal aged 60-70

Forman et al.,2013 250 3 months 1000, 2000, or 4000 lU D3 daily vs placebo Yes Reduction in SBP

Goel et al., 2011 200 3 months 33,000 lU D3 or placebo/ 2 weeks + BP tablet Yes Reduction in SBP

S c rag g e ta l., 1995 189 5 wks 100,000 lU D3 stat No Trend for reduction in DBP &SBP, mean 25(OH )D  33 nmol/1

Z ittennann et al., 2009 165 l y r 3332 lU D 3 /d a y No Overweight, mean 25(OH)D 33 nmol/l

W itham et al.,2013 159 1 yr 100,000 lU D3 every 3 months vs. placebo No Baseline 25(OH)D was 44.8 nmol/l, hypertensive

Pfeiffer et a!., 2001 145 8 wks 800 lU D3 / day Yes Subjects 25(OH)D < 50 nmol/l

Larsen et al.,2012 112 20 wks 3000 lU D3 day vs placebo Yes Baseline 25(OH )D  57.2nmol/l, Reduction in SBP

Schleithoff et al., 2006 93 35 wks 2000 lU D3 / day No Subjects with heart failure, mean 25(OH)D 37 nmol/l

Sokol et al., 2012 90 12 wks 50,000 D2 weekly vs placebo No Subjects with 25(OH)D < 50 nmol/l

W itham et al.,2013 75 6 months 100.000 lU D3 at, 2 ,4  ,6 months vs. placebo No

M yrup et al., 1992 74 1 yr 0.5 meg l a  D / day No Norm otensive

Nagpal et al., 2009 71 6 wks 120,000 lU D3 every 2 wks No Mean baseline 2 5 (O H )D -^3  nmol/l and BP 124/78

Lind et a!., 1988 65 12 wks 0.75 meg l a  D / day Yes Reduction in SBP & DBP, only in those with hypertension



Table 4.85: Intervention Trials of Vitamin D and Blood Pressure

Intervention Trials of Vitamin D and Blood Pressure
A u th o r N u m b er Duration In terven tion Effect C om m ent

Orwoll et al., 1990 65 3 yrs 1000 lU D3 + 1000 mg Ca^'^/day No Norm otensive

Major et al., 2007 63 15 wks 400 lU D3 + 1200 mg Ca^Vday No Overweight, young (aged 27-40).

W itham et al., 2010 61 8 wks 100,000 or 200,000 lU D3 stat Yes Diabetic subjects, SBP reduction

W itham et al., 2010 58 8 wks 100,000 lU D2 vs placebo No Mean 25(OH)D 38 nmol/l and BP 128/72

W amberg et al., 2013 52 26 wks 7000 lU D3 daily vs placebo No Subject BMl >30. Baseline 25(OH)D < 50 nmol/l

Asemi et al., 2013 48 9 wks 400 lU D3 daily vs placebo Yes Pregnant women, reduction in SBP & DBP

A lvarez et al., 2012 46 1 yr 50,000 lU/wk X 12 wks vs placebo No Subjects with chronic kidney disease (stage 2-3)

Lind et al., 1989 42 18 wks 1.0 meg 1 a  D /  day No Hypertensive

Sugden et al., 2008 34 8 wks 100,000 lU D 2 /d a y Yes 25(OH)D < 50 nmol/l, reduction in SBP

Lind et al., 1988 33 6 months 1.0 meg 1 a  D / day Yes Hypertensive, reduction in DBP

Lind et a!., 1987 29 6 months 1.0 meg 1 a  D / day Yes Mypertesnsive, reduction in SBP & DBP

Judd et al., 2010 3 1 week 0.5mcg l a  D /day Yes 24 BP monitor, non random ised, non placebo
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4.9 Conclusion.

Most studies show an inverse relationship between serum 25(OH) and blood pressure. 

Results from longitudinal studies are however inconsistent. In addition, there is a 

distinct lack of a high quality large randomised controlled trials and insufficient 

evidence to date to prove causality or recommend it as a treatment. Despite this, there 

is a good biological plausibility underpinning the potential mechanisms through 

which vitamin D could lower blood pressure. These include regulation o f the renin 

angiotensin aldosterone system, endothelial function, serum calcium and PTH levels 

and potential renoprotective effects. Most large population studies suggest that 

vitamin D may have a greater effect on systolic compared to diastolic blood pressure. 

Lack of adjustment for confounders, inadequate blood pressure measurements and 

non-exclusion of study participants taking anti-hypertensive medications may account 

for some studies being negative or falsely positive. It is possible that long-term 

vitamin D deficiency may give rise to a ‘hypertensive disease state’ that may not be 

amenable to treatment. The relationship appears more consistent in those who are 

hypertensive and vitamin D deficient ( < 5 0  mmol/1) and this target group may be 

more appropriate for future intervention trials.
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CHAPTER 5: VITAMIN D AND FALLS

5.1 Introduction

Falls are common in older adults with one in three people aged 65 or older and up to 

one in two aged 80 or older experiencing one or more falls each year (Tinetti et al., 

1988) (Annweiler et al., 2010). Whilst multiple factors contribute to falls, it is known 

that gradual loss of muscle strength below a certain threshold results in functional 

impairment and increased risk of falls and fractures (Wolfson et al., 1995).

Vitamin D deficiency appears to be related to falls as it is associated with proximal 

muscle weakness (Schott et al., 1976). Furthermore, there is strong biological 

evidence supporting a role for vitamin D in muscle function. The vitamin D receptor 

(VDR) and the metabolic pathway for it’s activation is found in human muscle cells 

where it is known to affect metabolism and calcium uptake (Celgia et al., 2008).

Several studies have shown that vitamin D status is positively associated with muscle 

strength and physical performance and inversely associated with falls. Vitamin D 

supplementation has also been shown to improve tests of muscle function and balance 

and positively impact on muscle fibre composition and morphology in vitamin D 

deficient older adults (Ceglia et al., 2008). Finally, numerous randomised controlled 

trials have found that vitamin D reduces either the rate of falls or falls risk. Despite 

this, the effect o f vitamin D on falls appears to depend on several factors and it 

remains unclear who benefits most. The absolute threshold level of 25(OH)D needed 

to prevent falls in an elderly population is not known and selecting patients at risk for 

falls and defining the appropriate dose remain as areas in need of further research 

(Rosen et al., 2012). It may be that vitamin D supplementation with adequate calcium 

may be required for falls prevention and that the effect may depend on baseline 

25(OH)D status, age and mobility (Ringe et al., 2012).

5.2 Vitamin D and Myopathy

The first associations between vitamin D and muscle function were made from 

clinical observations of muscle weakness in patients with osteomalacia due to vitamin 

D deficiency (Prineas et al., 1965). This generally presented in adults with proximal
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muscle weakness and is known to develop independently of metabolic abnormalities 

such as hypocalcaemia, hypophosphataemia and hyperparathyroidism (Boland et al., 

1986). A similar myopathy has been described in patients with end stage renal failure 

or malabsorption syndromes, both of which are associated with vitamin D deficiency 

(Ekbom et al., 1964; Smith et al., 1967).

Vitamin D and Muscle Morphology

Vitamin D deficiency has been associated with predominantly type II muscle fibre 

atrophy in adults. The selective affect on type II muscle fibres (which are fast-twitch 

and are first to be recruited to prevent a fall) may help to explain the falling tendency 

o f vitamin D deficient elderly individuals (Snidjer et al., 2006).. Muscle biopsy 

histology in vitamin D deficient adults also reveals fat infiltration, fibrosis, glycogen 

granules and enlarged interfibrillar spaces (Yoshikawa et al., 1979)..

Two studies have reported a positive affect o f vitamin D supplementation on muscle 

fibre composition. Sorenson et al., showed that treatment with l,25(OH)2D and 

calcium for 3 to 6 months resulted in an increase in the relative composition and fibre 

area of type Ila muscle fibres (Sorenson et al., 1979). Treatment of elderly stroke 

survivors with 1000 lU of vitamin D2 over a two year period significantly increased 

the percentage and mean diameter of type II muscle fibres (Sato et al., 2005). In the 

same study, serum 25(OH)D levels were also correlated with type II muscle fibre 

diameter at baseline and at two year follow up.

5.21 Mechanism of Action of Vitamin D in Muscle

Vitamin D acts on muscle through VDR dependent and non-dependent mechanisms. 

VDR is expressed in cloned human skeletal muscle cells (Costa et al., 1986) and has 

been detected in situ in human skeletal muscle tissue (Bischoff et al., 2001) where its 

expression decreases significantly with increasing age (Bischoff-Ferrarri et al., 2004).

Regulation o f  Calcium Uptake

1,25(0H)2D regulates muscle calcium uptake in chick skeletal muscle cells by 

modulating the activity of muscle calcium pumps in the sarcoplasma reticulum and 

sarcolemma. It also regulates calcium influx via voltage —sensitive calcium channels, 

thereby modulating intracellular calcium (Boland et al., 1986) which affects muscle
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function (Ebashi et al., 1985). Treatment of cultured myoblasts with l,25(OH)2D also 

results in increased calcium uptake (de Boland AR et al, 1985; Walters et al., 1987). 

Activation of the vitamin D receptor increases the synthesis of calmodulin, a calcium 

binding protein that plays a role in muscle contraction (Zanello et al., 1995). 

1,25(0H)2D also appears to play a role in phosphate metabolism stimulating 

accelerated phosphate uptake and accumulation in cells, an affect thought to mediated 

via a VDR dependent affect on de novo protein synthesis (Boland et al., 1995).

Muscle Cell Differentiation

1,25(0H)2D appears to play role in muscle cell differentiation and proliferation. It has 

been shown to increase both cell density and fiision in cultured chicken embr>^o 

myoblasts (Giuliani et al., 1984) and have a mitogenic affect in proliferating 

myoblasts (Drittranti et al., 1989) affecting expression of cell cycle genes such as c- 

myc, and c-fos and other skeletal muscle cell proteins (Drittanti et al., 1989).

Rapid Non Genomic affects

1,25(0H)2D has been shown to have a rapid affect on calcium uptake in skeletal 

muscle cells in vitamin D deficient chicks (de Boland and Boland, 1987) believed to 

be mediated by a non-VDR dependent mechanism. The non-genomic response to 

1,25(0H)2D may depend upon activation of MAPK pathways which are known to 

regulate several cells processes. 1,25(0H)2D activates ERK-1/2, phospholipase C and 

c-myc, components o f the intracellular signal pathway (Morelli et al., 2001).

5.22 Vitamin D, PTH and Muscle

The potential effect of vitamin D on falls may be in part mediated by PTH which may 

have direct affects on skeletal muscle. Indeed, higher PTH levels in nursing home 

residents has been associated with falling independent of 25(OH)D (Stein et al., 

1999). Likewise, serum PTH was found to be an independent predictor of time to first 

falls in a study of frail elderly (Sambrook et al., 2004). In patients with 

hyperparathyroidism, symptoms of muscle fatigue and weakness are found 

(Kristoffersson et al., 1992) and muscle biopsies reveal atrophy of type II muscle 

fibres as in vitamin D deficiency (Patten et al., 1974). Secondary hyperparathyroidism
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has also been associated with impaired muscle strength (Mallette et al., 1975; Hedman 

et al., 1984). Studies in rat models have shown that PTH induces muscle catabolism 

(Garber et al., 1983) and reduces calcium transport and metabolism in skeletal muscle 

(Smogorzewski et al., 1988). Hypophosphataemia resulting from high PTH levels 

could also result in muscle weakness (Hoogendoom et al., 2003).

5.3 Vitamin D and Physical performance

There are conflicting results from studies looking at the relationship between vitamin 

D and physical performance. Many have included older people though vitamin D 

status has also been positively associated with improved physical performance in 

young adults (Foo et al., 2009; Ward et al., 2009). Vitamin D deficiency (<50nmol/l) 

has been associated with several physical measures including increased risk of body 

sway (Pfeifer et al., 2001; Okuno et al., 2009), and poorer performance in balance, 

gait speed, physical activity level (Gerdhem et al., 2005) and timed up and go (Dukas 

et al., 2005).

A systematic review in 2009 examining the effects of low serum 25(OH)D and 

vitamin D supplementation on muscle, balance and gait performance among people 

aged 65 and older found inconsistent results (Annweiler et al., 2009). In a more recent 

meta-analysis of adults aged 60 years or older, supplemental vitamin D (800 -1000 lU 

daily) was found to reduce postural sway, improve timed up and go performance and 

increased lower extremity strength (Muir et al., 2011). Differences in response to 

treatment may be due to significant heterogeneity in baseline vitamin D levels and 

physical status.

Cross sectional Studies

The association between 25(OH)D and physical performance tends to be in those with 

vitamin D deficiency (<50 mnol/l). The relationship in the ‘oldest old’ may be more 

complex and indeed no association was found between 25(OH)D and physical 

performance in 367 octagenarians in the Befrail study after adjustment for multiple 

confounds (Mathei et al., 2013). Despite this, serum 25(OH)D was associated with 

appendicular lean mass and physical performance in a smaller study o f frail elderly 

(Tieland et al., 2013). In addition, vitamin D was associated with walking speed, and
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muscle strength in 1659 community dwelling elderly Autralian males (Hirani et al., 

2013).

Levels below 25 and 50 nmol/1 were associated with deterioration in physical 

performance and strength in 2641 subjects aged 71-80 years over a four year period 

(Houston et al., 2012). Likewise, in 1234 community dwelling elderly (mean age 75.3 

years) in the longitudinal aging study of Amsterdam (LASA), subjects with 25(OH)D 

below 25 nmol/1 scored lower on three tests of physical performance including the 

chair and tandem stand and walk test (Wicherts et al., 2007). In a further analysis of 

participants in the LASA and B vitamins for prevention of osteoporotic fractures 

study, a 25(OH)D level below 50 nmol/1 was also associated with lower physical 

performance though did not predict physical decline (Sohl et al., 2013). In addition, in 

elderly females those with 25(OH)D below 25nmol/l or between 25-50 nmol/1 had a 

higher rate of functional decline. A potential threshold level of about 60 nmol/1 for 

physical performance was identified in one study of 802 subjects aged 40-80 years 

(Janssen et al., 2013).

However, there has been some inconsistencies. In a study of 4200 subjects aged over 

60 years, higher serum 25(OH)D levels up to 94nmol/l were associated with faster 

walking speed (8-foot walk test) and faster times in getting out of a chair (sit to stand 

test), (Bischoff-Ferrari et al, 2004). Despite this, most improvement in both measures 

was noted at 25(OH)D level between 25 - 40 nmol/1. In addition, a higher 25(OH)D 

level of up to 115 nmol/1 was associated with less prospective decline in function in 

older adults (Dam et al., 2009). Futhermore, in a recent small study of 35 older adults 

with 25(OH)D levels above 75 nmol/1, those with higher vitamin D status (up to 135 

nmol/1) had better performance on one balance test (Anweiller et al., 2013).

Ejfect o f  Vitamin D Supplementation on Physical Performance 

In a meta-analysis of 13 RCT’S, vitamin D supplementation reduced body sway, 

decreased TUG times and improved lower extremity strength A beneficial effect on 

muscle strength was found in all studies that used 800 lU or more of vitamin D and no 

effect on gait was identified (Muir et al., 2011). In a meta-analysis of 17 randomised 

controlled trials involving 5072 adults supplemented with vitamin D, improvements
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in muscle strength only occurred in two studies in those with a 25(OH)D level o f less 

than 25 nmol/1 (Stockton et al., 2011).

However, some studies suggest an effect at higher vitamin D levels. In a randomized 

control trial of 242 ambulatory community dwelling subjects (mean age 77 years), a 

rise in mean 25(OH)D from 55.4 to 84 nmol/1 following treatment with 800 lU D3 

and 1000 mg of calcium for 20 months resulted in a 28%, 11% and 39% reduction in 

body sway. Timed Up and Go and falls respectively (Pfeifer et al., 2009). In tŵ o other 

randomised controlled trials involving 363 older adults, a rise in 25(OH)D from 25.7- 

66.0 nmol/1 (Lips et al., 2010) and 34.75- 65.5 nmol/1 was also associated with a 

reduction in body sway (Pfeifer et a l, 2000).

5.4 VDR Polymorphisms and Falls

Several studies have shown an association between VDR polymorphisms and muscle 

strength or falls. In particular carriers of the bb allele appear to have greater muscle 

strength and less falls. The bb allele has been associated with a 7% higher grip 

strength and a 23% higher quadriceps strength in non obese women aged 70 or older 

compared to the BB genotype (Geusens et al., 1997). The bb allele was also 

associated with a reduced rate of falls in a study of 259 older adults aged 80 years or 

older (Onder et al., 2008). Conversely, subjects who were carriers of the B allele were 

found to have an increased risk of falls in participants of the Aberdeen Prospective 

Osteoporosis Screening Study (Barr et al., 2010).

In addition to the above, the C allele has also been associated with reduced fat free 

mass and quadriceps strength in healthy elderly men (Roth et al., 2004). Furthermore, 

young healthy women with the bb allele in combination with the C allele were found 

to have lower fat free mass and hamstring (but not quadriceps) strength compared to 

those with the BB allele (Grundberg et al., 2004).

5.5 Clinical Studies of Vitamin D and Falls

Numerous studies including cross sectional, longitudinal and randomised controlled 

trials have looked at the relationship between vitamin D and falls. Several have also 

looked at the association between vitamin D and measures o f muscle strength and 

physical performance.
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Study - Pitfalls

Studies have varied in their definition o f what a fall is and how they have categorised 

falls. Falls history may not be reliable particularly when it is dependent on ‘self 

report’ which could result in non-capture o f falls weakening any potential 

relationship. As many factors contribute to falls risk, the relative importance o f 

vitamin D may var>' in different subjects groups. For example, the relationship may be 

more pronounced in those who are older and frailer and vitamin D deficient. 

However, the presence o f medical morbidities like stroke and orthostatic hypotension 

could also obscure any relationship. In observational studies, there may be residual 

confounding due to lack o f adjustment for factors such as visual and cognitive 

impairment and medication use. Finally, in randomised controlled trials there has been 

significant heterogeneity across studies in ternis study participant characteristics, 

vitamin D dose and treatment duration.

5.51 Cross Sectional Studies

Analysis in a recent Agency for Healthcare Research and Quality (AHRQ) systematic 

review identified a significant inconsistency in the relationship between vitamin D 

and falls in both cross sectional studies and longitudinal studies (Chung et al., 2009). 

The relationship between vitamin D and falls in the elderly suggests that those with 

vitamin D deficiency (<50 nmol/1) are likely at increased risk, though there is also 

considerable heterogeneity among subjects, calcium intake and also vitamin D assays 

used (Rosen et al., 2012).

Positive Studies

In a study o f  2957 community dwelling elderly Japanese aged 65 to 92 years and with 

a mean 25(OH)D o f less than 30 nmol/1, the reported rate o f falls in the previous year 

was significantly higher in women in the lowest quartile o f 25(OH)D and in those 

with 25(OH)D insufficiency (Suzuki et al., 2008). This association was only found in 

females who accounted for 58% of the total cohort. 25(OH)D was also positively 

correlated with performance on three tests o f  physical function including hand grip 

strength, stork standing time and normal walking speed.
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In a study of 349 elderly patients (246 hospitalised and 103 living at home), 25(OH)D 

was positively associated with the absence of falls and also hand grip strength, ability 

to climb stairs and outdoor activity (Mowe et al., 1999).

In a small study of community dwelling older adults (mean age: 85 years) fallers had 

significantly lower serum vitamin D than non-fallers (81.9 versus 97.6 nmol/1) after 

adjusting for age, health status and supplement use though levels were still in the 

sufficient range (Peterson et al., 2012).

Negative Studies

In a cross sectional study of 495 post menopausal females (mean age 74) in the 8 ’̂ 

Hawaii Osteoporosis study, no association was found between serum 25(OH)D and 

falls after adjusting for age, weight and height (Pamyothin et al., 2009). The mean 

25(OH)D level was relatively high at 79.5 nmol/1 and only 8.3% had a level below 50 

mnol/l which may account for the negative result. There was however, a correlation 

found between quadriceps strength and serum 25(OH)D.

No significant association was found between self reported falls in the previous year 

and serum 25(OH)D in 54 healthy volunteers aged between 65-91 years despite 

finding an association with some physical performance measures including the Berg 

Balance Score. Whilst adjusting for some confounding factors, this study was small 

and 93% of subjects had 25(OH)D levels greater than or equal to 50 nmol/1. (Shahar 

et al., 2009).

In a study of 627 ambulatory subjects who were institutionalised, an inverse 

association between 25(OH)D and falls became non-significant after adjustment for 

multiple confounds (Sambrook et al., 2004). Similarly, in a cross sectional 

retrospective analysis of 83 ambulant nursing home and hostel residents, those who 

fell were found to have lower serum l,25(OH) but not 25(OH)D than other residents 

(Stein et al., 1999).

Serum vitamin D was not associated with falls in the previous year in a study of 342 

older adults, though postural body sway was higher in those with deficiency (Kruase 

et al.„ 2013).
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5.52 Longitudinal Studies

A few studies have examined the effect of vitamin D future falls risk. At least two 

have found a significant inverse relationship though one was negative.

Severe vitamin D deficiency (< 25 nmol/1) was associated with an increased risk of 

repeated “self reported” falls (OR 1.78, 95% Cl 1.06-2.99) in 1231 community 

dwelling adults aged over 65 years who were participants of the Longitudinal Aging 

Study Amsterdam (Snidjer et al., 2006). The association was stronger in those under 

75 years of age and remained significant after adjusting for several confounding 

factors. In addition, lower vitamin D status also predicted falls at three year follow up 

though the association was weaker.

In a prospecfive study of 1261 elderly females in residenfial care, 25(OH)D was 

associated with first time to fall at a follow up of between 145 -  168 days. This was 

after adjusting for their weight, cognition, psychotropic drug use, wandering 

behaviour and the presence of a previous Colies fracture. (Flicker et al., 2003). 45% 

in low level care and 22% in high level care had a 25(OH)D less than 25nmol/l.

No increase in the risk of falls was found at 5 year follow up in a study of 1471 

healthy community dwelling females (mean age of 74 years) participating in a 

randomised control trial of calcium supplementation (Holland et al., 2010). The 

seasonally adjusted serum 25(OH)D was less than 50 nmol/1 in 50% of subjects. 

25(OH)D status did not predict other measures at five years including grip strength or 

fractures. However, study participants were healthy which may account for the 

negative finding.

5.53 Randomised Controlled Trials of Vitamin D and Falls

Numerous randomised controlled trials of vitamin D supplementation and falls have 

been performed. Most have found that vitamin D reduced either falls risk of rate of 

falling. There were however, some inconsistencies with some trials reporting no 

benefit or an increased risk with similar or higher doses. In two studies, the use of 

500,000 lU and 300,000 lU administered annually was reported to both increase and 

have no affect on the risk of falls (Smith et al., 2007: Sanders et al., 2011). Mean
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baseline 25(OH)D levels were relatively high suggesting an inappropriate target group 

for supplementation. The evidence supporting a reduction in falls with 

supplementation among individuals with very low levels o f 25(OH)D has become 

more robust and relatively consistent in systematic reviews, including the recent 

report from the U.S. Public Health Services Task Force (Rosen et al., 2012).

Several meta-analysis of double blind randomised controlled trials have been 

performed (See table). Results have been varied with some showing no effect or an 

effect only on rate of falls as opposed to falls risk. However, analyses have differed in 

their entry criteria for participants which have included community dwelling, 

institutionalised and hospitalised patients. In addition, there were differences in 

vitamin D dose used, duration of treatment and exclusion or inclusion of those taking 

calcium supplements. Only one meta-analysis looked specifically at falls in relation to 

vitamin D status and found that a level of least 60nmol/l was required (Bischoff 

Ferrari et al., 2009).

It is not necessarily surprising that vitamin D might reduce recurrent falls as opposed 

to prevent falls in the elderly, particularly those who are institutionalised or who are 

frail. Indeed, a systematic review found that treatment with vitamin D in nursing 

home residents is not effective at reducing the number of fallers but is of benefit in 

preventing fall recurrence (Chua et al., 2011). It has been suggested that larger 

randomised controlled trials using greater doses o f vitamin D are needed to further 

clarify on the role o f vitamin D only supplementation without calcium on falls risk 

(Scragg et al., 2012).

Meta-analyses o f  vitamin D  and falls

In the most recent Cochrane meta-analysis, treatment of subjects residing in care 

facilities with vitamin D reduced the rate of falls (RR 0.63, 95% Cl 0.46-0.86) but not 

the risk of falling (RR 0.99, 95% 0.90-1.08) (Cameron et al., 2012). A further meta

analysis of those in care facilities also found similar results with a 28%> reduction in 

falls rate (N = 4512) but no effect on risk of falling (Gillespie et al., 2012). Similarly, 

in a separate meta-analyses vitamin D was found to reduce falls rate but not risk of 

falling in residents in care facilities (Cameron et al., 2010). However, in a Cochrane
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m eta-analysis which included com m unity dw elling subjects, no overall effect o f  

vitam in D on reducing falls risk (N=26,747) or falls rate (N =9324) w as identified 

though it was suggested there m ay be o f  benefit in those who w ere vitam in D 

deficient (G illespie et al., 2012).

B ischoff et al. looked at eight random ised control trials (N =2426) o f  older individuals 

(m ean age 65) and found that doses o f  700 -1000 lU  / day reduced the risk o f  falling 

by 19%. W hilst there was a trend for a reduction in falls w ith the use o f  v itam in D3 

versus vitam in D2 this was not significant and no difference w as found betw een the 

uses o f  active or nonactive fonns o f  vitam in D. A  25(O H )D  level o f  at least 60 nmol/1 

and /or a supplem ent dose o f  m ore than 700IU per day w ere required to be effective. 

The effect o f  treatm ent w as apparent from  2- 5 m onths and w as sustained for up to 36 

m onths. Sim ilar reduction in falls was seen w ith v itam in D and calcium  versus 

calcium  alone (B ischoff et al., 2009).

In a m eta-analysis o f  26 trials involving elderly participants (N =45.782), 

supplem entation with vitam in D was associated w ith a 14% reduction in the risk o f  

falls. The effect was m ore prom inent in those w ho w ere vitam in D deficient at 

baseline and was only found in studies w here calcium  w as co-adm inistered w ith 

vitam in D (M urad e ta l .,  2011).

In a m eta-analyses o f  5 trials (N = 3756) the pooled relative risk (RR) for vitam in 

D(3) preventing falls was 0.88 (95% CI 0.78-1.00). W hen a subgroup analysis on post

m enopausal fem ales was perform ed, the pooled RR  for vitam in D 3  preventing falls 

w as 0.92 (95% CI 0 .75-1 .12), com pared w ith no vitam in D 3 (Jackson et al., 2007).

K alyani et al., exam ined 10 trials (N = 932) o f  subjects aged 60 years or older and 

found that in pooled analysis daily vitam in D therapy (200 -1000 lU ) resulted in a 

14% reduction in falls versus placebo or calcium  only. The subgroup o f  subjects w ith 

significantly fewer falls included those were taking 800 lU  D or m ore daily, were 

under the age o f  80, and had no prior history o ff  falls and w ho were on treatm ent for 

longer than 6  m onths (K alayani et al., 2010). Subjects included hospitalised patients, 

institutionalised and com m unity dwelling.
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In a meta-analysis of 14 randomised controlled trials (N=21,268), treatment with 

vitamin D hormone anologs resulted in lower risk o f falling (OR 0.79, 95% Cl 0.64- 

0.96) versus native vitamin D (OR 0.94, 95% Cl 0.87-1.01), (Richy et al., 2008).

An earlier meta-analyses of five randomised control trials (N=1237) of subjects with a 

mean age of 60 years, vitamin D was found to reduce the risk of falls in ambulatory 

or institutionalised elderly with stable health by 22% (OR 0.78, 95% Cl 0.64-0.92). 

Subgroup analysis suggested that this effect was independent o f type of vitamin D, 

and calcium supplementation but reduced sample sizes made this sub-analysis non

significant (Bischoff Ferrari et a., 2005).
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Table 5.53: Meta-analyses of Randomised Controlled Trials of Vitamin D supplementation and Falls

Meta-analyses of Randomised Controlled Trials of Vitamin D and Falls

A u th o r R O T ’S No. P a rtic ip an ts O utcom e (OR ) C om m en t

G illepsie et al., 2012 5 4,603 Care Facilities 0.63 (0.46-0.86) i  rate o f  falls No effect on risk o f  falling

Gillepsie et al., 2012 7 9,324 Com m unity dwelling No effect on falls rate Possible benefit in deficiency

Gillepsie et al., 2012 13 26,747 Com m unity dwelling No effect on falls risk Possible benefit in deficiency

M urad et al., 2011 26 45,782 Com m unity dwelling, institutionalised 0.86 (0.77-0.96) i  risk o f  falls Greater effect in deficiency and with Calcium

Cameron et al., 2012 5 4,603 Care Facilities 0.63 (0.46 to 0.86) i  rate o f  falls No effect on risk o f  falling

6 5,186 Care Facilities No effect Subjects had low baseline vitamin D

Cameron et al., 2010 4,512 Care Facilities 0.72 (0 .5 5 -0 .9 5 ) i  rate o f  falls No effect on risk o f  falling

5,095 Care Facilities Non effect

Richy et al., 2008 14 21,268 Active and native vitamin D 0.79 (0.64-0.96) i  risk o f  falls 

( OR for active vitamin D)

Duration 12 m onths, greater effect o f  active 

vitamin D.

Gillepsie et al., 2009 Com m unity dwelling 0.95 (0.80 -1.14) i  risk o f  falls Possible benefit when vitamin D lower

Jackson et al., 2007 5 3756 Post menopausal women and older men 0.88 (0 .78-1 .00)1  risk o f  falls

Kalyani et al., 2010 10 2932 Com m unity dwelling. 

Institutionalised/hospitalised, aged > 60

0.86 (0.79-0.93) i  rate o f  falls G reater effect when vitamin D>800 /day, aged < 

80, taking calcium, no falls history

Bischoff et al., 2009 7 2426 0.81 (0.71-0.92) i  risk o f  falls High dose vitamin D or serum level > 60 nmol/1

Bischoff et al., 2004 5 1237 Com m unity dwelling 0.78 (0.64-0.92) i  risk o f  falls -

1 1 1



5.6 Conclusion

Several meta-analyses of randomised controlled trials support a role for vitamin D 

supplementation in either reducing falls risk or rate of falls. Vitamin D is known to act 

directly on skeletal muscle and may mediate it’s effect on falls by improving muscle 

strength, balance and body sway. Optimisation o f parathyroid hormone and serum 

calcium may also play a role. The effect size varies hugely across different studies, 

reflective of different responses in different subject groups. It is unclear as to which 

patient’s benefit most from supplementation, whether the effect is altered by 

supplemental calcium and the optimal level of 25(OH)D required. Studies suggest the 

benefit is greater in those who are vitamin D deficient and have a history of falls, and 

that a level of at least 60 nmol/1 should be achieved. Evidence also suggests that 

increasing levels above this may be o f benefit in both improving physical 

performance and reducing falls.
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CHAPTER 6 : VITAMIN D AND MOOD

6.1 Introduction

It has been proposed that vitamin D may play a role in the pathogenesis of depression 

and affective disorders (Parker et al., 2011). The presence of the vitamin D receptor 

and metabolic pathways for vitamin D in several brain areas implicated in depression, 

coupled with a seasonal variation in mood when levels are low supports this theory. 

Several studies point to the role of vitamin D in brain function and development. 

Supportive evidence has also come from studies that have explored the relationship 

between vitamin D and depression, other psychiatric illness and affective disorders 

including Seasonal Affective disorder (SAD) and Premenstrual Syndrome (PMS).

Seasonal Variation in Depression

Depression is known to have a seasonal pattern with US data suggesting Summer and 

Winter peaks (Wehr et al., 1989). In addition, depression in the Winter but not in the 

Summer has been shown to be responsive to light therapy (Rosenthal et al., 1988). 

Seasonal change in the photoperiod is integral to most hypotheses that explain the 

seasonality o f mood (Eagles et al., 2003).

Bone Mineral Density and Depression

Low bone mineral density (which is associated with lower vitamin D status) is 

disproportionately common in those with depression (Coelho et al., 1999: Mitchelson 

et al., 1996: Jacka et al., 2005: Fazeli et al., 2013). Robbins et al. also found a 

significant association between bone mineral density and depressive symptoms after 

adjustment for osteoporotic risk factors and postulated that an unmeasured third factor 

such as an endogenous steroid might be responsible (Robbins et al., 2001).

6.2 Vitamin D and Affective Disorders

Mental Illness

Some studies have found an association between vitamin D and psychiatric illness 

including schizophrenia and bipolar affective disorder (Eyles et al., 2013) but most 

have been small and have included subjects who were medical inpatients. The finding

113



of an inverse relationship is not surprising and may be as a consequence o f factors 

associated with the very illness itself including less time spent outdoors and poor 

dietary intake of vitamin D.

Berk et al., found that mean serum 25(OH)D was 29% lower in a sample of 53 

inpatients in a private a psychiatric clinic versus 691 controls without psychiatric 

illness (46.4 mnol/l versus 65.3 nmol/1) after adjusting for season and age (Berk et al., 

2008). A higher prevalence o f vitamin D deficiency has also been found in young 

adolescents with severe mental illness where levels were also associated with the 

presence of psychosis independent of race (Graciuos et al., 2012). Likewise, in elderly 

residing in nursing homes in Belgium, a consistent tendency for more depressive 

symptoms and use of antidepressants was found in those with greater vitamin D 

deficiency (Verheoven et al., 2012).

Vitamin D has also been associated with schizophrenia which is more common in 

individuals bom during the Winter and Spring when maternal vitamin D levels are 

low (Harms et al., 2008) and for which vitamin D supplementation in early life may 

reduce the risk (Me Grath et al., 2004). A high prevalence (74%) of vitamin D 

deficiency (<50 nmol/1) was found in a study of 102 subjects who were psychiatric 

inpatients, with those with schizophrenia having markedly lower levels than those 

with mania or depression (Menkes et al. 2012). Similarly, in a another study of 133 

patients, those with schizophrenia and depression had lower vitamin D status 

compared to healthy controls though no association was found with disease activity 

(Itzhaky et al., 2012.)

It has been hypothesised that vitamin D deficiency could be linked to suicide (Tariq et 

al., 2011). Lower 25(OH)D (< 38.6 nmol/1) was associated with an increased risk of 

suicide in a nested case control study (N=495 in each group) involving US military 

personnel (Umhau etal., 2013).

Premenstrual Syndrome (PMS)

Premenstrual Syndrome (PMS) is a recognised mood disorder (DSM-IV) 

characterised by moderate to severe physical and emotional symptoms in the luteal 

phase o f the menstrual cycle that can substantially interfere with normal life activities
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and interpersonal relationships (Mortola, 1992). It has been suggested that women 

who experience symptoms consistent with Premenstrual Syndrome (PMS) may have 

vitamin D deficiency, calcium dysregulation and hyperparathyroidism. However, only 

a few studies have explored this relationship and results are inconsistent.

Lower levels of vitamin D and higher PTH levels are associated with Premenstrual 

SyndromeThys-Jacobs et al., 2000). Changes in l,25(OH)D levels were noted in 68 

women with Premenstrual Dysphoric Disorder (PMDD) versus 47 healthy female 

controls during the menstrual cycle (Thys-Jacobs et al., 2007).

Higher intake of vitamin D (median intake o f 706 lU/day versus 112 lU/day) has been 

associated with a reduced risk (OR 0.59, 95% Cl 0.50-0.97) o f PMS in a longitudinal 

study o f females who were aged between 27-44 years (Bertone-Johnson et al., 2005). 

Likewise, a food intake of only 100 lU or more of vitamin D per day in a study of 186 

females (aged 18-30 years) was associated with a reduced risk (OR, 0.32, 95% Cl 

01.0-0.98) o f PMS (Bertone-Johnson et al., 2010). However, premenstrual symptoms 

were not related to vitamin D, PTH calcium or dairy product consumption in a cross 

sectional study of 177 young females who had primary dysmenorrhea (Obeidat et al., 

2012 ).

Postpartum Depression

Vitamin D has been implicated as factor in postpartum depression for which a 

possible psycho-neuro-immunological mechanism has been proposed (Ellsworth et 

al., 2012). A significant relationship over time was found between low 25(OH)D and 

postpartum depression (as measured by the Edinburgh Postpartum Depression Scale) 

in 97 women attending an outpatient clinic over a seven month period (Murphy et al., 

2010). There is little evidence overall though to support a role for vitamin D in 

postpartum depression.

Seasonal Affective Disorder

A role for vitamin D in the aetiology of Seasonal Affective Disorder (SAD) was first 

proposed by Stumpf and Privette in 1989 (Stumpf et al., 1989). SAD is a disorder 

characterised by symptoms of depression, anxiety, irritability, appetite changes.
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hypersomnia, and fatigue that occurs during the winter months (Lurie et al., 2006). 

However, few studies have explored this relationship and the results of intervention 

trials of vitamin D supplementation in this group have been inconsistent. Some have 

reported no improvement in those with SAD symptoms (Harris et al., 1993; Partonen 

et al., 1996; Dumville et al., 2006) whilst others found a beneficial effect 

(Landsdowne et al., 1998: Gloth et al., 1999).

6.3 Vitamin D and Depression- Potential Mechanisms 

VDR and the Brain

VDR has been identified in multiple areas of the brain including the prefrontal cortex, 

cingulated gryus, thalamus and hypothalamus, many of which have been implicated in 

the pathophysiology of depression (Drevets et al., 2008). High concentration o f VDR 

are found in the hypothalamus (Eyles et a!., 2003) where the suprachiasmatic nucleus 

is located and believed to be involved in affective disorders (Kalsbeek et al., 1998). 

VDR and hydroxylases have also been found in the amygdala, which plays a central 

role in the limbic system and in the regulation of behaviour and emotion (Walbert et 

al., 2001). Vitamin D metabolites including l,25(OH)2D and 25(OH)D can cross the 

blood brain barrier (McCann et al., 2008) and metabolic pathways for it’s activation 

exist in the brain (as discussed previously). Vitamin D is a cofactor in the synthesis of 

the brains main free radical scavenger glutathione, deficiency of which has been 

implicated in many psychiatric disorders including depression (Berk et al., 2008). 

Vitamin D receptor knockout mice have increased anxiety like behaviour though this 

may be mediated by loss of vitamin D function (Kaleuff et al., 2006).

Vitamin D and Monoamines

To date, some evidence links vitamin D to monoamines implicated in depression. 

Summer sunlight has been found to increase brain serotonin levels at least twice as 

much as winter sunlight (Lambert et al., 2002) suggesting a potential role for vitamin 

D. More importantly, preclinical findings show that vitamin D can regulate 

catecholamine levels (Eyles et al., 2013). l,25(OH)2D appears to increase expression 

of genes encoding tyrosine hydroxylase (the rate limiting enzyme for catecholamine 

synthesis) in adrenal medullary cells by threefold (Puchaaz et al., 1996). In addition,
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Vitamin D Responsive Elements have been identified in silico promoter regions in 

serotonin receptors and tryptophan hydroxylase, two genes associated with depression 

(Wang et al., 2005). Vitamin D has also been found to protect against serotonin 

depleting effects of neurotoxic doses of amphetamine in rodents (Cass et al., 2006).

Vitamin D and Hypothalamic Adrenal Axis (HPA)

One theory underlying depression is the activation of the hypothalamic pituitary 

adrenal (HPA) axis. It is possible vitamin D may act on the suprachiasmatic nucleus 

in the hypothalamus, which is known to have an inhibitory action on the HPA axis 

(Kalsbeek et al., 1998). There is also some evidence to suggest a relationship between 

vitamin D, stress and cortisol. It has been proposed that vitamin D might be involved 

in hippocampal neurogenesis in response to stress, as in vitro studies suggest cross 

talk between VDR and glucorticoid receptors in the hippocampus (Obradovic et al.,

2006). Recently, an increased expression of hydroyxlase enzymes, VDR and vitamin 

D target gene mRNA (calbindin and neurotrophin-3) as well as higher l,25(OH)2D 

was found in the hippocampus of stress induced depressed rats. This suggests that 

local vitamin D signalling may be a compensatory mechanism to protect against the 

affect of stress in the brain (Jiang et al., 2013)..

Vitamin D, Parathyroid Hormone and Depression

A possible mechanism by which vitamin D might cause depression is through 

elevated parathyroid honnone (PTH) levels. As previously discussed, PTH receptors 

are found in the central nervous system and it can cross the blood brain barrier. High 

PTH levels which are often a consequence of low serum vitamin D have been 

associated with low mood and depression in some cross sectional studies (Hoogendik 

et al., 2008). In addition, low mood is commonly found in patients with 

hyperparathyroidism, which when corrected can lead to improvement (Chiba et al.,

2007). However, studies have given conflicting results and some have found no 

independent relationship (Lee et al., 2011).

Inflammation

Evidence suggests that increased levels of pro-inflammatory cytokines in the brain 

may be associated with depression (Song et al., 2011). Vitamin D has been shown to
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down regulate a number of inflammatory mediators including nuclear KB (McCann et 

al., 2008) which has been implicated in depression (Miller et .2009).

Cerebrovascular Disease

The ‘vascular depression hypothesis’ sites that cerebrovascular disease contributes to 

the development of depression in later life (Paulson et al., 2013). Vitamin D through 

modulation of vascular risk factors (as previously discussed) could in theory reduce 

cerebrovascular disease burden and hence depression.

6.4 VDR Polymorphisms and Depression

In a study of 563 subjects, carriers of the Apal VDR polymorphism were more likely 

to have less depressive symptoms (Kuningas et al., 2009). The ff  VDR genotype was 

found to be more common in patients with bipolar disorders in case control study and 

was also associated with lower expression o f the dopamine D1 receptor gene (Ahmadi 

et al., 2012). Results suggest that the effect of vitamin D on mood is modulated by 

differences in the VDR. However, other polymorphisms of the VDR (Bsml-P, Taql- 

P) were not associated with depression or response to intervention (Yalamanchili et 

al.,2012).

6.5 Clinical Studies

Results of clinical studies looking at the relationship between vitamin D and mood 

have given inconsistent results. An outline of cross sectional and longitudinal studies 

of serum 25(OH)D and depression as well as randomised controlled trials is 

discussed. A small number of studies that have looked at vitamin D intake and 

depression are also included.

Studies o f  Vitamin D  and M ood - Pitfalls

Several factors related to vitamin D status have the potential to effect study results, 

some of which have been previously outlined. In particular, depression may lead to 

lower vitamin D levels via reduced sun exposure and altered dietary habits resulting in 

reduced vitamin D intake. Most studies have not taken account o f a prior history of 

depression or the presence of family history of depression. Assessments o f depression 

have varied widely with most using validated scales and some making a formal 

clinical diagnosis. Differences in the sensitivity and specificity o f scales used could
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account for false negative or positive outcomes. Some scales only reflect mood in the 

preceding week which has the potential to weaken the relationship. In longitudinal 

studies the frequency of mood assessment has varied and in some the follow up has 

been short. It is possible that clinically detectable mood disorders may take many 

years to develop and hence be missed in shorter studies. Finally, as in other 

randomised controlled trials o f vitamin D, a lack of a positive outcome may relate to 

inappropriate treatment dose / duration or target subject group.

6.51 Vitamin D Intake and Depression

In 81,189 participants of the Women’s Health Initiative aged 50-79 years, a total daily 

vitamin D intake of 800 lU or more versus less than 100 lU was associated with a 

reduced risk of depression (OR 0.79, Cl 0.71 -  0.89). In an analysis including those 

without evidence of depression, a daily intake of more than 400 lU D3 versus less 

than 100 lU was also associated with a 20% reduction in the risk of depression at 

three years (Bertone-Johnston et al., 2011).

Women who consumed less than 400 lU of daily vitamin D in the Iowa Women’s 

Health study had significantly lower mental health related Quality of Life after 

controlling for several confounding factors including physical activity (Motsinger et 

al., 2012).

6.52 Cross Sectional Studies of 25(OH)D and Mood

Of 24 cross sectional studies, 15 found an inverse association between serum 

25(OH)D and measures o f depression/anxiety. Some have been large population 

studies whiles others have included small numbers in case control models. Most large 

studies have been positive, though two were negative but only after further adjustment 

in multivariate analysis (See Table 6.5). 25(OH)D levels above 75 nmol/1 appear to be 

associated with lower risk o f depression/depressive symptoms in several studies that 

have found an inverse relationship. A recent meta-analysis o f ten cross sectional and 

one case control study found that lower vitamin D levels were associated with an 

increased risk of depression (OR 1.31, 95% Cl 1.0-1.71), (Anglin et al., 2013).
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Positive Studies

In the largest study to date involving 12,954 community dwelling adults (mean age 

51.7 ± 11.0 years) who were participants of the Cooper Center Longitudinal Study, 

higher 25(OH)D levels were associated with a reduced risk of depression at baseline 

(Hoang et al., 2011). However, the finding only remained significant in those with 

prior history of depression.

In the 6* Tromso study, a higher risk of depressive symptoms was found in 10,086 

subjects after adjusting for multiple confounds (Kjaergaard et al., 2011). The analysis 

was performed separately in smokers and non-smokers where the respective odds 

ratio were (OR 0.59, 95% Cl 0.39-0.89) and (OR 0.74, 95% Cl 0.58-0.95).

In 7970 participants of the 3'̂ '̂  NHANES study who were aged 15-39 years, a higher 

risk of depression (OR 1.85, 95% Cl 0.90-3.81) was identified in multivariate analysis 

in those with vitamin D deficiency (<50 nmol/1) versus those with a 25(OH)D of 

75nmol/1 or above (Ganji et al. 2010).

In a study of 4101 pregnant women, vitamin D deficiency (< 29.9 nmol/1) and 

insufficiency (30-49.9 nmol/1) at a median of 13 weeks gestation were associated with 

higher level of depressive symptoms (OR 1.48, 95% Cl 1.13-1.95) and (OR 1.44, 

95% Cl 1.12-1.85) respectively after adjustment for several covariates (Brandebarg et 

al., 2012). In linear regression model, there was mean 5% increased risk found for 

every 10 nmol/1 drop in 25(OH)D.

In a national representative sample of 4002 Jordanian’s aged 25 or older, an increased 

risk of depression was identified in those in the lowest two versus the highest quartile 

of vitamin D (OR 1.21 -1.39) after adjusting for several confounds (Jaddou et al., 

2012). A relatively high 25(OH)D of 105 nmol/1 was identified as the level when the 

decreased risk of depression was significant.

An increased risk of depression was found in 3669 European males (mean age 60 ± 11 

years) across decreasing quartiles o f vitamin D (>78.4 nmol/1 to < 39.0 nmol/1) in 

multivariate analysis (Lee et al., 2011). Likewise, lower 25(OH)D status was
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associated with both depression and depression severity in 1282 participants aged 65- 

95 years in the Longitudinal Ageing Study Amsterdam after multivariate adjustment 

(Hoogendik et al., 2008).

Depressive symptoms were associated with vitamin D deficiency (<25nmol/l) in 2070 

participants aged 65 older in the 2005 Health Survey England after adjustment for 

several confounds (OR 1.46, 95% Cl 1.02-2.08), (Stewart et al., 2010).

An increased risk of depression was found in 939 Chinese males in Hong Kong after 

multivariate adjustment when comparing those in the highest quartile (> 92 nmol/1) 

versus the lowest quartile (< 63nmol/l) of 25(OH)D (Chan et al., 2011).

In a study o f 178 African American pregnant women, a significant inverse 

relationship was found between 25(OH)D and antenatal depression (CES-D>16), with 

a 46% reduction in the risk of depression for every 6.8 nmol/1 increase in vitamin D 

status (Cassidy Bushrow et al., 2012). The mean 25(OH)D was 33.3 ± 20.1 nmol/1 

suggesting that those who are deficient were more likely to be depressed.

Remaining positive studies were small and included an heterogenous group of 

subjects including hospitalised patients, subjects with hyperparathyroidism, 

Alzheimer’s dementia, fibromyalgia (Sneider et al., 2000; Jorde et al., 2006; Wilkins 

et al., 2006; Eskandari et al., 2007; Annstrong et al., 2007).

Negative Studies

Two negative studies involved large numbers of subjects, used validated tests and 

adjusted for several confounders. A lower prevalence of depressive symptoms was 

identified in the highest tertiale of 25(OH)D (mean 65.1 ± 16.0 nmol/1) in a study of 

3262 community dwelling Chinese aged 50-70 years. However, after adjustment for 

geographic location the find became insignificant (Pan et al., 2009).

Similarly, while an association between vitamin D and depression was found in 3916 

participants of the 2005-6 NHANES study (aged > 20 years), it became insignificant 

after adjustment for multiple confounds (Zhao et al., 2010).
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In 527 Japanese subjects aged 21-67 years no significant association was identified 

between vitamin D and depressive symptoms in multivariate analysis (Nanri et al., 

2009). Other negative studies have been much smaller. Two were case controls 

(Michelson et al., 1996; Herran et al., 2000) and used no formal measures o f mood. In 

addition, another involved a small number of chronic haemodialysis patients and 

though finding a correlation between 25(OH)D and Beck Depression Inventory scores 

this did not remain significant in multivariate analysis (Bossola et al., 2010).

In another small study of 138 females aged between 18-24 years no association was 

found between 25(OH)D and depression (Kwasky et al., 2012). In a sample of 118 

participants aged 70-75 years in the Survey in Europe and Nutrition in the Elderly 

(SENECA) study, no significant association was between increasing tertiales of 

25(OH)D (<34 nmol/1 to 52-152 nmol/1) and Geriatric Depression Scale scores after 

adjustment for several lifestyle factors (Brouwer Brolsma et al., 2013). A negative 

correlation between vitamin D status and depression was found in 59 patients with 

multiple sclerosis but this became insignificant when adjusted for disability and 

fatigue (Knippenberg et al., 2011).
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Table 6.52: Cross Sectional Studies of 25(OH)D and Mood

Cross Sectional Studies of 25(OH)D and Mood
A u th o r No M easu re Risk C om m ents

Hoang et al., 2011 12594 CES-D (short form) Yes Not significant in those without prior history o f  depression

Kjaergaard et al., 2011 10086 S C L -10 Yes Stronger association in females

Ganji et al., 2010 7970 DIS Yes Risk when 25(OH)D < 50 nmol/l

Brandebarg 4101 CES-D Yes Pregnant women, risk when 25(OH)D < 74.5nmol/l

Jaddou et al., 2011 4002 DASS2I Yes Reduced risk significant when 25(OH)D >105 nmol/l

Zhao et al., 2010 3916 PHQ-9 No Negative only in fully adjusted model

Lee et al., 2010 3369 BDl-11 Yes Risk reduced with rising 25(OH)D from <39.0 to >78.4 nmol/

Pan et al., 2009 3262 CES-D No Non significant only after adjusting for location

Stewart et al, 2010 2070 GDS Yes Risk when 25(OH)D <25 nmol/l

Hoogendik et al., 2008 1282 CES-D Yes

Chan et al., 2011 939 GDS Yes Risk com paring <63 nmol/l versus > 92nmol/l

Nanri et al., 2009 527 CES-D No

CES-D Center for Epidem iological Studies Depression scale, S C L -10-Sym ptom  Checklist Depression Scale -10, DASS-21- Depression, Anxiety Stress Scale -21, 

BDI- Beck Depression Inventory, CDS -  G eriatric Depression Scale, PHQ-9 - Patient Health Questionnaire -9 .
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Table 6.52: Cross Sectional Studies of 25(OH)D and Mood

Cross Sectional Studies of 25(OH)D and Mood
A u th o r No M easu re Risk C om m ents

Cassidy Bushrow, et al., 2012 178 CES-D Yes Pregnant women, results suggest that risk when 25(OH)D<50 nmol/l

Eskandari et al, 2007 133 Psychiatric Assessment Yes Case control study

Kwasky et al., 2012 139 BDl No

Brouwer Broism a et al., 2012 CDS No No relationship when 25(OH)D rising forom <34 nmol/l to 52-152 nmol/l

Bossola et al., 2010 80 BDl II (Italian version) No Subjects on dialysis

W ilkins et al., 2006 80 DSI Yes Risk when 25(OH)D < 25 or 50 nmol/l

A rm strong et al., 2007 75 HADS Yes Subjects with fibromyalgia -  outcome was anxiety

Jorde et al., 2006 84 BDl Yes Lower BDl when 25(OH)D below 50 nmol/l

Sneider et al., 2000 60 Psychiatric Assessment Yes Case control study

Knippenberg et al., 2013 59 HADS No Subjects with multiple sclerosis, no association in full mdoel

M ichelson et al., 1996 48 Psychiatric Assessment No Case control study

Herran et al., 2000 38 Psychiatric Assessment No Case control study

CES-D -  Center for Epidem iologic Studies Depression scale, BDl-Beck Depression Inventory, CDS -  Geriatric Depression Scale, HADS -  Hospital Anxiety Depression 

Scale, DSI -  Depression Symptoms Inventory.



6.53 Longitudinal Studies

O f six longitudinal studies to date that looked at vitamin D and mood, five identified 

an increased risk of developing depressive symptoms or depression in subjects with 

lower serum vitamin D status. Study subjects were middle aged or older adults apart 

from one study which included children and follow up ranged from between one and 

six years. In a recent meta-analysis of three longitudinal studies an increased risk of 

depression was found in the highest versus lowest categories of vitamin D (OR 2.21, 

95% Cl 1.40 -  3.49), (Anglin et al„ 2013).

Positive Studies

An increased risk o f depression (at up to one year follow up) was found in 7538 

subjects aged over 50 years who had lower vitamin D levels and known 

cardiovascular disease but no known prior history of depression. The relative risk was 

2.7 and 2.5 for those with 25(OH)D levels below 37.5 nmol/1 and between 40-75 

nmol/1 respectively compared to those having a level above 125 nmol/1.. However, 

adjustment was made for few confounds (May et al., 2010).

An inverse relationship between 25(OH)D and depression was also found in 7401 

participants (aged 45 years) in the 1958 British Birth Cohort after adjustment for 

vitamin D related behaviours (OR 0.57, 95% CIO.40-0.81). Furthermore, those with 

25(OH)D below 50 and 85 nmol/1 respectively had an increased risk of subsequent 

depression at 50 years of age (Maddock et al., 2013).

Higher vitamin D status was associated a with a reduced risk of depressive symptoms 

at four years follow up in 2752 children (OR 0.90, 95% Cl 0.86-0.95) independent of 

several confounding factors (Tolpannen et al., 2012).

In an analysis of 2396 participants (aged 18-65 years) of the Netherlands Study of 

Depression and Anxiety (NESDA), lower vitamin D status was associated with an 

increased risk of depressive disorders at two year follow up. Vitamin D was also 

inversely associated with current depression and symptom severity at baseline 

(Milaneschi et al., 2013).
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Negative Studies

Lower vitamin D status was not associated with an increased risk of incident 

depression in 629 Chinese men (aged over 65 years) at four year follow up (Chan et 

al., 2011). However, a self-report measure of mood was used and there was a small 

number of cases of incident depression.



Table 6.53: Longitudinal Studies of 25(OH)D and Depression

Longitudinal Studies of 25(OH)D
Author No. Age* Duration Measure Risk Comments

May et al., 2010 7538 73.1 1 yr ICD-10 Yes No adjustment for season

M addock et al., 2013 7401 45.0 5 yrs MHI Yes Risk when <50 or 85 nmol/l.

Tolapannen et al., 2012 2752 9.8 4 yrs MFQ Yes Outcom e measure was only depressive symptoms

M ilaneschi et al., 2013 1596 18-65 2 yrs DSM - IV Yes OR 0.90

M ilaneschi et al., 2010 954 75.0 3-6 yrs CES-D > 16, CES-D. Yes Risk when < 50 nmol/l for both outcom es except in males at 6 yrs.

Chan et al., 2011 629 > 6 5 4 yrs G D S >  8 No Small number o f  cases o f  incident depression

MHI -  Mental Health Inventory, M FQ -  Mood & Feelings Questionnaire, CES-D -  Center for Epidemiological Studies Depression Scale, GDS -  Geriatric Depression 

Scale, ICD-10 -  International C lassification o f  D iseases-10, DSM IV -  Diagnostic Statistical Manual IV. [* Age quoted as mean, range or median]
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6.54 Intervention Trials

O f 16 intervention studies involving vitamin D and mood eight were positive. Two 

large randomised controlled trials have examined the effect of vitamin D on mood but 

only one was primarily designed to do this (Sanders et al., 2011; Bertone-Johnson et 

al., 2012). Others studies have been small and/or of short duration. One used active 

vitamin D but found no improvement (Yalamanchili et al., 2012).

Negative

The largest trial to date involving 2263 females aged 50-79 years in the Women’s 

Health Initiative (WHI) found that 400 lU D3 with lOOOmg calcium daily resulted in 

a increase in depressive symptoms after two years. However, the dose of vitamin D 

was small and there is also the potential for a negative affect from the calcium 

supplementation (Bertone-Johnson et al., 2012). In addition, compliance with 

treatment was only 60-63 % and use of antidepressants was used as a proxy for 

depressive symptoms for some patients.

Another large study o f over 2000 community dwelling subjects aged 70 or more who 

received a large annual dose of vitamin D (500,000 lU) found no improvement in 

mental health scores at 3-5 year follow up (Sanders et al., 2011). This however, may 

have been confounded by an increase in falls and fractures in the treatment group 

versus placebo. In addition, o f a subset of participants who had serum 25(OH)D 

measured, only a small proportion had vitamin D deficiency (less than 25 nmol/1) and 

more than half had levels above 50 nmol/1. This suggests that it may have been an 

inappropriate target group for supplementation.

In a double blind placebo controlled trial o f 489 post menopausal women (aged 65-77 

years), treatment with calcitriol [l,25(OH)2D] or calitriol combined with hormone 

therapy for three years had no effect on depression as assessed by the Geriatric 

Depression Scale (Yalamanchili et al., 2012).

Of other negative trials, the dose of vitamin D was low in one (Harris et al., 2009). In 

another, treatment involved bright light only for a short period and though resulting in 

an improvement in the Beck Depression Inventory was not associated with any
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change in serum vitamin D (Partonen et al., 1996). However, in four other trials 

higher doses of vitamin D did not result in any improvement in different mental health 

outcomes. In a study of 921 women aged 70 years or more, treatment with 800 lU 

vitamin D and calcium versus placebo resulted in no significant change in the Mental 

Component Score (MCS) at six months (Dumville et al., 2006). Supplementation of 

65 healthy community dwelling men (aged 65-87 years) with 1000 lU OF vitamin D 

per day also did not improve health perception (Kenny et al., 2003).

Finally, treatment with vitamin D (5000 lU/day) for a mean of 8.1 days did not result 

in any benefit in mood (as assessed by the Profile of Mood States) compared with 

vitamin C. This might be explained by the fact that 25(OH)D was still in a sub

normal range post treatment (Wang et al., 2013).

Positive Studies

A significant decrease in the Beck Depression Inventor)' score in 441 subjects aged 21 

-70  years was found post treatment with once weekly 40,000 lU D2 for one year, 

though the drop out rate was high at 25% and subjects only had depressive traits as 

opposed to a diagnosis of depression (Jorde et al., 2008).

In a double blind randomised placebo controlled trial of eight weeks duration 

involving 40 subjects with depression, treatment with combined vitamin D3 (1500 lU 

per day) and fluoxetine was found to be better than fluoxetine alone in reducing, 

depressive severity. The effect was noticed from the fourth week of treatment 

onwards (Khoraminya et al., 2013).

Treatment of 48 depressed Swedish adults with vitamin D deficiency (<50 nmol/1), 

for three months with vitamin D3 led to a significant reduction in depression on the 

MFQ-S and also an improvement in eight out o f nine items in a vitamin D deficiency 

scale (Hogberg et al., 2012).

Likewise, treatment of 40 vitamin D deficient subjects suffering with depression (BDI 

> 16) with a once off intramuscular injection of 300,000 lU D3 resulted in a 

significant improvement in BDI scores compared to 40 similar subjects who received
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no intervention. Mean post treatment 25(OH)D was 60.2 nmol/1. (Mozaffari-Khosravi 

et al.,2013).

Administration of 100,000 lU of vitamin D once off to eight patients with Seasonal 

Affective Disorder also resulted in an improvement in several measures of mood 

(Gloth et al., 1999). In 82 outpatients with a 25(OH)D level o f less than 61 nmol/1, 

supplementation with either 4000 lU or 600 lU per day of vitamin D3 for three 

months over two consecutive winters resulted in an improvement in wellbeing score. 

(Vieth et al., 2004).

In a random double blind study of 44 healthy subjects, treatment with vitamin D 

(400IU or 800IU) daily for 5 days in late winter was associated with an improvement 

in self reported affect with some evidence for a reduction in negative affect 

(Landsdowne et al., 1998). In a study of six females with a 25(OH)D level below 100 

nmol/1, supplementation with D3 was associated with a decline in scores on the Beck 

Depression Inventory (BDI). Mean increase in 25(OH)D was 67.5 nmol/1 (Shipowick 

et al., 2009).
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Table 6.54: Studies of vitamin D supplementation and Depression

A u th o r No. D u ra tio n T re a tm en t M easu re Effect

Bertone-Jonhston et al., 2012 2263 2 years 400 lU D3 +1000 mg Ca /day* Burnam Scale / Antidepressant use No Low dose o f  vitamin D

Sanders et al., 2011 2012 3-5 years 500,000 lU D3 stat /year GHQ, SFHS, others No Few had 25(OH )D < 25 nmol/1

Drum ville et al., 2006 912 6 months 800 lU D3 + 1000 m g C a /d a y MCS No

Yalamanchilli et al.,2012 489 3 years l,25(O H )2D 3+ HRT GDS No

Jorde et al., 2008 441 1 year 20,000 or 40,000 lU D 2 /w k BDI Yes Drop out rate 25% , small 

decrease in BDI

Harris et al., 1993 250 12 month 400 lU D2 + 3 3 7 m g  C a /d a y PMQ No

Dean et al., 2011 128 6 weeks 5000 lU D3 /day BDI, STAI No High baseline vitamin D

Vieth et al., 2004 82 6 months 4000 IU o r6 0 0  lU D 3 /d a y Well being score Yes No difference with higher dose

M ozaffari-Khosravi et al., 2013 80 3 months 300,000 /100,000 lU D3 stat BDl-II Yes Higher dose more effective

Kenny et al., 2003 65 6 months 1000 lU D3 + C a /d a y Health perception No

Hogberg et al., 2012 48 3 months WHO wellbeing scale, MFQ-S Yes Im provem ent in several 

domains

Landsdowne et al.,1998 44 5 days 4 0 0 IU o r  8 0 0 I U D 3 / d a y Self Report M easure o f  Affect Yes

Khoraminya et al., 2013 40 8 weeks 800 lU D3 + Fluoxetine or placebo HDRS, BDI Yes Vitamin D with SSRI better

Partonen et al., 1996 29 2 weeks Bright light Depressive Symptoms No

Gloth et al., 1999 15 1 month 100,000 lU D3 stat HDS Yes

Shipowick et al., 2009 6 8 weeks 5000 lU D3 daily BDI -II Yes

G H Q -G e n e ra l Health Q uestionnaire, SHFS- Short Form Health Survey, P G IIS -P atien t Global Impression Improvement Scale, STAI -  Strait Anxiety Inventory, H D R S -  

Hamilton Depression Rating Scale ,W H O -W o rld  Health Organisation.
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Conclusion

The evidence to date supports a potential role for vitamin D in the aetiopathology of 

depression. Vitamin D is known to cross the blood brain barrier and metabolic 

pathways exist for it’s activation in the brain. The vitamin D receptor (VDR) is found 

in multiple brain areas implicated in depression including the prefrontal cortex, 

amygadala and hypothalamus. Vitamin D may play a role in mood through it’s 

possible effect on the hypothalamic pituitary adrenal (HPA) axis, brain serotonin and 

serum parathyroid hormone levels. Vitamin D is also known to have anti

inflammatory, neuro-protective and vasculo-protective affects in the brain, which 

might protect against depression.

Both cross sectional and longitudinal studies exploring the relationship vitamin D and 

depression have given conflicting results, though most support an inverse association, 

A recent meta-analysis of 10 cross sectional and three cohort studies (N=31,424) 

found that lower vitamin D status was associated with a higher rate of depression than 

controls. In addition, lower vitamin D was also associated with an increased risk of 

incident depression (Anglin RE et al., 2013).

Despite this, randomised controlled trials have given inconsistent results, though some 

have been of short duration, have included only small sample sizes, used too low a 

dose of vitamin D or treated those who weren’t vitamin D deficient at baseline. Other 

intervention studies have not been placebo controlled.

As with other studies involving vitamin D, there is the potential for residual 

confounding whereby other factors explain the lower vitamin D status. In particular, 

those who are depressed may have lower vitamin D levels on account of spending less 

time outside and have poor oral intake of vitamin D. Well designed randomised 

controlled trials in the future will be needed to establish the potential role of vitamin 

D in depression.
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SECTION 3: STUDY POPULATION
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CHAPTER 7: STUDY DESIGN

7.1 Study Population and Design

The study population comprised participants of the TUDA (Trinity, University of 

Ulster, Dept, o f Agriculture) study. This is a large collaborative, cross sectional study 

designed to create a phenotype/genotype database for three cohorts of community 

dwelling subjects aged over sixty years. It aims to explore the effect and possible 

interaction between nutritional and genetic factors on age related diseases.

Two of these cohorts, each with either cognitive impairment or 

osteopaenia/osteoporosis were recruited from outpatient services at the Department of 

Medicine for the Elderly at St. James’s Hospital, Dublin. Patients attending general 

geriatric clinics and a day hospital service were recruited into the cognitive cohort. 

Those attending specialist bone health clinics and the department’s DXA service 

comprised subjects in the bone cohort. The diagnosis of ostoeporosis/osteopaenia was 

based on DXA results using standard WHO criteria. The remaining cohort included 

subjects with hypertension (physician diagnosed) and were recruited from GP 

practises in the catcliment areas o f Altnagelvin and Causeway Hospital’s in Northern 

Ireland.

Subjects aged over 60 years, who were able to provide consent and scored 16 or more 

on the Mini Mental State Examination (MMSE) were eligible for entry into the study. 

Recruitment started in Jan 2009 and was completed by May 2012. Trained researchers 

and doctors did study assessments. Subjects who were eligible for recruitment were 

assessed on the day of their outpatient attendance or were retrospectively selected and 

asked to come back on another occasion. All subjects were contacted by telephone in 

advance and sent study information by post. All participants provided written 

consent. Ethical approval was obtained from both Hospital and GP ethics committees.

7.2 Overview of Assessments

All participants underwent a single assessment lasting about 70 minutes which 

included structured interview recording self reported information on demographic 

factors, education, medical history, current medications, diet, smoking and alcohol 

drinking status, physical activity, sun exposure, falls, and psychosocial history.
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Validated questionnaires that screen for depression and measure functional status 

were administered in addition to neuropsychological testing. Biophysical 

measurements and blood tests were also taken.

Study Scales

Physical function was measured using self-report instruments in the domains of 

Instrumental Activities of Daily Living (lADL) and Physical Self-Maintenance Scale 

(PSMS) (Lawton and Brody, 1969). These scales include questions measuring ability 

to prepare food and to go shopping. The Centre for Epidemiological Studies- 

Depression Scale (CES-D) was chosen as a screening test for depressive symptoms 

(Radloff, 1977).

Lifestyle Factors

Subjects were asked to report on the current use of any supplements including cod 

liver oil or whether they consumed oily fish, eggs or margarine (foods known to 

contain vitamin D). They were also questioned on alcohol use and smoking history 

and asked to report on sun holiday travel in the six months prior to their assessment, 

as well their preference for spending time in the shade or sun when outside.

Medical History / Medications

All medications that subjects were taking were recorded. Details of medical history 

were also noted including a diagnosis of hypertension, diabetes mellitus, myocardial 

infarction, stroke and peripheral arterial disease. Subjects also self reported on a 

physican diagnosis o f depression and whether or not they had a fall in the last year. A 

fall was defined as an event which resulted in a person coming to rest inadvertently on 

the ground or floor or other lower level. They were also asked if they suffered with 

dizziness on standing up.

Neuropsychological Assessment

Cognitive status was assessed in a variety of domains using standardised and 

validated instruments. The Repeatable Battery for the Assessment of 

Neuropsychological Status (RBANS), (Randolph et al, 1998) was used to assess 

immediate and delayed memory, attention, visuoconstruction and language domains. 

It is a relatively brief but comprehensive test o f cognition that takes approximately 30
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minutes to administer. Global cognitive performance in the RBANS was represented 

by a composite Total Scale. Executive function was measured specifically with the 

Frontal Assessment Battery (FAB) (Dubois et al., 2000) and a brief global assessment 

o f cognitive function was also measured with the Mini Mental State Examination 

(MMSE) (Folstein et al., 1975).

Biophysical Measurements

Height, hip and waist circumference were measured with standard tape measure 

accurate to 1 mm. Weight was measured with a calibrated scale accurate to 0.1 kg 

and with the subject wearing indoor clothes and shoes. Body mass index (weight/ 

height^) were calculated according to the standard definition. Subjects were also 

evaluated with the Timed Up and Go test (TUG). This is a measure of the time it takes 

to get out of a chair, walk three metres, turn around and walk back to return to their 

original seated position (Podsiadlo et al., 1991). Blood pressure was measured with a 

clinically validated automated blood pressure recording device (Omron 705CP-II) 

with subjects in a seated position (El Assaad et al., 2003). Readings were taken until 

both systolic and diastolic blood pressure were within 5 inmHg or otherwise until a 

total of five readings were made.

Blood Sampling

Non-fasting blood samples were taken either on the day of assessment or within the 

following week. These included full blood count, renal, bone and liver profile, 

random lipids and glucose, glyscosylated haemoglobin (Hbalc), C reactive protein 

(CRP), red cell folate and serum vitamin B12.

Bloods were processed on the day of collection and centrifuged within one hour. All 

of the above bloods in the cognitive and bone cohort were analysed at St. James’s 

Hospital, Dublin and those in the hypertensive cohort at Altnagelvin and Causeway 

Hospitals in Northern Ireland.

In addtition, samples were also taken for 25-hydroxyvitamin D and parathyroid 

hormone. All vitamin D and PTH samples were stored at -70°C and batched for later 

analysis at the biochemistry laboratory at St James’s Hospital, Dublin which is 

DEQAS accredited. 25-hydroxyvitamin D levels were measured by liquid
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chromatography mass spectroscopy (LC-MS) using a standardised assay 

(MassChrom®). Blood samples for parathyroid honnone were stored on ice until 

delivered to the lab and were measured by electrochemiluminesce (Roche Assay).
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CHAPTER 8: STUDY POPULATION CHARACTERISTICS

Study data was available for 1800, 1704 and 1404 participants in the hypertensive, 

cognitive and bone cohorts respectively. 533 subjects were excluded after application 

of study inclusion criteria (MMSE > 24). The above MMSE cut-off was chosen so as 

to avoid including subjects with dementia in our study. A further 278 were excluded 

due to missing or incomplete data, leaving the respective number in each of the above 

cohorts 1568, 1330 and 1199.

Statistical Analysis

Descriptive analysis and comparison of cohort characteristics were made using the 

one way anova, unpaired t-test, wilcoxon rank and chi squared tests as appropriate. 

All statistical analysis was performed using JMP Edition 10.1 (SAS Institute, 2010).

The demographic, clinical, psychosocial and lifestyle characteristics, as well as serum 

vitamin D status for each cohort are summarised in Table 8.1. Significant differences 

between cohorts existed for nearly all of the above characteristics and are discussed in 

detail below.

Cognitive Cohort

Subjects in the cognitive cohort were older (mean age 80.4 ± 6.8 years), had a lower 

education (median o f 10.0 years) and were more likely to suffer with depression 

(13.1%) and live alone (47.0%). They also had poorer functional (median score for 

lADL 21 and PSMS 23) and cognitive (mean MMSE 27.1 ± 1.7) status and the 

highest prevalence of falls (51.4%) and stroke (16.4%). They also had higher 

prevalence of hypertension compared to bone cohort participants (80.9% versus 

65.0%). Mean Timed Up and Go was approximately twice that o f subjects in the 

other cohorts (mean 21.1 ± 11.0 seconds).

Hypertensive Cohort

Subjects in the hypertensive cohort were more than 10 years younger than cognitive 

cohort participants (mean age 69.5 ± 6.1 years) though were only marginally younger 

than those in the bone cohort (mean difference 1.7 years, P <0.001). They were least 

likely to live alone (24.0%) and had the lowest prevalence o f falls (22.3%).
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Conversely, they had the highest body mass index (mean 29.9 ± 5 . 0  kgm'“) and 

prevalence of type II diabetes (17.2%) and of vitamin D deficiency (59.5%). 

However, they also had the smallest proportion taking vitamin D supplements 

(25.6%).

Bone Cohort

Bone cohort participants were more likely to be female (85.2%) and had the lowest 

body mass index (26.3 ± 5.1 k g m ' ) and prevalence o f type II diabetes (5.3%), 

hypertension (65.0%) and cardiovascular disease (MI 4.5%, stroke 2.1%, PAD 2.2%). 

They also had the highest proportion taking vitamin D supplements (73.2%).

As the bone and hypertensive cohort were similarly aged, a separate analysis 

comparing characteristics specifically between both was performed. In addition to the 

findings above, those in the hypertensive cohort were found to have a higher 

prevalence of stroke (P = 0.03) and myocardial infarction (P <0.001), were more 

likely to score lower on the Frontal Assessment Battery (FAB) (P <0.001) and have a 

current or a past history of depression (P = 0.001). However, there was no difference 

in physical frailty as measured by the Timed Up and Go (P = 0.27) or function 

assessed by the Physical Self Maintenance Scale (P = 0.09) or in performance on the 

MMSE (P = 0.34).
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Table 8.1: Study Cohort Characteristics

Cohort Characteristics

H ypertensive 
(N = 1568)

Bone 
(N = 1199)

Cognitive 
(N = 1330) P-Value

Dem ographics

Age (yrs) 69.5 ±6.1 71.2 + 7.4 80.4 ± 6 .8 <0.00 r
Gender (female, %) 56.0 85.2 66.6 <0.001*’
Education (median) 11.0 12.0 10.0 <0.001'=
Living alone (%) 24.0 33.2 47.0 <0.001“

1 1
Psychosocial Factors

Alcohol (past or current) 75.4 79.8 72.9 <0.001*’
Smoking (past or current) 43.8 52.8 54.8 0.01*’
Exercise (in past 2 weeks) 80.0 88.0 66.3 <0.001*’
History o f Depression 25.2 19.4 25.6 0.001 *’
Current Depression (CESD->16) 9.5 6.6 13.1 <0.001*’

Serum  vitam in D

25(OH)D (n m o ir ') 49.0125.1 77.5 ±30 .2 56.6 ±31.8 <0.00 r
Severe deficiency (<25nmoH'') 15.5 3.4 17.8 <0.001*’
Deficiency (25-49.9 nm oir') 44.0 15.3 28.6 <0.001*’
Insufficiency (50-74.9 nmoll"') 25.4 27.4 23.5 <0.001*’

1 1
Cognitive Scales

MMSE (mean) 27.9+  1.4 28.0 ± 1.6 27.1 ± 1.7 <0.00 P
FAB (median) 16 17 15 <0.001*=

Functional Scales

lADL (median) 27 27 21 <0.00 r
PSMS (median) 24 24 23 <0.00 r

! 1
M edical Disease

Myocardial infarction (Ml) (%) 12.1 4.5 12.1 <0.001”
Peripheral Arterial Disease (PAD) (%) 2.9 2.2 6.5 <0.001*’
Diabetes (%) 17.2 5.3 13.2 <0.001*’
Hypertension* (%) 100 65.0 80.9 <0.001*’
Stroke (%) 3.7 2.1 16.4 <0.001*’
Falls (in last year) (%) 22.3 35.5 51.4 <0.001*’

Physical M easures

Timed up and Go (TUG) (sec) 10.1 ± 3 .8 10.0 + 5.8" 21.1 ± 11 .0^ <0.00 r
Body Mass Index (kgm'") 29.9 ± 5 .0 26.3 ±5.1 27.1 ± 5 .5 <0.00 r

V itam in D Supplem ents <0.001*’

Prescribed vitamin D + Calcium (%) 5.9 64.5 42.3
Cod liver oil/fish oil (%) 16.3 4.4 5.4
Active vitamin D (%) 0.5 0.3 1.5
Non prescribed vitamin D (%) 2.9 4.0 3.2

“ Anova test, Chi Squared Test, Wilcoxon rank t e s t , N =  1536 ,' N= 1181, ^N= 1181, Mean ± SD
* Hypertension - self reported and/or systolic BP> 140 or diastolic BP > 90 mmHg.
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CHAPTER 9: DISCUSSION

Participants in TUDA have a higher prevalence of ill health across a number of self- 

reported and objective outcomes than would be expected in an unselected, general 

population study (TILDA Study, Barrett et al., 2011). This is not surprising given that 

the cohorts were ‘disease’ defined and therefore also likely to have subjects with other 

co-morbidities.

In particular, the cognitive cohorts represent a group of ‘older’ old frail adults with 

significant physical, functional and cognitive impairment. Their gender (female, 67%) 

and age (80.4 ± 6.8 years) is reflective of patients attending a general geriatric 

outpatient service. Timed up and Go scores (mean 21.1+ 11.0 sec) were significantly 

higher than what is considered normal for older adults, indicative of a high level of 

physical frailty (Bischoff et al., 2003; Herman et al., 2011). It compares to a proposed 

normal cut-off time of 12.7 seconds identified in a meta-analysis (N=l 102) o f older 

adults aged 80-99 years of age (Bohannon, 2006). Not surprisingly this cohort had the 

highest rate of having a fall in the previous year (50.1%) with a similar prevalence to 

that found in other studies of ‘older’ old. It also had the highest prevalence of 

depression (13.1%>). This may be explained by the fact that it had the highest 

proportion of participants living alone and with cognitive and functional impairment, 

which are risk factors for depression (Cervilla et al., 1997; Prince et al., 1997). In 

addition, the prevalence of stroke was highest in this cohort which may directly 

account for physical frailty and cognitive impairment. Overall, several interconnected 

factors (physical, cognitive and medical) are likely to contribute to the frail status of 

subjects in this cohort

Participants in the bone and hypertensive cohort were significantly younger 

(approximately 10 years), but also varied across a variety o f characteristics reflective 

of other co-morbidities associated with their respective cohort diagnoses. In 

particular, the prevalence of diabetes (17.2%) was greatest in the hypertensive cohort 

and was high by comparison to population data for Northern Ireland (9.4% prevalence 

in those aged between 65-74 years, Sian Report, 2007). Those who are diabetic may 

be more likely to have their blood pressure checked and been known ‘hypertensives’ 

introducing bias selection as a potential cause. These subjects also had the highest
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body mass index which may also be related to the high level of diabetes. Given the 

high prevalence of diabetes combined with their diagnosis o f hypertension, it is not 

surprising that cardiovascular disease (stroke, MI) was more common than in 

similarly aged participants in the bone cohort. Indeed, the prevalence of MI was 

identical to that of the much older cognitive cohort participants. Interestingly, 

performance on the Frontal Assessment Battery (FAB) which measures executive 

function was lower than in bone cohort subjects (P <0.001). A higher rate o f stroke 

and possibly silent cerebrovascular disease (given the greater prevalence o f vascular 

risk factors) may account for this.

As expected subjects in the bone cohort were predominantly female and had the 

highest proportion taking prescribed vitamin D supplements. This is not surprising 

given that osteopaenia / osteoporosis is more common in females who would have 

been prescribed vitamin D routinely following diagnosis. The significant proportion 

not taking supplements can be explained by the fact that approximately 300 subjects 

were recruited prospectively on the day of DXA diagnosis before any vitamin D 

treatment may have been instituted. Falls prevalence was greater in the bone than the 

hypertensive cohort, which may simply reflect bias selection, as those who fall are 

more likely to fracture or be sent for DXA assessment. Despite the higher rate o f falls, 

there was no significant difference in physical frailty as assessed with the TUG (P = 

0.26) suggesting a role for other factors.

Vitamin D Status

There was a significant difference in serum 25(OH)D across all cohorts, with the 

lowest level identified in the hypertensive (49.0 ± 25.1 nmol/1) and cognitive (56.6 ± 

31.8 nmol/1) cohorts and the highest level in the bone cohort (77.5 + 30.2 nmol/1), (P 

<0.001). Whilst many factors are likely to contribute to this finding, the cohort 

differences in supplement use may be the most important. As the majority of bone 

cohort participants were taking supplements, it is not surprising that mean vitamin D 

was much higher than in hypertensive cohort subjects. Likewise, the higher vitamin D 

level (+ 7.6 nmol/1) observed in the cognitive versus the hypertensive cohort is also 

likely to be due to their greater supplement use. The difference was however small, 

and may have been attenuated by other factors, such as their high level of physical
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frailty which has the potential to lower vitamin D status via reduced physical activity 

and sun exposure. This is also likely to account for the significantly lower vitamin D 

(-20.9 nmol/1) in the cognitive versus the bone cohort.

It is also important to note that the different geographical location o f hypertensive 

cohort participants (55° versus 53°N latitude) may help to explain their lower vitamin 

D status. For a more detailed analysis and discussion see Chapter 9.

Conclusions

TUDA study participants have a higher level o f disability and ill health than in the 

general population, reflective o f multiple co-morbidities associated with each 

‘disease’ defined cohort. Significant differences in participant characteristics were 

found between all cohorts. Cognitive cohort subjects were older (approximately ten 

years), frailer and had more falls, physical, cognitive and functional impairment. 

Those in the hypertensive cohort were youngest, but had the highest prevalence of 

diabetes and for their age a relatively high proportion had cardiovascular disease. 

Finally, bone cohort subjects were more likely to be female, had the least prevalence 

o f cardiovascular disease and depression and had better cognitive status.
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SECTION 4: CORRELATES OF VITAMIN D IN OLDER IRISH ADULTS
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CHAPTER 10: INTRODUCTION

Several factors are associated with serum 25-hydroxyvitamin D. As approximately 

90% of all vitamin D is synthesised by our skin, many behavioural practises which 

determine sunlight exposure play an important role. Geographical location and 

geophysical factors also significantly influence ultraviolet B irradiation and thereby 

vitamin D production. In addition, lifestyles factors including dietary and supplement 

intake also contribute to vitamin D levels.

Vitamin D deficiency is prevalent, but varies widely and at population level may be 

important for many non-bone health outcomes including cancer, depression, 

cardiovascular, neuro-cognitive and autoimmune disease. The relative importance of 

different factors in determining vitamin D status may vary by location and between 

different population groups. In particular, in locations such as Ireland, production is 

nonexistent for about six months of the year in what has been called the ‘Vitamin D 

Winter’. An increased prevalence of deficiency is found in older adults who have 

reduced capacity for cutaneous synthesis and may spend less time outdoors, thereby 

requiring a greater dietary intake to meet their vitamin D requirements.

The purpose of this study is to determine the correlates of vitamin D in a well defined 

group of community dwelling older Irish adults living at 53° and 55° North Latitude 

by exploring the relationship with multiple factors (geophysical, biophysical, 

psychosocial and lifestyle). It also aims to identify the prevalence of vitamin D 

insufficiency/deficiency and to explore the extent to which this is affected by season 

and supplementation.
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CHAPTER 11: METHODOLOGY

Study Population and Design

The study population comprised participants of the TUDA (Trinity, University of 

Ulster, Dept, of Agriculture) study which been previously described. This is a large 

collaborative, cross sectional study designed to create a phenotype/genotype database 

for three cohorts of community dwelling subjects aged over sixty years. Study data 

was available for 1800, 1704 and 1404 participants in the hypertensive, cognitive and 

bone cohort respectively.

Methodology

Study methods are as previously outlined (see chapter 8). Participants with MMSE 

scores below 24 were excluded as we aimed to look for correlates o f vitamin D in 

non-dementia subjects. Serum 25-hydroxyvitamin D was measured in non-fasting 

blood samples taken either on the day of assessment (bone and cognitive cohort) or 

within the following week (hypertensive cohort). Samples were centrifuged within 

one hour and stored at -70°C until further batched for analysis. 25(OH)D was 

measured by liquid chromatography mass spectroscopy (LCMS) at the biochemistry 

laboratory at St James’s Hospital, Dublin which is accredited by the Vitamin D 

External Quality Assessment Scheme (DEQAS).

Statistical Analysis

All parameters were inspected for normality and if significantly skewed were 

appropriately transformed. All statistical analysis was performed using JMP Edition 

10.0.2. (SAS Institute, 2010).

Study Covariates

The total monthly global solar radiation (GSR) which represents the total amount of 

solar irradiation received per unit area per month (K Jcm ') was used as a surrogate 

marker of UVB exposure. GSR data was obtained by request from the Irish 

Meteorological Service. Data from weather stations nearest to study recruitment sites 

(Dublin Airport) and (Malin Head, Donegal) were used respectively for analysis in the 

Cognitive / Bone and Hypertensive cohort.
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Season was defined according to the standard meteorological definition used in 

Ireland (Irish Meteorological Service) with the following months comprising Winter 

(Dec, Jan, Feb), Spring (Mar, Apr, May), Summer (Jun, Jul, Aug), and Autumn (Sept, 

Oct, Nov).

Timed Up and Go (TUG) measurements were divided into quintiles as it was not 

possible to measure it in a small proportion o f subjects with significant physical 

disability. These subjects were categorised in the lowest quintile o f TUG 

performance.

Statistical Models

Mean 25(OH)D levels were compared between both groups in each cohort, as well as 

across each season, with the use of the one way Anova, unpaired-t and Chi-squared 

tests as appropriate. Graphical plots were made to visually explore the seasonal 

variation in 25(OH)D in both supplemented and non-supplemented subjects in each 

cohort. Supplements included prescribed and over the counter vitamin D as well as 

use of cod liver oil.

Associations between serum 25(OH)D and potential lifestyle, geophysical, 

psychosocial and clinical confounders were explored in a forward regression model in 

each cohort. Factors suspected of influencing vitamin D status including age, gender, 

season, GSR, BMI, supplement use, sun holiday travel, preference for sunshine or 

shade, depression status, education, marital status, smoking and alcohol drinking 

status, margarine, eggs and oily fish consumption were included in the model. Those 

that were identified as significant were included in a final model along with well 

established confounds (age, gender, season and body mass index).

In addition, as participants in the hypertensive cohort were in a different geographical 

location (+2° North latitude), a comparison was made between the mean seasonal 

global solar radiation (GSR) across cohorts (during the study recruitment period 2010- 

2012).

148



CHAPTER 12: RESULTS

Five hundred and thirty three subjects were excluded after application of study 

inclusion criteria (MMSE > 24). A further 278 subjects were excluded due to missing 

or incomplete data, leaving the respective number in the hypertensive, cognitive and 

bone cohort 1568, 1330 and 1199. For an outline of study cohort participant 

characteristics see Table 8.1.

Vitamin D Status

The mean serum 25(OH)D of supplemented subjects were 82.8, 72.3 and 62.3 nmol/1 

in the respective bone, cognitive and hypertensive cohorts. The corresponding values 

for non-supplemented cohort participants were 63.0, 39.1 and 44.5 nmol/1 (See Table 

12. 1).

Serum Vitamin D and supplementation

The overall mean difference in serum 25(OH)D between supplemented and non

supplemented subjects were 19.8 nmol/1, 33.2 nmol/1 and 17.8 nmol/1 in the bone, 

cognitive and hypertensive cohort respectively (See Table 12.1).

The prevalence of vitamin D deficiency (<50 nmol/1) in non-supplemented subjects 

were 40.2%, 73.6%, 67.4% and in the bone, cognitive and hypertensive cohorts 

respectively. Approximately one quarter (24.8%) of those in the cognitive, one third 

(34.1%) in the hypertensive and only 10.8% in the bone cohort remained deficient 

despite being on supplements (See Table 12.2).

Seasonal Variation in vitamin D

There was a significant seasonal variation in serum 25(OH)D in all three cohorts in 

both supplemented and non-supplemented subjects (P <0.001). Serum 25(OH)D was 

lowest in the Spring and highest in the Summer/Autumn (P <0.001) with trough and 

peak levels in the months o f February/March and August respectively. 25(OH)D 

levels remained statistically higher in supplemented versus non-supplemented 

subjects in each cohort across all seasons (P <0.001) apart from in the bone cohort 

during Winter where the difference was non-significant (See Table 12.3).
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The trough to peak seasonal difference in vitam in D for supplem ented and non

supplem ented subjects w as (16.2 versus 21.4 nm ol/l) in the hypertensive, (9.2 versus 

18.0 nm ol/l) in the bone and (16.2 versus 14.0 nm ol/l) in the cognitive cohort.

Table 12,1: Comparison of serum 25(OH)D across cohorts

Supplemented Non-Suppiemented Difference P- value

Cognitive 72.3 ±30.2 (N = 700) 39.1 ±23.0 (N = 630) 33.2 <0.00 r
Bone 82.8 ±27.0 (N = 878) 63.0 ±33.7 (N = 321) 19.8 <0.001"
Hypertensive 62.3 ±23.1 (N = 399) 44.5 ±26.8 (N =  1169) 17.8 <0.00 r
® unpaired t-test

Table 12.2: Comparison of serum 25(OH)D across cohorts by category.

Cognitive (N=1330) Bone (N=l 199) Hypertensive (N=l 568)
25(OH)D nmol/l Y N Y N Y N
<25.0 (%) 5.7 31.2 1.6 8.4 4.8 19.2
25.0- 49.9 (%) 19.1 42.4 9.2 31.8 29.3 48.2
50.0- 74.9 (%) 28.8 17.8 26.7 29.6 34.3 22.3
> 75 (%) 46.6 8.6 62.5 30.2 29.3 10.3
Y = Supplemented, N= Non-supplemented
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Table 12.3: Seasonal Variation in serum 25(OH)D by cohort

Seasonal Variation in serum 25(OH)D (nmol/1)

Cognitive

Supplemented Non-supplemented Difference P- value

Spring 63.8 ± 2 8 .0  (N=213) 33.3 ±20 .3  (N=173) 30.5 <0.00 r

Summer 77.5 ± 3 0 .0  (N=I77) 41.5 ± 2 2 .7  (N=163) 36.0 <0.00 r
Autumn 80.0 ± 3 2 .0  (N=I64) 47.3 ± 2 6 .0  (N=]60) 32.7 <0.001“
Winter 69.4 ±28 .3  (N=I46) 3 3 .8 ± 2 1 . l  (N=I34) 35.6 <0.00 r

P-value (season) <0.001*' < 0 .0 0 1‘’
Hypertensive

Spring 53.9 ± 2 2 .7  (N=93) 35.3 ± 1 7 .9  (N=262) 18.6 <0.00 r
Summer 70.1 ±22 .7  (N=!29) 56.7 ±24 .5  (N=346) 13.4 < 0 .0 0 1'*
Autumn 62.4 ± 2 3 .9  ( N=l l l ) 44.0 ± 20.8 (N=375) 18.4 <0.00 P
Winter 58.4 ± 2 8 .8  (N=66) 35.4 ±20.1 (N=186) 23.0 <0.00 r
P-value (season) <0.001” < 0 .0 0 1‘’

Bone

Spring 77. I± 26.6 (N=224) 53.7 ± 2 9 .7  (N=83) 23.4 <0.001“
Summer 85.4 ± 2 4 .6  (N=237) 65.6 ± 2 3 .4  (N=83) 19.8 <0.001”
Autumn 86.3 ± 2 5 .8  (N=258) 62.2 ± 2 6 .0  (N=83) 24.1 <0.001“
Winter 8 I . 8 ± 3 I . 2  (N=I59) 71.7 ± 4 9 .9  (N=72) 10.1 <0.08“
P-value (season) < 0 .0 0 1'’ <0.001*’
“ Unpaired t-test ’’ Anova test

Table 12.4: Mean Seasonal Global Solar Radiation (GSR) by cohort

Cognitive Bone Hypertensive P-value

Spring 41861 44242 43085 0 .0 9 “

Autumn 19257 19838 16732 <0.001“

W inter 9457 8264 7391 <0.001“

Sum mer 49319 48912 49021 0 .08“

“ One way anova test

As shown above, mean seasonal global solar radiation was significantly lower in the 

Autumn (P <0.001) and Winter (P <0.001) in the hypertensive cohort.
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Graphs showing Seasonal Variation in serum [25(OH)D] in the Cognitive cohort

Error bars represent one standard error

P-value: after adjustm ent for age, gender, BMI and /or supplement use

Fig 12.1: Total Cohort (N = 1330)
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Graphs showing Seasonal Variation in serum [25(OH)D] in Hypertensive cohort.

Error bars represent one standard error.

P-value: after adjustment for age, gender, B M I and supplement use (where appropriate)

Fig 12.2: Total Cohort (N = 1568)
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Fig 12.23: Supplemented subjects (N = 399)
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Graphs showing Seasonal Variation in serum [25(OH)D] in the Bone Cohort

Error bars represent one standard error

P-value: after adjustm ent for age, gender, BMI and supplement use (where appropriate).

Fig 12.3: Total Cohort (N = 1199)
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Fig 12.31: Non-supplemented subjects (N = 321)
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Correlates of Vitamin D in Linear Regression Model

Collinearity was identified between Global Solar Radiation (GSR) and season 

(Cognitive cohort, r̂  = 0.5, P <0.001; Hypertensive cohort r  ̂= 0.49, P <0.001, Bone 

cohort r" = 0.52, P <0.001). Due to this season or GSR was entered separately as 

covariates into the forward regression model used to explore correlates of vitamin D.

Table 12.5: Correlates of serum [25(OH)D] in Cognitive Cohort

3 coefficient P-value
A ge(yrs) -0.02 0.83
Gender (fem ale) 2.89 0.0004
Education 0.49 0.06
Autumn 7.08 <0.001
Spring -6.92 <0.01
Summer -6.11 0.008
Body mass index -0.33 0.016
Timed Up and Go -2.79 <0.001
Preference for sunshine 3.57 0.0018
Supplement use 16.1 <0.001

As only 5.6% (N=75) o f all cognitive cohort participants went on a sun holiday in the prior six months 

it was excluded as a covariate in a the model.

When GSR was substituted for season in the above forward regression model, the 

significance of other covariates were not changed nor were new correlates identified. 

In addition, no association was found between serum 25(OH)D and GSR (P = 0.23)
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Table 12.6: Correlates of serum [25(OH)D] in Hypertensive Cohort

3 coefficient P-value
Age(yrs) -0.05 0.61
Gender (female) -1.52 0.005
Autumn 7.38 <0.0001
Spring -7.83 <0.0001
Summer -1.40 0.46
BMI -0.74 <0.0001
Avoid sunshine -3.07 <0.0001
Supplement use 8.30 <0.001
Sun holiday travel 6.50 <0.001
Smoking (current) -3.10 <0.0004
CES-D <16 2.13 <0.02
Oily Fish 1.29 0.08
Supplement use 8.24 <0.0001

When GSR was substituted for season in the forward regression model, the 

significance of other covariates were unchanged. In addition, a positive association 

was found between serum 25(OH)D and GSR ((3 = 0.000, P =0.001).

Table 12.7: Correlates of serum [25(OH)D] in Bone Cohort

3 coefficient P-value
Age(yrs) -0.04 0.69
Gender (female) -1.60 0.0074
Autumn 7.70 <0.0001
Spring -6.53 <0.0001
Summer -1.40 0.46
BMI -0.33 0.016
Enjoy sunshine 3.55 <0.001
Supplement use 8.32 <0.001
Sun holiday travel 7.11 <0.001
Smoking (current) -4.69 <0.001
C ES-D <16 2.03 <0.001
Oily Fish 1.29 0.06

When GSR was substituted for season in the forward regression model, an association 

was found between serum vitamin D and oily fish consumption though the 

significance of other covariates were unchanged (P=0.02).
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Overall, the models explained up to 33%, 32% and 19% of the variation in serum 

25(OH)D in the hypertensive, cognitive bone cohort respectively. Positive predictors 

o f serum 25(OH)D in all three cohorts were season of Autumn and preference for 

sunshine outdoors, whilst negative predictors were season o f Spring/Summer, no 

supplement use and body mass index.

There were however, some differences between cohorts in other predictors. For 

example, vitamin D levels were inversely related to physical frailty (as measured by 

the Timed Up and Go) only in the cognitive cohort. In addition, female gender was 

associated with higher and conversely lower vitamin D status in the cognitive and 

bone/hypertensive cohorts respectively. In the hypertensive and bone cohort other 

predictors of higher vitamin D status were sun holiday travel in the last 6 months and 

absence of depression, whilst negative correlates were current smoking. Other 

positive predictors o f serum vitamin D were GSR in the hypertensive cohort and oily 

fish consumption in the bone cohort (in the model which used GSR and not season as 

a covariate).
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CHAPTER 13: POST HOC ANALYSIS AND RESULTS

As supplement use may be a surrogate marker for other factors that may detennine 

vitamin D status, a separate analysis to investigate for correlates o f supplement use 

was performed in each cohort.

The relationship between GSR and serum 25(OH)D was explored graphically by 

plotting both variables in supplemented and non-supplemented groups in all cohorts.

Graphical plots of Timed Up and Go (in quintiles) versus serum 25(OH)D were also 

constructed in supplemented and non-supplemented groups in each cohort to look for 

potential threshold effects of vitamin D on this measure of physical frailty. The 

statistical significance of the relationship was tested in a multiple linear regression 

model adjusting for age, gender, BMI, season and /or supplement use where 

appropriate.
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Table 13,1: Factors associated with supplement use in each cohort

Cognitive Hypertensive Bone

(N =1330) (N = 1568) (N = 1199)

P P-value P P-value P P-value

Age 0.02 <0.001* 0.05 <0.0001* 0.03 0.006*

Gender (female) 0.37 <0.001* 0.2 0.0005* 0.16 0.07

Body mass index -0.02 <0.0001* -0.02 0.075 -0.08 0.016*

Autumn -0.23 0.48 -0.23 0.017* 0.12 0.27

Spring 0.09 0.36 0.09 0.38 0.03 0.78

Summer -0.00 0.59 0.006 0.94 0.27 0.81

Timed Up and Go 0.14 0.002* -0.17 0.006 -0.05 0.31

Education 0.03 0.13 -0.03 0.17 0.04* 0.055

Living alone 0.14 0.016* 0.11 0.13 0.017. 0.81

MMSE 0.09 0.007* -0.005 0.90 0.00 0.99

C E S -D < 16 0.06 0.93 0.24 0.048* -0.04 0.77

Sun Holiday Travel na na 0.10 0.15 0.04 0.40

Statistical significance (P < 0.05). Model includes independent variable and all of the remaining 

covariates above. NB: Sun holiday travel was not adjusted for in the cognitive cohort as it applied to 

only 5.6% of participants.

Subjects who used supplements in all three cohorts were more likely to be older (P < 

0.01) and apart from the hypertensive cohort have a lower body mass index (P < 

0.02). In the cognitive and hypertensive cohort, users were also statistically more 

likely to be female (P <0.001). Some associations were specific to individual cohorts. 

For example, in the hypertensive cohort supplement users were less likely to be 

depressed (P=0.048) or be recruited during the Autumn (P = 0.017). In the cognitive 

cohort, supplement users had a worse performance on the Timed Up and Go 

(P=0.002) and were more likely to live alone (P =0.016) though despite this had a 

higher MMSE (P=0.007).
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Monthly variation in serum [25(OH)D] and Global Solar Radiation (GSR) in the 

Hypertensive Cohort.

Error bars represent one standard error.

P-value: For relatiionship between GSR and 25(O H )D  after adjusting for age, gender, B M l, TUG  

and/or supplement use.

Fig 13.1: Total Cohort (N = 1568)
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BONE COHORT
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As shown graphically, there is lag period o f  about one month between increases in 

global solar radiation and serum 25(OH)D in the hypertensive cohort (P<0.001). 

However, no statistically significant relationship was found in those who were 

supplemented (P=0.09), (see Fig’s 13.1-13.12).

In bone cohort, there appears to be a synchronous rise in GSR and serum 25(OH)D 

during the months o f March to May though overall no statistically significant 

relationship was identified (see Fig’s 13.2 & 13.21).

In both users and non-users o f supplements in the cognitive cohort, there is a longer 

lag period between rises in GSR and 25(OH)D though no statistically significantly 

relationship was found (see Fig’s 13.3 & 13.31).
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Graphs to show Timed Up and Go versus serum [25(OH)D] in Cognitive cohort

Error bars represent one standard error

P-value: ad jus ted  for age, gender,  BIMI, season an d /o r  supp lem ent use (w here  relevant)

Fig 13.40: Total Cohort (N = 1330)
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Graphs to show Timed Up and Go versus serum |25(OH)D| in Cognitive cohort

Error bars represent one standard error

P-value: adjusted for age, gender, BMI, season and supplement use.

Fig 13.42: Supplemented (N = 700)
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As shown graphically there was a significant inverse relationship between 

performance on Timed Up and Go in the cognitive cohort (in both supplemented and 

non-supplemented groups, P <0.001). A rise in serum 25(OH)D o f up to 80 nmol/1 

was associated with better TUG performance (See Fig’s 13.40 -13.42).

In the hypertensive cohort, serum 25(OH)D levels o f approximately 45-50 nmol/1 

were associated with optimal TUG performance (P <0.001) in non-supplemented 

subjects. In those who were supplemented a 25(OH)D level o f up to about 65 nmol/1 

was also associated with a better TUG time (P=0.02) (see Fig’s, 13.50-13.52). There 

appeared to be a threshold effect with a TUG time o f greater than about 10 seconds 

being associated with lower serum vitamin D

No difference in serum vitamin D was found across TUG quintiles in the bone cohort 

(see Fig’s 13.6-13.62).
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CHAPTER 14: DISCUSSION

The most important correlates o f serum vitamin D in all cohorts were season o f 

measurement and supplement use. Other predictors were body mass index and 

preference for sunshine when outdoors. However, some factors were not consistently 

associated with vitamin D across cohorts. These included physical frailty, smoking 

status, female gender, oily fish consumption and monthly globar solar radiation 

(GSR) at the time o f blood testing. This suggests that specific cohort characteristics 

may alter the affect o f factors determining vitamin D status. Sun holiday travel was a 

positive predictor o f vitamin D as expected, though no conclusions on any potential 

affects in the cognitive cohort could be drawn due to the small numbers taking 

vacations. Overall, the models explained approximately between one fifth to one third 

o f the variation in vitamin D status. The effect and potential mechanisms via which 

the various factors may influence vitamin D are discussed in detail below.

Global Solar Radiation

The total GSR in the previous month was positively associated with serum 25(OH)D 

but only in the hypertensive cohort (r“=0.03). This is similar to the findings o f a 

previous study o f Irish outpatient subjects residing at a similar latitude (Romero- 

Ortuno et al., 2011). Results are also in keeping with a recent study that showed a 

small positive correlation between cumulative solar UV-B irradiance averaged over a 

3 month period and 25(OH)D levels (Greenfield et al., 2012). A lag period o f  about 

two months between changes in GSR and serum 25(OH)D was identified graphically 

in a post hoc analysis and may represent the time to reach steady state post UVB 

exposure. This is also reflected in a large study that found an interval o f about 6-8 

weeks between GSR and vitamin D levels in 1418 non-supplemented community 

dwelling Germans (Klenk et al., 2013). Likewise, a two month interval was noted 

between the vitamin D peak and GSR peak in a study o f  older Irish adults (Romero- 

Ortuno et al., 2011).

No relationship was found between serum 25(OH)D and GSR in the cognitive or bone 

cohort. However, the relationship between UVB irradiation and serum 25(OH)D 

levels is complex. Factors which directly influence UVB exposure such as time spent 

outdoors, clothing habits and use o f sunscreen are likely to be more important. In
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particular, less time spent outdoors for subjects in the cognitive cohort (who were 

older and frailer) may explain the lack of association. In this regard, younger age and 

more physical activity have been associated with a stronger relationship between 

UVB irradiation and 25(OH)D (Greenfield et al., 2012). It is possible that the lag 

period between UVB irradiation and vitamin D synthesis is greater in the oldest old 

who may also have a more staggered exposure period due to frailty. Cumulative GSR 

data for the preceding three as opposed to one month might have related better to 

vitamin D status in such a group.

Season

Vitamin D was lowest in Spring and highest in Autumn, consistent with large studies 

of European (Klenk et al., 2013) and US adults (Kasahara et al., 2013). Lowest levels 

were found in the months o f February/March and the highest in the month of 

September. The seasonal variation in 25(OH)D was significant in all cohorts 

regardless of supplement use. This conflicts with a previous study of outpatient 

subjects attending a Dublin clinic which suggested that vitamin D supplements might 

attenuate any seasonal variation (Romero-Ortuno et al., 2011). The magnitude of the 

seasonal difference was up to 20 nmol/1, a finding similar to that found in subjects 

living at the same latitude (Romero-Ortuno -et al., 2011).

Biophysical Factors 

Age

Age was not an independent predictor of 25(OH)D status, however, this is consistent 

with the results of other studies that included mainly older adults (Burgaz et al., 2007; 

Greenfield et al., 2012). This is probably due to the relatively narrow age range of 

participants in each cohort. It may be that there is a ‘plateau effect’ beyond which the 

negative influence o f age on vitamin D diminishes. Whilst a putative mechanism to 

explain this relates to a reduced level of the vitamin D precursor 7-dehydrocholesterol 

in the skin, there is little in the way of biological evidence to support a threshold 

effect for age.
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Physical Frailty

Physical frailty (as measured by the Timed Up and Go) was associated with lower 

serum vitamin D in participants o f the cognitive cohort. In a post hoc model where the 

relationship between TUG quintiles and vitamin D was explored, an increasing level 

up to and above 80 nmol/1 was associated with better TUG performance. In addition, 

higher TUG quintiles were associated with lower serum 25(OH)D in subjects in the 

hypertensive cohort but only in a post hoc model which adjusted for age, gender, BMI 

season and supplement use. In this cohort, there appeared to be a threshold effect with 

a Timed Up and Go performance above 10 seconds being associated with lower 

vitamin D status. The overall model looking at correlates of vitamin D included other 

covariates such as sun holiday travel and depression status. Inclusion of these factors 

negated the independent relationship between vitamin D and TUG in hypertensive 

cohort participants. However, physical frailty due to low vitamin D status may 

account for differences in sun holiday travel and depression which could explain this 

result.

Other studies exploring the relationship between vitamin D and frailty measures in the 

elderly have given conflicting results with reports of either an inverse (Gerdhem et al., 

2005; Houston et al., 2007) or no association (Mathei et al., 2013). However, in many 

studies more specific measures including upper or lower limb strength were used 

(Menant et al., 2012). Few cross sectional studies have specifically looked at the 

relationship between TUG and vitamin D, though an inverse association has been 

identified in community dwelling adults aged 70 years or older (Dukas et al., 2005; 

Kwon et al., 2007). Whether lower vitamin D status in those with a poorer 

performance on the TUG is fully explained by less UVB exposure is unclear. Subjects 

who are physically frailer are more likely to have less outdoor activity and hence 

lower serum vitamin D. Conversely, vitamin D deficiency in itself may lead to a 

reduction in muscle strength leading to physical disability.

However, our findings in the cognitive cohort are consistent with the results of a 

randomised controlled trial o f 242 elderly subjects (mean age 77 years) that found a 

37% reduction in TUG times in association with a rise in 25(OH)D from 55.4 to 84.0 

nmoI/1 (Pfeifer et al., 2008). In addition, other studies have also shown better physical 

performance with levels of up to 90 nmol/1 across a number o f other outcome
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measures. The finding in a meta-analysis of randomised controlled trials that a level 

of up to 60 nmol/1 is required for falls reduction (Bischoff Ferarri et al., 2006) also 

strongly suggests a positive role for vitamin D in physical health and function.

Body Mass Index

Lower vitamin D levels were associated with higher BMI in all cohorts, a result that is 

generally consistent with most studies that have explored this relationship. Several 

factors have been proposed (as previously discussed) to explain this effect. 

Sequestration o f vitamin D in adipose tissue is one theory that has been hypothesized 

though greater BMI may also be marker for other lifestyle factors that negatively 

influence vitamin D. It has also been proposed that low vitamin D status may 

increase adiposity through increased lipogenesis as a result o f elevated parathyroid 

hormone concentrations (Snijder et al., 2005). It may also be directly involved in cell 

signalling pathways in adipocytes that could lead to an increased risk of obesity (Vinh 

Quoc et al., 2013).

Gender

Vitamin D levels were lower in females in the hypertensive and bone cohort. 

Conversely, in ‘older’ old participants in the cognitive cohort females had better 

vitamin D status. Numerous studies have found lower vitamin D status in females 

though the results are conflicting. It is unclear what other factors that were not 

adjusted for in our model might account for the conflicting findings.

Lifestyle factors 

Supplement use

Supplement use, as expected was associated with significantly higher serum 25(OH)D 

and was the second most important determinant o f vitamin D status. However, a 

significant proportion of participants still had vitamin D deficiency despite being on 

supplements. The observed effect of supplementation on 25(OH)D varied between 

31.3 nmol/1 in the cognitive cohort to 20.1 mnol/l and 15.1 nmol/ in the hypertensive 

and bone cohort respectively. This compares to a mean increase in 25(OH)D of 23.8 

nmol/1 with supplement use identified in 546 community dwelling Irish subjects 

(Romero-Ortuno et al., 2011). Compliance with supplement use has been shown to be
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low in studies of older adults (Grant AM et al., 2005) and therefore the influence of 

supplementation could be underestimated. It is also possible that the smaller effect of 

supplements in the hypertensive cohort might be explained by poorer compliance 

given that most were over the counter and non-prescribed. Those on supplements had 

a statistically higher serum vitamin D across all seasons with the exception of subjects 

in the bone cohort in the Winter. However, the comparison in this group included a 

small number not taking supplements (N = 73) and is unlikely to have been 

underpowered to detect a significant difference. In addition, as the study was not 

longitudinal, comparisons were made between different cohort participants.

Supplement use may be a surrogate marker for other factors that influence serum 

vitamin D that could also account for potential differences in the magnitude o f the 

effect. In a post hoc analysis looking at independent correlates of supplement use, 

those who were supplemented in all cohorts were older had a lower body mass index 

(apart from the bone cohort). In addition, supplement users in the cognitive cohort 

were more likely to have a worse TUG performance and those in the hypertensive 

cohort to suffer with depression. Findings overall, suggests that users of supplements 

may be frailer particularly in the cognitive cohort and be more likely to have lower 

vitamin D in the first instance. It also suggests that the observed difference in vitamin 

D may be largely due to supplement use as opposed to other factors.

Surprisingly, deficiency in non-supplemented subjects in the bone cohort was less 

prevalent (40.2%). Post hoc analysis of correlates o f supplement use, did not identify 

any specific factors in this group that could not account for the higher than expected 

vitamin D level. However, the number included was relatively small (N = 321) and 

may not be representative of the larger population. Likewise, the higher than expected 

serum vitamin D in subjects in the months o f Jan and Feb (as graphically seen) in 

bone cohort participants may simply be due to chance given the small sample size.

Differences in geophysical factors in the hypertensive cohort may help to explain the 

observed difference in 25(OH)D in these subjects. As participants were located 

further North in latitude (55° N versus 53.3“ N), the exposure to UVB irradiation may 

have been less. In this regard, the finding o f lower vitamin D status in Scotland versus 

England, independent of other factors in one study, has been attributed to differences
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in latitude (Hypponnen et al., 2007). In addition, a 1° increase in latitude has been 

associated with a 1 nmol/1 increase in 25(OH)D in a study o f community dwelling 

adults (Hagenau et al., 2009). Variation in weather in this location including cloud 

cover could also have affected UVB irradiation and hence vitamin D levels.

In a post hoc analysis (of the mean seasonal GSR across cohorts), it was found that 

the mean GSR in Winter and Autumn were lower in the hypertensive compared to 

either the bone or cognitive cohort. This combined with subjects higher mean BMI 

may have had a significant negative effect on serum 25(OH)D. It is also possible that 

genetic differences in vitamin D metabolism (as previously discussed) could account 

for some of the observed difference.

Dietary Factors

Consumption o f oily fish was associated with better vitamin D status in participants in 

the bone cohort (though only in the model which adjusted for GSR as opposed to 

season). This discrepancy might be explained by differences in seasonal intake of oily 

fish. It is unclear why no effect was observed in the other cohorts. Frequency of 

consumption may be a factor accounting for this, which we were not able to adjust 

for. Oily fish is a rich source o f vitamin D (Lu et al., 2009) and has also been 

associated with higher serum 25(OH)D in other studies (Burgaz et al., 2007; Nanri et 

al., 2011). No association was found with margarine consumption, a finding 

replicated by other studies but it contains relafively small amounts of vitamin D 

(Burgaz et al., 2007).

Smoking Status

Current smoking status was associated with lower vitamin D levels in the younger old 

(bone and hypertensive cohort). This finding has been replicated by other studies but 

no causal explanation has been found (Cutillas-Marco et al., 2012). In a recent study 

of 6146 community dwelling adults, daily smoking was associated with lower vitamin 

D levels (Thuesen et al., 2012). It has been suggested that alterations in hepatic 

metabolism of vitamin D or 1-a-hydroxylation due to smoking could be a potential 

mechanism (Brot et al., 1999). Alternatively, smoking may simply be a surrogate
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marker for other lifestyle factors that impact negatively on serum vitamin D such as 

lower vitamin D intake (Morabia et al., 2000).

Outside Sunshine Exposure

Preference for spending time in the sun when outside was positively associated with 

serum 25(OH)D in all cohorts. This finding supports a role for sunshine exposure as 

means of increasing vitamin D status, even in the frail elderly. In a recent study, 

albeit of younger adults, a one hour increase in sunlight was found to decrease the risk 

of vitamin D deficiency by 70% highlighting the important role of UVB exposure 

(Vallianou et al., 2012).

Sun Holiday Travel

As expected sun holiday travel was correlated with higher vitamin D status as has 

been previously reported (Burgaz et al., 2007). It is known that sun exposure can lead 

to production of up to the equivalent 5000 lU of vitamin D3 per day. Whilst a large 

amount of sun exposure could increase vitamin D reserves it is unclear as to whether 

the effect could last for up to 6 months. It is also possible that participants who go on 

sun holiday travel may in general spend more time outdoors.

Study Strength’s and Limitations

The study strengths were that it was of relatively large size and accurately accounted 

for supplement use. We also adjusted for a several factors related to UVB exposure, 

including global solar radiation, sun holiday travel and preference for sunshine when 

outside. We measured serum 25(OH)D by LCMS which is the gold standard and our 

laboratory was DEQAS approved.

However, there were some limitations. Firstly, approximately 5.7% (N=278) of all 

participants were excluded in our analysis due to missing data which has the potential 

to alter study results. The study participants were not representative o f the general 

older population to which the findings may not be applicable. We did not have a good 

measure of non-supplemental dietary vitamin D intake though were able to factor in 

consumption of oily fish and margarine in our analysis.In addition, no specific or 

accurate account of outdoor exposure or physical activity was available. Despite this.
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we had data for TUG performance which is a good marker of physical frailty. Finally, 

as the study was cross sectional, no inferences can be made as to causality.

Conclusion

Vitamin D deficiency was prevalent affecting between 40.2-73.2% of non

supplemented older adults. Season and supplement use were the most important 

determinants of vitamin D status though sun holiday travel and preference for 

sunshine exposure when outside also appear to play a role. Other modifiable factors 

included body mass index and in the ‘younger’ old smoking and oily fish 

consumption

Results highlight the importance of factoring in season when interpreting 25(OH)D 

levels. Findings also suggests that careful consideration for checking serum vitamin D 

should be given to older adults, especially those who are non-supplemented, 

physically frail and more likely to high prevalence of deficiency.

173





SECTION 5: VITAMIN D AND COGNITION
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CHAPTER 15: INTRODUCTION

An increasing body of evidence supports a role for vitamin D in maintaining normal 

cognitive function. There is a strong biological plausibility (as previously discussed) 

underlying the potential mechanisms via which it may achieve this.

Vitamin D is known to cross the blood brain barrier and metabolic pathways exist for 

its activation in the central nervous system. The vitamin D receptor (VDR) is found in 

multiple brain areas important in cognition including the hippocampus, frontal, 

parietal and temporal lobes.

Vitamin D may protect against cognitive decline through an effect on neuro

protection, vasculo-protection, neuronal calcium regulation, inflammation and 

modulation o f vascular risk factors. It has also been specifically implicated in the 

pathophysiology of Alzheimer’s disease and displays anti-amyloid, anti-glutamate 

and pro-cholinergic properties in animal models.

Most cross sectional studies have found a positive association between serum 

25(OH)D and tests of global or specific cognitive function. Longitudinal studies also 

suggest that vitamin D deficiency may be a risk factor for cognitive decline or 

dementia. However, the relationship remains controversial and appears to be more 

consistent in those who are vitamin D deficient (< 50 nmol/1).

It remains unclear as to which areas of cognition are most affected by vitamin D, with 

studies pointing to a role in executive function, though results are inconsistent. In 

addition, some studies have included only small sample sizes, had widely different 

subject groups (normal cognition to dementia), used limited cognitive test measures 

and adjusted for few confounds. In particular, there is the potential for study results to 

be explained by ‘reverse causality’ whereby lower vitamin D levels may be due to 

reduced sun exposure in those who are cognitively impaired.

Finally, there are few intervention trials o f vitamin D and cognition and no large well 

designed randomised controlled trials have been performed.
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We aimed in this study is to identify if  serum 25(OH)D is associated with cognitive 

function (in a variety o f cognitive domains) in community dwelling older Irish adults.
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CHAPTER 16: METHODOLOGY

Study Population and Design

The study population comprised participants o f the TUDA (Trinity, University of 

Ulster, Dept, of Agriculture) study which has been previously described. This is a 

large collaborative, cross sectional study designed to create a phenotype/genotype 

database for three cohorts of community dwelling subjects aged over sixty years. 

Study data was available for 1800, 1704 and 1404 participants in the hypertensive, 

cognitive and bone cohort respectively.

Study methods and participant characteristics are as previously outlined (see chapter 

7). Participants with MMSE scores below 24 were excluded as several confounds 

were self-reported. In addition, we specifically aimed to look for the relationship 

between vitamin D and cognition in non-dementia subjects.

Neuropsychological Assessment

The Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), 

(Randolph et al, 1998) was used to assess five cognitive domains; Immediate 

Memory, Visuospatial, Language, Attention and Delayed Memory, each represented 

by a score on the respective indices I, II, III, IV and V. It is a relatively brief but 

comprehensive test o f cognition that takes approximately 30 minutes to administer. 

For each domain, there are two test subcategories which are scored separately and 

then used to calculate the overall index score. Global cognitive performance in the 

RBANS was represented by a composite Total Scale. Executive function was 

specifically measured with the Frontal Assessment Battery (FAB) (Dubois et al., 

2000) and a global assessment of cognitive function was also measured with the Mini 

Mental State Examination (MMSE), (Folstein et al., 1975). (See appendix for 

neuropsychological tests)

Statistical Analysis

We initially performed an analysis in the entire TUDA study population to identify if 

there was an interaction between cognitive status, serum vitamin D and each of the 

three study cohorts. This allowed us to establish if the analysis should be performed 

separately for each cohort.
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All parameters were inspected for normality and those that were significantly skewed 

were appropriately transformed. All statistical analysis was performed using JMP 

edition 11.01. (SAS Institute, 2010).

Study Covariates

The total global solar radiation (GSR) which represents the total amount of irradiation 

received per unit area per month (KJcm'“) was used as a surrogate marker of UVB 

exposure. GSR data was obtained by request from the Irish Meteorological Service. 

Data from weather stations nearest to study recruitment sites (Dublin Airport) and 

(Malin Head, Donegal) were used respectively for analysis in the Cognitive / Bone 

and Hypertensive cohort.

Season was defined according to the standard meteorological definition used in 

Ireland (Irish Meteorological Service) with the following months comprising Winter 

(Dec, Jan, Feb), Spring (Mar, Apr, May), Summer (Jun, Jul, Aug), and Autumn (Sept, 

Oct, Nov).

Timed Up and Go (TUG) measurements were divided into quintiles as it was not 

possible to measure it in a small proportion of subjects with significant physical 

disability. These subjects were categorised in the lowest quintile o f TUG 

performance.

Statistical Models

Multiple linear regression models were used to explore the relationship using both 

serum 25(OH)D and cognitive test scores as continuous variables. Cognitive outcome 

measures included MMSE and FAB scores, performance on indices I, II, III, IV, V 

and Total Scale on the RBANS.

In model 1, adjustment was made for well established confounds of 25(OH)D and 

cognition including age, gender, education, supplement use, body mass index, season, 

or global solar radiation (as our surrogate marker of UVB exposure). In model 2, 

further adjustment was made for physical frailty as measured by the timed up and go 

(TUG) . In further models sun holiday travel, current depression (CES-D>16), stroke 

history and serum PTH were included as covariates.
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CHAPTER 17: RESULTS

Five hundred and thirty three subjects were excluded after application of study 

inclusion criteria (MMSE > 24). A further 278 subjects were excluded due to missing 

or incomplete data, leaving the respective number in the hypertensive, cognitive and 

bone cohort 1568, 1330 and 1199. For an outline of study cohort participant 

characteristics see Chapter 8 and Table 8.1.

A significant interaction was identified between vitamin D, cognitive perforaiance as 

per RBANS index III and cohorts (interaction term in cognitive cohort, P =-0.06, P 

<0.0001, bone cohort P =-0.07, P <0.0001). Accordingly, analysis was performed 

separately for each cohort. The results of multiple linear regression analysis are 

shown in Tables 17.1-17.3).

In the hypertensive cohort (N = 1568), a significant positive relationship was found 

between 25(OH)D and performance in the FAB (P = 0.01) and RBANS Index I (P = 

0.04), Index II (P = 0.036), Index III (P <0.0001) and Total Scale (P = 0.006) after 

adjustment for age, gender, education, body mass index, season, supplement use and 

physical frailty (TUG). After further adjustment for sun holiday travel the findings 

remained significant for FAB (P = 0.027), Index III (P <0.0001) and Total Scale (P = 

0.005). Furthermore, when a history o f stroke, current depression status and serum 

PTH were added individually as covariates the positive findings for FAB, Index III 

and Total Scale remained. Substitution of GSR for season in the models did not alter 

the study findings (see table 17.1).

In the bone cohort (N = 1199), 25(OH)D was positively associated with Index II 

(P=0.019) and FAB (P=0.005) after adjusting for age, gender, education, BMI, 

season, supplement use and TUG. The result remained significant after further 

inclusion in the model of sun holiday travel and stroke history or serum PTH or 

depression status Substitution o f GSR for season in the models did not alter the study 

findings (see table 17.12).

No association was identified between 25(OH)D and cognition in the cognitive cohort 

across all tests and in all models (N = 1330).
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Table 17.1: Relationship between 25(OH)D and Cognition in Hypertensive Cohort.

Relationship between 25(OH)D and Cognition in Hypertensive Cohort (N=1568)
M odel 1 M odel 2 Model 3 Model 4 Model 5 Model 6 1

Test P P-value P P-value P P-value P P-value P P-value P P-value

M MSE -0.000 0.74 -0.000 0,56 -0.0015 0.32 -0.000 0.25 -0.001 0.26 -0.001 0.38
FAB (log) 0.000 0.004* 0.000 0.01* 0.000 0.029* 0.00 0.048* 0.000 0.039* 0.000 0.044
Index I 0.040 0.023 0.040 0.04* 0.021 0.25 0.023 0.23 0.025 0.20 0.024 0.21
Index 11 0.040 0.056 0.036 0.08 0.019 0.30 0.03 0.14 0.05 0.09 0.039 0.08
Index III 0.06 <0.0001* 0.06 <0.0001* 0.059 <0.0001* 0.054 <0.0001* 0.06 <0.0001* 0.060 <0.0001*
Index IV 0.04 0.04 0.033 0.086 0.028 0.14 0.023 0.26 0.06 0.20 0.026 0.42
Index V 0.006 0.86 -0.000 0.53 -0.037 0.26 -0.03 0.45 -0.02 0.51 -0.027 0.42
Total Scale 0.055 0.002* 0.049 0.006* 0.074 0.005* 0.040 0.038* 0.040 0.025* 0.037 0.044*

M odel 1: age, gender, education, BMI, season, supplement use.
Model 2: as per model 1 and Timed Up and Go.
Model 3: as per model 2 and sun holiday travel in last 6 months 
M odel 4: as per model 3 and depression (CES-D> 16)
Model 5: as per model 3 and stroke 
Model 6: as per model 3 and serum PTH

NB: When GSR was substituted for season in model 1, the study findings were unchanged. 
* Statistically significant (P<0.05).
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Table: 17.2: Relationship between 25(OH)D and Cognition in Cognitive Cohort.

Relationship between 25(OH)D and Cognition in Cognitive Cohort (N=1330)
M odel 1 Model 2 Model 3 Model 4 Model 5

Test P P-value P P-value P P-value P P-value P P-value

MM SE 0.022 NS 0.000 NS 0.000 NS 0.002 NS -0.001 NS
FAB (log) 0.000 NS 0.000 NS 0.000 NS 0.026 NS 0.000 NS
Index I 0.030 NS 0.016 NS 0.021 NS 0.026 NS 0.009 NS
Index II 0.060 NS 0.036 NS 0.037 NS 0.06 NS 0.036 NS
Index III 0.008 NS 0.004 NS 0.000 NS 0.005 NS -0.004 NS
Index IV 0.03 NS 0.019 NS 0.013 NS 0.030 NS 0.01 NS
Index V 0.01 NS -0.000 NS -0.000 NS -0.002 NS -0.005 NS
Total Scale 0.11 NS 0.08 NS 0.440 NS 0.09 NS 0/.09 NS

Model 1: age, gender, education, BMl, season, supplement use.
Model 2: as per model I and Timed Up and Go.
Model 3; as per model 3 and depression (CES-D> 16)
Model 4: as per model 3 and stroke 
M odel 5: as per model 3 and serum PTH

NB: When GSR was substituted for season in the models 1, the study findings were unchanged. 
NS: Non-significant (P >0.05)



Table: 17.3: Relationship between 25(OH)D and Cognition in Bone Cohort.

Relationship between 25(OH)D and Cognition in Bone Cohort (N=1199)
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6

Test P P-value P P-value P P-value P P-value P P-value P P-value

MMSE 0.022 0.32 0.000 0.27 0.000 0.32 0.000 0.90 0.002 0.39 -0.001 0.99
FAB (log) 0.000 0.004* 0.000 0.005* 0.000 0.007* 0.000 0.014* 0.026 0.014* 0.000 0.01*
Index 1 0.030 0.056 0.016 0.27 0.021 0.94 0.023 0.54 0.026 0.1 1 0.009 0.56
Index 11 0.060 0.0012* 0.040 0.019 0.037 0.027* 0.03 0.045* 0.6 0.002* 0.036 0.038*
Index HI 0.008 0.43 -0.004 0.81 -0.000 0.160 -0.06 0.15 0.005 0.66 -0.004 0.73
Index IV 0.03 0.028* 0.019 0.20 0.013 0.400 0.010 0.51 0.030 0.52 0.01 0.39
Index V 0.01 0.48 -0.000 0.53 -0.000 0.65 -0.03 0.57 -0.002 0.70 -0.005 0.73
Total Scale 0.11 0.36 0.08 0.48 0.440 0.380 0.07 0.59 0.09 0.47 0.046 0.71

Model 1: age, gender, education, BMI, season, supplement use.
Model 2; as per model 1 and Timed Up and Go.
Model 3; as per model 2 and sun holiday travel in last 6 months 
Model 4: as per model 3 and depression (CES-D> 16)
Model 5: as per model 3 and stroke 
Model 6: as per model 3 and serum PTH

NB: When GSR was substituted for season in model 1, the study findings were unchanged. 
* Statistically significant (P<0.05).
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CHAPTER 18: POST HOC ANALYSIS AND RESULTS

The potential relationship between 25(OH)D and each subtest within the RBANS 

indices were explored: list learning and story recall in Index I, line orientation and 

figure copy in Index II, category fluency and picture naming in Index III, forward 

digit span and digit symbol coding in Index IV, word recall, word recognition, figure 

construction and story recall in Index V. The association was explored in multiple 

linear regression models adjusting for age, gender, BMI, education, supplement use, 

sun holiday travel, season or GSR, TUG and individually for depression status (CES- 

D score > 16), presence of stroke, and serum parathyroid (PTH) level.

We also plotted graphically the relationship between cognitive measures and serum 

250H)D (by quintiles) so as to determine potential cut offs in the association.
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Table 18.1: Relationship between RBANS Index Subtests and 25(OH)D in Hypertensive Cohort

Relationship between serum 25(OH)D and Cognition in Hypertensive Cohort (N=1568)

M o d el 1 M o d el 2 M o d el 3 M o d el 4

C ognitive Test P P-value P P-value P P-value P P-value

List learning 0.01 0.046* 0.01 NS 0.011 NS 0.01 NS
Story M emory " NS - NS - NS - NS

Line orientation . NS - NS - NS - NS
Figure copy - NS - NS - NS - NS

Sem antic fluency 0.016 0.0003* - 0.0003* 0.016 0.0009* 0.017 0.0003*
Picture nam ing 0.0036 0.0002* - <0.0001* 0.004 0.0001* 0.005 0.0001*

Digit Span - - NS - NS - NS
Coding 0.026 0.018* 0.02 0.06 0.024 0.044* 0.025 0.039*

List recall . NS - NS - NS - NS
Story recall - NS - NS - NS - NS
Figure recall NS - NS - NS - NS
Com bined recall - NS - NS - NS - NS

M odel 1: age, gender, BM l, season, supplem ent use, education, TUG, holiday travel.
M odel 2; model 1 + depression (CES-D > 16).
M odel 3; model I + stroke.
M odel 4: model I + serum PTH.

NS: N onsignificant P 0.05, * Statistically significant (P<0.05).

NB: W hen GSFi was substituted for season, the study findings were unchanged except for the result o f  a positive relationship 

betw een 25(OM )D and coding in m odel 2 (Index IV) (p =0.04, P=0.02).
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Table 18.2: Relationship between RBANS Index Subtests and 25(OH)D in Bone Cohort

Model 3 Model 4Model 1 Model 2

P-valueP-valueC ognitive Test P-value P-value

NSNSNS NSList learning
NSNSNS NSStory M emory

0.004*0.005* 0.010.005* 0.015*Line orientation 0.009 0.010.01
0 .002*0.003*0.006* -0.160.003 -0.14 -0.16Figure copy -0.15

NSNSSem antic fluency NS NS
NSNSNS NSPicture nam ing

NSNSNS NSDigit Span
NSNSCoding NS NS

NSNSList recall NS NS
NSNSStory recall 

Figure recall 
Com bined recall

NS NS
NSNSNS NS
NSNSNS NS

Index II

Index III

Index IV

Index I

Index V

Relationship between serum 25(OH)D and Cognition in Bone Cohort (N=1199)

M odel 1: age, gender, BM I, season, supplement use, education, TUG, holiday travel. 
M odel 2: model I + depression (CES-D > 16).
M odel 3: model 1 + stroke.
M odel 4; model 1 + serum PTH.

NS: N onsignificant P> 0.05, * Statistically significant (P<0.05).

MB: W tien G SR w as substituted for season in m odel 1, the study findings were unchanged



Table 18.3: Relationship between RBANS Index Subtests and 25(OH)D in Cognitive Cohort

M odel 1 M odel 2 M odel 3 M odel 4

Cognitive Test P-value P-value P-value P-value

List learning NS NS NS NS
Story Memory NS NS NS NS

Line orientation NS NS NS NS
Figure copy NS NS NS NS

Semantic fluency NS NS NS NS
Picture naming NS NS NS NS

Digit Span NS NS NS NS
Coding NS NS NS NS

Index II

Index III

Index 1

Index V

Index IV

Relationship between serum 25(OH)D and Cognition in Cognitive Cohort (N=1330)

List recall NS NS NS NS
Story recall NS NS NS NS
Figure recall NS NS NS NS
Combined recall NS NS NS NS

NS: Nonsignificant P> 0.05
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In the post hoc-analysis exploring the relationship between 25(OH)D and Index 

subtests in the hypertensive cohort, a positive relationship was found with the 

following: list learning (Index I) (P = 0.046), category fluency (Index III), (P = 

0.0003), picture naming (Index III),(P = 0.002) and digit symbol coding (Index IV), 

(P = 0.018) after adjustment for age, gender, season, BMI, supplement use, TUG and 

sun holiday travel. After ftirther adjustment for depression (CES-D > 16) the 

relationship with digit symbol coding (P = 0.06) and list learning (P = 0.06) became 

insignificant. However, findings remained significant for picture naming and category 

fluency (Index III), when depression, stroke and serum PTH where further added into 

the models. When GSR was substituted into the models instead of season the 

relationship with FAB and coding remained significant (P<0.05) throughout but 

otherwise there were no change in study findings (see Table 18.1).

In the bone cohort, vitamin D was positively associated with line orientation (Index I) 

and negatively associated with figure copy (Index II) in all models. In the cognitive 

cohort, no association was found between 25(OH)D and RBANS subtests in any 

models (using either GSR or season as a covariate).
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Graphical plots o f cognitive performance across 25(OH)D quintiles

Graphical plots show that increasing quintiles o f 25(OH)D were associated with 

higher Total Scale in the RBANS and better performance in the Frontal Assessment 

Battery. However, there appeared to be a threshold effect for index III and it’s 

subcategories, with only subjects above the third quintile (> 50.5 nmol/1) performing 

better.

Fig 18.1: Total Scale (RBANS) versus quintiles of 25(OH)D in the Hypertensive 

Cohort

Error bar represents one standard error.

*P value -  adjusted for age, gender, BMl, season, GSR. supplement use.
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Fig 18.2: FAB scores versus quintiles of 25(OH)D in the Hypertensive Cohort
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Fig 18.3: Index III (RBANS) versus quintiles of 25(OH)D in the Hypertensive 

Cohort

Error bar represents one standard error.

*P value -  adjusted for age, gender, BMl, season and supplement use.
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Fig 18.31 Category fluency (Index III subtest, RBANS) versus quintiles of 

25(OH)D in the Hypertensive Cohort
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Fig 18.32: Picture Naming (Index III subtest, RBANS) versus quintiles of 

25(OH)D in the Hypertensive Cohort

Error bar represents one standard error.

*P value -  adjusted for age, gender, education, BMI, season, supplement use.
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CHAPTER 19: DISCUSSION

Vitamin D was positively associated with some cognitive test measures, but only in 

younger older adults who were participants o f the bone and hypertensive cohort.

Specifically, we found a positive association between vitamin D and two tests o f 

executive function the Frontal Assessment battery and a subcomponent o f Index IV 

on the RBANS (digit symbol coding). The findings remained significant after 

adjustment for multiple confounds including physical frailty. However, in a post hoc 

model the association with digit symbol coding became insignificant after adjustment 

for depression. Despite this, the relationship with FAB scores remained robust even 

when factoring in current depression or stroke history, both which can contribute to 

executive dysfunction in their own right. In addition, inclusion o f serum PTH as novel 

covariate did not change the result. High PTH has been implicated as mechanism via 

which vitamin D deficiency could affect cognition and has been associated with 

executive function in at least one small study (Jorde et al., 2010). However, our 

findings suggest an effect o f vitamin D independent o f serum PTH. Results also 

suggest a linear relationship with FAB performance across 25(OH)D quintiles with no 

threshold effect identified.

The finding o f an association with executive function are consistent with other large 

cross sectional studies using different test measures (.Buell et al., 200: Lee et al., 

2010). An inverse relationship has also been found between severe vitamin D 

deficiency and increased risk o f decline in executive function in longitudinal studies 

(Llewellyn et al., 2010) though results are conflicting (Slinin et al., 2010; Slinin et 

al.,2012).

No association between vitamin D and tests o f either verbal or visual memory were 

identified apart from in one subcomponent (list learning) in the Immediate Memory 

index (Index I) in the hypertensive cohort. However, the relationship became 

insignificant after adjusting for current depression. In addition, a large component o f 

this test requires attention and encoding skills and it is therefore not a pure test o f 

memory or retention. Findings are consistent with all other studies to date that have 

been negative for vitamin D and specific tests o f memory (Jorde et al., 2006: Wilkins
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et al. 2006; Me Grath et al., 2007; Lee et al., 2009; Buell et al., 2009; Lewellyn et al., 

2010),

We also found a significant association between vitamin D and one measure of global 

cognition (Total Scale on RBANS), though only in participants of the hypertensive 

cohort. No association was found with the MMSE. However, it is possible that it was 

too insensitive as test of cognitive function.. The lack o f association with MMSE is 

also consistent with the results of another large study that found no relationship in 

‘younger’ older adults (Buell et al., 2009). Conversely, the absence of an association 

in the cognitive cohort is contrary to some other studies that have included older 

adults (Przyelski et al., 2007: Oudshoom et al., 2008; Peterson et al., 2012) and used 

other brief measures of global cognition such as the SPSMQ (Llewellyn et al., 2009) 

and the AMTS (Skalska et al., 2012).

A positive association was found between 25(OH)D and Index II which measures 

visuoconstruction and visuospatial domains, in both the hypertensive and bone 

cohorts. However, the relationship became insignificant after adjustment for sun 

holiday travel in the hypertensive cohort. In the post hoc analysis exploring the 

relationship between vitamin D and RBANS Index II subtests, no association was 

identified in the hypertensive cohort though it may have been underpowered to detect 

this. However, a statistical significant positive and negative relationship was found 

between vitamin D and RBANS index II subtests (line orientation and figure copy 

respectively) in the bone cohort. This conflicting finding and lack of association in 

other studies to date between vitamin D and visuspatial domains (Lee et al., 2009) 

suggests that this may have been due to chance and be of limited import.

A strong association was found between 25(OH)D and language domains in the 

hypertensive cohort. This remained significant in all models and for both language 

subtests (picture naming and category/semantic fluency for animals). A threshold 

effect was identified with better performance found in those with serum 25(OH)D 

above approximately 50 nmol/1. Few studies have looked at language though two 

found no relationship with phonetic fluency tests (Wilkins et al., 2006; Jorde et al., 

2006). However, the subtests we used are different and potentially relate to 

dysfunction in different brain areas which might be more vulnerable to the effects of
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vitamin D. In this regard, two studies have suggested that vitamin D may play a role 

in semantic language function. A VDR polymorphism has been associated with 

decline in category fluency in a longitudinal study of US females (Beydoun et al., 

2012). In addition, another study found an association between low gestational 

vitamin D (<50 nmol/1) and an increased risk of a poorer performance on a semantic 

based language task in children at between up 5-10 years follow up (Whitehouse et 

al., 2012).

No association was found between 25(OH)D and any of the neuropsychological tests 

in the cognitive cohort. However, subjects in this cohort had a high level of physical 

frailty and other co-morbidities and were at the ‘older’ old end of the age spectrum. It 

is possible that any relationship with vitamin D could be obscured in a more complex 

group. It may also be that the relationship is lost with time and that a prolonged period 

of low vitamin D status earlier in life may contribute more to cognitive impairment. 

This supports the idea of a ‘long latency deficiency’ effect and suggests that future 

randomised controlled trials shoud be performed in ‘younger’ older adults.

Study Strengths and limitations

There were some limitations to this study. Firstly, approximately 5% of all 

participants were excluded in our analysis due to missing data which has the potential 

to alter study results. The study participants were not representative o f the general 

older population to which the findings may not be applicable. We did not have a good 

measure of non-supplemental dietary vitamin D intake though we were able to factor 

in accurately supplement use. In addition, no specific or accurate account of outdoor 

exposure or physical activity was available. Despite this, we had data for TUG 

performance which is a good marker o f physical frailty. Finally, as the study was 

cross sectional, no inferences can be made as to causality.

Study strengths were that we had a large sample size and adjusted for several 

confounds. A variety of neuropsychological tests that were sensitive in examining 

multiple cognitive domains were used. We were able to look at associations with 

vitamin D in widely varied aged groups. As subjects had MMSE scores of 24 or more, 

most were likely to have either mild cognitive impairment or normal cognition. By
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excluding subjects with dementia, we eHminated the potential for reverse causality 

due to more advanced cognitive impairment.

Conclusion

Findings suggest that vitamin D may play a role in cognition, specifically in language, 

and executive domains both only in the ‘younger’ old. It is possible that vitamin D 

may exert a greater effect on cognitive function earlier in life and that randomised 

controlled trials in ‘younger’ older adults should now be considered.
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SECTION 6: VITAMIN D AND BIOOD PRESSURE
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CHAPTER 20: INTRODUCTION

Emerging evidence supports a role for vitamin D in the aetiopathology of 

hypertension. Vitamin D receptors are found throughout the cardiovascular system 

including the myocardium and vascular smooth muscle cells. Vitamin D is known to 

down regulate the renin angiotenin aldosterone system (RAAS) and may play a role in 

maintaining normal vascular endothelial function. In addition, vitamin D’s regulation 

of calcium metabolism, prevention of secondary hyperparathyroidism and potential 

reno-protective properties have all been implicated as a mechanism by which it may 

effect blood pressure

Most cross sectional studies show an inverse association between vitamin D and 

blood pressure or a diagnosis of hypertension. However, only a small number of 

longitudinal studies have been conducted and results have been inconsistent though 

the relationship in studies appears to be confined to those who are hypertensive and 

vitamin D deficient. In addition, few randomised controlled trials have been 

performed with most not supporting a beneficial effect for vitamin D. However, most 

have been small and were of short duration, and many were not primarily designed to 

investigate the effect o f vitamin D on blood pressure. Some also included subjects 

who were normotensive or had normal vitamin D status at baseline and used only 

small treatment doses.

The purpose of this study is to determine if serum 25(OH)D is associated with systolic 

or diastolic blood pressure or the presence of hypertension in an older Irish 

community dwelling population



CHAPTER 21: METHODOLOGY

Study Population and Design

The study population comprised participants of the TUDA (Trinity, University of 

Ulster, Dept, o f Agriculture) study which been previously described. This is a large 

collaborative, cross sectional study designed to create a phenotype/genotype database 

for three cohorts of community dwelling subjects aged over sixty years. Study data 

was available for 1800, 1704 and 1404 participants in the hypertensive, cognitive and 

bone cohort respectively.

Study methods and participants characteristics are as previously outlined (see chapter 

8). Participants with MMSE scores below 24 were excluded in the analysis as several 

confounds were self-reported. In addition, we specifically aimed to look at the 

relationship in non-dementia subjects.

Blood Pressure Measurement

Blood pressure was measured with a clinically validated automated blood pressure 

recording device (Omron 705CP-II) with the subject in a seated position (El Assaad et 

al., 2003). The arm with the highest initial blood pressure recording was used for 

subsequent readings, which were taken until diastolic and systolic blood pressure 

were within 5 mmHg dor two readings or until 5 recordings were performed. Subjects 

were also asked to report if they had a diagnosis of a hypertension.

Statistical Analysis

We initially performed an analysis in the entire TUDA study population to identify if 

there was an interaction between a diagnosis o f hypertension or mean diastolic or 

systolic blood pressure and serum vitamin D for each of the three study cohorts. This 

allowed us to establish if the analysis should be performed separately for each cohort. 

As interaction terms were nonsignficant (P.> 0.05) the cohorts were analysed as as 

single group.

All parameters were inspected for normality and those that were significantly skewed 

were appropriately transformed. All statistical analysis was perfonned using JMP 

edition 10.0.2 (SAS Institute, 2010).
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Study Covariates

Diagnosis of hypertension was based on self report and/or having a mean systsolic 

and diastolic blood pressure greater than or equal to 140 mmHg and 90 mmHg 

respectively. This was similar to that used in other studies (Kim et al., 2008). Mean 

blood pressure was defined as the average of two readings where both systolic and 

diastolic blood pressure were within 5 mmHg or alternatively of all five readings.

The total global solar radiation (GSR) which represents the total amount of irradiation 

received per unit area per month (KJcm’ ) was used as a surrogate marker of UVB 

exposure. GSR data was obtained by request from the Irish Meteorological Service. 

Data from weather stations nearest to study recruitment sites (Dublin Airport) and 

(Malin Head, Donegal) were used respectively for analysis in the Cognitive / Bone 

and Hypertensive cohort.

Season was defined according to the standard meteorological definition used in 

Ireland (Irish Meteorological Service) with the following months comprising Winter 

(Dec, Jan, Feb), Spring (Mar, Apr, May), Summer (Jun, Jul, Aug), and Autumn (Sept, 

Oct, Nov).

Timed Up and Go (TUG) measurements were divided into quintiles as it was not 

possible to measure it in a small proportion of subjects with significant physical 

disability. These subjects were categorised in the lowest quintile of TUG 

performance.

Statistical Models

A comparative analysis o f differences between those who were hypertensive (self 

report and or/by study criteria) and normotensive was made using the unpaired t and 

Chi squared test as appropriate. Logistic regression was also used to explore the 

relationship between serum 25-hydroxyvitamin D and a diagnosis o f hypertension 

(defined as self reported diagnosis and/or mean SEP >140 or DBP >90 mmHg). The 

potential relationship with mean systolic and diastolic blood pressure was also 

explored in multiple-linear regression models. As the vast majority o f subjects were 

taking anti-hypertensives or medications with secondary blood pressure lowering
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affects, it was not possible to exclude these partipcants or adjust for their use in the 

analysis.

In model 1, the analysis incorporated basic demographic factors and established 

confounds of vitamin D status (age, gender, body mass index, seasons or global solar 

radiation and factors known to affect blood pressure (smoking and alcohol intake). In 

model 2, further adjustment was made for physical frailty (Timed Up and Go) and in 

model 3, sun holiday travel was added as a covariate. Serum PTH and calcium were 

also included as covariates in models 4 and 5.
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CHAPTER 22: RESULTS

No significant interaction term was identified and therefore the analysis was 

performed in the entire TUDA population. Five hundred and thirty three subjects were 

excluded after application of study inclusion criteria (MMSE > 24). A farther 298 

subjects were excluded due to missing or incomplete data, leaving the total study 

number 4077.

Table 22.1: Characteristics of subjects with and without a diagnosis of 

hypertension

H ypertensive *(N=3409) N on-H ypertensive (N=668) P- value
Age (yrs) 73.3 + 8.8 73.6 ± 8 .2 0.360 “
Gender (Female. %) 66.1 78.5 < 0.001 '’
BMI (kgm-^) 28.5 ±5.4 25.2 ± 4 .8 <0.00 r
TUG (quintiles) (%) III (20.7), V (19.90) III (16.0), V (17 .1 ) <0.02*’
Current Alcohol intake,(%) 57.9 64.7 0.020 '’
Current smoker (%) 11.7 14.7 0.030'’
Current or past smoker (%) 53.5 55.4 0.350'’
Sun Holiday Travel (%) 17.9 21.4 0.033
Vitamin D Supplements (%) 44.1 69.1 <0.001 '’
Mean SBP (mmHg) 148.5 ± 2 0 .5 124.1 ± 9 .9 <0.001 “
Mean DBP (mmHg) 79.5 ±11.5 72.7 ± 8 .5 <0.001"
25(OH)D (nmol/l) 5 7 .5 ± 3 1 .8 7 1 .4 ± 3 0 .7 <0.001"
<25 nmoll (%) 13.5 8.7 <0.001 ”
25-49 .9  nmol/l (%) 33.9 16.9 <0.001
50- 74.5 nmol/l (%) 25.1 26.6 0.630'’
> 75 nmol/l (%) 27.5 47.8 <0.001

“ unpaired t-test, Chi Squared test, *Hypertension defined as se lf reported diagnosis (made by doctor) 
and/or SBP and DBP > 140 and 90 mmHg respectively. TUG quintiles III (1-12.4), V (> 20) seconds.

71.2% (N=2906) of subjects self reported a diagnosis o f hypertension. An additional 

12.4% (N = 503) of all participants were found to have hypertension when the 

diagnosis was based on study criteria which included blood pressure readings 

measured on the assessment day. There was a significant difference in mean systolic 

and diastolic blood pressure between those with and without hypertension regardless 

of how it was defined (P <0.001). In those only self-reporting their diagnosis, the 

mean difference in systolic and diastolic blood pressure was smaller (10.3 mmHg and 

6.8 mmHg respectively). However, a significant proportion o f subjects 

(approximately 30%) with a self- reported diagnosis of hypertension had blood 

pressure readings that were normal on the day of assessment.
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Those who were hypertensive (based on study criteria) were more Hkely to be male 

(P <0.001), have a higher body mass index (P <0.001) and not take vitamin D 

supplements (P <0.001) or have a recent sun holiday travel in the last 6 months (P = 

0.033). Physical frailty as asssessed by the Timed Up and Go was also more prevalent 

in those who were hypertensive (P =0.02) though current smoking (P = 0.03) and 

alcohol drinking (P = 0.02) was less prevalent.

Subjects with hypertension had a lower 25(OH)D (mean difference = 13.4 nmol/1, P 

<0.001). The prevalence of severe vitamin D deficiency and deficiency was also 

greater in hypertensive participants (P <0.001). Likewise, those who had a vitamin D 

level above 75 nmol/1 were significantly less likely to be hypertensive (P <0.001). 

However, no difference in prevalence was found in subjects with a 25(OH)D level 

between 25-74.9 nmol/1 (P = 0.63).

Table 22.2: Serum 25(OH)D and Diagnosis of Hypertension

Self reported  (N=2906) Self reported  and /or SBP > 140, DBP > 90 tnm Hg (N= 3409)

P P-value P P-value

Model 1 0.005 0.006 0.007 <0.0001
Model 2 0.005 0.004 0.007 <0.0001
Model 3 0.005 0.005 0.007 <0.0001
Model 4 0.005 0.005 0.008 <0.0001
Model 5 0.006 0.004 0.008 <0.0001

Model 1: age, gender, body mass index, season, alcohol intake, smoking status, supplement use. 
Model 2: as per model 1 and Timed Up and Go.
Model 3: as per model 2 and sun holiday travel in last 6 months.
Model 4: as per model 3 and serum PTH 
Model 5: as per model 3 and serum calcium

When GSR was substituted for season in the above models the study findings were unchanged.

203



Table 22.3: Serum 25(OH)D and Blood Pressure

Systolic Blood Pressure Diastolic Blood Pressure

P P-value P P-value

Model 1 - NS - NS
Model 2 - NS - NS
Model 3 - NS - NS

M odel 1: age, gender, body mass index, season, alcohol intake, smoking status, supplement use.
M odel 2: as per model 1 and Timed Up and Go.
M odel 3: as per model 2 and sun holiday travel in last 6 months.
M odel 4: as per model 3 and serum PTH 
M odel 5: as per model 3 and serum calcium

When GSR was substituted for season in the above models the study findings were unchanged

In a multiple linear regression model, serum 25(OH)D was inversely associated with 

both a self reported diagnosis of hypertension (P =0.006) and a diagnosis based on 

both self report and blood pressure readings taken on the day o f assessment (P < 

0.0001). The association remained significant after adjustment for age, gender, 

season, body mass index, supplement use, physical frailty (TUG), sun holiday travel, 

alcohol and smoking status. In addition, further adjustment for serum calcium or PTH 

did not change the result. No association was found between vitamin D and systolic or 

diastolic blood pressure. Substitution of season for GSR as a covaraite did not change 

the study findings.
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CHAPTER 24: DISCUSSION

The significant inverse relationship between serum 25(OH)D and a diagnosis of 

hypertension (self reported and/or based on blood pressure readings) in our study is 

consistent with most other studies in the literature to date. The relationship remained 

robust after confounding for multiple covariates including novel factors such as serum 

calcium and parathyroid hormone. We found no association with systolic or diastolic 

blood pressure, though a significant proportion of subjects with a diagnosis of 

hypertension did not have elevated blood pressure on the day of assessment. This can 

explained by the fact that the majority of participants were taking anti-hypertensive 

medications, as well as other tablets w'ith blood pressure lowering effects which is 

likely to obscure any potential relationship.

Vitamin D levels were significantly lower in those who were hypertensive (-13.4 

nmol/1), though part of this may be accounted for by non-use of vitamin D 

supplements, less sun holiday travel and higher body mass index. The relationship 

was also found to be independent of serum parathyroid homione and calcium, both 

which have been implicated as factors to explain how vitamin D might cause 

hypertension (Jungert et al., 2012).

Whether there is a threshold effect or a cut-off 25(OH)D level for optimum blood 

pressure control is unclear. The prevalence of hypertension was about twofold greater 

in those who were vitamin D deficient (47.4% versus 25.6%), however no significant 

difference was found for those who had a level between 50-74.9 nmol/1. Despite this, 

those with a 25(OH)D above 75 mnol/l were less likely to be hypertensive (27.5 

versus 47.8%). Overall, findings suggest that increasing vitamin D status up to 75 

nmol/1 may be beneficial.

Whilst many subjects in the study may have obtained their diagnosis of hypertension 

many years ago, most still remained on antihypertensives. Apart from the potential 

dynamic effects of vitamin D on the renin angiotensin aldosterone system (RAAS) 

and endothelial dysfunction, it is possible that deficiency may also create a 

‘hypertensive disease state’ mediated by long-term damage. For example, vitamin D
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status has been inversely associated with arterial wall changes including calcification 

(Zaqura er al., 2012) that could predispose to hypertension.

Study Strength’s and Limitations

There were limitations to this study, some of which have been previously discussed. 

Firstly, approximately 5% of all participants were excluded in our analysis due to 

missing data which has the potential to alter study results. The study participants were 

not representative of the general older population to which the findings may not be 

applicable. We did not have a good measure of non-supplemental dietary vitamin D 

intake though we were able to factor in accurately supplement use. In addition, no 

specific or accurate account o f outdoor exposure or physical activity was available. 

We were not able to adjust for anti-hypertensive medication use or other factors 

affecting blood pressure such as sodium intake or exercise level.

Whilst including the hypertensive cohort in our analysis increased our statistical 

power, these subjects lived in a different geographical location and other factors 

including genetic might be a contributory factor to their hypertension. In particular, 

there may be differential effects of vitamin D in different populations. For example, 

as previously discussed a VDR polymorphism has been associated with an increased 

risk o f hypertension (Swapna et al., 2011) and also lower plasma renin activity 

(Vaidya et al., 2011). The greater North Latitude of subjects in this cohort could also 

contribute to their lower vitamin D status, though we did adjust for global solar 

radiation which is a surrogate marker of UVB exposure.

Study strengths are that there was a large sample size and we adjusted for multiple 

confounds o f blood pressure and vitamin D. We also had several blood pressure 

recordings taken on the day which may have avoided misclassifying normotensive 

paticipants with ‘white coat hypertension’.

Conclusion

Serum 25(OH)D was inversely associated with a diagnosis of hypertension but not 

with systolic or diastolic blood pressure. No clear threshold affect was found in the 

relationship. Findings support a role for vitamin D deficiency in causing a 

‘hypertensive disease state’ and suggest a possible effect of supplementation on blood
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pressure control. However, if  vitamin D and anti-hypertensive medications share a 

common mechanism for lowering blood pressure, then further addition of vitamin D 

supplements may not prove effective. Further well designed randomised controlled 

trials with be required trials to explore vitamin D ’s possible anti-hypertensive effects.
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SECTION 7: VITAMIN D AND MOOD
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CHAPTER 25: INTRODUCTION

Vitamin D has been impHcated in the aetiopathology of depression in recent years. 

Vitamin D is known to cross the blood brain barrier and metabolic pathways exist for 

it’s activation in the brain. The vitamin D receptor (VDR) is found in multiple brain 

areas implicated in depression including the prefrontal cortex, amygdala and 

hypothalamus. Vitamin D may play a role in mood through it’s possible effect on the 

hypothalamic pituitary adrenal (HPA) axis, brain serotonin and serum parathyroid 

hormone levels. Vitamin D is also known to have neuro-protective and vasculo- 

protective affects in the brain, which might protect against depression.

Both cross sectional and longitudinal studies exploring the relationship between 

vitamin D and depression have given conflicting results, though most show an inverse 

association. A recent systematic review and meta-analysis which included 10 cross 

sectional and three cohort studies (N=31,424) found that lower vitamin D status was 

associated with a higher rate of depression (OR 1.31 and 2.21 respectively),(Anglin 

et al., 2013).

Despite this, randomised controlled trials have given inconsistent results, though some 

have been of short duration, have included only small sample sizes, used too low a 

dose of vitamin D or treated those who weren’t vitamin D deficient at baseline. Other 

intervention studies have not been placebo controlled.

The purpose of this study is to determine if serum 25(OH)D is associated with 

depression or depressive symptoms in community dwelling older Irish adults.
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CHAPTER 26: METHODOLOGY

Study Population and Design

The study population comprised participants of the TUDA (Trinity, University of 

Ulster, Dept, of Agriculture) study which been previously described. This is a large 

collaborative, cross sectional study designed to create a phenotype/genotype database 

for three cohorts of community dwelling subjects aged over sixty years. Study data 

was available for 1800, 1704 and 1404 participants in the hypertensive, cognitive and 

bone cohort respectively.

Study methods and participant characteristics are as previously outlined (see chapter 

8). Participants with MMSE scores below 24 were excluded in the analysis as several 

confounds were self-reported. In addition, we aimed to look at the potential 

relationship in non-dementia subjects.

Assessment of Mood

Subjects were administered the Centre for Epidemiologic Studies Depression scale 

(CES-D) (Radloff et al., 1977), a screening test for depressive symptoms. CES-D is a 

twenty item questionnaire that has been validated as a screening tool for depression in 

community dwelling elderly subjects and also has been found to be a robust measure 

in subjects with mild dementia (Paspassotiropoulos et al., 1999), (Cheng et al., 2008). 

A score o f greater than or equal to 16 out of a possible total o f 60 is both specific and 

sensitive for major depression (Beckmann et al, 1997). Participants were also asked to 

self-report on a previous history of depression as diagnosed by their general 

practitioner or physician.

Statistical Analysis

We initially performed an analysis in the entire TUDA study population to identify if 

there was an interaction between depression (CES-D >16) or depressive symptoms 

(CES-D score), serum vitamin D and each of the study cohorts. This enabled us to 

decide whether each cohort should be examined separately.

All parameters were inspected for normality and if significantly skewed were 

appropriately transformed. All statistical analysis was performed using JMP edition 

10.0.2. (SAS Institute, 2010).
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Study Covariates

Subjects with depression were defined as having a CES-D score of greater than or 

equal to sixteen. Total CES-D score was used as measure of depressive symptoms.

The total global solar radiation (GSR) which represents the total amount of irradiation 

received per unit area per month (KJcm'“) was used as a surrogate marker of UVB 

exposure. GSR data was obtained by request from the Irish Meteorological Service. 

Data from weather stations nearest to study recruitment sites (Dublin Airport) and 

(Malin Head, Donegal) were used respectively for analysis in the Cognitive / Bone 

and Hypertensive cohort.

Season was defined according to the standard meteorological definition used in 

Ireland (Irish Meteorological Service) with the following months comprising Winter 

(Dec, Jan, Feb), Spring (Mar, Apr, May), Summer (Jun, Jul, Aug), and Autumn (Sept, 

Oct, Nov).

Timed Up and Go (TUG) measurements were divided into quintiles as it was not 

possible to measure it in a small proportion of subjects with significant physical 

disability. These subjects were categorised in the lowest quintile of TUG 

performance.

Statistical Model

Multiple linear and logistic regression analysis was used to explore the relationship 

between serum 25 hydroxy vitamin D and (CES-D > 16) / depressive symptoms 

(CES-D score) in a variety o f models each using vitamin D as a continuous variable.

In model 1, adjustment was made for age, gender, body mass index, season or GSR, 

supplement use, living alone status, supplement use, and education, In model 2, the 

above analysis also incorporated sun holiday travel. In model 3, further adjustment 

was made for physical frailty as assessed by the TUG. Separate and individual 

adjustment was also made for other covariates in addition to model 3. These included 

stroke history, MMSE, PSMS serum PTH and prior history of depression in models 4, 

5,6 7 & 8 respectively.
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CHAPTER 27: RESULTS

Five hundred and thirty three subjects were excluded after application o f study 

inclusion criteria (MMSE > 24). A ftirther 278 subjects were excluded due to missing 

or incomplete data, leaving the respective number in the hypertensive, cognitive and 

bone cohort 1568, 1330 and 1199. For an outline of study cohort participant 

characteristics see Chapter 8 and Table 8.1.

The relationship was not explored in the bone cohort as the proportion of participants 

that were depressed was only 6.7% (N = 82). As a significant interaction term was 

identified and so a separate analysis was performed in the cognitive and hypertensive 

cohorts. The results of multiple linear regression analyses in both cohorts are shown 

below.

Table 27.1: Serum 25(OH)D and Depression in the Hypertensive Cohort

CES-D> 16 CES-D Score

P P-value P P-value
M odel 1 -0.018 0.0004 -0.037 <0.0001
M odel 2 -0.016 <0.001 -0.030 0.0001
M odel 3 -0.019 0.005 -0.028 0.0015
M odel 4 -0.014 0.006 -0.027 0.002
M odel 5 -0.014 0.006 -0.027 0.002
M odel 6 -0.014 0.007 -0.024 0.004
M odel 7 -0.014 0.006 -0.028 0.0009
M odel 8 -0.009 0.07 -0.018 0.027

Model 1: age, gender, body mass index, season, living alone, supplement use, education 
Model 2: as per model 1 and Timed Up and Go.
Model 3: as per model 2 and sun holiday travel in last 6 months.
Model 4: as per model 3 and stroke history
Model 5: as per model 3 and MMSE
M odel 6: as per model 3 and PSMS
Model 7: as per model 3 and serum PTH
Model 8: as per model 3 and prior history of depression

When GSR was substituted for season in the above models the study findings were unchanged.
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27.2: Serum 25(OH)D and Depression in the Cognitive Cohort

CES-D > 16 CES-D Score

P P-value P P-value
Model 1 -0.007 0.019 -0.009 0.210
Model 2 -0.004 0.100 - 0.005 0.940
Model 3 - NS - NS
Model 4 - NS - NS
Model 5 - NS - NS
Model 6 - NS - NS
Model 7 - NS - NS
Model 8 - NS - NS

NB: No adjustment was made for sun holiday travel as only 6.3% went on holiday.

Model 1: age, gender, body mass index, season, GSR, living alone, supplement use, education 
Model 2: as per model 1 and Timed Up and Go..
Model 3: as per model 2 and stroke history
Model 4: as per model 2 and MMSE
Model 5: as per model 2 and PSMS
Model 6: as per model 2 and serum PTH
Model 7: as per model 2 and prior history of depression

When GSR was substituted for season in the above models the study findings were unchanged.

A significant inverse relationship was found between 25(OH)D and depression (CES- 

D> 16) in the cognitive (P = 0.02) and hypertensive (P = 0.0004) cohorts after 

adjustment for age, gender, education, body mass index, season, living alone status 

and supplement use.

The relationship with 25(OH)D remained significant in the hypertensive cohort after

further adjustment for TUG (P<0.001) and sun holiday travel (P = 0.005). The finding

also remained significant after inclusion of stroke history (P = 0.006), PSMS (P = 

0.007), MMSE (P = 0.006) and serum PTH (P = 0.006) as covariates However, the 

association became insignificant when a prior history of depression was included as a 

confound (P = 0.07).

In the cognitive cohort the relationship between 25(OH)D and depression became 

insignificant after fiirther adjustment with the Timed Up and Go (TUG), (P = 0.10). In 

addition, no association was found between 25(OH)D and depressive symptoms 

(CES-D score) in the cognitive cohort in any of the models. Conversely, a significant
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inverse relationship was identified in the hypertensive cohort and the result remained 

robust in the full statistical model (P = 0.027).
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CHAPTER 28: POST HOC ANALYSIS AND RESULTS

The proportion o f subjects with current depression who had a history o f  prior 

depression was also identified. Graphical plots o f mean CES-D scores were made 

against quintiles o f 25(OH)D in each cohort to identify if  there were any potential cut

off points in the relationship. As vitamin D has been implicated in seasonal affective 

disorder, a univariate analysis was also performed to look for the potential 

relationship between season or global solar radiation and depression (CES-D > 16) or 

depressive symptoms (CES-D score).

Current Depression and Prior History of Depression

In a post hoc analysis, 72.7% and 47.7% o f those in the respective hypertensive and 

cognitive cohort who had current depression (CES-D >16) also reported a previous 

history o f depression. When subjects with a past history o f depression were excluded, 

only 7.3% and 2.7% o f the entire cognitive and hypertensive cohort remaining had 

depression.

Fig 28.1:CES-D Score versus quintiles of 25(OH)D in the Hypertensive Cohort

Error bars represent one standard error

*P-value- adjusted faor age, gender, BMI, season, supplement use, living alone
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Fig 28.2: CES-D Score versus quintiles of 25(OH)D in the Cognitive Cohort

Error bars represent one standard error

*P-value- adjusted for age, gender, BMI, season, supplem ent use, living alone
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As graphically shown, m ost o f  the im provem ent in depressive sym ptom s in the 

hypertensive cohort occurs w hen m oving from the first to the third quintile o f 

25(O H )D  (see fig 28.1). No significant difference in depressive sym ptom s w as found 

across all quintiles in the cognitive cohort (P =0.41)

Table 28.1: Mood versus Season / GSR in the Hypertensive & Cognitive Cohort

CES-D > 16 CES-D

HTN cohort Cognitve Cohort HTN cohort Cognitive cohort

GSR 0.49" 0.66'“ 0.09" 0.30"

Season 0.12“’ 0.48 O.IS'* 0.81

“Logistic regressionjVhi squared test, ‘̂ Univariate regression, GSR-Global Solar Radiation

No relationship was identified betw een depression or depressive sym ptom s and 

season or global solar radiation in both cohorts.
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CHAPTER 29: DISCUSSION

A significant inverse relationship was found between 25(OH)D and depression or 

depressive symptoms in the hypertensive cohort after adjustment for multiple 

confounds (age, gender, BMl, season, GSR. supplement use, Timed up and Go, and 

education, living alone status) However, the relationship with depression but not 

depressive symptoms became insignificant when factoring in prior history o f 

depression. In the cognitive cohort no association was found with depressive 

symptoms and that with depression became insignificant after adjustment for physical 

frailty (TUG).

The majority o f subjects (72.7%) with current depression in the hypertensive cohort 

also had a past history o f depression. This suggests that they may have had specific 

biological or other risk factors that could account for their depression as opposed to 

their low vitamin D status. However, it is also possible that low vitamin D levels in 

such participants may have been the aetiological factor for their depression in the first 

instance. Most studies have not factored in whether participants had a previous history 

o f depression. Hoang et al., found that the association between vitamin D levels and 

current depressive symptoms (in the largest large study o f  community dwelling adults 

to date, N = 12,594) was stronger in those with a history o f  depression. Despite this, 

having a history o f depression in itself was not associated with lower vitamin D levels 

(Hoang et al., 2011). This suggests that such a group may be more vulnerable to the 

effects o f vitamin D and could explain the lack o f association found in other studies.

Interestingly, the relationship between vitamin D and depressive symptom in the 

hypertensive cohort remained robust, regardless o f whether subjects had a prior 

history o f depression. In addition, the effect was independent o f  other factors 

including cognition, physical frailty, functional impairment, stroke history and serum 

parathyroid levels. It has been suggested that elevated PTH secondary to vitamin D 

deficiency may play a role in depression (Hoogendijik et al, 2008) though our 

findings do not support this and are consistent with other studies (Lee et al., 2010). 

Post hoc graphical analysis suggests that the risk for depressive symptoms is greatest 

in those with 25(OH)D level below 50 nmol/1. This is consistent with other studies
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that found an increased risk in those with 25(OH)D below 50 nmol/1 (Milaneschi et 

al., 2010; Ganji et al., 2010) though results are inconsistent (Stewart et al., 2010).

The association between vitamin D and depression in the cognitive cohort appeared to 

be explained by physical frailty (TUG). Physical frailty could be an aetiological 

factor in causing depression (Mezuk et al., 2012). Alternatively, as a surrogate marker 

o f physical disability, it could explain the lower 25(OH)D levels via reduced physical 

activit}' and sun exposure, which could subsequently contribute to low mood. Indeed, 

as previously discussed Timed Up and Go performance was negatively correlated 

with serum 25(OH)D in cognitive cohort participants. No association was found 

between vitamin D and depressive symptoms in any of the models in this cohort. 

However, these participants are older and more complex and include some attending a 

geriatric day hospital service. It may be that other factors related to medical ill health 

or disability such as pain may play a greater role in their depressive symptomatology.

It has been proposed that seasonal changes in the photoperiod may give rise to 

depressive symptoms or Seasonal Affective Disorder, which could be mediated by 

vitamin D. However, there is little evidence in studies to support this. It is unlikely 

that vitamin D played any role in that regard in this study, as no direct association was 

found between season or global solar radiation and depressive symptoms or 

depression.

Study Strength’s and Limitations

There were some limitations to this study similar those that have been previously 

discussed. Exclusion o f up to 5% of participants where there was missing data could 

have affected our results. The cohorts were ‘disease’ defined and so the results may 

not be generalisable to the wider population. We were not able to adjust for physical 

or outdoor activity, chronic diseases or take account of antidepressant use. Diagnosis 

of depression was based on a brief assessment which only applies to symptoms in the 

last week, but has been well validated including in those with cognitive impairment. 

History of depression was based on patient self report of a doctor diagnosis but was 

not further defined. In addition, it was not possible to do a separate analysis in those 

with no history of depression as the sample size was too small..
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Study strength’s include the fact that it is was o f relatively large size and adjustment 

was made for multiple confounds. In particular, unlike most other studies we were 

also able to adjust for a previous history of depression.

Conclusion

Vitamin D was associated with low mood in ‘younger’ old as opposed to ‘older’ old 

adults. Levels below 50 nmol/1 appear to be associated with more depressive 

symptoms. Previous history of depression may be more important in those who have 

current depression than vitamin D itself, though this remains unclear. Lack of 

association in ‘older’ old adults may reflect other factors related to ill health that may 

play a greater role. Findings suggest that randomised controlled trials to examine the 

potential affect o f vitamin D on mood should be perfomed in ‘younger’ older adults in 

the future.
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SECTION 8: VITAMIN D AND FALLS
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CHAPTER 30: INTRODUCTION

Vitamin D deficiency appears to be related to falls as it is associated with proximal 

muscle weakness (Schott et al., 1976). Furthermore, there is strong biological 

evidence supporting a role for vitamin D in muscle function. The vitamin D receptor 

(VDR) and the metabolic pathway for it’s activation is found in human muscle cells 

where it is known to affect metabolism and calcium uptake.

Several studies have shown that vitamin D status is positively associated with muscle 

strength and physical perfonnance and inversely associated with falls. Vitamin D 

supplementation has also been shown to improve tests of muscle function and balance 

and positively impact on muscle fibre composition and morphology in vitamin D 

deficient older adults (Ceglia et al., 2008). Finally, numerous randomised controlled 

trials have found that vitamin D reduces either the rate of falls or falls risk. Despite 

this, the effect of vitamin D on falls appears to depend on several factors and it 

remains unclear who benefits most. In addition, some cross sectional studies have 

found no relationship between vitamin D and falls in older adults.

The purpose of this study was to identify if serum 25(OH)D is associated with falls 

risk or recurrent falls in community dwelling older Irish adults.



CHAPTER 31: METHODOLOGY

Study Population and Design

The study population comprised participants o f the TUDA (Trinity, University o f 

Ulster, Dept, o f Agriculture) study which been previously described. This is a large 

collaborative, cross sectional study designed to create a phenotype/genotype database 

for three cohorts o f community dwelling subjects aged over sixty years. Study data 

was available for 1800, 1704 and 1404 participants in the hypertensive, cognitive and 

bone cohort respectively.

Participants with MMSE scores below 24 were excluded in the analysis as several 

confounds were self-reported. In addition, we specifically aimed to explore the 

relationship with falls in non-dementia subjects.

Study methods are as previously outlined (see chapter 8). Subjects partook in an 

assessment lasting about 70 minutes. Participants were asked to report if  they had a 

fall in the past year and if so how many. A fall was defined as an event which resulted 

in a person coming to rest inadvertently on the ground or floor or other lower level. 

They were also asked if  they suffered with dizziness on standing up.

Statistical Analysis

We initially performed an analysis in the entire TUDA study population to identify if 

there was an interaction between the presence o f falls, serum 25(OH)D and cohorts so 

as to establish if  the analysis should be performed separately for each cohort. When 

the interaction term was significant (P < 0.05) cohorts were analysed individually.

All parameters were inspected for normality and if  significantly skewed were 

appropriately transfonned. All statistical analysis was performed using JMP edition 

10.1 (SAS Institute 2010).

Study Covariates

Falls history was divided into categories (fall versus no fall) and (two or more falls 

versus one or no fall).
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The total global solar radiation (GSR) which represents the total amount of irradiation 

received per unit area per month (KJcm' ) was used as a surrogate marker of UVB 

exposure. GSR data was obtained by request from the Irish Meteorological Service. 

Data from weather stations nearest to study recruitment sites (Dublin Airport) and 

(Malin Head, Donegal) were used respectively for analysis in the Cognitive / Bone 

and Hypertensive cohort.

Season was defined according to the standard meteorological definition used in 

Ireland (Irish Meteorological Service) with the following months comprising Winter 

(Dec, Jan, Feb), Spring (Mar, Apr, May), Summer (Jun, Jul, Aug), and Autumn (Sept, 

Oct, Nov).

Timed Up and Go (TUG) measurements were divided into quintiles as it was not 

possible to measure it in a small proportion o f subjects with significant physical 

disability. These subjects were categorised in the lowest quintile of TUG 

performance.

Statistical Models

The relationship between 25(OH)D and the falls risk or recurrent falls were explored 

in logistic regression models incorporating several covariates. In model 1, adjustment 

was made for age, gender, body mass index, season or global solar radiation, and 

supplement use. In model 2, adjustment was made for sun holiday travel. In 

subsequent models, further and individual adjustment was made for postural 

dizziness, depression and physical frailty (TUG).
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CHAPTER 32: RESULTS

Five hundred and three subjects were excluded after application of study inclusion 

criteria (MMSE > 24). A further 278 were excluded due to missing or incomplete 

data, leaving the respective number in each of the above cohorts 1568, 1330 and 

1199. A significant interaction term was identified and so cohorts were analysed 

separately. For study population characteristics see Table .8.1.

Table 32.1: 25(OH)D and Falls in the Hypertensive Cohort

Fall versus No Fall Two or more fal Is versus one or no fall
P P-value P P-value

Model 1 -0.005 0.07 -0.01 0.020
Model 2 -0.004 0.13 -0.01 0.045
Model 3 -0.005 0.13 -0.009 0.057
Model 4 -0.003 0.36 -0.008 0.11
Model 5 -0.005 0.40 -0.008 0.11

M odel 1: age, gender, body mass index, season, supplement use 
M odel 2: model 1 + sun holiday travel 
M odel 3: model 2 + postural dizziness 
M odel 4: model 2 + depression (CES-D>16)
M odel 5: model 2 + Timed Up and Go

When GSR was substituted for season, the relationship with two or more falls remained significant in 
model 2, but otherwise the results were unchanged.

Table 32.2: 25(OH)D and Falls in the Cognitive Cohort

Fall versus No Fall Two or more fal s versus one or no fall
P P-value P P-value

Model 1 -0.002 0.42 -0.003 0.15
Model 2* -0.001 0.35 -0.002 0.37
Model 3 -0.002 0.38 -.0.003 0.45
Model 4 -0 .002 0.42 -0.004 0.52

M odel 1: age, gender, body mass index, season, supplement use.. 
M odel 2: model 1 + postural dizziness 
M odel 3: model 1 + depression (CES-D>I6)
M odel 4: model 1 + Timed Up and Go

When GSR was substituted for season, results were unchanged.
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Table 32.3: 25(OH)D and Falls in the Bone Cohort

Fall versus No Fall Two or more fa Is versus one or no fall

3 P-value P P-value
Model 1 0.003 0.18 -0.003 0.15
Model 2* -0.001 0.35 -0.000 0.81
Model 3 - NS - NS
Model 4 - NS - NS
Model 5 - NS - NS

Model 1: age, gender, body mass index, season, supplement use.
Model 2: model 1 + sun holiday travel 
Model 3: model 2 + postural dizziness 
Model 4: model 2 + depression (CES-D>16)
Model 5: model 2 + PTH

When GSR was substituted for season, there was no change in the study findings.

An inverse relationship between vitamin D and falls was found in participants of the 

hypertensive cohort. Lower vitamin D status in these subjects was associated with an 

increased risk of having two or more than falls versus one or no fall (P = 0.020). The 

result remained significant after adjusting for sun holiday travel (P = 0.045) but 

became negative when postural dizziness and current depression were included as a 

covariates (P> 0.05). Further adjustment for physical frailty (TUG) did not change the 

result. In addition, the presence of falls in itself was not inversely associated with 

lower vitamin D status. No association was found between vitamin D and falls in the 

either the bone or cognitive cohort (see tables 32.1 -32.3).
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CHAPTER 33: POST HOC ANALYSIS & RESULTS

To further explore any potential relationship between vitamin D and falls in the older 

‘older’ adults in the cognitive cohort, an analysis was performed separately in non

users o f vitamin D supplements. A standard statistical model adjusting for supplement 

use cannot take account o f differences in compliance or vitamin D dosage at a 

individual level and could therefore affect results. In addition, our previous analysis o f 

subjects in this cohort revealed that those w'ho used supplements were older and 

physically frailer which could have the potential to affect results.
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POST HOC RESULTS 

Table 33.1: Characteristics of fallers in Cognitive Cohort (non-supplemented)

25(OH)D (nmol/1) 36.8 41.1 0.02" 37.2 39.7 0.21"

< 25 (%) 35.3 27.6 0.04” 34.2 30.3 0.40”

25 -^ 9 .9  (%) 42.3 42.2 0.08” 42.6 42.3 0.26”

50-74.9 (% ) 15.0 20.3 0.37” 16.1 18.3 0.66”

Age (years) 79.5 79.6 0.90" 79.0 79.7 0.31"

Gender (female, Vo) 53.4 60.3 o .io ” 54.5 57.9 0.51 ”

BMI (kgm 28.1 27.6 0.24" 28.5 27.6 0.09"

TUG (quintiles) - - 0.31 ” - - 0.91 ”

M M SE 26.9 27.1 0.08" 26.7 27.1 0.02"

FAB 14.7 15.2 0.004“̂ 14.5 15.2 0.007*̂

CES-D > 16 (%) 14.7 12.1 0.35” 16.8 12.2 0.17”

Stroke (%) 18.0 15.7 0.46” 19.4 16.0 0.52”

Postural Dizziness (%) 38.0 32.7 0.005 ” 49.4 34.3 0.008 ”

" unpaired t test, Chi squared test, Wiicoxon Rank test



Subjects in the cognitive cohort (who were not taking supplements) and had fallen in 

the last year had a lower serum 25(OH)D (mean difference 4.3 nmol/1, P = 0.02). 

They were also more likely to have severe vitamin D deficiency (<25nmol/l, P = 0.04) 

postural dizziness (P = 0.005) and have poorer performance on the FAB (P = 0.004). 

No statistical difference in prevalence of stroke, depression or physical frailty as 

measured by the TUG was identified (see table 33.1).

Conversely, no significant difference in vitamin D levels was found between those 

with a history o f recurrent falls versus one fall or less (P=0.21). Recurrent fallers were 

also more likely to have postural dizziness (P = 0.008) and be cognitively impaired 

with lower scores in the MMSE (P = 0.02) and FAB (P = 0.007).

Table 33.2: Vitamin D and Falls in Non-supplemented Cognitive Cohort Subjects

Fall versus No Fall Two or more fal Is versus one or no fall
3 P-value 3 P-value

Model 1 -0.009 0.013 -0.006 0.14
Model 2 -0.009 0.008 -0.002 0.10
Model 3 -0.009 0.016 -0.006 0.17
Model 4 -0.008 0.018 -0.006 0.17
Model 5 -0.006 0.024 -0.006 0.19

M odel 1: age, gender, body mass index, season
M odel 2: model 1+ postural dizziness
M odel 3; model 1+ CES-D > 16
M odel 4; model 1 + TUG
M odel 5: model 1+FAB (log transformed)

When GSR was substituted for season, the study findings were unchanged.

A significant inverse relationship between 25(OH)D and falls was identified after 

adjustment for age, gender, BMI and season. The finding remained significant after 

further individual adjustment for postural dizziness. Timed Up and Go, current 

depression, and FAB performance. Inclusion of GSR instead o f season as a covariate 

did not change the study findings. No significant relationship was identified between 

vitamin D and recurrent fallers.
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CHAPTER 34: DISCUSSION

Vitamin D was inversely associated with falls in participants of the hypertensive and 

cognitive cohort. In subjects in the hypertensive cohort, lower vitamin D status 

predicted recurrent falls but not risk of falling. In addition, the relationship became 

insignificant after further adjustment for postural dizziness, depression or physical 

frailty. In the cognitive cohort, the association was only identified in those who were 

not using supplements. However, it remained significant after adjustment for postural 

dizziness, physical frailty and cognition.

The findings in the hypertensive cohort do no rule out a role for vitamin D in falls. As 

the inclusion of postural dizziness resulted in the model becoming insignificant, it 

suggested it was the explanatory variable. However, vitamin D could also be part of 

the missing link as it has been suggested that it may play a role in orthostatic 

hypotension (McCarroll et al., 2012). In addtion, vitamin D has also been associated 

with low mood and physical frailty.

Our previous analysis found a relationship between vitamin D and physical frailty in 

the cognitive cohort, yet despite this no relationship was found with falls in the full 

sample analysis. Other studies have also found no association between vitamin D and 

falls in older adults (Stein et al., 1999; Sambrook et al., 2004; Bolland et al., 2010). 

though results are conflicting. The association between vitamin D and two or more 

future falls was paradoxically found to be stronger in younger (<75 years of age) as 

oppose to ‘older’ old adults in one prospective study, suggesting that other factors 

may be more important (Snidjer et al., 2005).

In this regard, the aetiology o f falls in the elderly is multi-factorial. Whilst vitamin D 

may affect physical function other factors which influence falls such gait imbalance 

secondary to osteoarthritis, orthostatic hypotension, medication use and visual 

impairment also play a role independent of vitamin D and could therefore obscure any 

relationship.

Our negative result in the full cohort analysis might be explained by undue weighting 

being attributed to supplement use in the statistical model, on account of differences 

in compliance and dosage at an individual level. In addition, as previously discussed
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those who were supplemented were older and frailer which probably reflects selection 

bias to treatment, but had higher serum vitamin D on account o f their use. In our 

separate analysis in non-supplemented subjects which avoided potential problems 

with the above factors, the relationship was significant. However, it appeared to be 

confined to those who were vitamin D deficient (< 25nmol/l). Interestingly, no 

difference in TUG performance was identified between fallers and non-fallers or 

recurrent versus non-recurrent fallers. This suggests a potential mechanism for 

vitamin D independent o f any physical attributes captured by TUG. No association 

was found with recurrent falls in the cognitive cohort but the number was small and 

may have been underpowered to detect a statistically significant difference.

We used a ‘self report’ o f  falls in the previous year, however this may not be reliable 

particularly in cognitive cohort participants. It is likely that some subjects who fell as 

far back as twelve months previously may not have reported this increasing the 

likelihood o f our results being negative. Whilst recurrent falls may be associated with 

significant physical impairment, for some subjects a once-off fall in the last year 

could be accidental and not have any specific aetiopathology. The lack o f relationship 

between vitamin D and the presence o f falls in the bone and hypertensive cohorts may 

in part reflect this.

In particular, participants in the bone cohort through bias selection were more likely 

to have a falls history but nearly two thirds had only one fall and physical frailty was 

much less prevalent than in the older cognitive cohort subjects. In addition, only 

11.7% (N = 141) o f the entire bone cohort participant fells more than once and so it 

may have also have been underpowered to detect a difference.

Study strength’s and Limitations

The number o f participants with recurrent falls was relatively small, especially in the 

bone and also the hypertensive cohort. Falls data may also have been be inaccurate as 

it was self reported. In addition, we were not able to adjust or take account o f other 

factors known to influence falls, such as psychotropic medication use or visual 

im painnent. The study included a large number o f subjects and was able to explore 

the relationship in three cohorts with significantly different characteristics. We were 

also able to adjust for multiple confounds o f vitamin D status.
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Conclusion

Overall, we found a significant relationship betw'een vitamin D and falls in non

supplemented ‘older’ old adults. The association in the total cognitive cohort was 

negative as it included those who where frailer and potentially more complex. It is 

possible that in the ‘younger’ old adults, vitamin D might be related to recurrent falls 

though this is unclear.
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SECTION 9: THESIS CONCLUSIONS
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THESIS CONCLUSIONS

The aims of tliis study were to investigate for the prevalence of vitamin D deficiency, 

and its correlates as well as the relevance of vitamin D to falls, mood, high blood 

pressure and cognition in older community dwelling Irish adults.

We identified that vitamin D deficiency was prevalent, particularly in ‘older’ old 

adults who were physically frail and not taking supplements. Season and supplement 

use were the most important determinants of vitamin D status. This highlights the 

need to factor in season when interpreting levels, especially in the Spring when 

vitamin D is lowest and in the Autumn when it is highest. Despite the high prevalence 

of deficiency, the observed effect of supplementation was substantial. Results also 

suggest that modification of lifestyle factors such as smoking, oily fish intake and 

sunshine exposure may be important alternative strategies to improve vitamin D 

status.

A positive association was found between vitamin D and executive function and 

language tests, though only in younger study participants. The relationship with 

executive function has been previously reported. However, this is the largest study to 

date that has found a specific relationship with tests o f naming and semantic fluency.

With regard to blood pressure, in a pooled analysis including all subjects, there was a 

robust inverse relationship with a diagnosis of hypertension independent of several 

confounds. The lack of association with systolic and diastolic blood pressure may 

relate to the lack of study adjustment for anti-hypertensive use.

We also found an inverse association between vitamin D and depressive symptoms 

that was independent of having a prior history o f depression. Again the findings were 

confined to younger subjects in the hypertensive cohort.

Finally, in our last study, vitamin D was associated with falls risk though only in non 

supplemented ‘older’ old adults in the cognitive cohort. No association was found 

with recurrent fallers but the sample size was smaller and it may have been 

underpowered to detect a difference in vitamin D. In addition, several other factors
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related to falls that were not captured in the analysis could account for this non

significant relationship. Vitamin D might also be related to recurrent fallers in 

younger ‘old’ but the relationship appeared to be explained by other factors.

Future Research

A significant finding in two o f the above studies which examined the relationship 

between vitamin D and cognition / depression was the lack o f any association in 

‘older’ old subjects. It is possible that long-term deficiency o f vitamin D may be a risk 

factor for specific disease outcomes through modulation o f  multiple factors. I f  this is 

so, then the absence o f an association in cross sectional studies does not rule out a role 

for vitamin D earlier in life. Such a hypothesis o f ‘long latency disease deficiency’ 

has been previously proposed (Heaney RP et al., 2003).

The potential long-term vasculo-protective, neuro-protective or other effects o f 

vitamin D over many years may be more important in preventing the emergence o f 

disease states like hypertension, cognitive impairment or depression. As vitamin D 

could modulate multiple risk factors including blood pressure, endothelial dysfunction 

and inflammation, there could be a small but significant positive cumulative effect 

over many years. Whilst vitamin D may also have short-term dynamic affects such as 

on neuro-tramitters, inflammation and the renin-angiotensin system the relative 

importance o f this in later life could be subsumed by the negative long-term effects or 

damage o f deficiency. In addition, other factors with advancing age may take greater 

importance or negate the potential effects o f vitamin D.

Overall, study findings from the TUDA cohorts suggest that optimisation o f vitamin 

D status earlier in life may be more important in preventing or ameliorating vitamin D 

related diseases.
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Repeatable Battery for the Assessment of Neuropsychological Status.

Repeatable Battery for the Assessment 
of Neuropsychological Siotus 

ChriM ophcr Randolph
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Name -A ge. Sex

Examiner . Date of Testing.

. Education Level. 

. Ethnicitv______

Observations:

latm odiale \ ’i»uo»pa(taV tangu<if'c 
M em or\ CunstnictioTuI

Index
Score

Confidence
Interval

 %

Percentile

Index Sc(w

160
155
150
145
140
135
130
125
120

115
110
105
100
95
90
S5
80
75
70
65
60
55
50
45
40

Percentile Rank

>99.9
>99.9
>99.9

99.9
99.4

99
98
95
91
84
75
63
50
37
25
16

9
5
2
1

0.4
0.1

<0.1

<0.1
<0.1

= w~
= =
= i ”
E=
= =
= =

=
=

=
= = ~

E
= =

= s

= 1 ^
= 1 ”

B

” =
sz

1 1

Total Scale 
Index Seme

160
155
150
145
140
135
130
125
120
115
110
105
100
95
90
85
80
75
70
65
60
55
50
45
40

Manual not shown due to copyright.

310



Frontal A ssessm ent B attery

1. Similarities (conceptualization)
“In what way are they alike?”

• A banana and an orange

(In the event of total failure: “they are not alike” or partial failure: “both have peel,” help the 
patient by saying: “both a banana and an orange are fruit”; but credit 0 for the item; do not 
help the patient for the two following items)

• A table and a chair
• A tulip, a rose and a daisy

Score (only category responses [fruits, fiimiture, flowers] are considered correct)

Three correct: 3 Two correct: 2 One correct: 1 None correct: 0

2. Lexical fluency (mental flexibility)
“Say as many words as you can beginning with the letter ‘S,’ any words except surnames or 
proper nouns.”

If the patient gives no response during the first 5 seconds, say: “for instance, snake.” If the 
patient pauses 10 seconds, stimulate him by saying: “any word beginning with the letter ‘S.’ 
The time allowed is 60 seconds.

Score (word repetitions or variations [shoe, shoemaker], surnames, or proper nouns are not 
counted as correct responses)

> 9 words: 3 6 -9  words: 2 3 -5  words: 1 < 3 words: 0

3. Motor series “Luria” test (programming)
“Look carefully at what I ’m doing.”

The examiner, seated in front of the patient, perfomis alone three times with his left hand the 
series o f “fist-edge-palm.”
“Now, with your right hand do the same series, first with me, then alone.”
The examiner performs the series three times with the patient, then says to him/her:
“Now, do it on your own.”

Score

Patient performs six correct consecutive series alone: 3
Patient performs at least three correct consecutive series alone: 2
Patient fails alone, but performs three correct consecutive series with the examiner: 1
Patient cannot perform three correct consecutive series even with the examiner: 0
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4. Conflicting instructions (sensitivity to interference)
“Tap twice when I tap once.”
To ensure that the patient has understood the instruction, a series o f 3 trials is run: 1-1-1.

“Tap once when I tap twice.”
To ensure that the patient has understood the instruction, a series o f  3 trials is run: 2-2-2.

The examiner then performs the following series: 1-1-2-1-2-2-2-1-1-2.

Score No errors: 3 1 -2 errors: 2 > 2  errors: 1
Patient taps like the examiner at least four consecutive times: 0

5. G o-N o Go (inhibitory control)
“Tap once when I tap once.”
To ensure that the patient has understood the instruction, a series o f  3 trials is run: 1-1-1.

“Do not tap when 1 tap twice.”
To ensure that the patient has understood the instruction, a series o f 3 trials is run: 2-2-2.

The exam iner then performs the following series: 1-1-2-1-2-2-2-1-1-2.

Score No errors: 3 1 -2 errors: 2 > 2  errors: 1
Patient taps like the examiner at least four consecutive times: 0

6. Prehension behaviour (environmental autonomy)

“Do not take my hands.”

The examiner is seated in front o f  the patient. Place the patient’s hands palm up on his knees. 
W ithout saying anything or looking at the patient, the examiner brings his own hands close to 
the patient’s hands and touches the palms o f both the patient’s hands, to see if he will 
spontaneously take them. I f  the patient takes the exam iner’s hands, try again after asking the 
patient: “Now, do not take my hands.”

Score Patient does not take the exam iner’s hands: 3
Patient hesitates and asks what he/she has to do: 2 
Patient takes the hands without hesitation: 1
Patient takes the exam iner’s hand even after he/she has been told not to do so: 0
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DEPRESSION (CES-D)

Below is a list o f the ways you might have felt or behaved. Please 
respond on how often you have felt this way during the PAST WEEK, by 
ticking the most appropriate box.

/ was bothered by things that 
usually don’t bother me

U  Never or Rarely (less than 1 day) 
OSome of the time (1-2 days)
D Occasionally (3-4 days)
O  Most of the time (5-7 days)

1 did not feel like eating; my appetite 
was poor

U  Never or Rarely (less than 1 day) 
D Some of the time (1-2 days)
D Occasionally (3-4 days)
D Most of the time (5-7 days)

1 felt that 1 could not shake off the 
blues even with help from my family 
or friends

U  Never or Rarely (less than 1 day) 
n  Some of the time (1-2 days)
D Occasionally (3-4 days)
D Most of the time (5-7 days)

1 felt that 1 was Just as good as other 
people

U  Never or Rarely (less than 1 day) 
n  Some of the time (1-2 days)
U  Occasionally (3-4 days)
D Most of the time (5-7 days)

1 had trouble keeping my mind on 
what 1 was doing

O Never or Rarely (less than 1 day) 
OSome of the time (1-2 days)
O  Occasionally (3-4 days) 
n  Most of the time (5-7 days)

1 felt depressed U  Never or Rarely (less than 1 day) 
OSome of the time (1-2 days)
O Occasionally (3-4 days)
OM ost of the time (5-7 days)

1 felt that everything 1 did was an 
effort

O Never or Rarely (less than 1 day) 
OSome of the time (1-2 days)
O Occasionally (3-4 days)
OM ost of the time (5-7 days)

1 felt hopeful about the future O Never or Rarely (less than 1 day) 
O Some of the time (1-2 days)
O Occasionally (3-4 days)
OM ost of the time (5-7 days)

1 thought my life had been a failure O Never or Rarely (less than 1 day) 
OSome of the time (1-2 days)
O Occasionally (3-4 days)
O M ost of the time (5-7 days)

1 felt fearful O Never or Rarely (less than 1 day) 
OSome of the time (1-2 days)
O Occasionally (3-4 days)
OM ost of the time (5-7 days)
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My sleep was restless O  Never or Rarely (less than 1 day) 
D  Some of the time (1-2 days)
O  Occasionally (3-4 days) 
n  Most of the time (5-7 days)

1 was happy D  Never or Rarely (less than 1 day) 
O  Some of the time (1-2 days)
O  Occasionally (3-4 days)
D  Most of the time (5-7 days)

1 talked less than usual D  Never or Rarely (less than 1 day) 
O  Some of the time (1-2 days)
O  Occasionally (3-4 days)
D  Most of the time (5-7 days)

1 felt lonely D  Never or Rarely (less than 1 day) 
n  Some of the time (1-2 days)
O  Occasionally (3-4 days)
D  Most of the time (5-7 days)

People were unfriendly U  Never or Rarely (less than 1 day) 
O  Some of the time (1-2 days) 
n  Occasionally (3-4 days) 
n  Most of the time (5-7 days)

1 enjoyed life D  Never or Rarely (less than 1 day) 
O  Some of the time (1-2 days)
D  Occasionally (3-4 days)
D  Most of the time (5-7 days)

1 had crying spells O  Never or Rarely (less than 1 day) 
D  Some of the time (1-2 days)
O  Occasionally (3-4 days) 
n  Most of the time (5-7 days)

1 felt sad D  Never or Rarely (less than 1 day) 
O  Some of the time (1-2 days)
D  Occasionally (3-4 days)
D  Most of the time (5-7 days)

1 felt that people disliked me D  Never or Rarely (less than 1 day) 
D  Some of the time (1-2 day)
D  Occasionally (3-4 days)
D  Most of the time (5-7 days)

1 could not get “going” D  Never or Rarely (less than 1 day) 
D  Some of the time (1-2 days)
D  Occasionally (3-4 days)
O  Most of the time (5-7 days)
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PHYSICAL SELF MAINTENANCE SCALE (PSMS)

1) Do you eat:
3 Without any help
2 With some help (e.g. cutting food, etc.)
1 Someone must feed me

2) Do you dress and undress yourself:
3 Without help (able to pick out clothes & dress)
2 With some help
1 No, someone must dress and undress me

3) Do you take care of your own appearance? (e.g. combing your hair, 
or for men, shaving)

3 Yes, without help
2 Yes, with some help
1 No, someone must help me with this type of thing

4) Are you able to get around your house/apartment without any help?
3 Yes, without help of any kind (except a cane)
2 Yes, with some help (from a person, walker, crutches, or chair)
1 No, I cannot get around my home unless someone moves me

5) Are you able to get in and out of bed yourself?
3 Yes, without help or aid
2 Yes, with some help (from a person or device)
1 No, I cannot get out of bed unless someone lifts me

6) Are you able to bathe, --that is, take a bath, shower, or sponge bath 
by yourself?

3 Yes, without help
2 Yes, with some help (from a person or device)
1 No, someone must bathe me and lift me in and out of the bath

7) a. Do you ever have trouble getting to the bathroom on time?
1 Yes
2 No

b. About how often would you wet or soil yourself during the day or 
night?

4 Never
3 Less than once a week 
2 Once or twice a week
1 Three times a week or more
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INSTRUMENTAL ACTIVITIES OF DAILY LIVING

1) Can you the use the telephone?
3 Yes, without help
2 Yes, with some help
1 No, I am completely unable to use the telephone

2) Can you get to places out of walking distance?
3 Yes, without help
2 Yes, with some help
1 No, I am completely unable to travel unless special arrangements 
are made

3) Can you go shopping for groceries?
3 Yes, without help
2 Yes, with some help
1 No, I am completely unable to do any shopping

4) Can you prepare your own meals?
3 Yes, without help
2 Yes, with some help
1 No, I am completely unable to prepare meals

5) Can you do your own housework?
3 Yes, without help
2 Yes, with some help
1 No, I am completely unable to do my own housework

6) Can you do your own handyman work?
3 Yes, without help
2 Yes, with some help
1 No, I am completely unable to do my own handyman work

7) Can you do your own laundry?
3 Yes, without help
2 Yes, with some help
1 No, I am completely unable to do any laundry at ail

8) a. Do you take or use any medications?
1 Yes
2 No

b. Do you take your own medicine?

c. If you had to take medicine, can you do it:
3 Without help, taking the right dose at the right time
2 With some help (e.g. someone prepares it for you, or reminds you) 
1 I am completely unable to take my own medicines

316



Can you manage your own money?
3 Yes, without help 
2 Yes, with some help
1 No, I am completely unable to handle money


