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Abstract
Introduction

Sunlight is nature’s gift to human beings in the cutaneous production of vitamin D. However,
one of the challenges faced by public health in the majority of countries across the globe is
hypovitaminosis D across all ages. Factors such as skin pigmentation, cloud cover, air pollution,
increase in body fat content, an indoor lifestyle, and a lack of exposure of the skin to sunlight due
to clothes covering the body, have been reported as responsible for hypovitaminosis D. The
effects of this are rickets in children, osteomalacia in adults and osteoporosis in the elderly.
Recent reports have found that vitamin D has functions in addition to bone health, including
immune system benefits as well as cell proliferation, and differentiation. Furthermore, vitamin D
status has been associated with a variety of diseases. However, the majority of reports have
assessed vitamin D status by measuring it once, suggesting that vitamin D status is constant over
the years, but this is far from the truth. Hence some researchers have suggested that vitamin D
status should be measured longitudinally because of the factors involved. One challenging issue
has been vitamin D laboratory assays that were reported to be inconsistent, which has led the
researchers to call for standardization. There has been a lack of consensus among researchers in
defining vitamin D status, thus some researchers’ definition covers bone health and others use a
definition which includes other organs beyond bone health. Studies of vitamin D status in
children, its tracking over a period of time and its association with non-calcaemic diseases are a
handful. Hence, the present study was aimed at assessing factors influencing vitamin D status, its

tracking over 10 years and its effects on body composition in adolescents living in Johannesburg.
Methods

The group of children who formed the basis of my studies are the Bone Health sub-cohort of
the Birth to Twenty cohort. This is a longitudinal study of child health and development, which
has followed the development of 3273 children in the Greater Johannesburg area of South Africa
since their birth in 1990. For anthropometric measurements and body composition, height was
measured in millimetres (mm) using a wall-mounted stadiometer (Holtain, UK) and weight in
kilograms (kg) using a digital electronic instrument (Dismed, USA). Both instruments were

regularly calibrated and subjects wore minimal clothing when being weighed. Body mass index

Vil



(BMI) was calculated as weight (in kg)/height® (in m). Total fat mass and lean mass were
measured by DXA, using Hologic QDR 4500 (Hologic Inc, Bedford, MA, USA).

Factors influencing the vitamin D status of 10-year-old urban South African children were
studied. Vitamin D status was assessed in 385 subjects because there were blood samples
available. Furthermore, vitamin D tracking over a ten year period was conducted in 504 subjects;
of these 99 subjects met the criteria of being available at the study site for a minimum period of 3
or more years. For an assessment of the association of the vitamin D status with non-
communicable disease risk in children, variables were measured in years 11, 12 13, 15 and 18-20
years. The variables assessed included anthropometry (weight, height and BMI), blood pressure
(SBP and DBP) and 25(OH)D levels. The lipid levels (TC, Trig, HDL-C, and LDL-C) were only
measured in year 12 and 18-20 year old participants. For age related changes between the two
time points, year 12 participants (N = 261) were matched with those available in year 18-20 (N =
368) resulting in 200 in each group. The data for longitudinal analysis using the GEE comprised
of the following groups of subjects, namely Year 11 (N = 288), Year 12 (N = 253), Year 13 (N =
292), Year 15 (N = 238) and Year 18-20 (N = 368).

Results

In 10-year-old children, white children had significantly higher 25(OH)D than their black peers
(120 £ 14.7 nmol/L and 93 + 13.4 nmol/L respectively; p = 0.0001). Seasonal variations in
25(0OH)D levels were found only in the white group of children, with 25(OH)D levels being
significantly higher in white than black children during the autumn and summer months (p =
0.01 and p = 0.0001 respectively).

During vitamin D tracking, no significant correlation between 25(OH)D in the earlier and later
years of adolescence was found, although there were significant correlations between year 11
and year 13 (r = 0.71; p < 0.0001), and between years 15, 17 and 20 (r > 0.65; p < 0.0001). The
percentage of adolescents whose 25(OH)D concentration changed by > 20 nmol/L from year 11
was calculated for all age groups: 12% of the cohort had a change of > 20nmol/L at 13 years of
age compared to 46% at 20 years of age. Just more than one-half (53%) of the cohort changed
their category of vitamin D status between the ages of 11 and 20 years; one-third of adolescents

changed their vitamin D status from being replete to insufficient over the same period.



In assessing the association of vitamin D status with non-communicable disease risk, there were
significant increases of mean BMI, BP and decreases in 25(OH)D levels with age (all p-values <
0.0001). In females, systolic BP was significantly higher in older participants (18-20 years of
age) than younger participants (12 years of age), but 25(OH)D was significantly higher in
younger than older participants. In males, there was a significant increase in BP in participants
between the ages of 12 years and 18-20 years. 25(OH)D, total cholesterol (TC), and low density
lipoprotein (LDL-C) were significantly lower in 18-20 year old participants compared to 12 year

old participants. Longitudinally, 25(OH)D was only associated inversely with LDL-C.
Conclusion

The majority of children aged 10 years (74%) had “sufficient” vitamin D status (25(OH)D > 75
nmol/L). Thus routine vitamin D supplementation is not warranted in children residing in the
Johannesburg area but it is unknown whether similar results would be obtained in regions that
are further south (such as Cape Town) or in inner city children living in crowded high-rise
buildings. In the longitudinal study of vitamin D status, there was no long-term association
between values obtained in the early years of adolescence and those of the later years. These
results thus question the validity of those studies that have assessed the association of vitamin D
status with disease outcomes, but in which vitamin D status was only measured once during the
study. Finally, there was an increase in BMI and BP, and a decrease in 25(OH)D in adolescents
followed longitudinally over a period of 10 years. After controlling for covariates, 25(0OH)D was
only significantly negatively associated with LDL-C, which suggests that vitamin D status might

be associated positively with favourable lipid profiles in children and adolescents.
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PART 1: INTRODUCTION, LITERATURE REVIEW AND METHODOLOGY



CHAPTER 1: INTRODUCTION

1.1 Rationale

Since the beginning of human and vertebrate existence over 160000 years ago, vitamin D — the
sunshine vitamin - has been acquired through the exposure of the skin to solar radiation
(wavelength, 290-315 nm). This leads to the conversion of 7-dehydrocholesterol to pre-vitamin
D3 in the skin (Holick, 1981, Holick, 1989), which then undergoes thermal isomerization to
cholecalciferol or vitamin D3. Synthesized vitamin D in the skin formed via direct sunlight may
provide 80 to 90% of the human body’s requirements, with the remaining proportion normally
acquired through dietary sources (German, 2012). Vitamin D as a nutrient is obtained from
irradiated mushrooms, mackerel, egg yolks, cod-liver oil, oily fish (salmon, sardines, herring,
anchovies, trout) (Holick, 2004b, Lips, 2006, O'Connor et al., 2013) and fortified foods such as

milk, margarine, cheeses, yoghurts, and orange juice (Holick, 2008).

Physiologically, vitamin D obtained from diet (vitamin D, or D3) and sunlight (vitamin Dj) is
hydroxylated to 25-hydroxyvitamin D (25(OH)D) in the liver. It is activated by being converted
in the kidneys to 1,25-dihydroxyvitamin D (1,25(0OH),D), which stimulates intestinal calcium
and phosphorus absorption, facilitating the development, growth, and maintenance of skeletal
health (Holick, 2003, Lanske and Razzaque, 2007, Wacker and Holick, 2013). Vitamin D
metabolites differ in terms of their half-lives in blood, with 25(OH)D and 1,25(0OH),D having
half-lives of approximately 25 days and 7 hours respectively. 25-Hydroxyvitamin D is an
inactive form of the vitamin, whose serum levels reflect the vitamin D status of an individual.
The active form of the vitamin (1,25(0OH),D) is tightly regulated and its circulating levels
provide limited information about vitamin D nutritional status. Its measurement is useful in the
disorders of la-hydroxylation in the kidney, such as in vitamin D dependent rickets Type I,
chronic renal failure and conditions associated with excess serum levels of fibroblast growth
factor 23 (FGF23). Over the last 30 or more years, vitamin D has been found to be involved in
many other functions, including cell differentiation, function, and proliferation (Moukayed and
Grant, 2013) and has also been reported to be related to diseases that are non-skeletal in nature
such as asthma (Bose et al., 2013, Montero-Arias et al., 2013), tuberculosis (TB) (Hong et al.,
2014, Barr et al., 2017), type | and Il diabetes mellitus (Holick, 2004b, Boucher, 2012),
autoimmune diseases, cardiovascular disease, cancers (Holick, 2004a), and multiple sclerosis
(Salzer et al., 2012, Bermudez-Morales et al., 2017).



A major issue of contention is how vitamin D status is defined in terms of deficiency,
insufficiency and sufficiency (replete). At present there are several recommendations [such as
the United States (US) Endocrine Society, US Institute of Medicine (IOM) and from the United
Kingdom (UK)] which have defined vitamin D status (Pearce and Cheetham, 2010, Ross et al.,
2011b, Holick et al., 2011, Rosen et al., 2012, Balasubramanian et al., 2013, Manson et al., 2016,
Prentice, 2016, Scientific Advisory Committee on Nutrition, 2016). Irrespective of which
definition is used, the prevalence of hypovitaminosis D is high among most world populations
(Mithal et al., 2009, Bassil et al., 2013). Vitamin D deficiency has been reported to occur
worldwide in the young, adults and elderly (Bhattoa et al., 2004, Harinarayan et al., 2007, Van
Schoor and Lips, 2011, Bassil et al., 2013). Vitamin D deficiency also poses a major challenge to
public health through its involvement in physiological pathways that are beyond bone function
(Junetal., 2017, Looman et al., 2017).

Vitamin D status is influenced by factors that affect skin production or vitamin D absorption in
the intestines. Skin synthesis is influenced by factors such as UV radiation reaching the
skin, season of the year (Harris and Dawson-Hughes, 1998, Looker et al., 2002, Levis et al.,
2005), latitude and atmospheric pollution (Agarwal et al., 2002), melanin content of the skin
(Harris, 2006), and the surface area of skin exposed to sunlight (EI-Sonbaty and Abdul-Ghaffar,
1996, Allali et al., 2006, Harris, 2006). These factors affect populations across all age ranges.
Although religion per se does not influence vitamin D, the social and dress customs associated
with a religion may influence vitamin D status (Taha et al., 1984, Fonseca et al., 1984, Lips,
2007, Alsuwaida et al., 2013). Because of these factors, vitamin D status tracking over a period
of time poses a challenge. A handful of researchers are suggesting that it is difficult to assess the
habitual vitamin D status of an individual by measuring it once only, due to variations in the

factors influencing vitamin D status over time (Moon et al., 2015, Zhu et al., 2017).

In a situation where there is excessive sunlight exposure, sunlight degrades previtamin D3 and
vitamin D3 to inactive photoproducts, thus preventing excessive production of vitamin D in the
skin (Luxwolda et al., 2012, Grober et al., 2013). Vitamin D toxicity is only encountered when
high vitamin D doses are used for treatment, supplementation or to fortify foodstuffs, which are
usually consumed over a prolonged period of time. Vitamin D toxicity can also happen when a
single megadose is ingested resulting in a large increase in circulating 25(OH)D levels (Pettifor
etal., 1995, Vieth, 1999).



Measurement of blood samples for 25(OH)D in the laboratory is achieved by a variety of assays
including chemiluminescence immunoassays (CLIA), radioimmunoassays (RIA), high-
performance liquid chromatography (HPLC), and liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Atef, 2018). Binding assays like competitive protein binding assays
(CPBA) have been reported to underestimate 25(OH)D at low levels and overestimate it at high
levels (Hollis, 2004). HPLC is a technique which is very stable and measures 25(OH)D, and
25(0OH)D3; separately, but it requires a larger sample and a preparation step before
chromatography. In some instances, the assay is subjected to interferences from other
compounds. LC-MS/MS has the advantage of being accurate, precise and specific for the
quantitation of 25(OH)D,, 25(0OH)D3 and epi-25(0OH)D3 in serum samples (Schleicher et al.,
2011). However, some researchers have found the presence of 25(OH)D; C-3 epimers in
pediatric specimens which may overestimate 25(OH)D concentrations (van den Ouweland et al.,
2011, Yazdanpanah et al., 2013). This vitamin D metabolite (25(OH)D3; C-3 epimers) has been
shown to be present in infants of up to 1 year of age and it may contribute up to 61% of total
25(0OH)D (Yazdanpanah et al., 2013).

Serum 3-epi-25(0OH)D can also be erroneously included as 25(OH)D if immunoassays display
cross-reactivity to the Cs-epimer or if HPLC or LC-MS/MS methods do not resolve both
vitamin D compounds (Ooms et al., 2016). In a study on 204 twins from the Swedish Twin
registry, researchers found a major disagreement between 25-hydroxyvitamin D levels as
determined by different assay techniques (Snellman et al., 2010). Mean 25-hydroxyvitamin D
levels were highest using the high-pressure liquid chromatography-atmospheric pressure
chemical ionization-mass spectrometry (HPLC-APCI-MS) technique (85 nmol/L, 95% CI 81—
89), intermediate for RIA (70 nmol/L, 95% CI 66-74) and lowest with CLIA (60 nmol/L, 95%
CI1 56-64). Furthermore, using a 25(OH)D value of 50 nmol/L as the lower cut-off for vitamin D
sufficiency, 8% of the subjects were insufficient using HPLC-APCI-MS, 22% with RIA and
43% by CLIA. Hence, researchers have called for the vitamin D assay methodology to be
standardized (Binkley et al., 2004). However, HPLC and LC-MS/MS methods are still the
preferred techniques for quantitatively measuring 25(OH)D levels (Holick, 2009b, Schleicher et
al., 2011, Farrell et al., 2012).

South Africa has sunlight in abundance, but only a handful of studies on vitamin D status have

been reported. However, these are cross-sectional studies and vitamin D status was only
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measured once during the study (Daniels et al., 1997, Kruger et al., 2011, Martineau et al.,
2011b, Velaphi, 2017). Vitamin D status in SA has been reported to be generally sufficient
(25(OH)D > 50 nmol/L) in children and adults but deficient in elderly and adolescents with
protracted binge drinking (Naude et al., 2012, Norval et al., 2016). In order to extend the existing
research, the present study assessed the vitamin D status of adolescents, its tracking over a period

of ten years and the relationship between vitamin D status and body composition.



1.2 Study Aims

To assess the vitamin D status and its tracking patterns in adolescence.

To assess the impact of vitamin D status on body composition in adolescence.
1.3 Study Objectives

To evaluate 25(OH)D status based on ethnicity and season of the year.

To measure 25(OH)D levels in a longitudinal study over 6-8 years and to evaluate the tracking of

vitamin D status with age and time.
To determine the impact of vitamin D status on body composition in adolescence.

To determine the impact of vitamin D on non-communicable disease risk in children and

adolescents.



CHAPTER 2: REVIEW OF THE LITERATURE

2.1 Vitamin D nomenclature

The naming of vitamin D precursors and metabolites is according to the International Union of
Pure and Applied Chemistry (IUPAC), for defining rules for the nomenclature of vitamins (Table
2.1). The naming was established in 1960 and revised in 1966 as follows; 7-dehydrocholesterol,
cholecalciferol, ergocalciferol, calcidiol and calcitriol represent pro-vitamin D3 vitamin Ds
vitamin D,, 25-hydroxyvitamin D and 1,25-dihydroxyvitamin D respectively.

Table 2.1: Nomenclature of vitamin D precursors and metabolites.

Common Name Clinical Name Abbreviation Location or activity
7-dehydrocholesterol ~ Pro-vitamin Ds 7DHC Lipid cell membrane.
Cholecalciferol vitamin D3 Photosynthesized in the

skin or available in diet.

Ergocalciferol vitamin D, Obtained from diet.

Calcidiol 25-hydroxyvitamin D 25(0OH)D Reflects quantitative
vitamin D status.

Calcitriol 1,25-dihydroxyvitamin D 1,25(0OH),D Active form of vitamin D

and tightly regulated.

Source: Alshahrani and Aljohani, 2013.

Pro-vitamin D3 is found in lipid cell membranes and through photolysis and thermal
isomerization is converted to vitamin D3 in the skin. Vitamin D,, formed by the photolysis of
ergosterol, is obtained in the diet (Figure 2.1, page 8). The combined concentrations of 25(OH)D,
and 25(0OH)D3 (denoted by 25(OH)D without a subscript) in serum reflect the overall vitamin

status obtained from both diet and sunlight.
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Figure 2.1: Biochemical structure of vitamin D and its precursors. Source: Holick, 1981.

2.2 Vitamin D metabolism

Vitamin D has been called ‘the sunshine vitamin’ because of the dependence of its production in

the skin on ultraviolet radiation from the sun (Holick, 1981). During this process, 7-DHC

undergoes the process of photochemical activation in the stratum germinativum by absorption of

ultraviolet light from the sun and is converted to previtamin D3 (Parfitt et al., 1982, Holick,

2007b, Vidailhet et al., 2012). Previtamin D3 is immediately converted to vitamin D3 through a

temperature-dependent process. Excessive exposure to sunlight degrades previtamin D3 and

vitamin Dj3 into inactive photoproducts (Holick, 2007Db).
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Figure 2.2: Synthesis and metabolism of vitamin D. Source: Holick, 2007b.

Figure 2.2 shows the two main sources of vitamin D in the human body. The overall body store

of vitamin D depends on cutaneous production as well as on dietary intake.

The vitamin D pathway is via the skin and gastrointestinal tract (GIT). The main vitamin D form
is through cutaneous synthesis, in which vitamin D production is solely depended on the incident

angle of the sun, latitude, season and time of the day (Gomez-Alonso et al., 2003). The precursor



molecule which is pre-vitamin D is synthesized from 7-DHC in the epidermis and dermis during
exposure to ultraviolet rays (290 — 315 nm). The process is temperature-dependent and is not
regulated by enzymes, which result in subsequence transformation into vitamin D and binding to
vitamin D-binding protein (DBP). Vitamin D is then delivered to the liver and metabolized to
25(0OH)D, through an enzymatic process involving 25-hydroxylase (CYP2R1). The 25(OH)D
undergoes a second hydroxylation in the kidney, and to a lesser extent in other tissues, by 1-
alpha hydroxylase (CYP27B1) enzymatic activity, to become 1,25-dihydroxyvitamin D
(1,25(CH),D) (Gémez-Alonso et al., 2003). In the GIT, vitamin D, and vitamin D3 from dietary
sources are incorporated into chylomicrons and transported by the lymphatic system into the
venous blood circulation. Vitamin D formed in the skin or ingested in the diet can be stored in fat
and muscle cells, from which it can be released in blood circulation. Vitamin D in the circulation
is bound to the vitamin D-binding protein, which transports it to the liver, for the conversion by
vitamin D-25-hydroxylase to 25(OH)D. This form of vitamin D is biologically inactive and must
be converted in the kidneys by 25-hydroxyvitamin D-lohydroxylase (1-OHase) to the
biologically active form (1,25-dihydroxyvitamin D). Serum phosphorus, calcium, fibroblast
growth factor 23 (FGF-23), and other factors can either increase or decrease the renal production
of 1,25(0OH),D. 1,25(0OH)2D decreases its own synthesis through negative feedback and
decreases the synthesis and secretion of parathyroid hormone by the parathyroid glands.
1,25(0H),D increases the expression of 25-hydroxyvitamin D-24- hydroxylase (24-OHase) to
catabolize 1,25(0OH),D to the water-soluble, biologically inactive calcitroic acid, which is
excreted in the bile (Holick, 2007b).

1,25(0OH),D enhances intestinal calcium absorption in the small intestine by stimulating the
expression of the epithelial calcium channels and calbindin 9K (calcium-binding protein; CaBP).
It also increases calcium reabsorption in the kidney and osteoclastic activity in bone.
1,25(0H),D also binds to its receptor in osteoblasts, causing an increase in the expression of
receptor activator of nuclear factor kappa-B ligand (RANKL). Its receptor RANK on the
preosteoclast binds RANKL, which induces the preosteoclast to become a mature osteoclast. The
mature osteoclast removes calcium and phosphorus from bone to maintain blood calcium and
phosphorus levels (Holick, 2008).
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2.3 Classic and non-classic roles of vitamin D

As previously discussed, the classical role of vitamin D in humans is to increase the absorption
of calcium and phosphate from the GIT for the mineralization of the skeleton (Khazai et al.,
2008) and also to maintain the extracellular fluid concentrations of calcium and phosphorus
within the normal range (Favus et al., 2006). Furthermore, non-classical roles for vitamin D have
been investigated for the past several decades. VDRs are reported to be found in many tissues
other than bone and small intestine such as in the immune system, prostate, brain and more
(Khazai et al., 2008, Cavalier et al., 2009). It is suggested that non-bone related diseases such as
diabetes mellitus, multiple sclerosis and some cancers may be associated with vitamin D
deficiency (Hollis et al., 2007, Kimball et al., 2008, Zhang and Naughton, 2010, Zittermann et
al., 2016).

2.4 History and evolutionary perspective of vitamin D

Researchers have suggested that vitamin D deficiency became a public health problem at the
time of the industrial revolution. The effects of the industrial revolution, resulting in coal burning
causing a pall of air pollution, were felt by northern European countries in the 18th and 19th
centuries. The majority of buildings were in close proximity to each other, with the consequence
that sunlight and UV radiation did not reach the narrow streets. This lack of sunlight led to a
bone deforming disease called rickets in children, that had devastating health consequences
(Holick, 2006). Rickets was initially regarded as a disease affecting rich people who lived in the
city centres, rather than the poor who lived in rural areas of the country (Hess and Weinstock,
1924). Table 2.2 (page 12) shows the sequence of events leading to the discovery of vitamin D,
as well as subsequent investigations into vitamin D. Milestones in vitamin D research are shown

as well as the contributions of the scientists who participated in the research.
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Table 2.2: Historical perspective of the discovery of vitamin D and the milestones in vitamin D research.

Sequence of events in the discovery and study of vitamin D

Researchers involved in the discovery and study

of vitamin D and bone deforming diseases.

The studies below were cited by Wacker and Holick,

2013.

Detailed description of the clinical features of rickets in England in the middle of the 17" century.
Inadequate access to daily sunlight in Europe has led to the emergence of bone-deforming disease

in children, which was endemic in Northern Europe.

Glisson, 1650.

Change in lifestyle (not being exposed to sunlight) and migration into the city during the
industrial revolution (1760-1840) in Northern Europe led to rickets. This was because sunlight
was restricted from reaching the skin surface as buildings were built in close proximity to each

other and because of atmospheric pollution resulting from the combustion of coal.

Sniadecki and Sniadecki, 1939.

In 1890, a researcher recognized that children who lived in the industrialized cities of Great
Britain were at high risk of developing rickets. This was in contrast to children living on the
periphery of the cities who were free of rickets. The researcher concluded that sunbathing could
prevent rickets and proposed that some type of sunshine recorder should be developed to measure

the bone-healing properties of the sun.

Palm, 1890.
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As years passed in search of a cure, European populations were still experiencing rickets,
osteomalacia, and osteoporosis. In 1919 Huldschinsky, using a mercury arc lamp, reported that
rachitic children exposed to UV light showed a dramatic radiological improvement after several

months.

In another investigation, researchers showed that exposure of rachitic children to sunlight on the
rooftop of the New York City Hospital resulted in a significant radiologic improvement in the

children’s rickets.

Huldschinsky, 1919.

Hess and Gutman, 1921.
Maughan, 1928.

At the turn of the 20™ century, studies reported that 80 — 90% of children in Northern Europe and
Northern US had evidence of rickets. Researchers exposed various foodstuffs, including
cottonseed oil, corn oil and milk to UVB radiation and showed that this process imparted
antirachitic activity in rodents. This led to the major medical breakthrough in the eradication of

rickets and the discovery of vitamin D between the years of 1919 to 1924.

Steenbock, 1924.

Hess and Weinstock, 1924.

The discovery of vitamin D came with its own challenges because an outbreak of hypercalcaemia
in 1950 was thought to be due to excessive vitamin D concentrations in foodstuffs. Authorities
banned fortification of food or personal use of products with vitamin D in Great Britain. The ban

spread to other European countries, except for margarine and cereal fortified with vitamin D.

However, Pober, (101) has suggested that the hypercalcaemia reported in the UK might have been
due to hypersensitivity to vitamin D as a result of a condition called Williams Beuner Syndrome
(WBS).

Lightwood et al., 1956.
Tshibangu et al., 1975.
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Milestones in Vitamin D research

Development of assays to measure 1,25 (OH),D and 25(OH)D.

1,25 (OH),D Assay

Competitive binding assay, Eisman et al., 1976.
Isotope dilution-mass fragmentography assay,
Bjorkhem et al., 1979.

The cytoreceptor assay, Manolagas et al., 1983.
25(0OH)D Assay

Competitive protein binding assays (CPBA), Haddad
and Chyu, 1971.

HPLC, Eisman et al., 1977, Gilbertson and Stryd,
1977.

Radioimmunoassay (RIA), Hollis and Napoli, 1985.
LC-MS/MS, Higashi et al., 2002, Eyles et al., 2009.

Controversies in Vitamin D definitions by various scientific institutions.

IOM, Ross et al., 2011a.

US Endocrine society, Holick et al., 2011.

UK, Scientific Advisory Committee on Nutrition,
2016.

The vitamin D external quality assessment scheme (DEQAS) has been monitoring 25(OH)D

assays performance since 1989.

Hollis, 2008.

Call for vitamin D standardization.

Binkley et al., 2004, Sempos et al., 2012.
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The discovery of the VDR in rat and human skeletal cells. This led to increased attention from
muscle physiologists on the potential role of vitamin D in regulation of protein synthesis and

muscle function.

Simpson et al., 1985.
Bischoff- Ferrari et al., 2004.
Hamilton, 2010.

15



2.5 Factors influencing vitamin D status

Vitamin D status is influenced by a multitude of factors, with major factors categorized into
environmental or external and personal factors. Environmental factors include latitude and
season, air pollution and high-density living. Personal factors include age, melanin pigmentation
of the skin, religious and cultural practices. Body composition and genetics influence 25(OH)D

levels as well.

2.5.1 Latitude and season

Latitude and season are both responsible for the quantity and quality of solar radiation reaching
the earth’s surface (Webb et al., 1988). The ability to synthesize previtamin D; is affected by
latitude, rotation of the earth about the sun (seasonally) and its own axis during day and night
(Harinarayan et al., 2013). Individuals living progressively further from the equator are exposed
to lesser amounts of UV light due to the greater solar zenith angle. The solar zenith angle (SZA)
is the angle between the local vertical (zenith) and the position of the sun at any given moment.
The SZA is constantly changing due to the earth’s daily rotation on its axis and its orbit around
the sun (Kimlin, 2008). Figure (page 17) shows that at a large SZA the radiation traverses a
longer path-length through the atmosphere, which can greatly attenuate shorter wavelengths.
Furthermore, the attenuated power is spread over a larger area of the surface. Serum 25(OH)D
levels may vary depending on season. As the seasons change, there is either an increase or
decrease in SZA and more or less UVB photons are absorbed by the stratospheric zone.
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Atmosphere

Figure 2.3: Solar zenith angle (SZA), the angle between the local vertical and the position of the
sun in the sky. Source: Webb, 2006.

2.5.2 Seasonal variations

The exposure of the skin to ultraviolet light is affected by seasonal variations, which may have
an impact on subjects of all ages. The past clinical experiences and observations of children with
rickets in studies reported in the 1970s indicated that the disease was common in spring but
seldom occurred in autumn, suggesting that ultraviolet light in summer is a vital source for
cutaneous vitamin D production (Stamp and Round, 1974, Mclaughlin et al., 1974). Another
important finding was the development of biochemical assays for vitamin D metabolites which
led to examination of the relative importance of diet and endogenous skin synthesis (Haddad and
Hahn, 1973) and to the initial findings of seasonal variation in plasma 25(OH)D levels in cross-
sectional and longitudinal studies (Stamp and Round, 1974, Mclaughlin et al., 1974). Studies
have reported seasonal 25(OH)D variations in different ethnic groups (Livesey et al., 2007,
Shoben et al., 2011, Heidari and Haji Mirghassemi, 2012) but not all studies agree with this
finding (Meier et al., 1991, Haarburger et al., 2009). The importance of skin colour in seasonal
variation has been reported: a study of dark-skinned Pacific Islanders and individuals of
European ancestry or light-skinned Asians reported that 25(OH)D levels were twice as high in

lighter-skinned subjects than in the darker-skinned group across all seasons (Scragg et al., 2004).
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In another study in the US (Boston) healthy adolescents were reported to have lower 25(0OH)D
levels (24%, < 37.5 nmol/L) during winter as compared to summer (Gordon et al., 2004). Low
25(0OH)D levels were attributed to low levels of ultraviolet light exposure during winter in
Boston, during which period other researchers have suggested that children from both northern
or southern latitudes should be advised to receive vitamin D supplementation (Harkness and
Cromer, 2003, Weaver and Fleet, 2004). Hypovitaminosis D is a known problem across the
globe (Lips, 2007, Bassil et al., 2013) and seasonal variations in 25(OH)D in children are known
to affect bone turnover and in turn, potentially bone accrual and peak bone mass (Rajakumar et
al., 2013).

South African studies on seasonal variation are a handful (Pettifor et al., 1996, Haarburger et al.,
2009, Martineau et al., 2011b). An interesting variation was reported by Pettifor et al., 1996 in
vitro, where vials containing 7-DHC were exposed to sunlight one day per month from 08:00 am
and 17:00 pm, in two cities in South Africa (SA) (Johannesburg and Cape Town). There was
marked seasonal variation in vitamin D3 observed in Cape Town, with very little being formed
during the winter months of April through September. In Johannesburg, in vitro formation
changed slightly throughout the year, and was similar to that found in Cape Town during the
summer season. A retrospective study in Cape Town also found no significant difference of
25(0OH)D levels (49 vs 47 nmol/L, p > 0.05) in seasonal variation in the summer and winter
season (Haarburger et al., 2009). However, the study was biased because it was dependent on
25(0OH)D estimations being requested by physicians suspected for vitamin D deficiency. There
were fewer sample requests during summer in comparison to winter, suggesting that there might
well have been a seasonal variation in the incidence of vitamin D deficiency. The previously
documented seasonal variation in serum 25-hydroxyvitamin D recorded in patients in
Johannesburg might be as a probable consequence of the increased clothing worn and the
decreased time spent out of doors during winter, rather than decreased ultraviolet radiation
reaching the earth (Pettifor et al., 1978b). Other studies in SA have assessed vitamin D status but

they did not report on seasonal variations (Kruger et al., 2011, Lategan et al., 2016).

2.5.3 Duration of time spent out in the sun and sunscreen
Studies have reported that exposure of the arms and head to sunlight for approximately 15

minutes for 3 days per week may result in sufficient vitamin D to meet the daily requirements
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(Chel et al., 1998, Luxwolda et al., 2012, Lategan et al., 2016). However, the messages from
studies in terms of time spent outdoors and sunscreen applications are contradictory at present.
The benefits of spending time outdoors are associated with sunlight exposure on the skin
resulting in the cutaneous vitamin D production (Luxwolda et al., 2012, Lategan et al., 2016).
However, skin exposure to sunlight has been associated with skin cancer (Lombardi et al., 2013).
Hence, people are advised to use sunscreen with sun protection (SP) factor of 15 or greater in
order to avoid skin cancer (Lautenschlager et al., 2007). The issue is that applying sunscreen has
the potential of preventing the cutaneous vitamin D production which may result in low vitamin
D status (Narayanan et al., 2010). But vitamin D production may increase when a thinner
sunscreen layer (< 2 mg cm-2) is applied (Faurschou et al., 2012). There is a need to be a balance
between the advocates for preventing skin cancer and those wishing to prevent hypovitaminosis

D in order to achieve ‘sufficient’ vitamin D without harming the skin.

2.5.4 Air pollution and high density living

Exposure to chronic air pollution generated as a consequence of urban activities such as
automobile exhaust fumes, heating of buildings and manufacturing in industrial plants constitutes
an environmental health risk (Barrea et al., 2017). One of the global health risks of air pollution
is the reduction of UVB radiation reaching the human skin, which is suggested to be a major
cause of vitamin D deficiency in India (Agarwal et al., 2002) and elsewhere (Bailey et al., 2012,
Wacker and Holick, 2013). It has been reported that people living in urban areas, especially in
areas with high levels of ambient air pollution, tend to be less engaged in outdoor activities and
have a higher prevalence of hypovitaminosis D (Bailey et al., 2012).

High-density living is also thought to contribute to the prevalence of vitamin D deficiency. High
rise buildings in close proximity to each other prevent UV rays reaching pavements and
recreation areas, thereby making endogenous production of vitamin D a challenge (Wacker and
Holick, 2013).

2.5.5 Age

Age is considered to be a factor in diminishing the cutaneous production of vitamin D. In elderly
subjects in Britain 25(OH)D levels were lower in the non-housebound elderly, even during the

summer months when compared to younger British subjects (Lester et al., 1977). Hence, they
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suggested that aging might decrease the efficiency of vitamin Ds formation in the skin.
Furthermore, MacLaughlin and Holick, 1985 showed in a study of Caucasian human skin
samples from subjects aged 8 to 92 years, that the total amount of previtamin D3 that was
produced in the epidermis and dermis of the younger subjects was at least two times greater than
that of the elderly subjects. It has also been suggested that hypovitaminosis D in elderly subjects
is related to decreased vitamin D receptor quality (Lau and Baylink, 1999), expression (Bischoff-
Ferrari et al., 2004) and age-related decline in kidney function (Vieth et al., 2003).

Low vitamin D status in older people in England continues to be a public health problem. The
prevalence of vitamin D deficiency (25(OH)D <25 nmol/L) in people aged > 65 years in 2005
was 13% in women and 8% in men and the risk of hypovitaminosis D was found to increase with
age (Hirani et al., 2009). Hypovitaminosis D in the elderly has a significant impact on physical,
psychological, and monetary status (buying of vitamin D supplements and transport to the
nearest healthcare centre) and becomes a burden to society (Tuck and Francis, 2002). According
to the Scientific Advisory Committee on Nutrition, 2016, vitamin D deficiency in the elderly
may be due to inadequate exposure to sunlight and chronic conditions associated with old age

like compromised kidney and liver function.

2.5.6 Melanin pigmentation of the skin

Cutaneous production of previtamin D3 occurs when the skin is exposed to solar radiation at a
wavelength of approximately 290-315 nm (Holick., 1981). Vitamin D status in populations is
strongly associated with the degree of skin pigmentation. People with darker skin colour from
the African continent (Daniels et al., 1997, Kruger et al., 2011), Asian subcontinent (Marwaha et
al., 2005, Marwaha et al., 2011) and from the USA (African Americans) and also Africans in the
diaspora have lower vitamin D status compared to people with lighter skin colour (Harris, 2006,
Weng et al., 2007, Cosman et al., 2007, Looker et al., 2008). However, not all studies show
similar findings (Luxwolda et al., 2012, Lategan et al., 2016). Increased melanin pigmentation is
regarded as the major cause for the lower 25(OH)D levels because it influences the penetration
of sunlight or UV radiation into the skin. Skin pigmentation is important in regulating the
production of vitamin D3 especially in circumstances of low levels of irradiation because

melanin absorbs UV photons in competition with 7-dehydrocholesterol.
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Studies conducted in migrants who have relocated to Europe and Australia have found those with
dark skin colour have low vitamin D status (Lo et al., 1986, Eggemoen et al., 2013, Brock et al.,
2013). However, people with dark skin colour have the ability to produce similar vitamin D
concentrations to lighter skinned individuals when exposed to prolonged solar radiation (Brock
etal., 2013).

2.5.7 Religious and cultural practices

The extent of skin coverage by clothing is an important factor influencing the amount of UVB
radiation reaching the skin and thus the amount of vitamin D3 formed cutaneously. Certain types
of attire such as the wearing of a nigab or hijab, as dictated by religion or culture in some
communities, can play a crucial role in preventing sunlight exposure to the skin (Batieha et al.,
2011).

In some cultures or religious practices, it is the norm that women and girls cover their bodies
with clothes most of the time, thereby not exposing their skin to the ultraviolet rays from sunlight
(Al-Saleh et al., 2013, Alsuwaida et al., 2013). Countries such as India (Agarwal et al., 2002,
Marwaha et al., 2011), Iraq (Maalouf et al., 2007), Lebanon (Nabulsi et al., 2008), Bangladesh
(Roth et al., 2010), Morocco (El et al., 2012), Kuwait (Al-Mutairi et al., 2012), Pakistan (Khan et
al., 2012b), Jordan (Nichols et al., 2012), Iran (Andiran et al., 2012), Saudi Arabia (Alsuwaida et
al., 2013), United Arab Emirates (UAE) (Mubhairi et al., 2013), Syria (Sayed-Hassan et al., 2014)
have enough sunlight throughout the year but their populations experience low vitamin D status

due to their cultural way of living.

2.5.8 Body composition

Individuals with increased body mass index (BMI) and body fat content have lower 25(OH)D
than their lean peers (Ghergherechi et al., 2012). Vitamin D is fat-soluble and thus absorbed in
the adipose tissue cells (Wortsman et al., 2000, Arunabh et al., 2003), which is thought to reduce
available circulating vitamin D and thus lower 25(OH)D levels in obese and overweight people.
Therefore, an increase in body weight due to fat deposition or obesity influences vitamin D status
negatively, which may result in hypovitaminosis D (Palacios et al., 2012). However, the exact
mechanism responsible for this effect is not clear; it has been suggested that obese people have a
tendency of avoiding sunlight, have more sedentary lifestyles, cover their bodies more
completely with clothes (Compston et al., 1981, Arunabh et al., 2003, Abrahamsen, 2017) and
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have fewer outdoor activities compared to lean individuals (Harel et al., 2011), resulting in less
formation of cutaneous vitamin D3. The metabolic clearance of vitamin D may also be increased
in obese subjects due to its lipid-soluble nature, resulting in decreased bioactivity of vitamin D.
Based on these findings, authors have suggested that vitamin D supplementation especially in
overweight and obese young children might be beneficial for bone status and other health
conditions (Zittermann et al., 2009, George et al., 2012).

Population studies of some ethnic groups have found that the combination of dark skin and
obesity increases the chance of developing hypovitaminosis D. Researchers have also
acknowledged obesity as a major public health problem in the global arena (Duncan et al., 2004,
Kelly et al., 2008, Abolfotouh et al., 2012, Malaza et al., 2012, Kumar and Kaufman, 2018, Tarp
et al., 2018). In both children and adults, obesity is associated with secondary
hyperparathyroidism (Buyukinan et al., 2012), insulin resistance (Kelly et al., 2011, Buyukinan
et al., 2012), type 1 diabetes (Giulietti et al., 2004), type 2 diabetes (Buyukinan et al., 2012),
hypertension (Forman et al., 2007), dyslipidemia (Baker et al., 2012), and cardiovascular
diseases (Jorde and Grimnes, 2012). Obesity is a condition that is frequently associated with
vitamin D deficiency (Buyukinan et al., 2012) and some studies have shown obesity to be
inversely correlated with 25(OH)D levels (Compston et al., 1981, Nam et al., 2012). An inverse
relationship between BMI and 25(OH)D levels has not been found consistently across all ethnic
groups. A study by Nesby-O'Dell et al., 2002 found that vitamin D deficiency was significantly
associated with a BMI of at least 30 kg/m? in white women, but not in African American women.
In that particular study, the researchers speculated that differences in fat distribution among
ethnic groups may be a factor. However, studies in children have found low levels of 25(OH)D
in obese children to be in line with most studies in adults (Bell et al., 1985, Buffington et al.,
1993, Wortsman et al., 2000, Parikh et al., 2004, Reinehr et al., 2007).

A possible contributory factor to the high prevalence of obesity in African Americans and black
Africans may be the low calcium content of diets (Zemel, 2002). It is likely that diets low in
calcium are also rich in fat and carbohydrate (Zemel, 2001, Jacqmain et al., 2003). However, the
role of low calcium diets in the pathogenesis of obesity is still unclear (Lappe et al., 2017,
Marabujo et al., 2018). Using the National Health and Nutrition Examination Survey (NHANES)

data, researchers have concluded that a low-calcium diet favoured an increase in adipose tissue
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and that the opposite is true for calcium-rich diets, thus prompting the suggestion that calcium
has an anti-obesity effect (Zemel, 2002). Theoretically, an increase in dietary calcium would
suppress 1,25(0OH),D and PTH, thereby decreasing adipocyte intracellular calcium and lipid
storage (Zemel et al., 2000). However, some researchers are not yet convinced about the role of
calcium in obesity (Heaney and Rafferty, 2009). Recently a Korean National Health and
Nutrition Examination Survey (KNHANES) in adults, conducted using a food frequency
questionnaire and a one-day 24-hour recall, reported that consumption of dairy products was
protective against obesity (Odds ratio (OR) = 0.63, 95% confidence interval (CI) = 0.68 — 0.96).
The authors have emphasized that longitudinal studies are still warranted to replicate their
findings (Lee et al., 2014).

2.5.9 Genetic factors

Studies on genetic drivers of vitamin D status have started to emerge that have shown that
genetic factors also play a role in controlling 25(OH)D levels in populations (Shea et al., 2009,
Signorello et al., 2011). Common genetic variants of several genes controlling pathways that
synthesize, transport and degrade vitamin D may play a role in individual (and potentially
population) differences in vitamin D status. Presently, vitamin D pathway candidate genes have
been considered together with single nucleotide polymorphisms (SNPs). These include vitamin
D receptor (VDR), 1-a-hydroxylase (CYP27B1), 25-hydroxylase (CYP2R1), 24-hydroxylase
(CYP24A1), vitamin D binding protein (GC, DBP) and vitamin D3 25-hydroxylase (CYP27A1)
genes. Genetic polymorphisms including variants near genes involved in cholesterol synthesis
(DHCR7 - 7-dehydrocholesterol reductase), hydroxylation (CYP2R1) and (CYP24A1l1) and
vitamin D transport (GC) may identify individuals at high risk of vitamin D deficiency especially
in ethnic groups with darker skin colour. A study of 94 single nucleotide polymorphisms (SNPs)
in 5 vitamin D pathway genes (GC, VDR, CYP2R1, CYP24A1, CYP27B1) and serum 25(OH)D
levels among African Americans and Caucasians showed statistical associations for 3 SNPs
(rs2298849 and rs2282679 in the GC gene, and rs10877012 in the CYP27B1 gene), in African
Americans (Signorello et al., 2011). Recently, Jiang et al., 2018 conducted a study in 79366
individuals of European ancestry which confirmed the role of common genetic variants in the
regulation of 25(OH)D concentrations. Furthermore, their SNP-heritability results suggested that
25(OH)D has a modest overall heritability due to common genome-wide SNPs of 7.5% and that

an appreciable proportion (2.84 out of 7.5 i.e 38%) of this total could be explained by known
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genetic regions identified through Genome-Wide Association Studies (GWAS). This was in line
with the previously published findings, wherein the proportion of variance was explained by
8.9%, which was done by employing a linear mixed model fitting the additive genetic matrix
created from all genotyped and imputed SNPs (Hiraki et al., 2013).

2.6 Challenges in vitamin D status definition and cut-off range in children

The definitions of vitamin D status in terms of its deficiency, insufficiency and sufficiency or
“optimal” levels are still subject to debate by researchers. At present, there is no consensus on
the exact definition of the optimal vitamin D status in children, adults and the elderly for bone
health and other diseases. Great variation exists between reports when defining deficiency,
insufficiency and adequate levels of vitamin D (Sadat-Ali et al., 2009, Balasubramanian et al.,
2013). The lack of consensus makes interpreting reports a major challenge. But at present the
vitamin D definition debate will still continue until there is consensus among researchers (Holick
etal., 2011, Rosen et al., 2012, Fraser and Milan, 2013). The difference in reporting of vitamin D
cut-off ranges may be the attributes of lack of consensus in vitamin D status definition. With
respect to the vitamin D status, this definition of normality is not appropriate as 25(OH)D values
may vary by population (skin colour and lifestyle), seasons of the year and latitude (low and
high) and the type of laboratory assay (Table 2.3, page 26) which has been shown by the
majority of published papers in different parts of the world. Due to the lack of consensus in
vitamin D status definition, researchers have continued using different vitamin D cut-offs as
published from scientific institutions such as IOM (Ross et al., 2011a, Rosen et al., 2012), US
endocrine society (Holick et al., 2011) and more (Pludowski et al., 2013, Scientific Advisory
Committee on Nutrition, 2016), based on physiology and logic.

The cut-off ranges of vitamin D status in children have been reported in various regions of the
world, but with lack of consistency (Docio et al., 1998, Zittermann, 2003, Weaver and Fleet,
2004, Kumar et al., 2009). A study in prepubertal children has reported disturbances in calcium
homeostasis when 25-hydroxyvitamin D levels were between 30 and 50 nmol/L and it was also
demonstrated that concentrations of 50 nmol/L and above stabilized PTH (Docio et al., 1998).
However, in a similar study in children, it was reported that PTH increases when 25-
hydroxyvitamin D is below 30 — 40 nmol/L. Hence, it is suggested that further studies are needed

to verify whether the set levels of serum 25-hydroxyvitamin D have been accurately/perfectly
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established in children and adolescents (Docio et al., 1998, Outila et al., 2001). According to
researchers the “normal” range for 25(OH)D levels is broad (12.5 — 120 nmol/L) and the lower
limit can vary across populations (Zittermann, 2003, Weaver and Fleet, 2004). In a US study
(NHANES 2001 — 2004) by Kumar et al., 2009, 9% of children had 25(OH)D levels of < 37.5
nmol/L and 61% of children and adolescents had levels between 37.5 — 72.5 nmol/L representing
approximately 51 million US children. After adjustments for confounders in multiple regression,
children with vitamin D deficiency had lower serum calcium levels and HDL cholesterol levels
and higher systolic blood pressure than those with 25(OH)D levels of > 75 nmol/L. Children and
adolescents with 25(OH)D of between 37.5 — 72.5 nmol/L had lower levels of total cholesterol
and HDL cholesterol and higher diastolic blood pressure and elevated PTH than their
counterparts with 25(OH)D of > 75 nmol/L. In the United Kingdom (UK), a serum 25(0OH)D
concentration of 25 nmol/L is currently used as a threshold cut-off for defining the lower limit of
adequacy, which is based on evidence indicating that the risk of bone disease (rickets and
osteomalacia) is related to 25(OH)D concentrations below 25 nmol/L (Prentice, 2016). Table 2.3

(page 26) shows the variation in serum 25(OH)D used by researchers to define vitamin D status.
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Table 2.3: A snapshot of various cut-off points used by researchers in children and adults to define vitamin D status based on laboratory methods

Researcher Country Latitude Population No of Age Lower cut—off used to Method
Participants define vitamin D status
(25(OH)D (nmol/L))
Children
Guillemantetal., 1999  France 49°N Male adolescents 175 13-17 years Deficiency <25 CPBA
Insufficient <50
Sufficiency >50
Fuleihan et al., 2001 Lebanon 335°N Healthy school 346 10-16 years Deficiency <25 RIA
children Insufficient 25 - 50
Sufficiency >50
Outilaetal., 2001 Finland 60°N Healthy female 178 14-16 years Deficiency <25 RIA
adolescents Insufficient 25.1 - 40
Sufficiency > 40
Lehtonen-Veromaa et Finland 60°N Girls 191 12.9 years  Deficiency <20 RIA
al., 2002 Insufficient 20.1 —37.4
Sufficiency >37.5
Cheng et al., 2003 Finland 60°N Girls 193 10-12 years Deficiency <25 RIA
Insufficient 26 - 40
Sufficiency > 40
Gordon et al., 2004 us 40°N Healthy 307 14.7 years  Deficiency <16 CBA

Adolescents

Insufficient 16.1 - 50
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Sufficiency > 50

Cashman et al., 2008 Northern 55°N Adolescents 1015 12-y-Boys  Deficiency <25 ELISA
Ireland 12-y-Girls  Insufficient - 25.1 - 50
15-y-Boys  Sufficiency - > 50
15-y-Girls
Cashman et al., 2011 Denmark 55°N Danish girls 47 11.3 years  Deficiency - <25 HPLC
Finland 60°N Finnish girls 97 Insufficient 25.1 —49.9
Sufficiency > 50
Mansour and Alhadidi, Saudi Arabia  24°N Healthy children 510 4 -15 years Deficiency <17.5 CLIA
2012 Insufficient 17.6 - 50
Sufficiency > 50
Marrone et al., 2012 Italy 42°N Children 93 2-220 Severe deficiency < 12.5 CLIA
months Deficiency < 37.5
Insufficient 37.5 - 50
Sufficient >50
Adults
Thomas et al., 1998 us 40°N Medical in 290 43-81 years Deficiency 20 CPB
patients Insufficient 20.1 —37.5
Sufficiency > 37
Harris et al., 2000 us 40°N Osteoporotic 246 67-83 years Deficiency <25 CPB
Insufficient 25.1 - 50
Sufficiency > 50
Kauppinen-Makelin et Finland 60°N In and Out 205 58-65 years Deficiency 37.5 RIA
al., 2001 Patients Insufficient 37.1 - 50
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Sufficiency > 50

GoOmez-Alonso et al.,, Spain 43°N Osteoporotic 268 54-89 years Deficiency <25 CPB
2003 Insufficient 25 - 45
Sufficiency > 45

The table shows that researchers from across the globe have used different cut-off points in defining vitamin D status. This reflects the challenge

encountered by the researchers in defining vitamin D status based on biological abnormalities.
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2.7 25(0OH)D assays employed in various laboratories

The measurement of 25(OH)D has been a great challenge to researchers through the years,
because of significantly varying results generated by many differing methods, which are briefly

described below.

2.7.1 Competitive protein binding (CPB) assays

This method was the first assay developed to measure 25(0OH)D at the beginning of the 1970s. It
used a preliminary solvent extraction of samples, and a chromatographic purification result
which removed vitamin D binding protein (DBP) (Haddad and Chyu, 1971). The assay used an
extract which contained an unknown, unlabelled 25(OH)D, which is incubated with a known
concentration of radioactively labelled 25(OH)D3s The labelled and unlabelled compound
competed for an added limited amount of binding protein. CPB assays utilized rachitic rat,
chicken, or human-derived binding protein and there is a correction of procedural losses during
extraction and purification processes. The assays had a short incubation time of one hour and had
a great advantage of measuring across a wide range of concentrations. Belsey et al., 1971
developed a CPB assay utilizes a specific vitamin D binding protein from rat serum, and the
researcher claimed that they do not require chromatographic extraction as a preliminary step. It
was considered to be sensitive and specific enough for practical use in measuring the plasma
concentration of 25(OH)D in animals and man.

The disadvantages of these assays were that they cross-reacted with several 25(OH)D
metabolites (3-epi-25-OHD3, 24,25-dihydroxyvitamin D (24,25(0OH),D), and the binding protein
lacked stability in preparations (Dorantes et al., 1978). However, attempts have been made to
automate a CPB-based assay but it has proved to be difficult due to its assay variability, poor
detection limit, low cross-reactivity with 25(OH)D,, poor precision and overall unacceptable

performance (Leventis et al., 2005, Glendenning et al., 2006).

2.7.2 Immunoassays
In the 1980s the first radioimmunoassay utilized radioactive *H-labelled 25(OH)D as a tracer.
This was subsequently changed to a *I-labelled assay with higher throughput and improved

outcomes (Hollis and Napoli, 1985, Hollis et al., 1993). These assays have now given way to a
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chemiluminescent detection based system, which is automated and free from radioactive

exposure (Heijboer et al., 2012).

Several manufacturers have produced 25(OH)D immunoassays in which solvent extraction and
chromatographic separation have been replaced by agents that displace 25(OH)D from DBP with
ease. This approach has prompted the automation of these assays but some data suggest that
some immunoassays employing these techniques may be affected by variations in DBP
concentrations. This is due to variable displacement of 25(OH)D from DBP and in specific
subjects may be due to increased affinity of 25(OH)D for certain variants of DBP leading to
marked variations in outcomes (Heijboer et al., 2012). An area of concern in relation to
immunoassays is the variability that exists in the detection of 25(OH)D, because
of different binding affinities to DBP with 25(OH)D; exhibiting a stronger affinity than
25(0OH)D;, (Jones, 1978). But, some manufacturers claim to peers have 100% cross-reactivity
with exogenously added 25(OH)D, and 25(OH)D3 and therefore equipotent for the measurement
of the two metabolites (Glendenning et al., 2006, Binkley et al., 2010).

2.7.3 HPLC and LC-MS/MS

The use of UV detection-based HPLC assays for 25(OH)D was first reported in 1977 (Eisman et
al., 1977, Gilbertson and Stryd, 1977). The method is however considered a cumbersome and
laborious technique which involves chloroform-methanol extraction followed by
chromatography on sephadex/silica gel columns, followed by HPLC with UV detection (Fraser
and Milan, 2013). Therefore, this technique cannot be routinely used in a normal clinical

laboratory requiring a fast turnaround time.

The use of LC-MS/MS has gained momentum and has become the method of choice in
measuring steroids such as 25(0OH)D. This is because it requires small sample volumes, has fast
analysis times and improved specificity (Keevil, 2013). However, LC-MS/MS has a number of
shortcomings, because it requires the removal of protein and other interfering substances from
the sample before analysis. In most instances, the protein molecules block the instrument leading

to failure in achieving the required concentration of the analyte (Taylor, 2005).
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2.8 The need for standardization of 25(OH)D assays

The varied performance of 25(OH)D assays in various laboratories has resulted in the
establishment of the International External Quality Assessment Scheme for vitamin D
metabolites (DEQAS) over the past three decades (Mayer and Schmidt-Gayk, 1984, Carter and
Short, 1988). This establishment was aimed at improving the accuracy and precision of the
25(0OH)D assays. DEQAS was formed to allow scientists to assess the reproducibility of their
assay and to compare their assay results to assays using the same technique and with different
assay techniques (Carter et al., 2004). Researchers have called for vitamin D standardization
because assay variations were found to confound the diagnosis of hypovitaminosis D. This is
because whether an individual is found to have low or normal vitamin D status was a function of
the laboratory being used (Binkley et al., 2004). A potential confounder between assays is the
interference of other circulating vitamin D metabolites (Carter et al., 2016). Due to regular
monitoring of 25(OH)D between laboratories across the world on a quarterly basis by DEQAS, it
is acknowledged that 25(OH)D assays have improved, with better agreement between
laboratories and methods (Carter et al., 2010). Since the inception of DEQAS (Carter and Short,
1988), vitamin D assays have come full circle from rigorous extraction, chromatographic
methods to less rigorous methods to the modern equivalent of extraction/chromatographic assays
conducted in specialist laboratories (Carter et al., 2018). But researchers have acknowledged that
25(OH)D remains a “difficult” analyte to measure due to its hydrophobic nature, its existence in

several different molecular forms and its tight binding to DBP (Carter, 2012).

For quite some time, the absence of a recognized international reference standard for 25(OH)D;
and 25(OH)D3 in assays has meant that most vitamin D researchers have produced their own
standard and calibrator material for HPLC and LC-MS/MS methods. The initial idea was to
obtain the purest form of 25(OH)D, or 25(0OH)D3 available commercially and dissolve these in
sufficient quantity in ethanol. This was to enable spectrophotometric estimation of absorbance at
both 265 nm (maximum absorption) and 228 nm (minimum absorption) to evaluate for purity.
The ultimate step was to use the appropriate molar absorption coefficient (MAC) to calculate an
accurate concentration of 25(0OH)D, and 25(OH)Ds3 in a sample. However, this approach was not
error-free; its problems were associated with the purity and source of 25(OH)D and the need to
dissolve 25(OH)D in an organic solvent. The diluent/matrix used to make subsequent standard

dilutions had resulted in the presence of DBP of different species with varying affinities for
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25(0OH)D; and 25(0OH)D3 and the marked variability in the MACs used (Fraser et al., 2013). The
standardization of 25(OH)D is still work in progress, but the elimination of matrix effects
associated with DBP is a challenge, and will require the continual vigilance of analysts and
clinicians and ongoing dialogue with manufacturers (Carter, 2012, Carter et al., 2018).

The researchers have recognized the advantages that are to be achieved from creating an
international vitamin D status database. Hence the US office of Dietary Supplements has
organized a project, the Vitamin D Standardization Program, (VDSP) with the aim of
standardizing measurements conducted in national health surveys to those of the Reference
Measurement Procedure (RMPs) developed by NIST (National Institute of Standards and
Technology) and the University of Ghent (Coates, 2011, Sempos et al., 2012). This is because
epidemiological studies can provide information on 25(OH)D normative data but differences in
methods used in national surveys have limited the extent to which the results can be pooled
(Carter, 2012). As a result, laboratory standardization in vitamin D research is an essential
element in developing consensus regarding the 25(OH)D to define vitamin D status (Bouillon,
2017, Binkley et al., 2017, Herrmann et al., 2017). In order to achieve vitamin D standardization
researchers (Sempos et al., 2020), assigned to VDSP have established criteria for selecting an

assay, which is as follows:

¢ Fit for use — The assay for the required test must perform appropriately and provide
standardised measurements in the patient/study populations in the conditions for which it
will be used.

%.The assay must be certified by the centre for disease control and prevention (CDC)
vitamin D standardization certification program as being standardised and having an
appropriate measurement range or be a documented standardised laboratory-developed
HPLC or LC-MS/MS assay with an appropriate measurement range.

“+The assay is expected to have appropriated level of precision and accuracy.

% The assay is required to meet VDSP assay criteria wherein the total CV is < 10% and
mean bias with the range of -5 to +5%.
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2.9 Vitamin D status across the continents of the world

Vitamin D status has been documented widely across different communities (Prentice, 2008,
Mithal et al., 2009, Van Schoor and Lips, 2011). Difficulties in determining the prevalence of

vitamin D deficiency among different communities is the result of several factors such as:

1. Defining the cut-off points used to define vitamin D deficiency.
2. The season of the year in which the study was conducted.
3. The assay used to determine the 25(OH)D concentrations.

2.9.1 South Africa

Several studies on vitamin D status have been conducted in South Africa on vitamin D status
dating back to 1978 ( Pettifor et al., 1978a, Pettifor et al., 1978b, Daniels et al., 1997, Kruger et
al., 2011, Martineau et al., 2011b, Velaphi, 2017). In Johannesburg, elderly South African
patients with femoral neck fractures were observed to have low (25(OH)D, 44.3 nmol/L) as
compared to children living in the same area (25(OH)D, 76.8 nmol/L) (Pettifor et al., 1978a). In
another study conducted in infants and children of mixed ancestry (N =285, aged 1 to 17 years),
the 25(OH)D was lower in older children aged around 8 years (85.5 to 56.8 nmol/L) and it was
suggested that these children spent less time outdoors because of engagement with school
activities (Pettifor et al., 1978b). In a group of nurses, black nurses had significantly lower
25(0OH)D (47.5 versus 64.5 nmol/L, p = 0.0001) and higher 1,25(0OH),D (35.2 versus 26.1 pg/ml,
p = 0.0001) compared to their white peers (Daniels et al., 1997). These findings are similar to
those reported from the US, where African Americans have lower 25(OH)D and higher
1,25(0H),D than white Americans (Harris, 2006). In a study conducted in Mangaung (Free State
Province) on urban black communities, the mean 25(OH)D of 96 + 11.2 nmol/L was found to be
‘adequate’ (96%) for vitamin D status (> 50 nmol/l), with only 4% having 25(OH)D levels
between 30 - 50 nmol/L (Lategan et al., 2016). It was suggested by the authors that the good
25(0OH)D levels were due to latitude, a sunny climate, and sufficient sun exposure.

With the HIV pandemic being on the rise in early 2000 and researchers being aware of the non-
calcaemic vitamin D functions, there was an interest in associating vitamin D with HIV, TB and
other disease conditions (Djennane et al., 2014b). In a study by Martineau et al. 2011b in Cape
Town, 67.0% of young adults (aged 19.7 — 38.2 years) were vitamin D deficient (< 50 nmol/L).
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Vitamin D deficiency was associated with susceptible to active TB, both in the presence and

absence of HIV infection.
2.9.2 Summary of vitamin D status in other continents

2.9.2.1 Africa

Several studies assessing vitamin D status have been conducted in various parts of the African
continent and also in the African diaspora. From North Africa, Djennane et al., 2014b study of
Algerian children and adolescents (5 - 15 years) found that vitamin D insufficiency (25(OH)D <
50 nmol/L) to be present in 52% of the studied population despite a sunny environment. In
Morocco, studies in healthy children are still lacking. Bouaddi et al., 2014 in a study of
Moroccan children with juvenile idiopathic arthritis have found hypovitaminosis D (25(OH)D of
< 50 nmol/L) to be 75%. In addition, a study in adults has also reported a hypovitaminosis D of
91% (25(OH)D < 75 nmol/L) (Allali et al., 2009).

In West Africa (Nigeria), children aged between 3 and 36 months were found to have calcium
insufficiency rather than vitamin D deficiency, the former most likely contributing to the
etiology of rickets in this age group. The 25(OH)D concentrations were considered to be
‘normal’, supporting the contention that rickets in this population of children, which is due to
vitamin D deficiency, is an uncommon phenomenon (Pfitzner et al., 1998). Thacher et al., 2012

also reported similar findings in other Nigerian children.

In Tanzania, (East Africa), a cross-sectional study of vitamin D status among 191 HIV-exposed
uninfected 6-month-old infants enrolled in a randomized, double-blind, placebo-controlled trial
was conducted. A third of the subjects were classified as vitamin D deficient (< 50 nmol/L), half
were vitamin D insufficient (50 — 75 nmol/L, 48.7%) and less than 20% as vitamin D sufficient
(> 75 nmol/L). Independent risk factors for vitamin D deficiency were sampling during the rainy
season and infant wasting (Rwebembera et al., 2013). Another study in Tanzania, conducted in
infants at 6 weeks and again at 6 months of age, born to HIV-uninfected mothers, found the
prevalence of vitamin D deficiency (<50 nmol/L) to decline from approximately 76% at 6 weeks
of age to 21% at 6 months. However, there was no association of vitamin D status at 6 weeks or

6 months of age with mean length for age Z-score (LAZ) or weight for length Z-score (WLZ)
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trajectory, nor with the incidence of stunting, wasting, or being underweight (Sudfeld et al.,
2017).

2.9.2.2 North America

Data from the United States had showed the prevalence of hypovitaminosis D to be significantly
higher in African Americans as compared to their Caucasian counterparts, irrespective of age
(Perry et al., 1993, Nesby-O'Dell et al., 2002, Rucker et al., 2002, Harkness and Cromer, 20053,
Mansbach et al., 2009, Langlois et al., 2010). In these studies, there was no uniformity in
categorizing vitamin D status in terms of deficiency, insufficiency and sufficiency and there were
no consistencies in reporting of units for 25(OH)D; some researchers used nanomole per litre
(nmol/L), while others reported the results in nanogram per millilitre (ng/ml). Different assay
methodologies in testing for 25(OH)D were also used, hence making comparisons between

laboratories a challenge.

Despite some foodstuffs especially milk being fortified with vitamin D, there are still reports of
hypovitaminosis D among the different ethnic groups in the US (Harkness and Cromer, 2005a).
In a children’s study conducted in Philadelphia, Pennsylvania area (Latitude 40° N), the
prevalence of hypovitaminosis D (< 75 nmol/L) was 68% (51% among Caucasians and 94%
among blacks). Hypovitaminosis D in these children was associated with greater fat mass and
higher body mass index z-scores, measurement during winter, older subjects with darker skin
colour and households with lower caregiver education levels. Another contributing factor to low
vitamin D status was lower dietary intake of vitamin D (Weng et al., 2007) due to a preference

for foods not fortified with vitamin D and also not consuming vitamin D supplements.

In another larger study in the US-NHANES, the majority of children were found to have
suboptimal levels (50 to < 75 nmol/L) of 25(OH)D, especially non-Hispanic black and Hispanic
children (Mansbach et al., 2009). Some researchers have suggested that maintaining 25(OH)D
concentrations above the “sufficiency or optimal” level (>50 nmol/L) throughout the year may
be a cost-effective measure of improving bone health especially in adolescent children (Cashman
et al., 2008). In general, the prevalence of vitamin D deficiency/hypovitaminosis D in the US is
high in African American children, and is accompanied by secondary hyperparathyroidism,
which may potentially lead to bone resorption (Gordon et al., 2004). Lack of diets sufficient in

vitamin D and seasonal variations in UV exposure may explain the prevalence of this nutritional
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deficiency among otherwise healthy children. Hence, Moore et al., 2005 has recommended that
“An alternative to greater sun exposure is to increase the availability of fortified foods,
supporting the greater use of dietary supplements and encouraging changes in dietary patterns to
consume more food fortified with vitamin D should be considered to address this important
health issue”. However, this may be a problem in families with low socioeconomic status (SES)

and with no information on the importance of vitamin D in bone health and disease.

2.9.2.3 Latin America

Few studies have been reported on vitamin D status among different populations in Latin
America. Brazil is a Latin American country that falls under a list of countries that have sunshine
in abundance (El-Hajj et al., 2001, Thacher et al., 2012, Al-Ghamdi et al., 2012). But
unfortunately, it does not escape the effects of hypovitaminosis D. The median population of
25(0OH)D in a study of adults (18 — 90 years) conducted in Sao Paulo was reported to be 54
nmol/L and 77% had hypovitaminosis D (< 75 nmol/L). As a result, living in a sunny country
does not always guarantee sufficient 25(OH)D in an otherwise healthy population. Another
possible cause for hypovitaminosis D suggested by authors was the avoidance of sunlight
exposure by using UV protection cream, which is strongly recommended for the prevention of

skin cancer by dermatologists (Unger et al., 2010).

In Chile, vitamin D deficiency (< 50 nmol/L) was reported in children living in austral latitudes
but surprisingly 25(OH)D had no association with PTH, calcium, and phosphate (Le et al.,
2013b) as reported by other researchers (Oliveri et al., 1993, Weng et al., 2007). This vitamin D
deficiency picture is similar to what has been reported in Argentina in both the urban and rural
communities (Gobbi et al., 2009, Brito et al., 2013).

2.9.2.4 Europe

Europe, as a continent is also reported to have a problem of hypovitaminosis D in varying
degrees across its countries (McKenna, 1992). Furthermore, reports in European countries have
found that countries located at higher latitudes (46°N, 56°N, 64°N) and without health programs
or policies in place for food fortification and supplementation are often at the receiving end of
hypovitaminosis D (Kristinsson and Valdimarsson, 1998, Marrone et al., 2012, Thuesen et al.,
2012). A study in northern Italy on children (2 — 220 months) has shown vitamin D deficiency (<

37.5 nmol/L) to be common (> 50% of the study population) especially in the winter months.
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However, the deficiency was higher in migrant subjects with darker skin colour from India and
Africa as compared to their white Italian peers. There is a handful of foods that naturally contain
vitamin D and in Italy, there are only a few foods that are fortified. Hence it was emphasised that
darker-skinned subjects should be targeted for screening and the caregivers must be educated on
the advantages (prevention of bone-related diseases and non-bone related diseases) of exposing
children to sunlight (Rovner and O'Brien, 2008, Marrone et al., 2012). Another European
country undergoing challenges of vitamin D deficiency due to low vitamin D intake is Austria
(48°N). Vitamin D intakes (2.1 = 1.4 ug/dl) were reported to be lower in 68% of the total
population, and did not meet the dietary vitamin D recommendations. Adolescent children aged
15 -19 years had also shown a high incidence of low vitamin D intake (1.6 £ 1.0 pg/dl, with a
vitamin D status of 11.2 + 8.1 nmol/L) (Koenig and Elmadfa, 2000). A recent study has also
found dietary vitamin D to be low across all age ranges and that it has failed to meet dietary
reference ranges as recommended by other nutrition societies. (Elmadfa, 2017). Children often
had low intake levels (1.39 pg/dl (0.93) in boys and 1.26 ug/dl (1.00) in girls). This was
evidenced by 13 - 14 year-old girls who had the lowest median 25(OH)D level (40.2 nmol/L, 1Q
range: 25.0) while the boys of this age group had a higher median level though not significant
(51.6 nmol/L, 1Q range: 36.8) (Elmadfa, 2017). However, other European countries have
programs of vitamin D fortification and supplementation in place. In a study of Finnish children
(62°N) by Piirainen et al., (2007), results have shown that national fortification of fluid milks
and margarines with vitamin D safely improved vitamin D in children during wintertime. Hence,
25(0OH)D was higher after fortification (65 (95% CI1 59.7 — 70.1) nmol/L) as compared to before
fortification (55 (95% CI 51.0 — 58.4) nmol/L; p = 0.002). A similar study in Swedish women
(60°N) has shown vitamin D intake (through fatty fish, vitamin D-fortified reduced-fat dairy
products, regular supplement use and taking a sunny vacation) to be directly proportional to
25(0OH)D in the winter months (Burgaz et al.,, 2007). However, errors of vitamin D
supplementation were reported by Chirita-Emandi et al., 2015, in Romania where higher mean
vitamin D levels were found in the 0 to 2 year old age group (0 - 1 year olds, mean 25(OH)D =
171 nmol/L; 1 - 2 year olds, mean 25(OH)D = 162 nmol/L) compared to older age groups. Based
on supplement errors found, it was an eye-opener for the need to increase awareness on the

importance of preventing vitamin D supplementation administration errors in young children.
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Multicentre studies have also assessed vitamin D in adolescent children. One of the studies is the
OPTImal FORtification of vitamin D study in adolescent girls (mean age 12.5 years) from 4
northern European countries (Denmark, Finland, Poland and Ireland (51°N — 60°N). The
prevalence of vitamin D deficiency (25(OH)D < 25 nmol/L), ranged from 26 to 51% while over
90% of the adolescents had suboptimal 25(OH)D levels of < 50 nmol/L (Andersen et al., 2005,
Tylavsky et al., 2006). In the Healthy Lifestyle in Europe by Nutrition in Adolescence
(HELENA) study in nine European countries, almost 80% of 1006 adolescents aged 12.5 — 17.5
years had suboptimal levels; sufficiency was classified as > 75 nmol/L. It was found that 39% of
the study population had levels of 50 — 75 nmol/L, 27% were classified as deficient (27.5- 49.99
nmol/L) and 15% as severely deficient (< 27.5 nmol/L). Adolescent males were found to have
higher 25(OH)D and higher vitamin D intakes than their female peers (Valtuena et al., 2013).
Evidence from literature review in central European populations has concluded that 25(OH)D
levels had a mean below 75 nmol/L (Pludowski et al., 2014). Hence proper administration
of vitamin D3 and calcium supplementation may decrease the incidence of bone-related diseases

in the young and elderly subjects (Lips, 2001).

2.9.2.5 Asia

Asia is another continent which has not been spared from the harmful effects of hypovitaminosis
D even though much of the continent is blessed with an abundance of sunlight. In India, the
majority of data published on infants, toddlers and the elderly has reported a high prevalence of
vitamin D deficiency and insufficiency irrespective of the cut-off points used by the authors
(Agarwal et al., 2002, Harinarayan, 2005, Goswami et al., 2008, Sahu et al., 2009). In a study
conducted in rural India, there was significant seasonal 25(OH)D variation and a high prevalence
of vitamin D deficiency in pregnant women and adolescent girls. However, boys were found to
have significantly higher 25(OH)D levels as compared to their female counterparts [67.5 + 29.0
(nmol/L) versus 31.3 £ 13.5 (nmol/L), (p < 0.001)]. This finding is in line with the Indian
tradition which allows boys “greater freedom to be outdoors and have preference in terms of
their diet”. This tradition impacts negatively on the vitamin D status and bone mass of girls
(Sahu et al., 2009). In a similar study in Delhi, India (28°N) which is regarded as one of the most
polluted cities in the world, children were found to be at risk of developing vitamin D deficiency
rickets. Vitamin D supplementation or fortification of foodstuffs was suggested as the “magic

pill” that would reverse the clinical condition (rickets) (Marwaha et al., 2005, Puri et al., 2008,

38



Marwaha et al., 2011). Both the urban and rural Indian data show that children, adults and the
elderly may suffer from metabolic bone diseases such as rickets, osteomalacia, and osteoporosis
as a result of vitamin D deficiency. Other similar studies on hypovitaminosis D were reported in
Pakistan (Rashid et al., 1983, Dar et al., 2012, Shah et al., 2014). This high prevalence of low
25(0OH)D levels in South Asian countries may be explained in terms of skin pigmentation,

traditional clothing, air pollution, and limited outdoor lifestyle.

In general, hypovitaminosis D in the Middle East has been explained by insufficient sun
exposure to the skin due to cultural practices and prolonged breastfeeding with no vitamin D
supplementation or fortification. The Middle East (15° — 36° N), as part of the Asian continent,
receives enough sunlight throughout the year to ensure vitamin D sufficiency in most persons
who spend time outdoors. However, sunlight exposure is limited by cultural practices which
make its ability to reach the human skin a challenge. A cultural practice (covering of the whole
body with clothes) in the Middle East that require immediate attention is about mothers being
vitamin D deficient. These mothers are putting their infants at risk of vitamin D deficiency due

to prolonged breastfeeding without vitamin D supplementation (Taha et al., 1984).

2.9.2.6 Australasia

New Zealand has also encountered the challenges of hypovitaminosis D, despite the hours of
sunshine being enough to produce sufficient vitamin D on the skin (Rockell et al., 2008). A study
in New Zealand has found on average, 19% of newborns had 25(OH)D < 25 nmol/L and 57%
had levels of less than 50 nmol/L, with only 27% having levels of 75 nmol/L or higher (Camargo
et al., 2010), which are levels associated with optimal health in older children and adults (Hill et
al., 2006, Holick, 2007a). However, the strongest determinants of 25(OH)D in newborns’ cord
blood were winter month of birth and non-European ancestry. Another study in children (New
Zealand European and other Europeans) aged 12 — 22 months has found approximately 94% of
children to have 25(OH)D of > 50 nmol/L in the summer season and 80% of participants
sampled in the winter season to have 25(OH)D of < 50 nmol/L. This showed that there is
seasonal variation in 25(OH)D levels and it further implies that post-summer vitamin D stores
were not enough to maintain 25(OH)D levels of greater than 50 nmol/L (Houghton et al., 2010).
The mean concentration of 25(OH)D (52 nmol/L) in children aged 12 — 22 months was similar to

that observed in the 2002 National Survey of New Zealand children aged 5 — 14 years (50
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nmol/L) (Houghton et al., 2010). The study on 5 - 14 year-old children found that vitamin D
deficiency was < 17.5 nmol/L, in 5% (Maori), 8% (Pacific) and 3% (New Zealand Europeans)]
and insufficiency (< 37.5 nmol/L, New Zealand, 41% (Maori), 59% (Pacific) and 25% (New
Zealand Europeans) in almost all age groups (Rockell et al., 2005, Daly et al., 2012). The
prevalence of hypovitaminosis D was reported to increase with age and the disturbing issue was
the high risk of compromised growth and development as 25(OH)D concentrations decreased
from replete to deficient. At present, there is no universal food fortification with vitamin D in
New Zealand and Australia. As a result, the main source of vitamin D is through skin exposure
to sunlight for the endogenous synthesis of vitamin D in the body (Vanlint, 2005, Rockell et al.,
2008).

Australia is a developed country which has good nutritional and health standards, and has
sufficient sunshine (an annual average of approximately 7 hours) for the cutaneous synthesis of
vitamin D. The issue is, 95% of skin cancers and 99% of melanomas in Australia are due to sun
exposure, hence avoiding skin cancer by applying sunscreen or having limited outdoor activity

may lead to vitamin D deficiency and vice versa (Moan et al., 2008).

There have been confirmed case series of rickets (median age 15.1 months) due to vitamin D
deficiency of < 20 nmol/L (25(OH)D and confirmed rickets by long bone x-ray changes such as
cupping, slaying, and fraying of the metaphysis), which mirrors the immigration trends
(Robinson et al., 2006). A study by McGillivray et al., 2007 has found immigrant children (mean
and sd 8.9 + 4.4 years) from East Africa living in Melbourne Australia (37°49 South) to have
asymptomatic vitamin D deficiency. Low 25(OH)D levels of < 50 nmol/L occurred in 87% of
the studied population and vitamin D deficiency (< 25 nmol/L) was 44%. The risk factor was
increased skin pigmentation and the tendency to spend time indoors (McGillivray et al., 2007).
There was also a problem in newly arrived refugee children (age range from 0 to 17 years) in
Sydney Australia, wherein vitamin D deficiency was the most common diagnosis: 61% had
serum 25(0OH)D; of < 50 nmol/L (Sheikh et al., 2009). Another study has reported vitamin D
deficiency (< 25 nmol/L) of 25(OH)D in at-risk African populations in Sydney Australia to be
87%. It was recommended that there must be a screening of vitamin D deficiency and routine
vitamin D supplementation in at-risk populations such as dark-skinned or veiled groups (Benitez-

Aguirre et al., 2009). Immigrants from other countries were also found to have vitamin D
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deficiency in Australia which was related to darker skin colour, culture and indoor lifestyle (Jang
etal., 2013).

A position statement by New Zealand and Australian researchers has recommended that the level
for serum (25(OH)D) in infants, children, adolescents and during pregnancy and lactation should
be 50 nmol/L. This level may need to be 10-20 nmol/L higher at the end of summer to maintain
levels of 50 nmol/L over winter and spring. Children over 12 months are requested to consume
600 IU of vitamin D daily in their diet, and during pregnancy and lactation assuming minimal

sun exposure (Paxton et al., 2013).

2.9.3 Prevalence of vitamin D deficiency

Vitamin D deficiency (Table 2.5, page 42) is shown to be a worldwide phenomenon and has
been described as a pandemic. Despite the difference in cut-offs reported by researchers, vitamin
D deficiency has been found in every continent, across all ages, genders, ethnicities and also in
countries with an abundance of sunlight. Recently, a systematic review and meta-analysis of
studies that measured 25(OH)D levels in healthy participants residing in Africa has showed that
the prevalence of vitamin D deficiency is high in the Africa population (Migore et al., 2020).
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Table 2.4: Prevalence of vitamin D deficiency across the continents based on various cut-offs of deficiency

Africa
Author Place Latitude Vitamin D cut-off  Prevalence Subjects
Pettifor et al., 1978a South Africa 26.2056° S <25 nmol/L 0% Children
(Cape Town)
Meddeb et al., 2005 Tunisia, Tunis 36°4656 N <37.5 nmol/L 48% Women
(Ariana)
Wejse et al., 2007 West Affrica, 11.8037° N <50 nmol/L 9% TB patients, Adults
(Guinea Bissau) 13.2% controls
Martineau et al., 2011a South Africa 33.9249° S < 50 nmol/L 62.7% Adults
(Cape Town)
Sudfeld et al., 2012 Tanzania 6.3690° S <50 nmol/L 9% Adults on ART
(Dar es Salaam)
Djennane et al., 2014a Northern Algeria 36°0.45'N < 30 nmol/L 8% School children
(Tizi-Ouzou)
George, 2014 South Africa 26.2056° S < 30 nmol/L 28.6% Indian Adults
(Johannesburg) 5.1% Black African Adults
Lategan et al., 2016 South Africa 29.0852° S 30 — 50 nmol/L 4% Adults
(Free State)
Velaphi, 2017 South Africa 26.2056° S < 30 nmol/L 18.8% Women
(Johannesburg) 39.8 Newborns
Asia
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Harinarayan, 2005

Hashemipour et al., 2006

Harinarayan et al., 2007

Puri et al., 2008

Goswami et al., 2008

Sahu et al., 2009

Harinarayan et al., 2011

Neyestani et al., 2012

Al-Ghamdi et al., 2012

Khan et al., 2012a

South India
(Tirupati)

Iran (Tehran)

South India (Tirupati)
India (New Delhi)
India (New Delhi)
North India

(Barabanki)
South India (Tirupati)

Iran
(Tehran)

Saudi Arabia
(Jeddah)

Pakistan (Karachi)

12.2602° N

35.6892° N

12.2602° N

20.5937° N

20.5937° N

8°4't0 37°6' N

12.2602° N

35.6892° N

23.8859° N

30.3753° N

< 25 nmol/L

< 35 nmol/L

<50 nmol/L

< 50 nmol/L

< 50 nmol/L

< 50 nmol/L

< 50 nmol/L

<12.5 nmol/L

< 25 nmol/L

< 25 nmol/L

< 50 nmol/L

30%

81%

44% Men
70% Women
69%

94%

89% adolescents
74% pregnant women
76%

38.3% Severe vitamin
D deficiency
86% Vitamin D

deficiency

2.5% (6-9 years)
31% (13-14years)
64% (15-18years)
92%

Postmenopausal
Healthy adult women
Healthy subjects
Children

Children
Adolescents and
pregnant women
Reproductive women
and postmenopausal

women

School age children

Children

Pakistani females
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Wang et al., 2017 China 49.7448" N <50 nmol/L 6% Children
(Huzhou Maternal and
Child Care Hospital)
Australasia
Brock et al., 2004 Australian Immigrants 25.2744° S <25 nmol/L 28% Chinese Elderly subjects
(Chinese 58% Middle East
Middle East 18% Vietnamese
Vietnamese)
Rockell et al., 2005 New Zealanders 40.9006° S <17.5 nmol/L Children
(Dunedin)
Maori 5% Maori
Pacific 8% Pacific
NZEO 3% NZEO
Europe
Lapatsanis et al., 2005 Greece (Northwest of 37°59'1.7160" N < 25 nmol/L 47% Children
Greece)
Harel et al., 2011 Rhode Island (Hasbro’s ~ 41.5801° N < 50 nmol/L 53% Female, 47% Adolescents
children hospital) Male
Andiran et al., 2012 Turkey (Ankara) 38.9637° N <37 nmol/L 25% Children and
adolescents
Eggemoen et al., 2013 Norway (Immigrants 60.4720° N Children, adolescents
from Africa and Asia) <50 nmol/L 80% and adults
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Voortman et al., 2015 The Netherlands 52.1326° N < 25 nmol/L 23.6% School children
(Rotterdam)
North America
Mansbach et al., 2009 USA (NHANES) 37.0902° N <25 nmol/L 1% Children
Harkness and Cromer, USA (Greater Cleveland  41° 2958 N < 27.5 nmol/L 17% Adolescent females
2005b Ohio)
Saintonge et al., 2009 USA (NHANES) 37.0902° N 27.5t0 <50 2% to 14% Children
nmol/L
Rajakumar et al., 2011 USA (Boston) 42.3601° N <50 nmol/L 73% Black Children
40% Whites
Coney et al., 2012 USA (Nashville 36.1627° N < 50 nmol/L 98% Black Women
Tennessee) 45% Women
Auetal., 2013 USA (NHANES) 37.0902° N <50 nmol/L 36% Racially diverse
children
South America
Tau et al., 2007 Argentina (Ushuaia, 38.4161° S < 25 nmol/L 0% Children
Tierra Del Fuego)
Gobbi et al., 2009 Argentina(Cordoba 38.4161° S <50 nmol/L 33% Women
province)
Villamor et al., 2011 Colombia (Bogota) 4.5709° N <50 nmol/L 11.6% Children
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Leetal., 2013a

Brito et al., 2013

Chile (Coyhaique)

Argentina (Buenos Aires
City)

45.3551° S

38.4161° S

< 50 nmol/L

< 50 nmol/L

64%

88%

Pre-School children

Women

46



2.9.4 Vitamin D fortification and supplementation

Vitamin D fortification of foods and supplementation have been recommended as methods to
reduce the prevalence of vitamin D deficiency (Agarwal et al., 2002, Moore et al., 2005, Allali et
al., 2009, Al-Ghamdi et al., 2012, Le et al., 2013a). Based on the hypovitaminosis D prevalence
in the US (Buffington et al., 1993, Harris, 2006, Wortsman et al., 2000, Arunabh et al.,
2003), the US Department of Agriculture has recommended a list of foodstuffs to be consumed
that naturally contain vitamin D and foodstuffs that are fortified with vitamin D (Table 2.5) in

order to eradicate the vitamin D deficiency epidemic.

Table 2.5: Examples of foods containing vitamin D, either naturally or through fortification.

Food Amount of vitamin D

Fatty fish (e.g. Canned pink Salmon herring, 2.2 —13.7 pg per 100g (86 — 547 1U)
Canned Mackerel, Canned Sardines)

Portobello and Shiitake mushrooms 0.2 - 0.4 ug per 100g (10 — 18 1U)
Liver (Beef) 1.2 ng per 100g (49 1U)

Eggs (Large, 509) 1.1 pg per egg (441U)

Fortified foods (e.g. Margarine, milk and 5— 10 pg per litre (200 — 4001U)
yoghurts)

Footnote: 1 ug =40 IU
Source: US Department of Agriculture, Agricultural Research Service, USDA, 2012.

USDA National Nutrient Database for standard reference. Release 25 Nutrient data laboratory
Home page. URL: www.ars.usda.gov/ba/bhnrc/nd/(accessed 15 Feb 2013. Note that the

recommendation pertains to US foods, and may not be appropriate in other countries.

In making health practitioners aware of the consequences of hypovitaminosis D, the Institute of
Medicine (US) and the Endocrine Practice Guidelines Committee have established recommended
vitamin D adequate intakes for all age ranges in order to prevent hypovitaminosis D (Figure 2.4,

page 49).

The report estimated that children over 1-year-old need at least 600 1U of vitamin D a day, with a

maximum upper limit of 2500 IU for children aged 1 to 3 years, 3000 IU for children from 4 to 8
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years old, and 4000 IU/day for children aged 9 or more years old (Ross et al., 2011a). The
current Guidelines from the Section on Breastfeeding and the Committee on Nutrition of the
American Academy of Pediatrics recommended a minimum daily intake of 400 U of vitamin D
for all infants, children, and adolescents, starting soon after birth (Wagner and Greer, 2008,
Pediatrics, 2012). On the other hand, some researchers (Holick, 2010, Holick, 2011) estimated
that teenagers and adults need at least 2000 IU of vitamin D a day to meet their body’s
requirements. Concerning serum levels, the 2011 I0M Committee targeted a serum level of at
least 50 nmol/L of 25(OH)D as meeting the needs of nearly all children, in agreement with the
Pediatric Endocrine Society (Misra et al., 2008).
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Figure 2.4: Vitamin D intakes as recommended by Institute of Medicine (US) and the Endocrine

Practice Guidelines Committee. Source: Hossein-nezhad and Holick, 2013.

Figure 2.4 depicts the recommendations of the Institute of Medicine and the Endocrine Society
for vitamin D requirements in order for the public to attain “sufficient” or “optimal” 25(OH)D

level (Holick et al., 2011, Ross et al., 2011a). The IOM report focuses on the bone health level as
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it found no evidence that a serum 25(OH)D of greater than 50 nmol/L had beneficial effects at a
population level. However, the Endocrine Society has considered that vitamin D has functional
activity beyond skeletal function. Hence, it has recommended that serum 25(OH)D levels of 75
nmol/L should be attained in order to avoid non-skeletal diseases that may be associated with

low vitamin D status.

2.9.5 Consequences of vitamin D deficiency

Until recently, the only known consequence of vitamin D deficiency was related to bone and
mineral metabolism, but there has been an emergence of evidence which suggests that vitamin D
deficiency may also be associated with non-bone related diseases (Farrag et al., 2017, Gong et

al., 2017), as illustrated in figure 2.5 (page 51).
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_CAUSES] VITAMIN D DEFICIENCY [CONSEQUENCES]
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Figure 2.5: Major causes of vitamin D deficiency and potential health consequences. HBP -
High blood pressure, AODM — adult onset diabetes mellitus, CHD - coronary heart disease, FEV
- forced respiratory volume, HAART - highly active antiretroviral therapy, MS - multiple

sclerosis, RA - Rheumatoid Arthritis, Tb - tuberculosis, UTI - urinary tract infection.
Source: Wacker and Holick, 2013.

2.9.5.1 Rickets and Osteomalacia

Vitamin D deficiency results in a disease condition called rickets in children. This is a disease of
bone mineralization in childhood which results in soft bones that bow under the weight of the
body (Wharton and Bishop, 2003), due to the mineralization defect at the epiphyseal growth
plates and bone tissue. Vitamin D deficiency in adults leads to osteomalacia which is a
mineralization defect of the bone tissue after the closure of the growth plate (Soliman and Kalra,
2013).

2.9.5.2 Hypertension

Hypertension is a worldwide phenomenon, with higher prevalence in blacks compared to their
Caucasian counterparts and other ethnic groups (Van Rooyen et al., 2016, Mokwatsi et al., 2017,
Swart et al., 2017). Its prevalence is inversely associated with vitamin D status (Forman et al.,

2007, Rostand, 2014). This was also reported 30 years ago when an inverse association between
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25(0OH)D, 1,25(0OH)2D and plasma renin activity in hypertensive patients was described
(Resnick et al., 1986). Evidence shows that in humans, skin exposure to UVB has been linked to
a decrease in blood pressure (Kunes et al., 1991). However, this association was not found in
other studies (Lind et al., 1995, Jorde et al., 2010a). An experimental study by Weng et al., 2013
has emphasized the relationship by reporting that apolipoprotein E-null mice, when given a diet
lacking vitamin D, develop increased systolic and diastolic blood pressure as well as increased
plasma renin activity that is reversed by a vitamin D sufficient diet. Furthermore, laboratory
animal experiments have implicated 1,25-dihydroxyvitamin D in inhibiting renin expression in
the juxtaglomerular apparatus and blocking the proliferation of vascular smooth muscle cells
(VSMC), influencing systemic blood pressure (Li et al., 2002, Abolfotouh et al., 2012).

2.9.5.3 Dyslipidaemia

Studies have associated abnormal lipid profiles with atheromatosis, a condition in which the
arterial wall becomes thick and hard as a result of the accumulation of plaque leading to heart
attack (Duff and McMillan, 1951, Chambless et al., 1997). Another known predictor of
cardiovascular diseases (CVD) is obesity. Furthermore, overweight (BMI 25-29.9 kg/m?) and
obesity (BMI >30 kg/m?) are often related to unfavourable lipid profile (Szczygielska et al.,
2003). 25(0OH)D levels have been associated with dyslipidaemia in children (Kumar et al., 2009,
O'Donnell, 2015) and adults (Wang et al., 2016). In US children and adolescents aged 1 — 21
years (adjusted for age, sex, and ethnicity), 25(OH)D deficiency was associated with
cardiovascular risk factors which included high blood pressure, low HDL cholesterol and high
PTH (Kumar et al., 2009). But, in another US study involving adolescents (adjusted for age,
ethnicity, socioeconomic status and waist circumference), higher calcium levels predicted
increased cardiovascular risk rather than low 25(OH)D levels or high PTH levels (Williams et
al., 2011). The authors, however, cautioned that their findings required replication in prospective
studies. In Finnish prepubertal children (6 to 8 years) higher serum 25(OH)D was associated
with lower plasma total cholesterol (TC), LDL cholesterol, HDL cholesterol, and triglycerides.
However, after adjusting for confounders, the associations with triglycerides disappeared
(Soininen et al., 2018). Low serum 25(OH)D in obese children has been associated with
abnormalities in the lipid profile with hypertriglyceridaemia (Rodriguez-Rodriguez et al.,
2011) and low HDL-C (Johnson et al., 2010, Rajakumar et al., 2011). The problem in the
majority of studies is that they are cross-sectional in design, with only a handful of longitudinal

data reported (Jorde et al., 2010b, Williams et al., 2014, Faridi et al., 2017). In a study by Jorde
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et al. (2010b), a longitudinal association of serum 25(OH)D with triglycerides in adults over a 14
year period (after adjusting for age, sex, and BMI) explained the relation between lower serum
25 (OH)D levels and mortality. In another adult study, vitamin D deficiency was associated with
lower HDL cholesterol and higher TC to HDL cholesterol ratio over a 5 year period after
adjusting for demographic and lifestyle factors (Faridi et al., 2017). More evidence from clinical
trials is warranted to better assess how 25(OH)D may affect lipids and thereby possibly influence
cardiovascular risk. In Avon longitudinal study in children, higher 25(OH)D3 levels were
associated with cardioprotective levels of HDL-C, Apo-Al and adiponectin. But association of
low 25(OH)D3 with cardiovascular risk factors was a mixed bag (low levels of inflammatory
markers, higher Apo-Al and higher triglycerides) (Williams et al., 2014). It was further
suggested that associations in larger prospective studies is warranted. However, a systematic
review and meta-analysis of prospective studies have suggested that vitamin D supplementation
may act to protect against CVD through improving risk factors that include hypertension,
elevated PTH, dyslipidaemia and inflammation (Grandi et al., 2010, Wang et al., 2012).

2.9.5.4 Insulin resistance, and diabetes mellitus

Although diabetes mellitus (type I and Il) has been recognized for quite some time (O'Donnell,
2015, Zaccardi et al., 2015), its prevalence is increasing due in large part to nutritional transition
and populations being exposed to high fat and sugar diets with less physical activity. The
prevalence of diabetes mellitus for all ages was estimated to be 2.8% in 2000 and projected to be
4.4% by 2030 (Wild et al., 2004).

The relation between low vitamin D status and insulin resistance has been reported (Norman et
al., 1980, Cade and Norman, 1986), and is now receiving increased attention (Scragg et al., 2004,
Chiu et al., 2004). Hypovitaminosis D has been suggested to be a risk factor for reduced insulin
secretion, impaired glucose tolerance, and non-insulin dependent diabetes mellitus (NIDDM) in
adults (Norman et al., 1980, Cade and Norman, 1986, Boucher et al., 1995, Baynes et al., 1997a,
Baynes et al., 1997b, Chiu et al., 2004, Scragg et al., 2004, Talaei et al., 2013, Grammatiki et al.,
2018) and type | diabetes in children and adolescents (Janner et al., 2010, Ziaei-Kajbaf et al.,
2018, Akdere et al., 2018). Studies have also shown vitamin D deficiency to be associated with
type | diabetes (Greer et al., 2007, Svoren et al., 2009, Janner et al., 2010), which is regarded as
an autoimmune disease (Bach, 1994). Vitamin D is believed to inhibit the autoimmune response

targeted towards the B cells of the pancreas. There is evidence that vitamin D might influence
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glucose concentrations through its action on vitamin D receptors found in the pancreas (Takiishi
et al., 2010). It has been shown that in both human and animal studies, vitamin D plays an
important role in normalizing insulin release in response to glucose and for maintenance of

glucose tolerance (Orwoll et al., 1994, Palomer et al., 2008).

Controversies still exist concerning the relationship between vitamin D and insulin as some
studies have failed to show any relationship between 25(OH)D and insulin resistance in obese
children (Reinehr et al., 2007, Smotkin-Tangorra et al., 2007) and adults (Del Gobbo et al.,
2010). Some reports have found that the relationship between 25(OH)D concentration and
estimates of insulin secretion disappears when adjusted for the differences in the degree of
adiposity (Del Gobbo et al., 2010, Muscogiuri et al., 2010, Chacko et al., 2011), hence these

findings may suggest that adiposity has a greater influence than vitamin D on insulin status.

In supplementation studies with vitamin D, healthy subjects with initially insufficient serum
25(0H)D levels had no improvement in insulin sensitivity or secretion or in serum lipid profiles
(George et al., 2012). Also in a study on diabetic subjects, Orwoll et al., 1994 reported no benefit
in giving vitamin D supplements. Researchers have suggested that prevention of hypovitaminosis
D in groups at high-risk of NIDDM warrants further study as it may contribute to maintaining
glucose tolerance and avoidance of the decline into NIDDM (Baynes et al., 1997a). In a larger
study, the possible role of vitamin D in diabetes was shown in healthy women (N= 83779), with
no history of diabetes over 2 - 4 years. In this study, a combined daily intake of greater than 1200
mg calcium and greater than 800 IU vitamin D was associated with a 33% lower risk of type 2
diabetes as compared to a daily intake of less than 600 mg of calcium and less than 400 IU of
vitamin D (Pittas et al., 2006).

In further assessing the association between vitamin D status and diabetes, He et al., 2018
conducted a systematic review and meta-analysis on vitamin D supplementation in non-diabetic
subjects. The authors found no significant effect of vitamin D on controlling fasting plasma
glucose, improving insulin resistance or prevention of diabetes mellitus type 2 in non-diabetic
subjects. However in a stratified analysis, vitamin D supplementation had differential effects on
fasting plasma glucose (FPG) control, insulin sensitivity improvement and type 2 diabetes
mellitus prevention in individuals with different baseline states: fasting plasma glucose
decreased in individuals with a BMI of < 25 kg/m? (p = 0.048), insulin resistance was improved
for individuals with 25(OH)D of > 75 nmol/L (p = 0.021) and risk of type 2 diabetes diabetes
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mellitus was lowered for pre-diabetic individuals (p = 0.047) of individuals with BMI of < 25 to
< 30 kg/m? (p = 0.047). A similar investigation in a systematic review and meta-analysis has
reported that there is currently insufficient evidence of the beneficial effects on vitamin D
supplementation as a way of improving glycaemia or insulin resistance in individuals with
diabetes mellitus, normal fasting insulin or improved glucose tolerance (George et al., 2012).
Furthermore, clinical trials should focus on individual baselines and supplementation strategy of

vitamin D in the prevention of type 2 diabetes.

In conclusion, the relationship of vitamin D with metabolic variables is still subject to much
research. Some studies did not show any relationship between insulin in children and adults,
while others have found an association. Supplementation of vitamin D has reported no benefits
in subjects with NIDDM and no NIDDM, but other studies have found a reduction in the risk of
diabetes mellitus. Hence, consensus on optimum vitamin D status required to prevent the risk of
non-bone diseases is still an on-going discussion by the researchers.

2.9.5.5 Autoimmune diseases and cancers

The role of vitamin D deficiency in the development of autoimmune diseases has been reported
over the past 25 years (Kroger et al., 1993). Some studies have found an association between
vitamin D deficiency and autoimmune diseases such as rheumatoid arthritis, systemic sclerosis
and systemic lupus erythematosus (Cutolo et al., 2007, Doria et al., 2008). Impairment of
immune system functioning by a suboptimal vitamin D status in infancy has been suggested to
have long term effects on immune responses later in life (Hypponen et al., 2007), predisposing

subjects to autoimmune diseases and cancers.

Common autoimmune diseases are multiple sclerosis (MS), rheumatoid arthritis (RA), Crohn
disease, type | diabetes and systemic lupus erythematosus (SLE). These clinical conditions result
from abnormal activation of the immune system, whereby the immune response is directed
against harmless self-antigens. The end results are inflammation, tissue damage, and loss of

function of the affected organs or joints (Dankers et al., 2017).

2.9.5.6 Immune system and infections

The association between vitamin D deficiency and infectious disorders has been suggested for
more than 100 years. Prior to the introduction of anti-tuberculosis drugs, infected persons with
TB were treated in sunny mountainous locations in the open, relying on the endogenous

production of vitamin D to promote healing of TB (Chesney, 2010, Hart et al., 2011). The major
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role of the immune system is in combating foreign organisms by halting their spread in the host
and ultimately clearing them from the body. However, pathogen elimination from the body is
extremely complex and relies on an elaborate and dynamic communication network using
soluble mediators (i.e. cytokines). These assist billions of cells that patrol the body and interact

with antigens in order to deal with all pathogens (Dempsey et al., 2003).

The body defence mechanism is comprised of T-lymphocytes, B-lymphocytes, neutrophils and
antigen presentation cells (APC) such as monocytes, macrophages and dendritic cells. The
discovery of VDR in these cells gave researchers the idea that vitamin D may play a crucial role
in the regulation of immune response (Baeke et al., 2010). Furthermore, these immune cells (T
helper cells) express the mitochondrial vitamin D-activating enzyme, 1-o-hydroxylase
(CYP27B1) and thus play a role in converting 25(OH)D to 1,25(OH),D. In-vitro studies showed
that 1,25(0OH),D shifts a cluster of differentiated (CD4) T-cells and major histocompatibility
complex (MHC) class Il molecules to a more anti-inflammatory profile. 1,25(OH),D inhibits
CD4 T-cells from developing a Thl cytokine profile tumour necrotic factor-alpha (TNF-a) and
interferon-gamma (IFN-y). Also, it promotes the expression of T-reg cells (secreting
transforming growth factor-beta (TGF-B) and interleukin 10 (IL-10) and T-helper cells (Th-2)
(producing Interleukin - 4, interleukin - 5, interleukin - 13) (Smolders et al., 2008).

This immunological process is regulated by circulating levels of 25(OH)D which induces the
activation of specific toll-like receptors (TLRs) which act as pathogen detectors (Bikle, 2009).
TLRs are single, membrane-spanning, non-catalytic receptors that recognize structurally
conserved molecules derived from pathogens and activate the innate immunity through cells such
as monocytes, macrophages, natural killer cells (NKC) and dendritic cells (DCs) (Lang et al.,
2013). Hence, researchers have suggested that 1,25(OH),D could play important roles in both

innate and adaptive immune responses as shown in figure 2.6.
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Figure 2.6: Mechanisms for innate and adaptive immune responses to vitamin D.
Source: He et al., 2016.

2.9.5.7 Tuberculosis (TB)

Tuberculosis is a disease associated with a weak immune system and is caused by the bacterium
Mycobacterium tuberculosis, which may affect different organs, but usually involves the
lungs. The vitamin D receptor (VDR) is one of the most frequently studied genes with respect to
pulmonary tuberculosis (PTB) susceptibility but the outcome of results has been conflicting
based on study sample sizes (Bellamy et al., 1999, Babb et al., 2007, Ates et al., 2011). Studies
have reported low 25(OH)D levels to be linked to the presence of TB, even in those countries
with plenty of sunlight (Sloan et al., 2015, Smith et al., 2016, Sharma et al., 2017). This has been
attributed to the choice of lifestyle such as spending more time indoors and covering the skin
with more clothes. On the contrary, a study from The Gambia found higher (mean 62.5
nmol/L) 25(OH)D levels in TB patients as compared to non-TB patients (50.8 nmol/L) (Owolabi
et al., 2016). Similar results were obtained from Zimbabwean patients; hence it was suggested
that prospectively designed studies with larger sample sizes were warranted to further interrogate
the relationship between 25(OH)D levels and TB (Musarurwa et al., 2017).
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2.9.5.8 Respiratory infections and Asthma

There is an increasing body of evidence to support the hypothesis that infections carry a greater
morbidity in asthmatic subjects than in the healthy population (Jackson and Lemanske, 2010).
Studies have also found causality in terms of low 25(OH)D levels and respiratory tract infections
especially in children with respiratory diseases such as asthma (Ginde et al., 2009, Jartti et al.,
2010).

In a systematic review conducted on 23 observational studies, it was found that vitamin D levels
were significantly lower in children with asthma compared to asthma-free children (Jat and
Khairwa, 2017). However, the relationship of 25(OH)D levels with incidence or prevalence of
asthma, lung function and asthma control gave contradictory results in studies (Gupta et al.,
2011, Menon et al., 2012, Krobtrakulchai, 2012). Some researchers are suggesting that vitamin D
deficiency and asthma may be linked to reverse causation because vitamin D is synthesized by
sun exposure and there is high possibility that children with asthma may spend much of their
time indoors due to their asthmatic condition. This is explained by the fact that families want to
keep their children at home for fear of an asthma attack if they went outdoors or engaged in
physical activities (Uysalol et al., 2013). However after adjusting for factors such as ethnicity
and time spent outside the house, there was still a significant association between vitamin D and

asthma exacerbations. Hence, reverse causation may be less plausible (Brehm et al., 2012).

On the contrary, there are also some reports suggesting that vitamin D supplementation can
instead be a risk factor for asthma and other atopic disorders (Wjst, 2006). In a birth cohort study
in Finland, for example, subjects regularly given vitamin D supplementation in the first year of
life (about 200 1U/day) had a marginally significantly higher risk of asthma, atopy, and allergic
rhinitis at 31 years of age than supplemented controls (Hypponen et al., 2004).

There is still no consensus among the studies with respect to vitamin D status and incidence or
prevalence of asthma. Therefore according to Jat and Khairwa, 2017 “large well-conducted
randomized trials of Vitamin D supplementation with different doses and different duration of
supplementation to assess the efficacy of Vitamin D on lung function and asthma control in

children is warranted”.
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2.9.5.9 Neurological diseases

One of the roles of vitamin D that is beyond the bone function is reported to be in the regulation
of brain development and its function. This involves inducing expression of synapse structural
proteins, neurotrophic factors, and deficient neurotransmitters in neurodegenerative diseases
(Mpandzou et al., 2016). In addition, increasing evidence has highlighted the impact of vitamin
D deficiency as a favouring factor in various central or peripheral neurological diseases,
especially multiple sclerosis and several neurodegenerative diseases, such as amyotrophic lateral
sclerosis, Parkinson’s disease and Alzheimer’s disease (TOrok et al., 2013, Littlejohns et al.,
2014, Burton and Costello, 2015). Studies on clinical trials on vitamin D supplementation have
stressed the role of vitamin D as a protective and/or prognostic factor in the onset and progress of

such neurological conditions (Jorde et al., 2008, Pirotta et al., 2015).
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2.9.6 Summary of the introduction and gaps in research

Researchers have considered vitamin D the “sunshine vitamin” because sunshine plays a critical
role in maintaining vitamin D sufficiency in the majority of the world’s population. Only a small
fraction is normally obtained through diet (vitamin D, or D3) from food naturally rich in vitamin
D, fortified food or from supplements. However, factors such as latitude, atmospheric pollution,
seasons of the year, body fat content, lifestyle factors, dietary intake, and skin colour play a

pivotal role in vitamin D status of populations across the globe.

The major function of vitamin D is to facilitate the absorption of calcium and phosphorus in the
GIT for the prevention of bone diseases (rickets, osteomalacia and osteoporosis) by enhancing
skeletal mineralization. Recent published data have established that vitamin D has functions
beyond the bone which involve differentiation, proliferation and cellular function; hence these
are referred to as the non-classical functions of vitamin D. Vitamin D receptors are found in
many tissues in the body other than the bone and small intestine. As a result, vitamin D
deficiency has been linked to diseases that are not bone related such as TB, hypertension, type |
and Il diabetes mellitus, autoimmune diseases, neurological diseases, cancers, respiratory

infections, and asthma.

The challenge in vitamin D research has for decades been around the definition of vitamin D
deficiency, insufficiency, and sufficiency (replete). The IOM and Endocrine Society uses
different cut-offs for these definitions. The IOM defines vitamin D sufficiency based on
maintaining normal musculoskeletal functions and is > 50 nmol/L (20ng/ml). Some researchers
have suggested that 25(OH)D below 30 nmol/L should be considered to be related to an
increased risk of rickets or osteomalacia, and 25(OH)D concentrations between 50 — 125 nmol/L
are regarded as safe and sufficient in the general population for skeletal health. In order to bridge
knowledge gaps in defining hypovitaminosis D, it will suffice to have an international study on
rickets as a multifactorial disease.

The Endocrine Society, on the other hand, defines vitamin D sufficiency as > 75 nmol/L
(30ng/ml) in an attempt to cover functions that incorporate the prevention of the diseases that are
not bone-related. Another thorny issue is the variability in assay methodologies among
laboratories measuring vitamin D status (25(OH)D, and 25(OH)D3) because vitamin D is a

“difficult” analyte to measure. The inability to standardize or harmonize measurement of vitamin
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D metabolites will continue to cause confusion in vitamin D research. Hence, there has been a

call for vitamin D standardization.

Irrespective of the assay and definition used to assess vitamin D status, the prevalence of
hypovitaminosis D is high across the world. Based on the importance of vitamin D status for the
body function, there has been a recommendation for food fortification with vitamin D and for the
use of vitamin D supplementation in order to reduce the prevalence of hypovitaminosis D but it
is not practiced in every country. Lack of adherence to the recommendations and changes in
lifestyle, such as a reduction in outdoor activities and less exposure of the skin to UV radiation
has been reported to be associated with vitamin D deficiency in the majority of the world
populations. On the public health level, governments across the world are spending billions of
US dollars in the treatment of non-communicable diseases such as diabetes mellitus,
hypertension, neurological diseases, and more, which are associated with hypovitaminosis D.
Studies (systematic review and meta- analysis) on vitamin D supplementation have reported that
vitamin D supplementation is important in the prevention or delaying the onset of NIDDM in
pre-diabetic subjects, type | diabetes and other diseases. Contrary to these findings, some reports
have found vitamin D supplementation to be a risk factor for diseases such as asthma and atopic
disorders. However researchers have suggested that more randomised prospective trials using

large sample sizes are still warranted.

The majority of studies have reported vitamin D status in various ethnic and gender groups at
one point only, with only a few studies conducted longitudinally. There is a lack of data
concerning studies involving vitamin D tracking in children, and thus this area warrants further
research. There has been an emergence of evidence on the association of vitamin D status with
diseases that are not associated with bone health but a shortfall has been that the studies were of
a cross-sectional nature. This may pose some doubts because of the factors associated with
vitamin D status. Vitamin D supplementation has been reported to be useful in the correction of
hypovitaminosis D. The usefulness of vitamin D supplementation has been reported to be in the
prevention of noncalcaemic diseases, but not all studies concur. Sufficient vitamin D status has
been reported to be associated with low risk of infectious disease but other studies conducted
closer to the equator have reported a higher prevalence of vitamin D sufficiency with infectious
diseases. The story of vitamin D will continue to unfold even after many decades of research and

more revelations will surely follow as further knowledge regarding this intriguing molecule
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emerges. More prospective randomised clinical trial studies with larger sample size are

warranted to solve this puzzle of vitamin D and non-calcaemic diseases.

Due to unanswered questions in vitamin D research, the present study assessed vitamin D status
cross-sectionally in 10-year-old children in an urban setting of Soweto (South Africa) and the
leafy suburbs of Johannesburg. Vitamin D has been reported to be influenced by a plethora of
factors. Unlike other studies that have assessed vitamin D cross-sectionally, the present study
tracked vitamin D status in adolescents of the Bone health cohort of Birth to Twenty children
over a period of 10 years. The non-calcaneus association of vitamin D with anthropometric
measures and lipid profile was longitudinally assessed in the Bone health cohort of Birth to

Twenty children.
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CHAPTER 3: METHODOLOGY
3.1 The study cohort background

The group of children used in this study were participants in the Birth to Twenty longitudinal
study, which comprised of all childbirths during a 6-week period from 23 April to 8 June 1990.
The study subjects are literally called “Mandela’s children” because this was the time when the
late President Mandela was released from prison. Data collection of children started from birth to
when they were ten years old; hence the initial study was called Birth to Ten. The data continued
to be collected past the age of ten years until the subjects were twenty years old (Birth to Twenty
study) and beyond (Birth to Twenty plus study). This was thanks to the research sponsors such as
Wellcome Trust (United Kingdom), Anglo American Chairman’s Fund, Medical Research
Council of South Africa and Human Science Research Council (HSRC). The Birth to Ten/Birth
to Twenty programme is a longitudinal study of child health and development of 3273 children
in the Greater Johannesburg Area of South Africa since their birth in 1990. The figure (page 64)
shows that the study participants were from Gauteng province in South Africa. Racially, the
study subjects are black and white children of the greater Johannesburg-Metropolitan area. In
terms of their location of residence, the black children were all from the Soweto townships and
white children were from the leafy suburbs in Johannesburg (Richter et al., 2007). This setting
was established by the past regime (Apartheid Government), with racial integration taking place
since 1990, but the vast majority of the black population still lives in Soweto (Zingoni et al.,

2009), under conditions of low socio-economic status.
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Source: Richter et al., 2007.

Data was collected with the help of Birth to Ten/Twenty staff members (Research assistants,

Researchers, Registered Nurses and Laboratory Technicians). The Birth to Ten/Twenty staff

members were intensively trained by experts in the field to ensure that they were competent in

data collection and storage. The following data was collected for the entire cohort of Birth to

Twenty:

Anthropometric Data

Dietary Data

Physical Activity Data

Socio-economic Data

Biological specimen data (Blood and urine samples)
DXA (Bone mass variables)

PQCT (Bone mass variables)

Growth and psychosocial development

© N o g B~ w DN PE
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3.2 Data collection

The data collection for the present study subjects was in year 10 for the assessment of vitamin D
status. Data for year 11, 13, 15, 17 and 20 was collected to assess vitamin D tracking. The
association of vitamin D status with non-communicable disease risk was assessed in year 11, 12,

13, 15 and 18-20. Data collection procedures are written in detail in Chapters 4, 5 and 6.
3.3 Exclusion criteria

Exclusion criteria used in the selection of the study participants was based on anything that is known to
affect the bone mass as well as biochemical bone homeostasis such as:

% Chronic illness

% Medication or drugs

% Mineral supplements

% Not assenting to blood taking
%+ Not willing to give blood

+ Difficult veins

% Being a member of church or practicing culture that does not allow blood giving

3.4 Anthropometric measurements and body composition for the entire Birth to Twenty
study

The height of the study participants was measured in millimetres using a wall-mounted
stadiometer (Holtain, Crymych, UK) and weight in kilograms using a calibrated digital electronic
instrument (Dismed, Quebec, Montreal, Canada). In order to control the effects of clothes on
weight, the participants were asked to wear minimal clothing provided by the study cohort when
being weighed. In assessing children’s obesity status and body composition, the BMI was
calculated by the formula: body mass (kilograms) divided by height (metres) squared (kg/m?).
Total fat mass and lean mass were measured by dual X-ray absorptiometry, using a Hologic
QDR 4500 instrument (Hologic Inc., Bedford, MA, USA).The DXA data were analysed with the
software supplied by the manufacturer (Version 11.2).
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3.5 Blood specimen collection and laboratory procedures

Fasting blood samples were collected on a yearly basis with the help of registered nurses. In all
the biochemical data collected for the Birth to Twenty study, tests for accuracy and precision of
various biochemical assays were calculated as the coefficient of variation (CV) using the
formula: CV(%) equals to the standard deviation (SD) divided by the mean of the analyte
multiplied by a hundred percent [CV(%) = SD/Mean of the Analyte x 100%]. In following the
Good Laboratory Clinical Practice (GLCP), our laboratory coefficients of variation were all less
than 10 % (Table 3.1).

Table 3.1: Inter- and intra-assay coefficients of variations of assay standards

Variable VitD  VitD TC TC Trig  Trig HDL-C HDL-C HDL-C LDL-C LDL-C LDL-C

(low) (High) (low) (High) (low) (High) (Levell) (Level2) (Level3) (Levell) (Level2) (Level3)

Inter
(%)

Intra
(%)

7.98 6.12 3.65 447 5.55 5.49 4.46 4.40 3.38 4.70 5.63 4.05

5.13 2.79 2.95 4.21 4.98 3.95 3.96 3.50 2.5 3.41 4.25 3.76
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The table below shows vitamin D definitions used in thesis chapters.

Table 3.2: Vitamin D definitions as per respective papers presented in the thesis

Paper 1 : Chapter 4

Factors influencing the vitamin D status of 10- year-old urban
South Africa children.

Definition

Vitamin D categories
Holick, 2007
Holick 2009

Deficiency Insufficiency Sufficiency

< 50 nmol/L 50 — 74 nmol/L >75 nmol/LL

Paper 2 : Chapter 5
Definition
Vitamin D categories

Dawn-Hughes et al., 2005
Lee et al., 2007

Does Vitamin D track through adolescence?

Deficiency Insufficiency Sufficiency

< 30 nmol/L 30 — 50 nmol/L > 50 nmol/L

Paper 2 : Chapter 6

Vitamin D categories
Lips, 2004
I0OM, 2011

Is vitamin D status associated with non-communicable disease

risk in children? A cohort study
Deficiency Insufficiency Sufficiency

< 50 nmol/L > 50 nmol/L

3.5 Standardization of 25(OH)D assay

Vitamin D status has been defined differently by various researchers due lack of consensus.

Hence, researchers in the vitamin D field have suggested vitamin D standardization as way of

reaching consensus among laboratories (Binkely et al.,2004, Sempos et al., 2020).

3.7 Data quality of the present study

We had an arrangement with the reagent manufacturers to deliver the reagents with the same lot

numbers. All samples were run in duplicates by a single technician to maintain a constant error.
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There were various instruments (Table 3.3) used in the laboratory for the measurements of

25(OH)D, lipid levels and body composition.

Table 3.3: Instruments and techniques used in the laboratory tests

Variables Instrument Technique
25(0OH)D (nmol/L) Diasorin Liaison ® Chemiluminescence
Lipids [Total Cholesterol, RX Daytona ® Colorimetry

Triglycerides, Low Density
Lipoprotein, and High Density
Lipoprotein] (mmol/L)

Body composition (Fat Tissue and DXA Pencil beam  mode
Lean Tissue) technique

From the table above, serum 25(OH)D samples were measured by the Diasorin Liaison
instrument which uses the chemiluminescence technique. The lipids (Total cholesterol,
triglycerides, High Density Lipoprotein and Low Density Lipoprotein) were analysed by Randox
Daytona Instrument which uses colorimetry. The body composition variables were measured by
the DXA machine which uses the pencil beam mode technique. The principles of the tests are in

appendixes (1 — V1).
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PART 2: EMPIRICAL CHAPTERS

The statistical analyses will be discussed in each individual results chapter.
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CHAPTER 4: Factors influencing the vitamin D status of 10 year old urban South African

children.

Published in Public Health Nutrition, 2011;14(2): 334 — 339
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CHAPTER 4: Factors influencing the vitamin D status of 10- year-old urban South Africa
children.

4.1 Preface — Empirical Paper 1

This chapter was published as an empirical research paper as follows: Poopedi MA, Norris SA,

Pettifor JM, Eactors influencing the vitamin D status of 10 year old urban South Africa children.
Public Health Nutrition, 2011:14(2). 334 — 339.

The manuscript’s main contribution to the thesis was to bring to the fore information on vitamin
D in 10 year old children (black and white) living in greater Johannesburg metropolitan area and
factors influencing their vitamin D status. This was important in addressing the gaps in vitamin
D research because of paucity of data on vitamin D status in children. Black children had
significantly lower 25(OH)D levels as compared to their white peers. Factors found to influence
vitamin D status were season, ethnicity, gender and total fat mass. In overall, 74% of the children
had sufficient vitamin D status, it was suggested that vitamin D supplementation or fortification

was not necessary in healthy South African children living in Johannesburg.

M.A.P. was responsible for writing the initial drafts of the manuscripts and laboratory running of
the blood samples for 25-hydroxyvitamin D and Parathyroid hormone (PTH). S.A.N was the
study supervisor for the project and its design; J.M.P. was the study co-supervisor for the project

and its design. All authors read and approved the final manuscript as submitted.
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4.2 Abstract

Introduction: Hypovitaminosis D is pandemic globally. Lack of data on vitamin D status in
children has led to the assessment of vitamin D status in healthy 10-year-old urban children and
the factors that influence vitamin D status in these children. Objective: Assessment of vitamin D
status in a cohort of healthy 10-year-old urban children and the factors that influence vitamin D
status in these children. Design: A cross-sectional study. Blood samples were collected across
four seasons of the year for the biochemical determination of serum 25-hydroxyvitamin D
(25(0OH)D). Anthropometric measurements (height and weight), BMI and total fat and lean mass
(determined by the dual energy X-ray absorptiometry) were measured. 25(OH)D concentrations
were assessed by chemiluminescent assay. Setting: Study of children in the Greater
Johannesburg area of South Africa who form the Bone Health sub-cohort of the longitudinal
Birth to Twenty cohort. Subjects: Three hundred and eighty-five children who form the Bone
Health sub-cohort of the longitudinal Birth to Twenty cohort. Results: White children had
significantly higher 25(OH)D than their black peers (120.0 + 36.6) nmol/l versus 93-3 * 34-0)
nmol/l, respectively). Seasonal variations in 25(OH)D levels were found only in white children,
with 25(OH)D levels being significantly higher in white than in black children during the autumn
and summer months. In multiple regression analysis, season, ethnicity, sex and total fat mass
were the factors found to have an influence on 25(OH)D. Vitamin D deficiency (7 %) and
insufficiency (19 %) were uncommon among the 10-year-old children. Conclusions: Vitamin D
supplementation or fortification is not warranted in healthy children living in Johannesburg.
However, further studies need to confirm this in other regions of the country, especially in those

living further south and with less sunshine during the winter months.
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4.3 Introduction

The classical role of vitamin D in humans is to increase the absorption of calcium and phosphate
from the gastrointestinal tract (GIT) for the mineralization of the skeleton. A deficiency of
vitamin D leads to hypocalcaemia and bone disease (rickets or osteomalacia). Vitamin D has two
main forms, vitamin D3z or cholecalciferol, which is formed in the skin after exposure to
ultraviolet light, and ergocalciferol or vitamin D, which is obtained by irradiation of ergosterol in
plants and foods (Lips, 2006). Serum 25-hydroxyvitamin D [25(OH)D] concentrations serve as a
marker of vitamin D status however the optimal levels for health remains a subject of much
debate (Holick, 2007). This is attributed to the difficulty in reaching consensus in defining
optimal 25(OH)D concentrations not only for bone health at different ages but also for the other
non-classical actions of vitamin D on cell differentiation, proliferation and function (Harris,
20064a, Holick, 2008). Some of the uncertainty has also been caused by a lack of standardization
of and variation in 25(OH)D assays (Carter et al., 2004).

There are a variety of factors that are reported to influence vitamin D status in children and
adults. These include duration of sun exposure, season, cloud cover, latitude, pollution,
sunscreen use, skin coverage by clothing, ethnicity and body composition. The paucity of data on
the vitamin D status of healthy children in Johannesburg has led us to assess the vitamin D status
in healthy 10 year old children and to determine the influence of body composition, seasonal
change, sex and ethnicity on the vitamin D status.

Our hypothesis was that children living in Johannesburg would generally be vitamin D sufficient
as Johannesburg has greater than 8 sunshine hours daily throughout the year (SACI, 2009);
however black children in general would have lower 25(OH)D concentrations than white

children due to their greater skin pigmentation.
4.4 Methods
4.4.1 Subjects

This is a cross-sectional study that comprised of 475 subjects (children) aged 10 years, who
formed the Bone Health sub-cohort of the Birth to Twenty cohort. Birth to Twenty cohort is a
longitudinal study of child health and development, which has followed the development of 3273
children in the Greater Johannesburg area of South Africa since their birth in 1990 (Richter et al.,

2004). The Bone Health cohort which is a representative of the larger Birth to Twenty cohort,
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consists of 475 black and white children who since the age of 9 years have been intensively
studied to investigate factors influencing bone mass accrual during adolescence. The selection of
the subjects and cross checks for key demographic variables between the Birth to Twenty and
Bone Health Cohort have been reported elsewhere (Vidulich et al., 2006). Participants with
chronic illness (juvenile ideopathic arthritis, asthma or epilepsy), on medication which affect
growth or bone mass development, or on mineral or vitamin D supplements were excluded.
Guardians gave written informed consent for their children to be studied, and verbal assent was
obtained from the children. The study protocol was approved by the Committee for Research on
Human Subjects of the University of the Witwatersrand, Johannesburg, (Approval number
M980810).

All children lived in Johannesburg at a latitude of approximately 26 °S and altitude of 1750 m.
Seasons of the year for the statistical analysis of 25(OH)D concentrations were categorized as
follows; autumn (March - May), winter (June — August), spring (September — November) and
summer (December — February). The average daily sunshine hours in Johannesburg during the
seasons are as follows: autumn (8.2 hrs 22°C), winter (9.1 hrs 18°C), spring (8.8 hrs 24°C) and
summer (8.2hrs 26°C)(SACI, 2009). With regard to the sampling procedure of study participants
across the seasons, eighty-two participants were sampled in Autumn (seventy-two Blacks and ten
Whites), 105 in Winter (seventy-six blacks and twenty-nine whites), 94 in Spring (ninety-one
blacks and three whites) and 104 in summer (fifty-six blacks and forty-eight whites), totalling to
385 subjects.(Flow diagram in next page) There were major differences in socio-economic status
between the black and white children. Black South African children are exposed to a multitude
of factors known to impact negatively on their health in general such as poor nutrition, low
dietary calcium intake, less physical activity as well as compromised growth and delayed onset
of puberty compared with their white peers (Pettifor et al., 1979, Cameron and Wright, 1990,
McVeigh et al., 2004b, MacKeown et al., 2007, McVeigh et al., 2007, Willey et al., 2009)
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Year 10 Bone Health Subjects
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N =385

Figure 4.1: Flow diagram of Year 10 Bone Health subjects. Year 10 participants comprised of a
total of 475, with the exclusion of 223 females and 252 males due to insufficient or no blood
samples to perform laboratory tests. This led to a total sample size of 385 participants (Female,

Black-N= 140, White- N= 47 and Male, Black-N = 155, White-N = 43).
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4.4.2 Anthropometric measurements and body composition

Height was measured in millimeters (mm) using a wall-mounted stadiometer (Holtain, UK) and
weight in kilograms (kg) using a digital electronic instrument (Dismed, USA). Both instruments
were regularly calibrated and subjects wore minimal clothing when being weighed. Body mass
index (BMI) was calculated as weight (in kg)/height? (in m). Total and percentage fat mass and
lean mass were measured by DXA, using an Hologic QDR 4500 (Hologic Inc, Bedford, MA,

USA). The data were analysed with the software supplied by the manufacturer, version 11.2.
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4.4.3 Biochemical analysis

Blood samples (20ml) were drawn by venipuncture from fasting participants into plain tubes by
registered nurses. The blood samples were allowed to clot for a minimum of 20 minutes, serum
was aliquoted and stored in eppindorf tubes at -70°C until analysed. 25(OH)D was measured by a
chemiluminescent assay using DiaSorin Liaison kits (DiaSorin, Stillwater, Minn). All the
samples were run in duplicate. Our laboratory is currently participating in the international
Vitamin D External Quality Assessment Scheme (DEQAS). Our laboratory was granted the
certificate of efficiency, because it has met the performance target set by the DEQAS advisory
panel i.e 80% or more of the results fell within + 30% of the all laboratory trimmed mean
(ALTM). The inter-assay coefficient of variation for low and higher 25(OH)D controls was 10%
and 9% respectively, while the intra-assay coefficient of variation was 8% and 6% for low and
higher 25(OH)D controls respectively. Blood samples were collected from only 385 of the 475
subjects in the cohort as the others refused blood sampling or were not available, or blood
samples could not be obtained. As a result 90 subjects (19%) of our study population were
without vitamin D data.

The following categories were used to define vitamin D status: vitamin D deficiency (< 50
nmol/L), insufficiency (50 — 74 nmol/L) and sufficiency (>75 nmol/L) (Holick, 2007, Holick,
2008, Holick, 2009).

4.4.4 Statistical analysis

The results of the present study are expressed as mean + SD, unless otherwise indicated. The
data were analysed using Statistica software version 6 (StatSoft, 2001). Unpaired t-tests were
used to compare the means of different groups. All tests were two-tailed and a p-value less than

0.05 was considered statistically significant.
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4.5 Results

Blood was available from 385 (140 black female, 47 white female, 155 black male and 43 white
male) of the 475 children. Only those subjects with 25(OH)D values were included in the study
(Table 1).
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Table 4.1: Gender and ethnic differences in age, anthropometry, body composition and
25(0OH)D of 10 year old children.

Female Male P-Value
Variable Black White Black White P1=Gender Diff
(N= 140) N = 47) (N = 155) (N =43) P2=Ethnic Diff
Age (years) 105+£0.3 10.6 £0.3 105+0.3 106£0.3 P1=NS;NS
P2=NS;NS
Anthropometry
Weight (kg) 348+85@)  359+7.6 326+6.4()  35.8+6.8 P1=0.01;0.97
P2=NS;NS
Height (mm) 139.2+6.4 143.6+7.3(b) 137.3+6.1 143.2 + 7.1(b) P1=0.01;NS
(a, b) (@k) P2=0.0001;0.0001
BMI (kg/m2) 17.8+34 172+23 172+£26 174+25 P1=NS;NS
P2=NS;NS
Body Composition 10069 + 9893 + 4049 7307 +3771(a) 8112 + 3462 P1=0.0001;NS
Total fat Tissue () >166(a) P2=NS;NS
% Fat 28+ 7.0(a) 27 + 5.5(a) 22+ 6.3(a) 22 +5.2(a) P1=0.0001;0.0004
P2=NS;NS
Total Lean Tissue (g) 23892 + 4009 25164 £ 4020 24152+ 3151 26825 £ 3849 P1=0.0001;0.03
(2b) (@b) (2b) (2b) P2=0.04;0.0001
% Lean Tissue 70 £ 6.8(a) 70+5.3(a) 75+ 6.0(a) 75+ 5.0(a) P1=0.0001;0.0003
P2=NS;NS
Blood Biochemistry 86 +31.1(a,b) 112 +34.8(a,b) 100 +34.4(ab) 129+37.1(ab) P1=0.0004;0.02

Serum-25(0OH)D
(nmol/l) (Total)

P2=0.0001;0.0001

P1= Gender diff [Black (female versus male), and White (female versus male)]

P2 = Ethnic diff [Female (black versus white), and Male (black versus white)]

A P value < 0.05 is considered statistically significant

a = Gender difference, p < 0.05

b = Ethnic difference, p < 0.05
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There was no significant sex or ethnic differences with respect to age between the study groups.
Black girls were heavier and taller than black boys (p = 0.01). There were no significant
differences in weight, height or BMI between white boys and white girls. White boys and girls
were taller than their black (boys and girls) peers (p = 0.0001). There were no significant

differences in BMI between any of the groups.

Girls had greater percentage fat and lower percentage lean tissue and total lean tissue than their
male peers. There were no significant differences between black and white girls with respect to
total fat tissue, % fat or % lean tissue, however, white girls had greater total lean tissue than
black girls (p = 0.04). Similarly there were no significant differences between black and white
boys with respect to total fat tissue, % fat or % lean tissue, but white boys had greater total lean
tissue than black boys (p = 0.0001).

Boys [black (100 = 34.4 nmol/L) and white (129 + 37.1 nmol/L)] had significantly higher
25(0OH)D than girls [black (86 + 31.1 nmol/L) and white (112 + 34.8 nmol/L)] in each ethnic
group (p = 0.0004 and 0.02 for black and white children respectively).
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Figure 4.2: 25(OH)D concentrations by season in black and white 10 year old children

Seasonal variations in 25(OH)D were found in the white group of children, with values being

highest in summer and autumn. No seasonal variations were noted in the black children.
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25(0OH)D values were significantly higher in white than black children during the autumn
(whites (119 + 34.1 nmol/L) vs blacks (89 + 32.3 nmol/L), p = 0.01) and summer months (whites
(137 + 34.9 nmol/L) vs blacks (113 + 30.9 nmol/L), p = 0.0001) (Figure 1).

The percentages of the black and white subjects with vitamin D sufficiency were 70% and 87%
respectively, while 22% and 12% respectively were vitamin D insufficient, deficiency was found
in 8% Black and 1% White children. For the overall study population, 7% had vitamin D
deficiency, 19% vitamin D insufficiency and 74% vitamin D sufficiency.

In both black and white children 25(OH)D concentrations correlated negatively with percentage
fat tissue (r = -0.14, p = 0.02; and r = -0.3, p = 0.01 respectively) and positively with percentage
lean tissue, (r = 0.14, p = 0.02 [black], r = 0.27, p = 0.01[White]). After adjusting fat mass and
lean mass for height a significant correlation was found between fat mass and 25(OH)D (r = -
0.13, p = 0.01).The relationship between 25(OH)D and parathyroid hormone was not significant
in either ethnic (Black, r = -1.05, p-value = 0.06 and White, r = -0.09, p-value) or gender groups
(Female, r = 0.03, p-value = 0.92 and Male, r = -0.44, p-value = 0.07).
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Vitamin status is known to be influenced by variety of factors. Bivariate and multivariate analysis were used to assess factors the influence
25(0OH)D levels in Year 10 children.

Table 4.2: The bivariate and multivariate analysis of factors influencing 25(OH)D levels in Year 10 children

Factors Gender Ethnicity ~ Season BMI Total Fat % Fat Total Lean %o Lean Fat Mass Lean Mass PTH
Versus 9) Tissue Mass (g) Tissue Index Index
25(CH)D B (p- B (p- B (p- B (p- B (p-value) (FMI) (LM1) B (p-

value) value) value) value) B (p-value) P (p-value) B (p-value) B (p-value) B (p-value) value)
Bivariate -0.19 -0.31 -0.18 -0.10 -0.13 -0.83 0.0001 0.86 -23.6 2.79 0.08
Analysis

(0.0001) (0.0001) (0.0001) (0.0001) (0.0001) (0.02) 0.96 0.002 0.01 0.86 0.10
Multivariate -0.16 -0.29 0.28 - -0.15 -2.21 - -0.68 2.1 - -
Analysis

(0.003) (0.0001) (0.0001) (0.01) (0.74) (0.92) 0.07

Significant p-value < 0.05

Gender, ethnicity, season, BMI, total fat tissue, percentage fat and FMI were inversely related to 25(OH)D and positively related to percentage
lean tissue. When all significant variables from bivariate models were entered into multivariate model for analysis; gender, ethnicity, season
and total fat tissue were significantly inversely with associated 25(OH)D levels except for season which was positively associated with
25(0OH)D levels.
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Figure 4.3: Association of 25(0OH)D levels with total body fat adjusted for height. The

association of 25(OH)D levels with total body fat adjusted for height was found in white children

only.
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4.6 Discussion

Vitamin D sufficiency was present in 74% of our study population. As we had hypothesized,
vitamin D insufficiency is not a major public health issue among 10 year old South African
children living in Johannesburg. These findings differ from other studies reported from North
Africa (Allali et al., 2009), USA (Harris and Dawson-Hughes, 1998, Harris, 2006b), Europe
(Outila et al., 2001), Middle East (Gannage-Yared et al., 2000, El-Hajj et al., 2001), Asia
(Agarwal et al.,, 2002, Harinarayan et al., 2008), New Zealand (Rockell et al., 2005) and
elsewhere (EI-Sonbaty and Abdul-Ghaffar, 1996). South Africa, and in particular Johannesburg,
has abundant sunshine throughout the year (SACI, 2009); thus despite few foods being fortified
with vitamin D, vitamin D sufficiency is maintained in healthy ambulatory children. It should be
noted however that the majority of children included in the study lived in small separate houses
with yards; thus the findings might be very different if children living in high rise apartment
blocks in the inner city of Johannesburg had been studied. Factors such as latitude, the lack of
excessive clothing coverage (El-Sonbaty and Abdul-Ghaffar, 1996, Ghannam et al., 1999,
Gannage-Yared et al., 2000, Mishal, 2001) and not living in high-rise urban inner city ghettos

may have played significant roles in reducing hypovitaminosis D in the present study.

As in other studies, ethnic differences in 25(OH)D levels were found in the present study. White
children had significantly higher 250HD than their black peers (Table 1.). Dark skin colour of
black participants is known to restrict the solar UVB photons that penetrate the skin thereby
reducing the cutaneous production of vitamin D3 (Clemens et al., 1982). Numerous studies
comparing black and white young and old subjects in different countries have reported that
blacks have lower 25(OH)D levels than whites (Harris, 2006b, Stein et al., 2006). It is a well-
known fact that pigmentation reduces vitamin D production in the skin. However, studies
(Clemens et al., 1982, Lo et al., 1986) have shown that darker skin subjects have the capacity to
produce vitamin D of similar amount to light skin subjects when exposed to prolonged UVB
sunlight. In our study, the lower 25(OH)D in black children during summer probably reflects this

difference in the capacity to produce vitamin D with similar exposures.

Dietary calcium intake in this cohort of children at the age of 9 years was significantly lower in
blacks of both sexes (347 mg/d), compared with white female (719 mg/d) and male participants
(778 mg/d) (McVeigh et al., 2004a). Low calcium intake in black children could result in
increased catabolism of 25(OH)D and thus accentuate the lower 25(OH)D. We did not find a
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relationship between 25(OH)D and PTH in either ethnic or sex groups, supporting the contention

that the majority of children were vitamin D replete.

One of the factors that influence vitamin D status in both young and adult subjects is season.
Seasonal changes in 25(OH)D levels have been reported in black and white subjects and other
ethnic groups (Dawson-Hughes et al., 1997, Rockell et al., 2005). In the present study, the effect
of season on serum 25(0OH)D levels was only seen in the white children. The biggest difference
in 25(OH)D concentrations between black and white children was noticed during autumn and
summer (p = 0.01 and 0.0001), while there was no significant ethnic difference in 25(OH)D in
winter and spring (Figure 1). The reason for the lack of seasonal variation in black children is not
clear, but it is interesting to speculate that black children do not spend time lying in the sun at
swimming pools during the summer months because of the differences in socioeconomic status
and the lack of facilities in the mainly black communities. This finding of a lack of seasonal
variation in black children is different to that reported in some studies of children (Looker et al.,
2002, Rockell et al., 2005) but similar to others (Stein et al., 2006). The present study was
conducted at a latitude of approximately 26°S and an altitude of 1750m, and also evidence
suggest that there is a constant vitamin D production in Johannesburg, with abundance of
sunlight all year round. This probably contributed to the sufficient vitamin D status of our study

subjects.

Interestingly, the association of 25(OH)D levels with total body fat adjusted for height was
observed in white children and not their black peers. Hence it was suggested that the black and
white children had different body fat distribution. In a multiple regression analysis, season (B =
0.28, p = 0.0001), ethnicity (p =-0.29, p = 0.0001), sex (B =-0.16, p = 0.003), and total fat mass
(B = -0.15, p = 0.01) were the only factors found to have an influence on 25(OH)D. Higher
25(0H)D levels were found in male subjects than female subjects in the present study, a finding
which is similar to other studies (Rockell et al., 2005, Dawson-Hughes et al., 1997). The gender
difference in our present study may reflect the fact that males may spend more time outdoors
(but this was not measured). A study of physical activity in the same group of children has
previously revealed that males have higher physical activity than their female peers in both
ethnic groups (McVeigh et al., 2004b, McVeigh et al., 2007). Some researchers have suggested
that gender differences in vitamin D status may be linked to androgen-related differences in

vitamin D binding protein levels, to differences in precursor production in the skin, to differences
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in 25-hydroxylation by the liver (Carnevale et al., 2001) or to gender differences in body fat.
The girls in our study had significantly greater fat mass than the boys, thus possibly providing
another reason for the sex differences in 25(OH)D concentrations in our cohort. Vitamin D is a
fat-soluble vitamin, and the inverse relationship between 25(OH)D and fat mass has been
reported previously by researchers (Wortsman et al., 2000, Arunabh et al., 2003). This
association has been attributed to the sequestration into adipocytes of vitamin D generated in the
skin or orally ingested, before it can be transported to the liver and converted to 25(OH)D
(Wortsman et al., 2000, Arunabh et al.,, 2003). However, it still remains unclear whether
adiposity (or percentage body fat) should be taken into consideration while assessing vitamin D
requirements in the general population. We found a similar inverse relationship between fat mass
and 25(OH)D in our black and white children.

In conclusion despite seasonal variations in 25(OH)D levels, vitamin D deficiency [25(OH)D <
50 nmol/L] and vitamin D insufficiency [25(OH)D 50 — 74 nmol/L] were uncommon findings in
our black and white 10 year old children. We therefore believe that vitamin D supplementation
or fortification should not be considered in healthy South African children living in
Johannesburg. Whether similar findings hold true in other regions of the country need to be
confirmed, however of particular interest would be studies in Cape Town, where a previous
study has shown only limited vitamin D synthesis in vitro from April through to September
(Pettifor et al., 1996).
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Chapter 5: Does Vitamin D track through adolescence?
5.1 Preface — Empirical Paper 2

This chapter was published as an empirical research paper as follows: Poopedi MA, Norris SA,

Micklesfield LK, Pettifor JM, Does Vitamin D track through adolescents? American Journal of
Clinical Nutrition 2015, 102, 1025 — 1029.

The manuscript’s present the second part of the study by investigating vitamin D tracking in
adolescent children over a period of 10 years. This is because majority of studies have assessed
vitamin D status by a single measurement of 25 (OH) D in both young and elderly only once. On
the other hand longitudinal assessment of vitamin D was published by few researchers with
contradicting results. In the present study, there was evidence of vitamin D tracking over a
shorter period of time (year 11 and 13, and year 15, 17 and 20). There were nearly 50% of
participants who had a change in 25(OH)D of 20 nmol/I or greater between 11 and 20 years of
age. Only one third of adolescents were vitamin D replete at both 11 and 20 years of age.
However, 20% of the cohort who were vitamin D insufficient at 11 years of age, were replete at
20 years. The present study has shown that a single measurement may not accurately reflect the

vitamin D status of an individual over a prolonged period of time.

M.A.P. was responsible for laboratory running of the blood samples for 25-hydroxyvitamin D
and writing the initial drafts of the manuscripts; S.A.N and JMP were the study supervisors for
the project, conceptualised and design the study and edited the drafts; J.M.P. was the study co-
supervisor for the project and its design. KLM assisted with the statistics and reviewed the drafts.

All authors read and approved the final manuscript as submitted.
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5.2 Abstract

Introduction: To our knowledge, no studies have reported on the long-term variability of
vitamin D status in adolescents. Objective: To determine whether tracking of vitamin D
status occurs in healthy adolescents, we assessed the variability of 25-hydroxyvitamin D
(25(OH)D) every 2 years over a 10 year period in a longitudinal cohort of adolescents living
in Johannesburg, South Africa (latitude 26°S). Methods: Healthy adolescents who had blood
samples available on three or more occasions between 11 and 20 years of age were included
in the study. Of the cohort of 504 children, 99 met the criteria. The mean 25(OH)D for each
time point was determined, as well as the individual 25(OH)D z-scores based on year 11
values as the reference. All the 25(OH)D measurements for a subject were measured in a
single assay. Results: No significant correlation between 25(OH)D in the earlier and later
years of adolescence, although there were significant correlations between year 11 and year
13 (r = 0.71; p < 0.0001), and between years 15, 17 and 20 (r > 0.65; p < 0.0001). The
percentage of adolescents whose 25(OH)D concentration changed by > 20 nmol/L from year
11 was calculated for all age groups: 12% of the cohort had a change of > 20nmol/L at 13
years of age compared to 46% at 20 y of age. Just more than one-half (53%) of the cohort
changed their category of vitamin D status between the ages of 11 and 20 y, one-third of
adolescents changed from being replete to insufficient over the same period. Conclusion:
The data suggest that the measurement of 25(OH)D at a single time point does not reflect the
long-term vitamin D status of an adolescent. These findings may throw doubt on the veracity
of those studies suggesting associations of vitamin D status with various disease states in

which vitamin D status was only measured once.
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5.3 Introduction

The classic role of vitamin D in calcium and bone homeostasis, as well as its role in cell
differentiation, function and proliferation is well known (Holick, 2004). Recently, attention
has focused on the high prevalence of low vitamin D status in many communities around the
world (Mithal et al., 2009, Lips, 2010), including countries both at low and high latitudes
(Durazo-Arvizu et al., 2014). Many studies have reported associations between vitamin D
status and the prevalence of diseases such as asthma, autoimmune diseases, and some
cancers, yet in the majority of these studies the vitamin D status has been assessed by a single
measurement of 25-hydroxyvitamin D (25(OH)D) (Holick, 2004, Bose et al., 2013, Montero-
Arias et al., 2013, Bikle and Jiang, 2013). It is possible that the values obtained may not
reflect the individuals’ vitamin D status over time, as they may vary as a consequence of
changes in the factors which influence vitamin D intake, or formation in the skin (el-Sonbaty
and Abdul-Ghaffar, 1996, Agarwal et al., 2002, Allali et al., 2009). Few studies have
assessed the change in vitamin D status in participants over time. In a Norwegian study, in
which 25(0OH)D was measured 18 years apart in over 2700 adults, the correlation between
the two 25(OH)D z-scores was 0.42, and approximately 46% of subjects had a < 10 nmol/L
change in 25(OH)D over the 18 year (Jorde et al., 2010). In further analysis, the authors
selected 94 adults from the initial sample, who had 25(OH)D levels measured every three
months for one year, and showed that approximately 71% had a change of 25(OH)D of < 10
nmol/L from baseline and 95% had a change in 25(OH)D of < 20 nmol/L at the end of the
tracking. A Canadian study that examined vitamin D status over a period of 10 years reported
that approximately 50% of subjects had a change in 25(OH)D levels > 20 nmol/L over the
10-year period (Berger et al., 2012).

Studies on vitamin D status in South African populations have been conducted in adults and
all studies tested 25(OH)D levels at one time point (Daniels et al., 1997, Kruger et al., 2011,
Martineau et al., 2011, George et al., 2014a). In South Africa, there is limited vitamin D
intake from the diet as few foods are vitamin D fortified, and thus the population is almost
totally dependent on skin synthesis of vitamin D. The use of vitamin D supplements is
uncommon in the majority of the population (Poopedi et al., 2011, George et al., 2014b).
During adolescence, major changes generally occur in an individual’s lifestyle, with possible

reductions in physical activity and the time spent outdoors, and increases in skin coverage by
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clothing as the adolescents grow older (Kimm et al., 2002, Kampman et al., 2007). Thus one
might expect that during this period there would be major changes in 25(OH)D
concentrations during this period, however few data exist on vitamin D status in this age
group and, to our knowledge, no studies have reported on the long-term variability of vitamin
D status. Therefore, we prospectively studied the variation in serum 25(OH)D levels over a

10 year period in a longitudinal cohort of adolescents living in Johannesburg, South Africa.
5.4 Methods
5.4.1 Subjects

The subjects were healthy urban South African children living in the greater Johannesburg
Metropolitan region (latitude 26°S), who formed part of the Bone Health sub-cohort of the
longitudinal Birth to Twenty cohort. The Birth to Twenty cohort’s characteristics,
recruitment, and exclusion and inclusion criteria have been reported in previous publications
(McVeigh et al., 2004, Vidulich et al., 2006, Poopedi et al., 2011). Briefly, this cohort of
children has been followed since their birth in 1990 and consisted initially of 3273 black and
white singleton deliveries that occurred within the Greater Johannesburg Metropolitan area
over a 6-week period. The Bone Health cohort, which is representative of the larger Birth to
Twenty cohort, consists of 504 black and white children who, since the age of 9 years, have
been intensively studied annually to investigate factors influencing bone mass accrual and
fracture risk during adolescence. Children returned for annual visits as close to the birth
month as possible over a period of 10 years. The study protocol was approved by the
Committee for Research on Human subjects of the University of the Witwatersrand,
Johannesburg (Approval no. M980810), and a parent/guardian gave written informed consent
for their children to participate in the study, and participating adolescents gave verbal assent
or written consent depending on whether or not they were younger than 18 years of age.

5.4.2 Selection criteria

Children with metabolic bone diseases or chronic illnesses such as juvenile rheumatoid
arthritis, epilepsy or asthma, or who were on vitamin D supplements or medications that
affect bone mass or calcium homeostasis were excluded from the study. Serum 25(OH)D was

measured biennially over the 10 year period from 11 to 20 years of age. Only those children

95



who had serum available for the measurement of 25(OH)D on > 3 occasions over this period

were included. Of the initial 504 children, 99 met these criteria. Below is the flow diagram.

Vitamin D tracking subjects

N =504
Subjects excluded for
tracking because they
had less 3 visits at the
> Bone Health data
collecting site. N = 405
v v v v v
Year 11 Year 13 Year 15 Year 17 Year 20
Subjects Subjects Subjects Subjects Subjects
N =99 N =82 N=76 N =90 N=76
Black, N =90 Black, N =76 Black, N = 69 Black, N = 81 Black, N =70
White, N=9 White, N =6 White, N=9 White, N =9 White, N =6

Figure 5.1: Flow diagram for vitamin D tracking subjects. At the beginning of the study, 504
participants were eligible to be part of vitamin D tracking. Subjects (N = 405) were excluded

from vitamin D tracking because they had less than 3 visits at the Bone Health data collection site.
5.4.3 Measurement of serum 25(0OH)D

Fasting serum samples after separation were analyzed for 25(OH)D by chemiluminescent
assay (Diasorin Liason, Stillwater, MN, USA) in a laboratory which participates in an
international quality assurance programme (DEQAS - International Vitamin D External
Quality Assessment Scheme, London, United Kingdom). Since our participation in DEQAS
external quality control, our laboratory had received the certificates of efficiency on yearly

basis (i.e 80% or more results fell within 30% of the all laboratory trimmed mean). The same
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control and reagent lots were used for the analysis of the samples and all the samples, in
duplicate, from an individual participant were run in the same assay. The coefficients for
inter-assay variation for low and high controls were 8% and 6% respectively and for intra-
assay variation for low and high controls were 5% and 3% respectively.

5.4.4 Statistical analysis

The data were analyzed using the Statistica software package version 6 (StatSoft, Tulsa, OK,
USA). Age, height, weight, BMI and 25(OH)D concentrations were normally distributed. In
order to assess tracking patterns, 25(OH)D z-scores were calculated for each participant at
each time point using the mean and standard deviation values of year 11 as the reference
value. The changes in 25(OH)D z-scores and actual 25(OH)D levels between baseline and
the other years were calculated by subtracting the relevant values of the particular year from
the baseline (Year 11) z-scores or actual concentrations. One way ANOVA (analysis of
variance) tests were used for the analysis of differences in mean height, weight, BMI,
25(0OH)D levels and their respective mean z-scores among the five age groups, and a post
hoc test (least significant difference) was used to determine individual group differences. A
p-value of < 0.05 was considered as statistically significant. Pearson correlation tests were
conducted to determine association between 25(OH)D values measured at the various time
points. The change in 25(OH)D between time points in each subject was divided into 3
categories of < 10 nmol/L, 10 — 20 nmol/L and > 20 nmol/L, in order to assess the 25(OH)D

stability over a period of 10 years.
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5.5: Results

Table 5.1. Mean 25(OH)D concentrations and z-scores at five time points during adolescence

Variable Year 11 Year 13 Year 15 Year 17 Year 20 ANOVA
(N =99) (N=82) (N =76) (N =90) (N=76) P-Value
Baseline
Black (N=90) Black (N=76) Black (N=69) Black (N=81) Black (N=70)
White (N=9) White (N=6) White (N=9) White(N=9) White(N= 6)
Age (Years) 11.6+£0.3 13.7+£0.2 156+£0.3 17.7+0.2 20.8+0.6
Height (cm) 143+7.3 155+8.1 162 £8.7 165+8.8 167+7.9 <0.0001**
Height -0.004 +0.10 -0.01+£0.10 -0.003+0.10 0.001+0.10 0.01+0.10 1.00(NS)
Z-Scores
Weight (kg) 37+84 48+11.2 57+12.1 60 £12.2 64+ 14.6 <0.0001%**
Weight -0.001 +£0.10 -0.0004 + 1.0 -0.003+0.10 0.001+0.10 0.003+0.10 0.99 (NS)
Z-Scores
BMI (kg/m?) 18+2.9 20+£3.6 22+41 22+41 23+47 <0.0001%**
BMI -0.02+1.0 -0.001+£1.0 -0.005+£1.0 -0.004+£1.0 -0.01+1.0 0.99 (NS)
Z-Scores
25(0OH)D 58 £5.8* 58+ 7.7* 55+7.7 60+ 7.7* 50+7.2 <0.01**
(nmol/L)
25(0OH)D z- 0.0001 £+ 1.0* 0.05+1.3* -0.09+1.3 0.19+£1.3* -044+1.2 <0.01**

scores

*Significant difference between year 20 and other years (actual 25(OH)D values and 25(OH)D
z-scores) determined by post-hoc test.

**Significant variations in mean height, weight, BMI, 25(OH)D and 25(OH)D z-scores by age
determined by ANOVA test.

***25(0H)D Deficiency; < 30 nmol/L, insufficiency; 30 — 50 nmol/L; > 50 nmol/L

Mean age, height, weight, BMI, and 25(OH)D concentrations and the respective z-scores for the
five measurement years are presented in Table 5.1, with the number of subjects varying from 99
at baseline (year 11, males-58% and female-42%) to 76 at the end of the study (year 20, males-
59% and females-41%). Significant differences in mean height, weight, BMI, 25(OH)D values
and z-scores between the respective age groups were shown by one way ANOVA, (p-value <
0.01). Combining the measurements over all the years, (year 11 to 20; N = 423), 5% of the

measurements were deficient (< 30 nmol/L), 35% insufficient (30 — 50 nmol/L) and 60% vitamin
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D replete (> 50 nmol/L). Black children had significantly lower 25(OH)D concentrations than
their white peers in early (Year 11 - 13) and late (Year 15 - 20) adolescence. However within
each ethnic group, mean 25(OH)D was similar in early and late adolescence. The proportion of
visits of each individual over the 10 year study period that fell within the same season was
approximately 76%.

Seasonal variations in 25(OH)D levels, which were more marked in white than black adolescents
(summer/autumn 73 and 57 nmol/L; winter/spring 61 and 53 nmol/L in whites and blacks

respectively).

In further analysing the difference between the age groups, post hoc test (least significant
difference) was used. The 25(OH)D values and z-scores at year 20 were significantly lower than
at year 11 (p < 0.02), year 13 (p < 0.01), and year 17 (p < 0.001) values, but not when compared
to year 15.
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Table 5.2: Pearson correlation coefficients (r) between individual participant’s 25(OH)D

(nmol/L) values obtained in each of the study years.

Year 11 Year 13 Year 15 Year 17 Year 20

(N =99) (N=82) (N =76) (N =90) (N =76)
Year 11 r=0.706 r=-0.087 r=-0.052 r=-0.151
(N =99) p < 0.0001 p=0.6 p=0.7 p=04
Year 13 r=0.706 r=0.079 r=0.011 r=-0.004
(N=82) p <0.0001 P=0.6 p=0.1 p=0.8
Year 15 r=-0.087 r=0.079 r=0.733 r=0.649
(N =76) p=0.6 P=0.6 p = 0.0001 p < 0.0001
Year 17 r=-0.052 r=0.011 r=0.733 r=0.701
(N =90) p=0.7 p=0.1 p <0.0001 p < 0.0001
Year 20 r=-0.151 r =-0.004 r =0.649 r=0.701
(N =76) p=0.3 p=09 p <0.0001 p <0.0001

The correlations between 25(OH)D values collected at the different times are presented in Table
5.2: Year 11 25(0OH)D levels correlated significantly with those of year 13 (p < 0.0001), but did

not correlate with any of the other ages. Years 15, 17 and 20 correlated significantly with each

other (all p< 0.0001), but not with the earlier years.
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A multiple regression analysis (Table 5.3) was performed to determine whether covariates such
as gender, ethnicity, seasons of the year, BMI or pubertal status had an effect on 25(OH)D, but

no association was found.

Table 5.3: Multivariate analysis for factors known to influence 25(OH)D levels

Years Gender Ethnicity Seasons of BMI Puberty Status
the year

B (p-value) B (p-value) B (p-value) B (p-value) B (p-value)

Genital Breast Development

Year 11  0.17 0.49 0.44 -0.07 0.01
Z-Scores
25(0OH)D  (0.05) (0.17) (0.37) 0.45 (0.96)
Year 13 Genital Breast Development
Z-Scores
25(0OH)D 0.15 1.76 0.19 -0.06 -0.23
(0.10) (0.09) (0.95) (0.13) (0.49)
Year 15 Public hair Breast Development
Z-Scores  -0.02 0.03 0.23 0.003 -0.34 0.44
25(0OH)D
(0.95) (0.55) (0.47) (0.93) (0.38) (0.25)
Pubic hair Breast Development
Year 17 -0.27 1.18 0.13 -0.028 -0.49 -0.17
Z-Scores
25(0H)D  (0.38) (0.23) (0.68) (0.47) (0.27) (0.68)
Breast Development
Year20  -0.65 0.45 1.05 -0.008 -1.02
Z-Scores
25(0H)D  (0.37) (0.52) (0.45) (0.78) (0.06)
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Figure 5.2: Change in 25(OH)D (nmol/L) in subjects over the 10 years of study from the values
atage 11 years.

In Figure 5.1, the associations between 25(OH)D at age 11 years and changes in 25(OH)D
between year 11 and the other ages are presented. There was no significant association between
25(0OH)D in year 11 and the change in 25(OH)D between year 11 and year 13, however
25(0OH)D concentrations in year 11 were inversely associated with the changes in concentrations
between year 11 and all the other years.
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Table 5.4: Number (percentage) of subjects with a change in 25(OH)D < 10 nmol/L, 11 — 20

nmol/L or > 20 nmol/L between baseline (11 years of age) and the other time points

Variable <10 nmol/L 11 — 20 nmol/L > 20 nmol/L

Year 13 change from year 11 47 (57 %) 25 (31%) 10 (12%)
(N=82)

Year 15 change from year 11 28 (37%) 17 (22%) 31 (41%)
(N =76)

Year 17 change from year 11 15 (17%) 41 (46%) 34 (38%)
(N =90)

Year 20 change from year 11 18 (24%) 23 (30%) 35 (46%)
(N =76)

The percentage of adolescents who had changes in 25(OH)D concentrations of < 10 nmol/L,
11-20 nmol/L or > 20 nmol/L from baseline to each time point, are presented in Table 5.3.
Just over half (57%) of year 13 25(OH)D values changed by < 10 nmol/L from year 11, with
only 12% of the cohort having a change in value of more than 20 nmol/L over these two
ages. However, at the other time points approximately 40% of the cohort had a change of >
20 nmol/L.

103



Table 5.5: A comparison of the vitamin D status at baseline (year 11) and in the last year (year

20) of measurement

Vitamin D status category Sample, %
Vitamin D insufficient at year 11 and at year 20 17
Vitamin D replete at year 11 and year 20 30
Vitamin D insufficient at year 11 and vitamin D replete at year 20 20
Vitamin D replete at year 11 and vitamin D insufficient at year 20 33

The percentages of adolescents who maintained or changed their vitamin D status between
year 11 and year 20 are shown in Table 5.4. Just over half (53%) of the cohort changed their
vitamin D status over the two time points, with 33% of the adolescents changing from a
replete to an insufficient status over the 10 year period. Just under a third (30%) of

adolescents remained vitamin D replete between year 11 and year 20.
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5.6: Discussion

The period of adolescence is generally associated with changes in lifestyle, often associated
with a reduction in out-doors physical activity, due to the tendency of playing indoors with
computers or watching television (Kimm et al., 2002, Kampman et al., 2007). These changes
predispose this age group to reduced cutaneous synthesis of vitamin D and thus to alterations
in circulating 25(OH)D concentrations, as has been noted in the current study. Another
notable thing in the study was that factors (gender, ethnicity, season of the year, BMI and
puberty) known to influence 25(0H)D levels were not statistically significant. However, they
were statistical significant when the study group was 10 year old. The reason for that is not

known but we can speculate that it might be due to loss of follow up in study participants.

Studies in adolescence and adults have reported an association between vitamin D status and
various disease states but 25(OH)D levels were measured at one time point only (Mithal et
al., 2009, Colao et al., 2014, Modan-Moses et al., 2014). For example, in a retrospective
study by Kao et al., 2015 vitamin D deficiency was found to be associated with high blood
pressure in obese children, yet the vitamin D status was only measured at the time of
assessment of the blood pressure. In another case-control study low serum 25(OH)D
appeared to be related to asthma in children, but the conclusions were made based on a single
25(0OH)D measurement at the time of assessment (Hatami et al., 2014). As vitamin D status
is influenced by factors which affect skin production of vitamin D (Harris and Dawson-
Hughes, 1998, Agarwal et al., 2002, Harris, 2006, Shoben et al., 2011), as well as dietary
patterns (Holick, 2008) and body composition (Wortsman et al., 2000, Arunabh et al., 2003),
we hypothesized that a single measurement of 25(OH)D in healthy adolescent children might
not reflect vitamin D status over a prolonged period of time. In this study, we have shown
that nearly 50% of participants had a change in 25(OH)D of 20 nmol/L or greater between
11 and 20 years of age. Furthermore, only one third of adolescents were vitamin D replete at
both 11 years of age and at 20 years of age. From a positive perspective, 20% of the cohort
who were vitamin D insufficient at 11 years of age, were replete at 20 years.

We found that adolescents who had the highest 25(OH)D concentrations at 11 years of age
had the largest decrease in 25(OH)D at 15, 17 and 20 years of age, while those with low
baseline values had a greater increase at the other time points, suggesting that over time there

is a tendency for 25(OH)D concentrations to regress towards a mean.
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Although an individual’s serum 25(OH)D levels correlated over relatively short periods of
time in early and late adolescence, there was no significant correlation over a longer period,
thus individual participant levels in years 11 and 13 were not correlated with those in years
15, 17 or 20.

Data on vitamin D tracking is still lacking, with only two studies in adults published with
conflicting results. In one study tracking of vitamin D over a short period (12 months) was
shown by strong positive correlations between months of tracking (Jorde et al., 2010),
whereas there was poor 25(OH)D tracking over a long period (between 5 and 10 years) in
other study (Berger et al., 2012). In the present study, tracking was present in early and late
adolescence, but not throughout adolescence. We could find no good explanation for this
dichotomy in results between early and late adolescence, but it is unlikely to be due to
laboratory variations as all samples from a single participant were measured in the same
assay. We do acknowledge that only a relatively small proportion of the cohort (99 of 504
participants) were eligible for enrolment into the study due to the requirement of having
available blood samples on three different occasions over the study period, which could have
introduced bias. To better understand the association between vitamin D status and disease
states, more longitudinal studies are required to document the pattern of vitamin D tracking
in the participants, and the factors that influence it. It is possible that tracking of vitamin D
status is least apparent during periods of major lifestyle changes as occurs in adolescence, or

in regions where seasonal variations are large.

Conclusion: In our study of South African adolescents there was no association between
25(0OH)D values measured in early and later adolescence. Furthermore nearly 50% of
participants had a change in 25(0OH)D of greater than 20 nmol/L over the 10 years of study.
Thus tracking was restricted to relatively short periods at the beginning and end of
adolescence. The present study suggests that a single measurement of 25(OH)D may not
accurately reflect the vitamin D status of an individual over a prolonged period of time.
These results cast doubt on the veracity of reports that suggest that vitamin D status (as

measured on a single occasion) may influence long term disease outcomes.
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CHAPTER 6: Is vitamin D status associated with non-communicable disease risk in

children? A cohort study
6.1 Preface — Empirical Paper 3

This chapter was submitted to the South African Journal of Nutrition, where it is still under
review. It was submitted as a third empirical research paper as follows: Poopedi MA, Norris SA,
Pettifor JM, Is vitamin D status associated with non-communicable disease risk in children?

A cohort study. (Under review; South African Journal of Clinical Nutrition)

The manuscript’s third part of the thesis assessed vitamin D association with non-communicable
disease risk (blood pressure, BMI and lipid levels) in children. There was a significant increase
in non-communicable disease risk at different time points over a period of 10 years, with a
significant decrease in 25(OH)D. However, there was 77% of 25(OH)D replete in the study
population. The association of 25(OH)D with non-communicable disease risk was conducted by
Generalized Estimating Equations (GEE) to accommodate missing values. There was evidence
of variations in 25(OH)D, BMI and BP in adolescents over a period of 10 years. After
controlling for covariates, increased 25(OH)D was significantly negatively associated with LDL-

C, which may be related to favourable lipid profile in children and adolescents.

M.A.P. was responsible for laboratory running of the blood samples for 25-hydroxyvitamin D,
lipid profile (Total Cholesterol (TC), Triglycerides (Trig), High density Lipoprotein (HDL-C)
and Low Density Lipoprotein (LDL-C) and writing the initial drafts of the manuscripts; S.A.N
and J.M.P were the study supervisors for the project, and conceptualised and designed the study
and edited the drafts; J.M.P. was the study co-supervisor for the project and its design. All
authors read and approved the final manuscript as submitted.
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6.2 Abstract

Background: Studies in children and adults have reported variations in 25-hydroxyvitamin D
(25(0OH)D), body mass index (BMI), and blood pressure (BP) over time. Furthermore, there has
been a reported association of 25(0OH)D with BMI, BP and lipid levels in some cross-sectional
and longitudinal studies. Methods: This is a longitudinal study of a group of adolescents with
repeated measures of variables (25(OH)D, BP, anthropometry, and lipids) at the ages of 11, 12
13, 15 and 18-20 years. For age related changes, year 12 participants (N = 261) were matched
with year 18-20 (N = 368) participants resulting in 200 in each group. The data for longitudinal
analyses using the GEE comprised of the following groups of subjects: Year 11 (N = 288), Year
12 (N = 253), Year 13 (N = 292), Year 15 (N = 238) and Year 18-20 (N = 368). The relationship
of 25(OH)D with BMI, BP and lipid levels over a period of 10 years was assessed. Results:
There were significant increases of mean BMI and BP, and decreases in 25(OH)D levels with
age (all p-values < 0.0001). In females, systolic BP was significantly higher in older participants
(18-20 years) than younger participants (12 years), but 25(OH)D was significantly higher in
younger than older participants. In males, there was significant increase in BP in participants
between age 12 years and 18-20 years. 25(OH)D, total cholesterol (TC), and low density
lipoprotein (LDL-C) were significantly lower in 18-20 year-old participants compared to 12-
year-old participants. Longitudinally 25(OH)D was inversely associated with LDL-C.
Conclusion: There is evidence of variations in 25(OH)D, BMI and BP in adolescents over a
period of 10 years. After controlling for covariates, LDL-C was significantly negatively
associated with 25(OH)D, which suggests that vitamin D status might positively be associated

with favourable lipid profiles in children and adolescents.
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6.3 Introduction

The classical function of vitamin D is to facilitate the absorption of calcium from the
gastrointestinal tract (GIT) to maintain serum calcium homeostasis (Kanis, 1994, Harkness and
Bonny, 2005). However, recent evidence suggests that vitamin D status may be associated with a
variety of non-communicable disease (NCD) risks such as hypertension, obesity, metabolic
syndrome and diabetes mellitus (Chiu et al., 2004, Forman et al., 2007, van der Mei et al., 2007,
Chacko et al., 2011, Sacheck J, 20011, Pavlovic D, 2011, Yin X, 2016). The mechanisms by
which hypovitaminosis D might be related to these diseases remain unclear, although vitamin D
may influence immunomodulation, insulin release and cardiovascular function (Fischer et al.,
2000, Holick, 2008, Bikle and Jiang, 2013). Vitamin D status is dependent on both dietary intake
and cutaneous synthesis through exposure to ultraviolet  radiation, the latter being affected by
factors such as latitude, season, skin pigmentation, lifestyle and cultural practices (Clemens et
al., 1982, Binkley et al., 2004, Allali et al., 2009, Arunabh et al., 2003a, Bassil et al., 2013).
Studies in children and adults have found obesity and sedentary lifestyles to be associated with
reduced vitamin D status (Gannage-Yared et al., 2000, Arunabh et al., 2003a). An abnormal lipid
profile and high BP have also been associated with vitamin D deficiency (Forman et al., 2007,
Rajakumar et al., 2011a). However, in some studies (Ashraf et al., 2009, Dong , 2010), BP levels
remained unchanged with the improvement in serum 25-hydroxyvitamin D (25(OH)D) levels.
Given the equivocal findings relating vitamin D status with lipid profiles and BP in children, our
aim was to study the influence of vitamin D status on BMI, serum lipids and blood pressure in a
longitudinal cohort of adolescents living in the Johannesburg Metropolitan area (latitude 26°S,
altitude 1600 m), South Africa. We hypothesised that an increase in vitamin D status would be

associated with a reduction in risk of non-communicable diseases.

115



6.4 Methods
6.4.1 Study subjects

Children from the Bone Health subcohort of the Birth to Twenty longitudinal study in
Johannesburg were studied. The Birth to Twenty cohort consists of subjects who have been
followed since their birth in 1990. A total of 3273 black and white singleton deliveries were
enrolled within the Greater Johannesburg Metropolitan area over a seven-week period. Children
in the Bone Health cohort have since the age of 9 years been investigated annually for factors
affecting bone growth and bone mass accrual. Children with chronic illnesses, or on medication
or drugs and mineral supplements known to affect bone metabolism were excluded from

participating in the study.

Black and white children were measured for anthropometry (weight, height and BMI), BP
(systolic blood pressure (SBP) and diastolic blood pressure (DBP)) and 25(OH)D levels at ages
11, 12 13, 15 and 18-20 years. Lipid levels, total cholesterol (TC), triglycerides (Trig), high
density lipoprotein cholesterol (HDL-C), and low density lipoprotein cholesterol (LDL-C) were
only measured in years 12 and 18-20. For the longitudinal assessment of age related changes in
serum lipids, only participants, who had measurements at both years 12 and 18-20, were
included, resulting in the analysis of 200 participants. The data for longitudinal analysis of
anthropometry, BP and 25(OH)D using the generalised estimating equation (GEE) comprised of
the following groups of subjects: Year 11 (N = 288), Year 12 (N = 253), Year 13 (N = 292),
Year 15 (N = 238) and Year 18-20 (N = 368). Eight subjects, who only had measurements taken
once during the study, were excluded from the GEE data analysis. For participants aged 11 to 15
years, the BMI for age cut-offs for underweight or healthy weight were defined as < 85"
percentile and > 85" percentile for overweight or obese subjects (Barlow et al., 2007). For
participants aged 18-20 years, underweight or normal weight was defined as a BMI of < 25
kg/m? and overweight or obese as a BMI of > 25 kg/m? (Cole et al., 2000). Age and height
adjusted reference values were used to define normal BP in children aged 11 - 15 years (Flynn et
al., 2017), while in participants aged 18-20 years normal BP was defined as SBP < 140 mm Hg
and DBP < 90 mmHg. Cut-offs for normal lipid profiles were TC < 5 mmol/L, Trig < 1.7
mmol/L, LDL-C < 3.0 mmol/L, HDL-C > 1.0 mmol/L in males and > 1.2 mmol/L in females

(Juhola et al., 2011). The BP and lipid profile were further categorised as binary variables as
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follows; BP status (0 = abnormal BP and 1 = normal BP) and dyslipidaemia status (0 = abnormal

lipid profile and 1 = normal lipid profile)

The study protocol was approved by the Committee for Research on Human Subjects of the
University of the Witwatersrand, Johannesburg (Approval no. M980810). Consent was obtained
from the adolescents’ guardians and assent from the participants.

6.4.2 Anthropometric and blood pressure measurements

Body height in centimetres (cm) and weight in kilograms (kg) were measured by trained research
assistants. Height was measured in bare feet to the nearest 0.1 cm using a rigid stadiometer and
weight was measured in subjects wearing light clothes without shoes to the nearest 0.1 kg using a
calibrated scale balance. BMI was calculated by dividing weight in kilograms by height in

metres squared (kg/m?).

SBP and DBP (mmHg) were measured at the right upper arm using an automated oscillometric
device (Omron M6 HEM-7001-E, Omron Corporation, Kyoto, Japan). Prior to BP readings, each
subject rested quietly for 5 minutes. After each reading the cuff was automatically deflated to O
mmHg. BP was measured three times with the subject seated. The average of the three readings

was used for systolic and diastolic blood pressure.
6.4.3 Biochemical measurements and calculations

Blood samples (20 ml) were obtained after an overnight fast from each subject. The blood
samples for 25(OH)D and lipid concentrations were collected into plain red top tubes. The blood
was allowed to clot at room temperature for a minimum of 20 minutes, before being centrifuged,
and the serum separated and stored at -80°C. Serum 25(0OH)D was measured by a
chemiluminescence assay using the Diasorin Liaison instrument (Diasorin Liaison, Stillwater,
MN, USA) (intra-assay and inter-assay variations were < 5% and < 8% respectively). Our
laboratory participates in an international quality assurance programme (DEQAS - International
Vitamin D External Quality Assessment Scheme, London, United Kingdom). Since our
participation in DEQAS external quality control, our laboratory had received the certificates of
efficiency on a yearly basis (i.e 80% or more results fell within 30% of the all laboratory
trimmed mean). Lipids were measured by a Randox Daytona Instrument (Randox Laboratories

Ltd, County Antrim, UK) (intra and inter-assay variation < 5%).
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6.4.4 Statistical analyses

The data was analyzed using STATA software package version 11 (StataCorp, College Station,
Texas, US). All continuous variables were presented as means and standard deviations (mean +
SD). Because of missing data at each longitudinal time point, the association of 25(OH)D levels
with risk factors was determined using GEE which accommodates missing values and allows
repeated measures. The bivariate GEE models assessed the relationship of 25(OH)D with BMI,
BP and lipid profiles, the covariates (age, gender, ethnicity and season) were controlled for in

multivariate GEE models.
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6.5 Results

The anthropometric and biochemical data are shown in Tables 6.1 and 6.2. There was a
significant increase in BMI and BP and a significant decrease in 25(OH)D with age during the 10
years of study (year 11, 12, 13, 15 and 18-20). Serum 25(OH)D, TC and LDL-C were higher in
males at 12 years of age than at 18-20 years of age. In female participants only 25(OH)D was
higher when they were younger. Over the period from 12 years of age to 18-20 years, 25(OH)D
was found to be significantly negatively associated with LDL-C, when adjusted for age, BMI,

gender, ethnicity and season of the year.
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Table 6.1: Cross-sectional assessment of the BMI, blood pressure and vitamin D status at different time points in a study

population.
Variables  BMI *Abnormal BMI SBP #Abnormal SBP DBP #Abnormal DBP 25(0OH)D Vitamin D
(kg/m?) (kg/m?) (mmHg) (mmHg) (mmHg) (mmHg) (nmol/L) deficiency
(25(0H)D < 50
Total Total Total Total nmol/L)
Year 11 18+2.9 Female (n = 117) 100+ 10.1 Female (n = 133) 65+8.2 Female (n =133) 73+30.8 Female (n = 135)
N=256 31 (26%) N =283 3 (2%) N =283 13 (10%) N =288 41 (30%)
Male (n = 139) Male (n =150) Male (n = 150) Male (n= 153)
12 (9%) 1 (1%) 6 (4%) 34 (22%)
Mean (%) = 17% Mean (%) = 1.4% Mean (%) = 7% Mean (%) = 26%
Year 12 19+31 Female (n = 119) 105+ 10.5 Female (n = 95) 68+7.9 Female (n = 95) 81+25.7 Female (n = 124)
N=253 29 (24%) N =211 2 (2%) N=211 22 (23%) N=261 16 (13%)
Male (n = 134) Male (n = 116) Male (n = 116) Male (n = 137)
16 (12%) 2 (2%) 7 (6%) 7 (5%)
Mean (%) = 18% Mean (%) = 2% Mean (%) = 14% Mean (%) = 9%
Year 13 2037 Female (n = 138) 108 £105 Female (n =102) 71+8.6 Female (n = 102) 70+23.3 Female (n = 139)
N=291 36 (26%) N=226 6 (6%) N=226 32 (31%) N =292 26 (19%)
Male (n=153) Male (n =124) Male (n = 124) Male (n = 153)
22 (14%) 3 (2%) 13 (10%) 22 (14%)
Mean (%) = 20% Mean (%) = 4% Mean (%) = 20% Mean (%) = 16%
Year 15 21+37 Female (n = 117) 109 +£11.8 Female (n = 104) 69+75 Female (n = 104) 62 +18.5 Female (n = 139)
N=236 29 (25%) N =214 3 (3%) N =214 4 (4%) N=238 26 (19%)
Male (n = 119) Male (n =110) Male (n = 110) Male (n = 153)
13 (11%) 1(1%) 2 (2%) 22 (14%)

Mean (%) = 18%

Mean (%) = 2%

Mean (%) = 3%

Mean (%) = 20%
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Year 23+43 Female (n = 159) 119 £11.6 Female (n = 155) 80+17.5 Female (n = 155) 53 +17.6 Female (n = 173)

18-20 N =339 57 (36%) N = 327 3 (2%) N = 327 32 (21%) N = 368 94 (54%)
Male (n = 180) Male (n = 172) Male (n = 172) Male (n = 194)
28 (16%) 8 (5%) 42 (24%) 62 (32%)
Mean (%) = 25% Mean (%) = 3% Mean (%) = 23% Mean (%) = 42%
p-value P-value Prevalence = P-value Prevalence = P-value Prevalence = P-value Prevalence =
and (Anova) 273 (20%) (Anova) 32 (3%) (Anova) 173 (14%) (Anova) 350 (23%)
overall 0.0001 0.0001 0.0001 0.0001
prevalence

* Abnormal BMI for Year 11 to Year 15, > 85" percentiles for age and sex, and abnormal BMI for Year 18 — 20, > 25 kg/m>.

#Hypertension status for Year 11 to Year 15, > 95" percentile for age, sex, and height and for Year 18 — 20, SBP > 140 mm Hg and DBP
> 90 mmHg

*#25(0OH)D < 50 nmol/L = vitamin D deficiency, > 50 nmol/L = vitamin D sufficiency

Over a period of 10 years, there was a significant relative increase of mean BMI, SBP and DBP (all p-values < 0.0001) and a
significant decrease in 25(OH)D (p-value < 0.0001) with age in study participants. The overall prevalence of abnormal BMI and
vitamin D deficiency was 273 (20%) and 350 (23%) respectively. There was also an overall low prevalence of abnormal SBP (n = 32
(3%)) as compared to abnormal DBP (n = 173 (14%).

Change in blood pressure, anthropometry, body composition and biochemical variables in adolescents between the ages of 12 and 18 -

20 years stratified by sex is shown in table 6.2.
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Table 6.2: Change in blood pressure, anthropometry, body composition and biochemical variables in adolescents between the

ages of 12 and 18 - 20 years stratified by sex.

Female Male
Variables Year 12 Abnormal Years Abnormal p-value* Year 12 Abnormal Years Abnormal p-value
(N =88) (%) 18-20 (%) (N =112) (%) 18-20 (%)
(N =88) (N=112)
Systolic BP 106 £ 9.5 1 (1%) 112+84 0 (0%) 0.0001 105+ 10.3 2 (2%) 121+10.6 6 (5%) 0.0001
Diastolic BP 70+£8.0 15 (17%) 7079 9 (10%) 0.64 6775 6 (5%) 72+£7.9 31 (28%) 0.003
Height (cm) 153+85 161 +6.8 0.0001 149 +8.3 172+£7.9 0.0001
Weight (kg) 46 £10.8 63 +14.3 0.0001 41+£8.0 63 £10.2 0.0001
BMI (kg/m?) 19+36 21 (24%) 24+5.0 36 (41%) 0.0001 18.0+25 14 (13%) 21+28 11 (10%) 0.0001
25(0OH)D 72+22.8 13 (15%)** 47 £19.2 51 (58%)** 0.0001 84 +26.4 6 (5%)** 58 £15.6 7 (5%)** 0.0001
(nmol/L)
Total 4.21 £0.95 14 (16%) 414+1.1 10 (11%) 0.63 4,28 £0.8 19 (17%) 3.86 £0.7 7 (6%) 0.0003
Cholesterol
(mmol/L)
Triglycerides 0.83+£0.4 6 (7%) 0.74+£0.4 3 (3%) 0.08 0.77 £0.3 8 (2%) 0.76 £0.3 1 (1%) 0.78
(mmol/L)
HDL-C 1.22+0.3 15 (17%) 1.3+£0.3 20 (23%) 0.34 1.20+0.3 25 (22%) 1.14+0.3 35 (31%) 0.14
(mmol/L)
LDL-C 2.30 £0.80 12 (14%) 2.11+0.82 12 (14%) 0.11 240+0.7 21 (19%) 2.01+£0.6 9 (8%) 0.0001
(mmol/L)

*p values were calculated using the paired Student t-test
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**25(0OH)D < 50 nmol/L = vitamin D deficiency, > 50 nmol/L = vitamin D sufficiency

Table 2: shows comparisons in the same subjects at age 12 years and at age 18-20 years. In female subjects, SBP was significantly
higher in participants aged 18-20 years, while 25(OH)D levels were significantly lower. There was no significant change in lipid
levels in the females at the two ages. In males the pattern was similar to that of females over time with increases in BP. 25(OH)D
levels were significantly lower in the group of males aged 18-20 years than at 12 years of age. TC and LDL-C were significantly
lower in males at 18-20 years of age compared to when the subjects were 12 years old, with the triglycerides remaining constant over
the period. There was a slight decrease in abnormal DBP in female participants from 15 (17%)(younger) to 9 (10%)(older), which is in
contrast to the males, in whom abnormal DBP increased from 6 (5%)(younger) to 31 (28%)(older). Younger participants had similar
percentages of abnormal TC (females 14 (16%) and males 19 (17%), furthermore younger males had abnormally increased LDL-C in
21 (19%) compared to that in older males 9 (8%).The prevalence of abnormal HDL-C in female ranged from 15(17%) (younger) to 20
(23%) (older) and in males from 25(22%) (younger) to 35(31%)(older). There was 43% increase in vitamin D deficiency in females as

compared to 1% increase of vitamin D deficiency on males.

The GEE bivariate and multivariate regression analysis of 25(OH)D with blood pressure, BMI (over a 10 year period) and lipids (at 12
and 18-20 years) is shown in table 6.3.
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Table 6.3: The GEE bivariate and multivariate regression analysis of 25(OH)D with blood pressure, BMI (over a 10 year

period) and lipids (at 12 and 18-20 years).

Cardio- BMI SBP DBP BP status TC Trig HDL-C LDL-C Lipid status
metabolic  risk g value) (mmHg) (mmHg)  0=Abnormal  (mmol/L) (mmol/L) (mmol/L) (mmol/L) 0= Abnormal  Lipid
Factors Versus BP Profile
5(OHD B(p-value) p(p-value) B(p-value) B(p-value) B(p-value)  B(p-value) - yormare
1=Normal BP
Bivariate -1.59 -0.32 -0.31 6.85 1.11 5.13 -5.11 -1.18 2.51
. (0.0001) (0.0001) (0.0001) (0.001) (0.26) (0.04) (0.06) (0.34) (0.25)
Analysis
Model 12
L _ -0.08 -0.17 -3.35 1.84 5.02 -4.51 -2.49 3.61
(multivariate-
(0.56) (0.01) (0.35) (0.11) (0.09) (0.15) (0.08) (0.15)
Unadjusted)
Model 2°
o L -0.03 0.09 -1.11 0.24 0.05 -5.8 3.7 3.04
(multivariate-
(0.85) (0.92) (0.75) (0.82) (0.98) (0.05) (0.02) (0.20)
Adjusted)

Model 1* — multivariate analysis

Model 2° — multivariate analysis adjusted for age, BMI, gender, ethnicity and season of the year
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In GEE bivariate regression analysis, 25(OH)D was significantly negatively associated with BMI, SBP, DBP and positively associated
with triglyceride levels and better BP status. In the unadjusted multivariate model, 25(OH)D was only inversely associated with DBP.
After adjustment for possible confounding variables (age, BMI, gender, ethnicity, and season) in Model 2°, 25(OH)D was only significantly

inversely associated with LDL-C.
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6.6 Discussion
6.6.1 Summary of the present study results

Unlike other studies reporting higher percentages of hypovitaminosis D (Lamberg-Allardt,
2012), the present Bone Health cohort had vitamin D deficiency (25(OH)D < 50 nmol/L) in
17% of the participants (age 11 — 15 years), and 42% of participants (age 18 — 20 years)
(Holick, 2007, Heaney, 2013). Interestingly, the prevalence of vitamin D deficiency was 26%
in year 11, which was higher than when the participants were 10 years old (7% deficiency
prevalence). The reason for the differences in 25(OH)D deficiency between year 10 and 11
participants is not known as both group samples were run under the same laboratory
conditions and in duplicates. There was significant increase in repeated measures of mean
BMI, and BP, while there was a decrease in 25(OH)D over a period of 6-8 years, which were
the expected findings in children going through adolescence (Reis et al., 2009). Lipid levels
measured in 12 and 18-20 year old participants were significantly higher in the male cohort at
12 years of age than at 18-20 years of age. These differences were not seen in female cohort.
Over a period of 6-8 years, 25(0OH)D was found to be significantly negatively associated with
LDL-C (Model 2°), which may suggest that increased 25(OH)D levels are associated with
favourable lipid profiles (Kelishadi et al., 2014, Williams et al., 2014).

6.6.2 Association of 25(OH)D with body composition

25(0OH)D is by nature hydrophobic, hence is reported to be easily sequestrated into the body
fat cells which may result in vitamin D deficiency (Wortsman et al., 2000). Despite vitamin D
deficiency being traditionally linked to altered bone mineral metabolism (Holick, 2006), low
25(0H)D levels have been found to be negatively associated with BMI and body composition
(total and percentage fat mass, visceral adipose tissue) (Gilbert-Diamond et al., 2010, Dong et
al., 2010a, Rajakumar et al., 2011a). In the present study, the females were found to have
twice abnormal BMI as compared to their male peers, which may suggest that black females
are at risk of vitamin D deficiency. 25(OH)D was found to be inversely associated with BMI,
before (B = -1.59, p-value = 0.0001) and after (B = -0.74, p-value =0.0001) adjustment for
other variables (age, gender, ethnicity and season). This may reflect an independent
association of BMI with 25(OH)D and the sequestration of 25(OH)D in the body fat
adipocytes as reported by other studies (Wortsman et al., 2000, Arunabh et al., 2003b). A
study by Blum et al., 2008 has shown a strong inverse relationship between amount of fat
tissue and serum vitamin Ds, but the researchers failed to show correlation between body
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weight and vitamin D3 because of small sample size (N=17). However, other researchers
have found total body volume to have an important mechanism in the explanation of the
relationship (Drincic et al., 2012). This is because according to Drincic et al., 2012 dilution of
ingested or cutaneously synthesized vitamin D in the large fat mass of obese patients may fully
explain their typically low vitamin D status. Another possible explanation for low vitamin D in
obesity has been described in animal studies, in which obesity was associated with a down regulation
of CYP2R1, the major hepatic hydroxylase responsible for the conversion of vitamin D to 25(OH)D
(Bouillon and Bikle, 2019).

6.6.3 Association of 25(OH)D with blood pressure

Vitamin D deficiency has been reported to be associated with diseases that are not bone
related and hypertension is one of them (Forman et al.,, 2007, Kao et al., 2015). The
importance of vitamin D in hypertension has also been investigated in animal studies where
vitamin D was shown to reduce blood pressure through inhibition of the renin-angiotension
system (Li, 2003). Researchers have found low 25(OH)D to be associated with increased
blood pressure in longitudinal and cross-sectional studies around the globe (Forman et al.,
2007, Reis et al., 2009, Kao et al., 2015). But no association was found in randomised clinical
trials and case-control studies (Dong et al., 2010b, Olson et al., 2012). In the present study, an
inverse relationship between 25(OH)D and BP was found in bivariate linear regression
analysis but the relationship disappeared after adjustment of age, BMI, gender, ethnicity, and
season. Hence, researchers have suggested that understanding the relationship between
25(0OH)D and cardiometabolic risk factors is a challenge because of multiple variables that
may confound the association (Dolinsky et al., 2013). More insight into this relationship
could be provided by randomised clinical trials which directly interrogate the relationship of
25(OH)D with cardiometabolic risk factors.

6.6.4 Association of 25(OH)D with lipids

Cross-sectional and a few prospective studies have reported that the association of 25(OH)D
and abnormal lipid levels was related to obesity in children and adults, which may lead to
cardiovascular complications (Wang et al., 2008, Stoki¢ et al., 2015, Kumaratne et al., 2017).
The TC and LDL-C in younger male children were found to be higher as compared to their
older male peers, of which the reason is not known. Hence, it will need to be further
investigations in studies in similar settings to us using bigger samples sizes. The present study
found 25(0OH)D to be significantly positively related to triglyceride levels in bivariate
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analysis and negatively associated with LDL-C in multivariate analysis (Model 2°). This may
be the result of sufficient vitamin D status in the present study population, which may be
associated with favourable lipid profile. However, these findings have not been consistently
found in children and adolescents (Nam et al., 2014, Kumaratne et al., 2017).

There are several limitations associated with the study; loss to follow up over the 6-8 years
of study resulted in a reduction in subjects with measurements at both 12 and 16-18 years
and no information was collected on time spent outdoors or of physical activity and sunscreen
use. The study used BMI as a measure of fat mass, which is unable to distinguish lean mass
from fat mass. The present study was restricted to the Greater Johannesburg metropolitan

area; hence the findings cannot reflect the general population in South Africa.

Conclusion: Although we were able to show relationships using bivariate analyses between
vitamin D status and BMI, BP, and lipid levels over a 6-10 year period during adolescence in
a cohort of black and white South Africans, the significant relationships mostly disappeared
following adjustment for covariates, except for the relationship between 25(OH)D and BMl,
which persisted after adjustment. One possible reason for lack of relationships with 25(0OH)D

might relate to the adequate vitamin D status of most of the subjects.
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CHAPTER 7: Discussion Summary
7.1 Preface to the chapter

The chapter’s main emphasis is on key findings of the thesis, with focus on public health

implications, strengths and limitations.
7.2 Summary of findings

The main aims of the thesis were to i) assess vitamin D status in 10-year-old children living
in the greater Johannesburg metropolitan area, ii) determine longitudinally if there is vitamin
D tracking in adolescent children over a period of 10 years, and iii) evaluate the association
of vitamin D status with non-communicable disease risk in children over 10 years. The
consolidated findings in line with the empirical chapters are outlined on the table 7.1 (page
130).
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Table 7.1 Consolidated study findings

Chapter  Objectives Key findings

4 To determine vitamin For the overall study population, 7% had
D status in 10-year-old vitamin D deficiency (< 50 nmol/L), 19%
children and factors vitamin D insufficiency (50 — 74 nmol/L) and
influencing it. 74% was vitamin D sufficient (> 75 nmol/L).

Hence, vitamin D supplementation or
fortification should not be considered in
healthy South African children living in

Johannesburg.

25(0OH)D levels were significantly higher in
white than black children during autumn and
summer months. Seasonal variations in
25(0OH)D were found in white children, with
values being highest in summer and autumn. No
seasonal variations were noted in black children.
The season (B = 0.28, p = 0.0001), ethnicity (B
=-0.29, p = 0.0001), sex (B =-0.16, p = 0.003),
and total fat mass ( =-0.15, p = 0.01) were the

only factors found to have an influence on

25(0OH)D.

5 To determine whether No significant correlation between 25(OH)D in
tracking of vitamin D the earlier and later years of adolescence was
status occurs in healthy found, although there were significant
adolescents, we correlations between year 11 and year 13 (r =

assessed the variability 0.71; p < 0.0001), and between years 15, 17
of 25-hydroxyvitamin and 20 (r > 0.65; p < 0.0001). The study
D (25(0OH)D) every 2 suggests that a single measurement of
years over a 10 year 25(0OH)D may not accurately reflect the

period in a longitudinal vitamin D status of an individual over a
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cohort of adolescents prolonged period of time. These results cast

living in Johannesburg, doubt on the veracity of reports that suggest

South Africa (latitude that vitamin D status (as measured on a single

26°S). occasion) may influence long term disease
outcomes.

6 To determine whether There was evidence of changes in 25(OH)D,
vitamin D status is BMI and BP in adolescents over a period of 10
associated with non- years. After controlling for covariates,
communicable disease increased  25(0OH)D  was  significantly
risk in children. associated negatively with LDL-C, which may

be related to favourable lipid profile in children

and adolescents.

7.3 Hypothesis revisited
7.3.1 Hypothesis 1

Children living in Johannesburg would generally be vitamin D sufficient as Johannesburg has
greater than 8 sunshine hours daily throughout the year, however black children in general
would have lower 25(OH)D concentrations than white children due to their greater skin

pigmentation.

We were able to reject the null hypothesis as black children were found to have significantly
lower 25(0OH)D levels than their white peers. Furthermore, the majority of children (74%)
had sufficient 25(OH)D levels.

7.3.2 Hypothesis 2

Vitamin D status in children living in Johannesburg will track during adolescence because of

abundance of sunlight.

We were able to reject the null hypothesis as vitamin D status changed significantly in just

over half the children between early and late adolescence.
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7.3.3 Hypothesis 3

An increase in vitamin D status would be associated with a reduction in risk of non-

communicable diseases.

We were able to reject the null hypothesis as 25(OH)D levels were significantly negatively
associated with LDL-C after adjusting for age, ethnicity, sex and adiposity. Thus an adequate
vitamin D status may be related to a more favourable lipid profile in children and adolescents.

7.4 Public health implications

One finding that was eminent in the present study was a high percentage of subjects with
vitamin D sufficiency throughout the year as defined by either IOM or The Endocrine Society
(Ross et al., 2011a, Holick et al., 2011, Rosen et al., 2012). Hence, it is suggested that food
supplementation or fortification is unnecessary in healthy South African children living in
Johannesburg outside of the inner-city area. It is however not known if the results can be
transferred to other more southerly regions in South Africa due to differences in latitude and
cloud cover between Johannesburg and these regions. Furthermore, no information was
obtained on possible at-risk groups, such as infants in general and particularly those who are
breastfed for prolonged periods, or in children living in the high-rise inner-city areas, where
overcrowding and lack of open spaces for children to play might increase the risk of vitamin

D deficiency.

Another finding of importance relates to the finding of the lack of vitamin D status tracking
over the period of adolescence. At present, there are only a handful of studies that have
assessed vitamin D status over a prolonged period (Jorde et al., 2010c, Berger et al., 2012,
Faridi et al., 2017). The study on vitamin D tracking was undertaken in adolescent children,
which are in a critical stage of changes in lifestyle, possibly leading to reduced cutaneous

synthesis of vitamin D because of spending less time outdoors.

Vitamin D tracking was present in early (year 11 and 13 participants) and late adolescence
(year 15, 17 and 20 participants) but not throughout adolescence. The reasons for the
difference in tracking are not known but it is unlikely to be due to laboratory variations as all
samples for a single participant were measured in a single assay run. Thus to better
understand the relationship between vitamin D status and various disease conditions,

longitudinal studies are required in which 25(OH)D levels are measured throughout the study
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period to report on the overall pattern of vitamin D tracking in subjects in relation to the

development of the disease being studied.

A third finding, that of the chronic disease risk factors studied in the adolescents, 25(OH)D
levels were only associated with LDL-C in children over 10 years. There was evidence of
changes in BMI, blood pressure and lipid profile over a period of time, but these were
unassociated with vitamin D status after adjusting for possible confounding variables. Hence,
we are suggesting that increased 25(OH)D may be associated with better lipid profiles in this
age group of children, but the study was hampered by the generally good vitamin D status of
most children. More studies with larger sample size to assess the longitudinal association of
25(0OH)D with NCD risk are warranted.

7.5 Strengths and limitations
7.5. 1 Vitamin D measurement in the laboratory

Due to challenges in the laboratory measurement of 25(OH)D (Snellman et al., 2010), the
present study used chemiluminescence assay which had a turnaround time of 35 minutes per
sample with better intra and inter coefficient of variation (< 10%) than a number of other
types of assays. 25(OH)D was measured by an assay manufactured by Diasorin which
introduced a chemiluminescence immunoassay on their “Liasorin” automated immunoassay
platform in 2004. The assay was updated to have improved sensitivity and precision and was
renamed Liasion Total in 2007 (Wallace et al., 2010). Despite HPLC and LC-MS/MS
methods still being the preferred techniques for quantitatively measuring vitamin D status
(Schleicher et al., 2011, Farrell et al., 2012), the Diasorin assay is used extensively
worldwide, thus allowing comparison of the results from these studies with others throughout
the world. In general, precision of immunoassay, HPLC and LC-MS/MS are comparable and
all have the required sensitivity to identify severe vitamin D deficiency (Wallace et al., 2010,
Gallelli et al., 2019).

For validation of results, our laboratory participates in an international quality assurance
programme (DEQAS - International Vitamin D External Quality Assessment Scheme,
London, United Kingdom). Since our participation in DEQAS external quality control, our
laboratory had received the certificates of efficiency on a yearly basis (i.e 80% or more

results fell within 30% of the all laboratory trimmed mean).
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7.5.2 Study designs

Studies vary in terms of their strengths and limitations due to their study designs. This section

of the thesis will examine the strengths and limitations related to each study in table 7.2

below.

Table 7.2 Strengths and limitations

Factors influencing vitamin D status in 10-year-old children in Johannesburg, South Africa.

Strengths

Limitations

The 25(0OH)D was measured in duplicates and
Diasorin Liason machine was calibrated daily
for running every batch of samples. All the
intra and inter-assay co-efficient of variation

was less than 10%.

The 25(0OH)D levels and the factors
influencing the levels were assessed cross-
sectionally thus no cause and effect could be
deduced from the associations found.

The number of white children in the study was
relatively small reducing the strength of the

associations.

Does vitamin D track in adolescent children?

Strengths

Limitations

The 25(0OH)D levels were measured in
duplicates in samples collected over 10 years.
All samples from one individual were
measured in the same assay, thus negating

inter-assay variability.

Of the 504 children, only 99 children met the
criteria for inclusion in the present study. They
were required to have blood samples taken on
3 or more occasions during the longitudinal
study. The majority of children excluded had
blood sampled less frequently due to various

factors.

Is vitamin D status associated with non-communicable disease risk in children?

Strengths

Limitations

Repeat measures of 25(OH)D over a 10 year
period were associated with NCD risk in
children using the Generalised Estimating
Equation (GEE) which has the advantage of

accommodating missing values.

Loss to follow up over the 6-8 years of study
resulted in a reduction in subjects with
measurements at both 12 and 16-18 years and
no information was collected on time spent
outdoors or of physical activity and sunscreen

use. The study used BMI as a measure of fat
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mass, but its shortcoming is that it cannot
distinguish lean mass from fat mass. The
present study was restricted to the Greater
Johannesburg metropolitan area; hence the
findings may not reflect the general population
in South Africa.

7.6 Novel study findings

Understanding of vitamin D physiology has for a long time been confined to bone health
(Holick, 1981, Holick, 1989). One of the important finding of the present study was the
presence of vitamin D sufficiency (25(OH)D > 50 nmol/L) in the majority of participants.
The current study also added to the literature on vitamin D research by associating 25(OH)D
with NCD risk factors at longitudinal level; it was suggested that vitamin D status of our
study participants might be associated with more favourable lipid profiles in children and

adolescents.

Researchers have measured vitamin D status only once in most studies in which the
association of vitamin D status with disease risk have been examined. In the present study we
tracked vitamin D status over a period of time. Only a handful of studies in this field have
been published with contrasting results. The present study found no significant correlation
between 25(OH)D in earlier and later years of adolescence. Hence it was suggested that
measurement of 25(OH)D at a single time point does not reflect the long term status of

vitamin D in adolescents.
7.7 Future research

We do not know if our present study findings may hold true in other parts of South Africa
and other countries in southern Africa. However, relatively good vitamin D status (25(OH)D
> 50 nmol/L) in the vast majority of adolescents is encouraging, but further studies across the
life-course are required and particularly in possible at-risk groups (infants, inner-city dwellers

and the elderly).

Furthermore, longitudinal randomised controlled trials (RCTs) and systematic reviews and

meta-analysis of RCTs studies with larger sample sizes are warranted to further unpack
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vitamin D tracking and its association with NCD risk. Changes in 25(OH)D levels are
reported as children grow older, hence future studies must take into consideration in their

statistical modelling the behavioural changes that may occur as time progresses.

In conclusion, the present study population had sufficient vitamin D status, 25(OH)D > 50
nmol/L. Higher 25(OH)D in the study population was associated with a favourable lipid
profile. The lack of long-term tracking during adolescence is an important finding and casts
doubt on epidemiological studies of NCDs in which vitamin D status is only measured once

and used as a measure of vitamin D status over a period of time.

141



References

ABOLFOTOUH, M. A., AL-ALWAN, I. A. & AL-ROWAILY, M. A. 2012. Prevalence of
metabolic abnormalities and association with obesity among Saudi college students.
International Journal of Hypertension, 2012, https://doi.org/10.1155/2012/819726.

ABRAHAMSEN, B. 2017. The calcium and vitamin D controversy. Therapeutic Advances in
Musculoskeletal Disease, 9, 107-114.

AGARWAL, K., MUGHAL, M., UPADHYAY, P., BERRY, J.,, MAWER, E. & PULIYEL,
J. 2002. The impact of atmospheric pollution on vitamin D status of infants and
toddlers in Delhi, India. Archives of Disease in Childhood, 87, 111-113.

AKDERE, G., EFE, B., SISMAN, P. & YORULMAZ, G. 2018. The relationship between
vitamin D level and organ specific autoimmune disorders in newly diagnosed type |
diabetes mellitus. Bratislavske Medical Journal, 119, 544-549.

AL-GHAMDI, M. A., LANHAM-NEW, S. A. & KAHN, J. A. 2012. Differences in vitamin

D status and calcium metabolism in Saudi Arabian boys and girls aged 6 to 18 years:

effects of age, gender, extent of veiling and physical activity with concomitant
implications for bone health. Public Health Nutrition, 15, 1845-1853.

AL-MUTAIRI, N., ISSA, B. I. & NAIR, V. 2012. Photoprotection and vitamin D status: a
study on awareness, knowledge and attitude towards sun protection in general
population from Kuwait, and its relation with vitamin D levels. Indian Journal of
Dermatology,Venereology, and Leprology, 78, 342-349.

AL-SALEH, Y., AL-DAGHRI, N., ALKHARFY, K., AL-ATTAS, O., ALOKAIL, M., AL-
OTHMAN, A., SABICO, S. & CHROUSOS, G. 2013. Normal circulating PTH in
Saudi healthy individuals with hypovitaminosis D. Hormone and Metabolic Research,
45, 43-46.

ALLALI, F., EL AICHAOQUI, S., KHAZANI, H., BENYAHIA, B., SAOUD, B., EL
KABBAJ, S., BAHIRI, R., ABOUQAL, R. & HAJJAJ-HASSOUNI, N, 2009. High
prevalence of hypovitaminosis D in Morocco: relationship to lifestyle, physical
performance, bone markers, and bone mineral density. Seminars in Arthritis and
Rheumatism, 38, 444-451.

ALLALLI F., EL AICHAQOUI, S., SAOUD, B., MAAROUFI, H., ABOUQAL, R. & HAJJAJ-
HASSOUNI, N. 2006. The impact of clothing style on bone mineral density among
post menopausal women in Morocco: a case-control study. BMC Public Health, 6,
135.

142


https://doi.org/10.1155/2012/819726

ALSHAHRANI, F. & ALJOHANI, N. 2013. Vitamin D: deficiency, sufficiency and toxicity.
Nutrients, 5, 3605-3616.

ALSUWAIDA, A. O,, FARAG, Y. M., AL SAYYARI, A. A,, MOUSA, D. H., ALHEJAILI,
F. F., AL-HARIB, A. S., HOUSAWI, A. A., MITTAL, B. V. & SINGH, A. K. 2013.
Prevalence of vitamin D deficiency in Saudi adults. Saudi Medical Journal, 34, 814-
818.

ANDERSEN, R., MBLGAARD, C., SKOVGAARD, L. T., BROT, C., CASHMAN, K.,
CHABROS, E., CHARZEWSKA, J., FLYNN, A. JAKOBSEN, J. &
KARKKAINEN, M. 2005. Teenage girls and elderly women living in northern
Europe have low winter vitamin D status. European Journal of Clinical Nutrition, 59,
533.

ANDIRAN, N., CELIK, N., AKCA, H. & DOGAN, G. 2012. Vitamin D deficiency in
children and adolescents. Journal of Clinical Research in Pediatric Endocrinology, 4,
25.

ARUNABH, S., POLLACK, S., YEH, J. & ALOIA, J. F. 2003. Body fat content and 25-
hydroxyvitamin D levels in healthy women. The Journal of Clinical Endocrinology &
Metabolism, 88, 157-161.

ATEF, S. H. 2018. Vitamin D assays in clinical laboratory: past, present and future
challenges. The Journal of Steroid Biochemistry and Molecular Biology, 175, 136-
137.

ATES, O., DOLEK, B., DALYAN, L., MUSELLIM, B., ONGEN, G. & TOPAL-
SARIKAYA, A. 2011. The association between Bsml variant of vitamin D receptor
gene and susceptibility to tuberculosis. Molecular Biology Reports, 38, 2633-2636.

AU, L. E., ROGERS, G. T., HARRIS, S. S., DWYER, J. T., JACQUES, P. F. & SACHECK,
J. M. 2013. Associations of vitamin D intake with 25-hydroxyvitamin D in
overweight and racially/ethnically diverse US children. Journal of the Academy of
Nutrition and Dietetics, 113, 1511-1516.

BABB, C., VAN DER MERWE, L., BEYERS, N., PHEIFFER, C., WALZL, G., DUNCAN,
K., VAN HELDEN, P. & HOAL, E. 2007. Vitamin D receptor gene polymorphisms
and sputum conversion time in pulmonary tuberculosis patients. Tuberculosis, 87,
295-302.

BACH, J.-F. 1994. Insulin-dependent diabetes mellitus as an autoimmune disease. Endocrine
Reviews, 15, 516-542.

143



BAEKE, F., TAKIISHI, T., KORF, H., GYSEMANS, C. & MATHIEU, C. 2010. Vitamin D:
modulator of the immune system. Current Opinion in Pharmacology, 10, 482-496.

BAILEY, B. A., MANNING, T. & PEIRIS, A. N. 2012. The impact of living in rural and
urban areas: vitamin D and medical costs in veterans. The Journal of Rural Health,
28, 356-363.

BAKER, J. F., MEHTA, N. N, BAKER, D. G., TOEDTER, G., SHULTS, J., VON FELDT,
J. M. & LEONARD, M. B. 2012. Vitamin D, metabolic dyslipidemia, and metabolic
syndrome in rheumatoid arthritis. The American Journal of Medicine, 125, 1036. e9-
1036. el5.

BALASUBRAMANIAN, S., DHANALAKSHMI, K. & AMPERAYANI, S. 2013. Vitamin
D deficiency in childhood—A review of current guidelines on diagnosis and
management. Indian Pediatrics, 50, 669-675.

BARR, D., COUSSENS, A., IRVINE, S., RITCHIE, N., HERBERT, K., CHOO-KANG, B.,
RAESIDE, D., BELL, D. & SEATON, R. 2017. Paradoxical upgrading reaction in
extra-pulmonary tuberculosis: association with vitamin D therapy. The International
Journal of Tuberculosis and Lung Disease, 21, 677-683.

BARREA, L., SAVASTANO, S., DI SOMMA, C., SAVANELLI, M. C., NAPPI, F.,
ALBANESE, L., ORIO, F. & COLAO, A. 2017. Low serum vitamin D-status, air
pollution and obesity: A dangerous liaison. Reviews in Endocrine and Metabolic
Disorders, 18, 207-214.

BASSIL, D., RAHME, M., HOTEIT, M. & FULEIHAN, G. E.-H. 2013. Hypovitaminosis D
in the Middle East and North Africa: Prevalence, risk factors and impact on outcomes.
Dermato-Endocrinology, 5, 274-298.

BATIEHA, A., KHADER, Y., JADDOU, H., HYASSAT, D., BATIEHA, Z., KHATEEB,
M., BELBISI, A. & AJLOUNI, K. 2011. Vitamin D status in Jordan: dress style and
gender discrepancies. Annals of Nutrition and Metabolism, 58, 10-18.

BAYNES, K., BOUCHER, B., FESKENS, E. & KROMHOUT, D. 1997a. Vitamin D,
glucose tolerance and insulinaemia in elderly men. Diabetologia, 40, 344-347.
BAYNES, K., WHITEHEAD, J., KROOK, A. & O'RAHILLY, S. 1997b. Molecular
mechanisms of inherited insulin resistance. Quarterly Journal of Medicine, 90, 557-

562.

BELL, N. H., EPSTEIN, S., GREENE, A., SHARY, J.,, OEXMANN, M. J. & SHAW, S.
1985. Evidence for alteration of the vitamin D-endocrine system in obese subjects.
The Journal of Clinical Investigation, 76, 370-373.

144



BELLAMY, R., RUWENDE, C., CORRAH, T., MCADAM, K., THURSZ, M., WHITTLE,
H. & HILL, A. 1999. Tuberculosis and chronic hepatitis B virus infection in Africans
and variation in the vitamin D receptor gene. The Journal of Infectious Diseases, 179,
721-724.

BELSEY, R., DELCA, H. F. & POTTS JR, J. T. 1971. Competitive binding assay for vitamin
D and 25-OH vitamin D. The Journal of Clinical Endocrinology & Metabolism, 33,
554-557.

BENITEZ-AGUIRRE, P. Z., WOOD, N. J., BIESHEUVEL, C., MOREIRA, C. & MUNNS,
C. F. 2009. The natural history of vitamin D deficiency in African refugees living in
Sydney. Medical Journal of Australia, 190, 426-428.

BERGER, C., GREENE-FINESTONE, L. S., LANGSETMO, L., KREIGER, N., JOSEPH,
L., KOVACS, C. S., RICHARDS, J. B., HIDIROGLOU, N., SARAFIN, K. &
DAVISON, K. S. 2012. Temporal trends and determinants of longitudinal change in
25-hydroxyvitamin D and parathyroid hormone levels. Journal of Bone and Mineral
Research, 27, 1381-1389.

BERMUDEZ-MORALES, V. H., FIERROS, G., LOPEZ, R. L., MARTINEZ-NAVA, G.,
FLORES-ALDANA, M., FLORES-RIVERA, J. & HERNANDEZ-GIRON, C. 2017.
Vitamin D receptor gene polymorphisms are associated with multiple sclerosis in
Mexican adults. Journal of Neuroimmunology, 306, 20-24.

BHATTOA, H., BETTEMBUK, P., GANACHARYA, S. & BALOGH, A. 2004. Prevalence
and seasonal variation of hypovitaminosis D and its relationship to bone metabolism
in community dwelling postmenopausal Hungarian women. Osteoporosis
International, 15, 447-451.

BIKLE, D. 2009. Nonclassic actions of vitamin D. The Journal of Clinical Endocrinology &
Metabolism, 94, 26-34.

BINKLEY, N., DAWSON-HUGHES, B., DURAZO-ARVIZU, R.,, THAMM, M., TIAN, L.,
MERKEL, J., JONES, J., CARTER, G. & SEMPOS, C. 2017. Vitamin D
measurement standardization: The way out of the chaos. The Journal of Steroid
Biochemistry and Molecular Biology, 173, 117-121.

BINKLEY, N., KRUEGER, D., COWGILL, C., PLUM, L., LAKE, E., HANSEN, K,
DELUCA, H. & DREZNER, M. 2004. Assay variation confounds the diagnosis of
hypovitaminosis D: a call for standardization. The Journal of Clinical Endocrinology
& Metabolism, 89, 3152-3157.

145



BINKLEY, N., KRUEGER, D. C., MORGAN, S. & WIEBE, D. 2010. Current status of
clinical 25-hydroxyvitamin D measurement: an assessment of between-laboratory
agreement. Clinica Chimica Acta, 411, 1976-1982.

BISCHOFF-FERRARI, H., BORCHERS, M., GUDAT, F., DURMULLER, U., STAHELIN,
H. & DICK, W. 2004. Vitamin D receptor expression in human muscle tissue
decreases with age. Journal of Bone and Mineral Research, 19, 265-269.

BJORKHEM, I., HOLMBERG, I., KRISTIANSEN, T. & PEDERSEN, J. 1979. Assay of 1,
25-dihydroxy vitamin D3 by isotope dilution--mass fragmentography. Clinical
Chemistry, 25, 584-588.

BOSE, S., BREYSSE, P. N.,, MCCORMACK, M. C., HANSEL, N. N., RUSHER, R. R,,
MATSUI, E., PENG, R., CURTIN-BROSNAN, J. & DIETTE, G. B. 2013. Outdoor
exposure and vitamin D levels in urban children with asthma. Nutrition Journal, 12,
81.

BOUADDI, I, ROSTOM, S., EL BADRI, D., HASSANI, A., CHKIRATE, B., ABOUQAL,
R., AMINE, B. & HAJJAJ-HASSOUNI, N. 2014. Vitamin D concentrations and
disease activity in Moroccan children with juvenile idiopathic arthritis. BMC
Musculoskeletal Disorders, 15, 115.

BOUCHER, B., MANNAN, N., NOONAN, K., HALES, C. & EVANS, S. 1995. Glucose
intolerance and impairment of insulin secretion in relation to vitamin D deficiency in
east London Asians. Diabetologia, 38, 1239-1245.

BOUCHER, B. J. 2012. Is vitamin D status relevant to metabolic syndrome? Dermato-
Endocrinology, 4, 212-224.

BOUILLON, R. 2017. Comparative analysis of nutritional guidelines for vitamin D. Nature
Reviews Endocrinology, 13, 466.

BREHM, J. M., ACOSTA-PEREZ, E., KLEI, L., ROEDER, K., BARMADA, M.,
BOUTAOQOUI, N., FORNO, E., KELLY, R., PAUL, K. & SYLVIA, J. 2012. Vitamin
D insufficiency and severe asthma exacerbations in Puerto Rican children. American
Journal of Respiratory and Critical Care Medicine, 186, 140-146.

BRITO, G., MASTAGLIA, S., GOEDELMANN, C., SEIJO, M., SOMOZA, J. & OLIVERI,
B. 2013. Exploratory study of dietary intake and prevalence of vitamin D deficiency
in women> 65 years old living in their family home or in public homes of Buenos

Aiires city, Argentina. Nutricion Hospitalaria, 28, 816-822.

146



BROCK, K., WILKINSON, M., COOK, R., LEE, S. & BERMINGHAM, M. 2004.
Associations with vitamin D deficiency in “at risk” Australians. The Journal of
Steroid Biochemistry and Molecular Biology, 89, 581-588.

BROCK, K. E., KE, L., TSENG, M., CLEMSON, L., KOO, F. K., JANG, H., SEIBEL, M.
J., MPOFU, E., FRASER, D. R. & MASON, R. S. 2013. Vitamin D status is
associated with sun exposure, vitamin D and calcium intake, acculturation and
attitudes in immigrant East Asian women living in Sydney. The Journal of Steroid
Biochemistry and Molecular Biology, 136, 214-217.

BUFFINGTON, C., WALKER, B., COWAN, G. S. & SCRUGGS, D. 1993. Vitamin D
deficiency in the morbidly obese. Obesity Surgery, 3, 421-424.

BURGAZ, A., AKESSON, A., OSTER, A., MICHAELSSON, K. & WOLK, A. 2007.
Associations of diet, supplement use, and ultraviolet B radiation exposure with
vitamin D status in Swedish women during winter. The American Journal of Clinical
Nutrition, 86, 1399-1404.

BURTON, J. M. & COSTELLO, F. E. 2015. Vitamin D in multiple sclerosis and central
nervous system demyelinating disease—a review. Journal of Neuro-Ophthalmology,
35, 194-200.

BUYUKINAN, M., OZEN, S., KOKKUN, S. & SAZ, E. U. 2012. The relation of vitamin D
deficiency with puberty and insulin resistance in obese children and adolescents.
Journal of Pediatric Endocrinology and Metabolism, 25, 83-87.

CADE, C. & NORMAN, A. W. 1986. Vitamin D3 improves impaired glucose tolerance and
insulin secretion in the vitamin D-deficient rat in vivo. Endocrinology, 119, 84-90.

CAMARGO, C. A,, INGHAM, T., WICKENS, K., THADHANI, R. 1., SILVERS, K. M.,
EPTON, M. J.,, TOWN, G. I, ESPINOLA, J. A.,, CRANE, J., ASTHMA, N. Z. &
GROUP, A. C. S. 2010. Vitamin D status of newborns in New Zealand. British
Journal of Nutrition, 104, 1051-1057.

CARTER, G., BERRY, J., DURAZO-ARVIZU, R., GUNTER, E., JONES, G., JONES, J.,
MAKIN, H., PATTNI, P., SEMPOS, C. & TWOMEY, P. 2018. Hydroxyvitamin D
assays: An historical perspective from DEQAS. The Journal of Steroid Biochemistry
and Molecular Biology, 177, 30-35.

CARTER, G., BERRY, J.,, GUNTER, E., JONES, G., JONES, J.,, MAKIN, H., SUFI, S. &
WHEELER, M. 2010. Proficiency testing of 25-hydroxyvitamin D (25-OHD) assays.
The Journal of Steroid Biochemistry and Molecular Biology, 121, 176-179.

147



CARTER, G., CARTER, C., GUNTER, E., JONES, J., JONES, G., MAKIN, H. & SUFI, S.
2004. Measurement of vitamin D metabolites: an international perspective on
methodology and clinical interpretation. The Journal of Steroid Biochemistry and
Molecular Biology, 89, 467-471.

CARTER, G., JONES, J., SHANNON, J., WILLIAMS, E., JONES, G., KAUFMANN, M. &
SEMPQOS, C. 2016. 25-Hydroxyvitamin D assays: potential interference from other
circulating vitamin D metabolites. The Journal of Steroid Biochemistry and
Molecular Biology, 164, 134-138.

CARTER, G. & SHORT, F. 1988. 25-hydroxyvitamin D: results of a national quality
assessment. Journal of Endocrinology, 117.

CARTER, G. D. 2012. 25-hydroxyvitamin D: a difficult analyte. Clinical Chemistry, 58, 486-
488.

CASHMAN, K. D., FITZGERALD, A. P., VILJAKAINEN, H. T., JAKOBSEN, J.,
MICHAELSEN, K. F., LAMBERG-ALLARDT, C. & M@LGAARD, C. 2011.
Estimation of the dietary requirement for vitamin D in healthy adolescent white girls.
The American Journal of Clinical Nutrition, 93, 549-555.

CASHMAN, K. D., HILL, T. R, COTTER, A. A, BOREHAM, C. A, DUBITZKY, W.,
MURRAY, L., STRAIN, J., FLYNN, A., ROBSON, P. J. & WALLACE, J. M. 2008.
Low vitamin D status adversely affects bone health parameters in adolescents—. The
American Journal of Clinical Nutrition, 87, 1039-1044.

CAVALIER, E., DELANAYE, P., CHAPELLE, J.-P. & SOUBERBIELLE, J.-C. 2009.
Vitamin D: current status and perspectives. Clinical Chemistry and Laboratory
Medicine, 47, 120-127.

CHACKQO, S. A,, SONG, Y., MANSON, J. E., VAN HORN, L., EATON, C., MARTIN, L.
W., MCTIERNAN, A., CURB, J. D.,, WYLIE-ROSETT, J. & PHILLIPS, L. S. 2011.
Serum 25-hydroxyvitamin D concentrations in relation to cardiometabolic risk factors
and metabolic syndrome in postmenopausal women. The American Journal of
Clinical Nutrition, 94, 209-217.

CHAMBLESS, L. E., HEISS, G., FOLSOM, A. R., ROSAMOND, W., SZKLO, M.,
SHARRETT, A. R. & CLEGG, L. X. 1997. Association of coronary heart disease
incidence with carotid arterial wall thickness and major risk factors: the
Atherosclerosis Risk in Communities (ARIC) Study, 1987-1993. American Journal
of Epidemiology, 146, 483-494.

148



CHEL, V., OOMS, M., POPP-SNIDERS, C., PAVEL, S., SCHOTHORST, A,
MEULEMANS, C. & LIPS, P. 1998. Ultraviolet irradiation corrects vitamin D
deficiency and suppresses secondary hyperparathyroidism in the elderly. Journal of
Bone and Mineral Research, 13, 1238-1242.

CHENG, S., TYLAVSKY, F., KROGER, H., KARKKAINEN, M., LYYTIKAINEN, A,
KOISTINEN, A., MAHONEN, A., ALEN, M., HALLEEN, J., VAANANEN, K. &
LAMBERG-ALLARDT, C. 2003. Association of low 25-hydroxyvitamin D
concentrations with elevated parathyroid hormone concentrations and low cortical
bone density in early pubertal and prepubertal Finnish girls. The American Journal of
Clinical Nutrition, 78, 485-492.

CHESNEY, R. W. 2010. Vitamin D and The Magic Mountain: the anti-infectious role of the
vitamin. The Journal of Pediatrics, 156, 698-703.

CHIRITA-EMANDI, A., SOCOLOV, D., HAIVAS, C., CALAPIS, A., GHEORGHIU, C. &
PUIU, M. 2015. Vitamin D status: a different story in the very young versus the very
old Romanian patients. PLoS One, 10, e0128010.

CHIU, K. C, CHU, A, GO, V. L. W. & SAAD, M. F. 2004. Hypovitaminosis D is
associated with insulin resistance and B cell dysfunction. The American Journal of
Clinical Nutrition, 79, 820-825.

COATES, P. 2011. Notice of vitamin D standardization program. Federal Register.
http://federalregister. gov/a/2011-4603.

COMPSTON, J. E., VEDI, S., LEDGER, J. E., WEBB, A., GAZET, J.-C. & PILKINGTON,
T. 1981. Vitamin D status and bone histomorphometry in gross obesity. The American
Journal of Clinical Nutrition, 34, 2359-2363.

CONEY, P.,, DEMERS, L. M., DODSON, W. C., KUNSELMAN, A. R., LADSON, G. &
LEGRO, R. S. 2012. Determination of vitamin D in relation to body mass index and

race in a defined population of black and white women. International Journal of
Gynecology & Obstetrics, 119, 21-25.

COSMAN, F., NIEVES, J., DEMPSTER, D. & LINDSAY, R. 2007. Vitamin D economy in
blacks. Journal of Bone and Mineral Research, 22.

CUTOLO, M., OTSA, K., UPRUS, M., PAOLINO, S. & SERIOLO, B. 2007. Vitamin D in
rheumatoid arthritis. Autoimmunity Reviews, 7, 59-64.

DALY, R. M., GAGNON, C., LU, Z. X., MAGLIANO, D. J.,, DUNSTAN, D. W., SIKARIS,
K. A., ZIMMET, P. Z., EBELING, P. R. & SHAW, J. E. 2012. Prevalence of vitamin

149


http://federalregister/

D deficiency and its determinants in Australian adults aged 25 years and older: a
national, population-based study. Clinical Endocrinology, 77, 26-35.

DANIELS, E., PETTIFOR, J., SCHNITZLER, C., MOODLEY, G. & ZACHEN, D. 1997.
Differences in mineral homeostasis, volumetric bone mass and femoral neck axis
length in black and white South African women. Osteoporosis International, 7, 105-
112.

DANKERS, W., COLIN, E. M., VAN HAMBURG, J. P. & LUBBERTS, E. 2017. Vitamin
D in autoimmunity: molecular mechanisms and therapeutic potential. Frontiers in
Immunology, 7, 697.

DAR, F. J., IQBAL, R., GHANI, F., SIDDIQUI, I. & KHAN, A. H. 2012. Bone health status
of premenopausal healthy adult females in Pakistani females. Archives of
Osteoporosis, 7, 93-99.

DEL GOBBO, L. C., SONG, Y., DANNENBAUM, D. A., DEWAILLY, E. & EGELAND,
G. M. 2010. Serum 25-Hydroxyvitamin D Is not Associated with Insulin Resistance
or Beta Cell Function in Canadian Cree, 2. The Journal of Nutrition, 141, 290-295.

DEMPSEY, P., VAIDYA, S. & CHENG, G. 2003. The art of war: Innate and adaptive
immune responses. Cellular and Molecular Life Sciences, 60, 2604-2621.

DJENNANE, M., LEBBAH, S., ROUX, C., DJOUDI, H. CAVALIER, E. &
SOUBERBIELLE, J.-C. 2014a. Vitamin D status of schoolchildren in Northern
Algeria, seasonal variations and determinants of vitamin D deficiency. Osteoporosis
International, 25, 1493-1502.

DOCIO, S., RIANCHO, J. A., PEREZ, A., OLMOS, J. M., AMADO, J. A. & GONZALEZ-
MACIAS, J. 1998. Seasonal Deficiency of Vitamin D in Children: A Potential Target
for Osteoporosis-Preventing Strategies? Journal of Bone and Mineral Research, 13,
544-548.

DORANTES, L., ARNAUD, S. & ARNAUD, C. 1978. Importance of the isolation of 25-
hydroxyvitamin D before assay. The Journal of Laboratory and Clinical Medicine,
91, 791-796.

DORIA, A., ARIENTI, S., RAMPUDDA, M., CANOVA, M., TONON, M. & SARZI-
PUTTINI, P. 2008. Preventive strategies in systemic lupus erythematosus.
Autoimmunity Reviews, 7, 192-197.

DUFF, G. L. & MCMILLAN, G. C. 1951. Pathology of atherosclerosis. The American
Journal of Medicine, 11, 92-108.

150



DUNCAN, G. E, LI, S. M. & ZHOU, X. H. 2004. Prevalence and trends of a metabolic
syndrome phenotype among u.s. Adolescents, 1999-2000. Diabetes Care, 27, 2438-
2443.

EGGEMOEN, A. R., KNUTSEN, K. V., DALEN, I. & JENUM, A. K. 2013. Vitamin D
status in recently arrived immigrants from Africa and Asia: a cross-sectional study
from Norway of children, adolescents and adults. British Medical Journal, 3,
e003293.

EISMAN, J.,, HAMSTRA, A., KREAM, B. & DELUCA, H. 1976. 1, 25-Dihydroxyvitamin
D in biological fluids: a simplified and sensitive assay. Science, 193, 1021-1023.

EISMAN, J., SHEPARD, R. & DELUCA, H. 1977. Determination of 25-hydroxyvitamin D2
and 25-hydroxyvitamin D3 in human plasma using high-pressure liquid
chromatography. Analytical Biochemistry, 80, 298-305.

EL-HAJJ, F. G.,, NABULSI, M., CHOUCAIR, M., SALAMOUN, M., HAJJ, S. C,
KIZIRIAN, A. & TANNOUS, R. 2001. Hypovitaminosis D in healthy schoolchildren.
Pediatrics, 107, E53.

EL-SONBATY, M. R. & ABDUL-GHAFFAR, N. U. 1996. Vitamin D deficiency in veiled
Kuwaiti women. European Journal of Clinical Nutrition, 50, 315-318.

EL, M. A, OUZZIF, Z., MOUNACH, A., REZQI, A., ACHEMLAL, L., BEZZA, A,
TELLAL, S., DEHHAOUI, M. & GHOZLANI, 1. 2012. Hypovitaminosis D and
prevalent asymptomatic vertebral fractures in Moroccan postmenopausal women.
BMC Womens Health, 12, 11.

ELMADFA I, M. A, WOTTAWA D, WAGNER K AND HASENEGGER V. 2017. Vitamin
D intake and status in Austriaand, its effects on some health indicators. Austin Journal
of Nutrition and Metabolism, 4, 1050.

EYLES, D., ANDERSON, C., KO, P., JONES, A, THOMAS, A. BURNE, T,
MORTENSEN, P. B., NORGAARD-PEDERSEN, B., HOUGAARD, D. M. &
MCGRATH, J. 2009. A sensitive LC/MS/MS assay of 250H vitamin D3 and 250H
vitamin D2 in dried blood spots. Clinica Chimica Acta, 403, 145-151.

FARIDI, K. F., ZHAO, D., MARTIN, S. S., LUPTON, J. R., JONES, S. R., GUALLAR, E.,
BALLANTYNE, C. M., LUTSEY, P. L. & MICHOS, E. D. 2017. Serum vitamin D
and change in lipid levels over 5 y: The Atherosclerosis Risk in Communities study.
Nutrition, 38, 85-93.

151



FARRAG, S. E., DWIVEDI, A. K., OTOUKESH, S., BADRI, N. J., SANCHEZ, L. A. &
NAHLEH, Z. A. 2017. Prevalence of Low Vitamin D in Patients with Breast Cancer
in a Predominantly Hispanic Population at the American-Mexican Border. Nutrition
and Cancer, 69, 819-824.

FARRELL, C.-J. L., MARTIN, S., MCWHINNEY, B., STRAUB, I|., WILLIAMS, P. &
HERRMANN, M. 2012. State-of-the-art vitamin D assays: a comparison of
automated immunoassays with liquid chromatography—tandem mass spectrometry
methods. Clinical Chemistry. 2011.172155.

FAURSCHOU, A., BEYER, D., SCHMEDES, A., BOGH, M., PHILIPSEN, P. & WULF, H.
2012. The relation between sunscreen layer thickness and vitamin D production after
ultraviolet B exposure: a randomized clinical trial. British Journal of Dermatology,
167, 391-395.

FAVUS, M. J.,, BUSHINSKY, D. A. & LEMANN, J. 2006. Regulation of calcium,
magnesium, and phosphate metabolism. Primer on the Metabolic Bone Diseases and
Disorders of Mineral Metabolism, 6, 76-83.

FONSECA, V., TONGIA, R., EL-HAZMI, M. & ABU-AISHA, H. 1984. Exposure to
sunlight and vitamin D deficiency in Saudi Arabian women. Postgraduate Medical
Journal, 60, 589-591.

FORMAN, J. P., GIOVANNUCCI, E., HOLMES, M. D., BISCHOFF-FERRARI, H. A.,
TWOROGER, S. S., WILLETT, W. C. & CURHAN, G. C. 2007. Plasma 25-
hydroxyvitamin D levels and risk of incident hypertension. Hypertension, 49, 1063-
1069.

FRASER, W. D. & MILAN, A. M. 2013. Vitamin D assays: past and present debates,
difficulties, and developments. Calcified Tissue International, 92, 118-127.

FULEIHAN, G. E.-H., NABULSI, M., CHOUCAIR, M., SALAMOUN, M., SHAHINE, C.
H., KIZIRIAN, A. & TANNOUS, R. 2001. Hypovitaminosis D in healthy
schoolchildren. Pediatrics, 107, e53-e53.

GALLELLI, L., MICHNIEWICZ, A., CIONE, E., SQUILLACE, A., COLOSIMO, M.,
PELAIA, C., FAZIO, A., ZAMPOGNA, S., PELTRONE, F. & IANNACCHERO, R.
2019. 25-Hydroxy vitamin D detection using different analytic methods in patients
with migraine. Journal of Clinical Medicine, 8, 895.

152



GEORGE, J. A. 2014. Vitamin D status and cardiometabolic risk factors in black African
and Indian populations of South Africa. PhD, Thesis. The University of the
Witswatersrand, Johannesburg.

GEORGE, P., PEARSON, E. & WITHAM, M. 2012. Effect of vitamin D supplementation on
glycaemic control and insulin resistance: a systematic review and meta-analysis.
Diabetic Medicine, 29, e142-e150.

GERMAN, N. S. 2012. New reference values for vitamin D. Annals of Nutrition &
Metabolism, 60, 241.

GHERGHERECHI, R., HAZHIR, N. & TABRIZI, A. 2012. Comparison of vitamin D
deficiency and secondary hyperparathyroidism in obese and non-obese children and
adolescents. Pakistan Journal of Biological Sciences, 15, 147-151.

GILBERTSON, T. & STRYD, R. 1977. High-performance liquid chromatographic assay for
25-hydroxyvitamin D3 in serum. Clinical Chemistry, 23, 1700-1704.

GINDE, A. A., MANSBACH, J. M. & CAMARGO, C. A. 2009. Association between serum
25-hydroxyvitamin D level and upper respiratory tract infection in the Third National
Health and Nutrition Examination Survey. Archives of Internal Medicine, 169, 384-
390.

GIULIETTI, A., GYSEMANS, C., STOFFELS, K., VAN ETTEN, E., DECALLONNE, B.,
OVERBERGH, L., BOUILLON, R. & MATHIEU, C. 2004. Vitamin D deficiency in
early life accelerates Type 1 diabetes in non-obese diabetic mice. Diabetologia, 47,
451-462.

GLENDENNING, P., TARANTO, M., NOBLE, J, MUSK, A, HAMMOND, C.,
GOLDSWAIN, P., FRASER, W. & VASIKARAN, S. 2006. Current assays
overestimate 25-hydroxyvitamin D3 and underestimate 25-hydroxyvitamin D2
compared with HPLC: need for assay-specific decision limits and metabolite-specific
assays. Annals of Clinical Biochemistry, 43, 23-30.

GLISSON, F. 1650. De Rachitide sive morbo puerili, qui vulgo., London: The Rickets
diciteur. [Summary translated in English].

GOBBI, C., SALICA, D., PEPE, G., DOTTO, G., PETENIAN, E. & MARTINEZ, F. 20009.
Vitamin D deficiency and osteoporosis in a rural population of Cordoba province,
Argentina. Revista de la Facultad de Ciencias Medicas (Cordoba, Argentina), 66,
103-112.

153



GOMEZ-ALONSO, C., NAVES-DIAZ, M. L., FERNANDEZ-MARTIN, J. L., DIAZ-
LOPEZ, J. B., FERNANDEZ-COTO, M. T. & CANNATA-ANDIA, J. B. 2003.
Vitamin D status and secondary hyperparathyroidism: the importance of 25-
hydroxyvitamin D cut-off levels. Kidney International, 63, S44-S48.

GONG, C., LONG, Z., YU, Y., ZHU, L., TIAN, J., LI, S., LI, J., YU, H., CHI, Q. & PIAO,
D. 2017. Dietary factors and polymorphisms in vitamin D metabolism genes: the risk
and prognosis of colorectal cancer in northeast China. Scientific Reports, 7, 8827.

GORDON, C. M., DEPETER, K. C., FELDMAN, H. A., GRACE, E. & EMANS, S. 2004.
Prevalence of vitamin d deficiency among healthy adolescents. Archives of Pediatrics
& Adolescent Medicine, 158, 531-537.

GOSWAMI, R., GUPTA, N., RAY, D., SINGH, N. & TOMAR, N. 2008. Pattern of 25-
hydroxy vitamin D response at short (2 month) and long (1 year) interval after 8
weeks of oral supplementation with cholecalciferol in Asian Indians with chronic
hypovitaminosis D. British Journal of Nutrition, 100, 526-529.

GRAMMATIKI, M., KARRAS, S. & KOTSA, K. 2018. The role of vitamin D in the
pathogenesis and treatment of diabetes mellitus: a narrative review. Hormones, 1-12.

GRANDI, N. C., BREITLING, L. P. & BRENNER, H. 2010. Vitamin D and cardiovascular
disease: systematic review and meta-analysis of prospective studies. Preventive
Medicine, 51, 228-233.

GREER, R. M., ROGERS, M. A., BOWLING, F. G.,, BUNTAIN, H. M., HARRIS, M.,
LEONG, G. M. & COTTERILL, A. M. 2007. Australian children and adolescents
with type 1 diabetes have low vitamin D levels. The Medical Journal of Australia,
187, 59-60.

GROBER, U., SPITZ, J., REICHRATH, J., KISTERS, K. & HOLICK, M. 2013. Vitamin D:
update 2013: from rickets prophylaxis to general preventive healthcare. Dermato-
Endocrinology, 5, 331-347.

GUILLEMANT, J., TAUPIN, P., LE, H., TARIGHT, N., ALLEMANDOU, A., PERES, G.
& GUILLEMANT, S. 1999. Vitamin D status during puberty in French healthy male
adolescents. Osteoporosis International, 10, 222-225.

GUPTA, A., SJOUKES, A., RICHARDS, D., BANYA, W., HAWRYLOWICZ, C., BUSH,
A. & SAGLANI, S. 2011. Relationship between serum vitamin D, disease severity,
and airway remodeling in children with asthma. American Journal of Respiratory and
Citical Care Medicine, 184, 1342-1349.

154



HAARBURGER, D., HOFFMAN, M., ERASMUS, R. & PILLAY, T. 2009. Relationship
between vitamin D, calcium and parathyroid hormone in Cape Town. Journal of
Clinical Pathology, 62, 567-569.

HADDAD, J. G. & CHYU, K. J. 1971. Competitive protein-binding radioassay for 25-
hydroxycholecalciferol. The Journal of Clinical Endocrinology & Metabolism, 33,
992-995.

HADDAD, J. G., JR. & HAHN, T. J. 1973. Natural and synthetic sources of circulating 25-
hydroxyvitamin D in man. Nature, 244, 515-517.

HAMILTON, B. 2010. Vitamin D and human skeletal muscle. Scandananian Journal of
Medical Sciences and Sports, 20, 182-190.

HAREL, Z., FLANAGAN, P., FORCIER, M. & HAREL, D. 2011. Low vitamin D status
among obese adolescents: prevalence and response to treatment. Journal of
Adolescent Health, 48, 448-452.

HARINARAYAN, C. 2005. Prevalence of vitamin D insufficiency in postmenopausal south
Indian women. Osteoporosis International, 16, 397-402.

HARINARAYAN, C., SACHAN, A., REDDY, P. A., SATISH, K., PRASAD, U. &
SRIVANI, P. 2011. Vitamin D status and bone mineral density in women of
reproductive and postmenopausal age groups: a cross-sectional study from south
India. Journal of the Association of Physicians of India, 59, 699.

HARINARAYAN, C. V., HOLICK, M. F., PRASAD, U. V., VANI, P. S. & HIMABINDU,
G. 2013. Vitamin D status and sun exposure in India. Dermato-Endocrinology, 5,
130-141.

HARINARAYAN, C. V., RAMALAKSHMI, T., PRASAD, U. V., SUDHAKAR, D.,
SRINIVASARAO, P. V., SARMA, K. V. & KUMAR, E. G. T. 2007. High
prevalence of low dietary calcium, high phytate consumption, and vitamin D
deficiency in healthy south Indians—. The American Journal of Clinical Nutrition, 85,
1062-1067.

HARKNESS, L. & CROMER, B. Hypovitaminosis D in a racially mixed sample of female
adolescents. 2003. Journal of Bone and Mineral Research,.18, S405-S405.

HARKNESS, L. S. & CROMER, B. A. 2005a. Vitamin D deficiency in adolescent females.
Journal of Adolescence Health, 37, 75.

HARRIS, S. S. 2006. Vitamin D and African Americans. The Journal of Nutrition, 136,
1126-1129.

155



HARRIS, S. S. & DAWSON-HUGHES, B. 1998. Seasonal changes in plasma 25-
hydroxyvitamin D concentrations of young American black and white women. The
American Journal of Clinical Nutrition, 67, 1232-1236.

HARRIS, S. S., SOTERIADES, E., COOLIDGE, J. A. S.,, MUDGAL, S. & DAWSON-
HUGHES, B. 2000. Vitamin D insufficiency and hyperparathyroidism in a low
income, multiracial, elderly population. The Journal of Clinical Endocrinology &
Metabolism, 85, 4125-4130.

HART, P. H.,, GORMAN, S. & FINLAY-JONES, J. J. 2011. Modulation of the immune
system by UV radiation: more than just the effects of vitamin D? Nature Reviews
Immunology, 11, 584.

HASHEMIPOUR, S., LARIWJANI, B., ADIBI, H., SEDAGHAT, M., PAJOUHI, M.,
BASTAN-HAGH, M. H., SOLTANI, A., JAVADI, E., SHAFAEI, A. R. &
BARADAR-JALILI, R. 2006. The status of biochemical parameters in varying
degrees of vitamin D deficiency. Journal of Bone and Mineral Metabolism, 24, 213-
218.

HE, C.-S., AW YONG, X. H., WALSH, N. P. & GLEESON, M. 2016. Is there an optimal
vitamin D status for immunity in athletes and military personnel? Exercise
Immunology Review, 22, 42-64.

HE, S., YU, S., ZHOU, Z., WANG, C., WU, Y. & LI, W. 2018. Effect of vitamin D
supplementation on fasting plasma glucose, insulin resistance and prevention of type
2 diabetes mellitus in non-diabetics: A systematic review and meta-analysis.
Biomedical Reports, 8, 475-484.

HEANEY, R. P. & RAFFERTY, K. 2009. Preponderance of the evidence: an example from
the issue of calcium intake and body composition. Nutrition Reviews, 67, 32-39.
HEIDARI, B. & HAJI MIRGHASSEMI, M. B. 2012. Seasonal variations in serum vitamin D

according to age and sex. Caspian Journal of Internal Medicine, 3, 535-540.

HEIJBOER, A. C., BLANKENSTEIN, M. A., KEMA, I. P. & BUIJS, M. M. 2012. Accuracy
of 6 routine 25-hydroxyvitamin D assays: influence of vitamin D binding protein
concentration. Clinical Chemistry, 58, 543-548.

HERRMANN, M., FARRELL, C.-J. L., PUSCEDDU, |., FABREGAT-CABELLO, N. &
CAVALIER, E. 2017. Assessment of vitamin D status—a changing landscape. Clinical
Chemistry and Laboratory Medicine, 55, 3-26.

156



HESS, A. F. & GUTMAN, P. 1921. The cure of infantile rickets by sunlight as demonstrated
by a chemical alteration of the blood. Proceedings of the Society for Experimental
Biology and Medicine, 19, 31-34.

HESS, A. F. & WEINSTOCK, M. 1924. Antirachitic properties imparted to inert fluids and
to green vegetables by ultra-violet irradiation. Journal of Biological Chemistry, 62,
301-313.

HIGASHI, T., HOMMA, S., IWATA, H. & SHIMADA, K. 2002. Characterization of urinary
metabolites of vitamin D3 in man under physiological conditions using liquid
chromatography-tandem mass spectrometry. Journal of Pharmaceutical and
Biomedical Analysis, 29, 947-955.

HILL, T. R., FLYNN, A., KIELY, M. & CASHMAN, K. D. 2006. Prevalence of suboptimal
vitamin D status in young, adult and elderly Irish subjects. Iran Medical Journal, 99,
48-49.

HIRAKI, L. T., MAJOR, J. M., CHEN, C., CORNELIS, M. C., HUNTER, D. J., RIMM, E.
B., SIMON, K. C., WEINSTEIN, S. J., PURDUE, M. P. & YU, K. 2013. Exploring
the genetic architecture of circulating 25-hydroxyvitamin D. Genetic Epidemiology,
37, 92-98.

HIRANI, V., TULL, K., ALI, A. & MINDELL, J. 2009. Urgent action needed to improve
vitamin D status among older people in England! Age and Ageing, 39, 62-68.

HOLICK, M. F. 1981. The cutaneous photosynthesis of previtamin D3 a unique
photoendocrine system. Journal of Investigative Dermatology, 77, 51-58.

HOLICK, M. F. 1989. Phylogenetic and evolutionary aspects of vitamin D from
phytoplankton to humans. Vertebrate Endocrinology: Fundamentals and Biomedical
Implications, 3, 7-43.

HOLICK, M. F. 2003. Vitamin D: a millenium perspective. Journal of Cellular Biochemistry,
88, 296-307.

HOLICK, M. F. 2004a. Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers, and cardiovascular disease. The American Journal of
Clinical Nutrition, 80, 1678S-1688S.

HOLICK, M. F. 2004b. Vitamin D: importance in the prevention of cancers, type 1 diabetes,
heart disease, and osteoporosis. The American Journal of Clinical Nutrition, 79, 362-
371.

HOLICK, M. F. 2006. Resurrection of vitamin D deficiency and rickets. The Journal of
Clinical Investigation, 116, 2062-2072.

157



HOLICK, M. F. 2007a. Optimal vitamin D status for the prevention and treatment of
osteoporosis. Drugs & Aging, 24, 1017-1029.

HOLICK, M. F. 2007b. Vitamin D deficiency. New England Journal of Medicine, 357, 266-
281.

HOLICK, M. F. 2008. Vitamin D: a D-Lightful health perspective. Nutrition Reviews, 66,
S182-S194.

HOLICK, M. F. 2009a. Vitamin D status: measurement, interpretation, and clinical
application. Annals of Epidemiology, 19, 73-78.

HOLICK, M. F. 2010. Vitamin D: extraskeletal health. Endocrinology and Metabolism
Clinics, 39, 381-400.

HOLICK, M. F. 2011. Vitamin D: evolutionary, physiological and health perspectives.
Current Drug Targets, 12, 4-18.

HOLICK, M. F., BINKLEY, N. C., BISCHOFF-FERRARI, H. A., GORDON, C. M.,
HANLEY, D. A., HEANEY, R. P.,, MURAD, M. H. & WEAVER, C. M. 2011.
Evaluation, Treatment, and Prevention of Vitamin D Deficiency: an Endocrine
Society Clinical Practice Guideline. The Journal of Clinical Endocrinology &
Metabolism, 96, 1911-1930.

HOLICK., M. F. 1981. The cutaneous photosynthesis of previtamin D3: a unique
photoendocrine system. Journal of Investigative Dermatology, 77, 51-58.

HOLLIS, B. W. 2004. The determination of circulating 25-hydroxyvitamin D: no easy task.
The Journal of Endocrinology and Metabolism, 89, 3149-3151.

HOLLIS, B. W. 2008. Measuring 25-hydroxyvitamin D in a clinical environment: challenges
and needs. The American Journal of Clinical Nutrition, 88, 507S-510S.

HOLLIS, B. W., KAMERUD, J. Q., SELVAAG, S. R., LORENZ, J. D. & NAPOLI, J. L.
1993. Determination of vitamin D status by radioimmunoassay with an 125I-labeled
tracer. Clinical Chemistry, 39, 529-533.

HOLLIS, B. W. & NAPOLI, J. L. 1985. Improved radioimmunoassay for vitamin D and its
use in assessing vitamin D status. Clinical Chemistry, 31, 1815-1819.

HOLLIS, B. W., WAGNER, C. L., DREZNER, M. K. & BINKLEY, N. C. 2007. Circulating
vitamin D3 and 25-hydroxyvitamin D in humans: an important tool to define adequate
nutritional vitamin D status. The Journal of Steroid Biochemistry and Molecular
Biology, 103, 631-634.

HONG, J., KIM, S., CHUNG, K., KIM, E., JUNG, J., PARK, M., KIM, Y., KIM, S,
CHANG, J. & KANG, Y. 2014. Association between vitamin D deficiency and

158



tuberculosis in a Korean population. The International Journal of Tuberculosis and
Lung Disease, 18, 73-78.

HOSSEIN-NEZHAD, A. & HOLICK, M. F, 2013. Vitamin D for health: a global
perspective. Mayo Cinic Proceedings, 88, 720-755.

HOUGHTON, L. A., SZYMLEK-GAY, E. A,, GRAY, A. R., FERGUSON, E. L., DENG, X.
& HEATH, A.-L. M. 2010. Predictors of vitamin D status and its association with
parathyroid hormone in young New Zealand children. The American Journal of
Clinical Nutrition, 92, 69-76.

HULDSCHINSKY, K. 1919. Heilung von Rachitis durch kinstliche Héhensonne. DMW-
Deutsche Medizinische Wochenschrift, 45, 712-713. [Abstract translated in English].

HYPPONEN, E., HARTIKAINEN, A.-L., SOVIO, U., JARVELIN, M. & POUTA, A. 2007.
Does vitamin D supplementation in infancy reduce the risk of pre-eclampsia?
European Journal of Clinical Nutrition, 61, 1136.

HYPPONEN, E., SOVIO, U., WIST, M., PATEL, S., PEKKANEN, J., HARTIKAINEN, A.
L. & JARVELINB, M. R. 2004. Infant vitamin D supplementation and allergic
conditions in adulthood: northern Finland birth cohort 1966. Annals of the New York
Academy of Sciences, 1037, 84-95.

JACKSON, D. J. & LEMANSKE, R. F. 2010. The role of respiratory virus infections in
childhood asthma inception. Immunology and Allergy Clinics, 30, 513-522.

JACQMAIN, M., DOUCET, E., DESPRES, J.-P., BOUCHARD, C. & TREMBLAY, A.
2003. Calcium intake, body composition, and lipoprotein-lipid concentrations in
adults. The American Journal of Clinical Nutrition, 77, 1448-1452.

JANG, H., KOO, F. K., KE, L., CLEMSON, L., CANT, R., FRASER, D. R., SEIBEL, M. J.,
TSENG, M., MPOFU, E., MASON, R. S. & BROCK, K. 2013. Culture and sun
exposure in immigrant East Asian women living in Australia. Women Health, 53,
504-518.

JANNER, M., BALLINARI, P., MULLIS, P.-E. & FLUCK, C. 2010. High prevalence of
vitamin D deficiency in children and adolescents with type 1 diabetes. Swiss Medical
Weekly, 140, w13091.

JARTTI, T., RUUSKANEN, O., MANSBACH, J. M., VUORINEN, T. & CAMARGO JR,
C. A. 2010. Low serum 25-hydroxyvitamin D levels are associated with increased risk
of viral coinfections in wheezing children. The Journal of Allergy and Clinical

Immunology, 126, 1074.

159



JAT, K. R. & KHAIRWA, A. 2017. Vitamin D and asthma in children: A systematic review
and meta-analysis of observational studies. Lung India: Official Organ of Indian
Chest Society, 34, 355.

JIANG, X., O’REILLY, P. F., ASCHARD, H., HSU, Y.-H., RICHARDS, J. B., DUPUIS, J.,
INGELSSON, E., KARASIK, D., PILZ, S. & BERRY, D. 2018. Genome-wide
association study in 79,366 European-ancestry individuals informs the genetic
architecture of 25-hydroxyvitamin D levels. Nature Communications, 9, 260.

JOHNSON, M. D., NADER, N. S., WEAVER, A. L., SINGH, R. & KUMAR, S. 2010.
Relationships between 25-hydroxyvitamin D levels and plasma glucose and lipid
levels in pediatric outpatients. The Journal of Pediatrics, 156, 444-449. el.

JONES, G. 1978. Assay of vitamins D2 and D3, and 25-hydroxyvitamins D2 and D3 in
human plasma by high-performance liquid chromatography. Clinical Chemistry, 24,
287-298.

JORDE, R., FIGENSCHAU, Y., EMAUS, N., HUTCHINSON, M. & GRIMNES, G. 2010a.
Serum 25-hydroxyvitamin D levels are strongly related to systolic blood pressure but
do not predict future hypertension. Hypertension, 55, 792-798.

JORDE, R., FIGENSCHAU, Y., HUTCHINSON, M., EMAUS, N. & GRIMNES, G. 2010b.
High serum 25-hydroxyvitamin D concentrations are associated with a favorable
serum lipid profile. European Journal of Clinical Nutrition, 64, 1457.

JORDE, R. & GRIMNES, G. 2012. Vitamin D and lipids: do we really need more studies? :
American Heart Association. Circulation, 126, 252-254.

JORDE, R., SNEVE, M., FIGENSCHAU, Y., SVARTBERG, J. & WATERLOO, K. 2008.
Effects of vitamin D supplementation on symptoms of depression in overweight and
obese subjects: randomized double blind trial. Journal of Internal Medicine, 264, 599-
609.

JORDE, R., SNEVE, M., HUTCHINSON, M., EMAUS, N., FIGENSCHAU, Y. &
GRIMNES, G. 2010c. Tracking of serum 25-hydroxyvitamin D levels during 14 years
in a population-based study and during 12 months in an intervention study. American
Journal of Epidemiology, 171, 903-908.

JUN, M., XUE-QIANG, G., JIA, L., YANG-JING, X., CHENG, Z. & GE, J. 2017.
Interactions between vitamin D receptor (VDR) gene and Interleukin-6 gene and
environment factors on coronary heart disease risk in a Chinese Han population.
Oncotarget, 8, 78419.

160



KAUPPINEN-MAKELIN, R., TAHTELA, R., LOYTTYNIEMI, E., KARKKAINEN, J. &
VALIMAKI, M. 2001. A high prevalence of hypovitaminosis D in Finnish medical
in-and outpatients. Journal of Internal Medicine, 249, 559-563.

KEEVIL, B. G. 2013. Novel liquid chromatography tandem mass spectrometry (LC-MS/MS)
methods for measuring steroids. Best Practice & Research Clinical Endocrinology &
Metabolism, 27, 663-674.

KELLY, A., BROOKS, L. J.,, DOUGHERTY, S., CARLOW, D. C. & ZEMEL, B. S. 2011.
A cross-sectional study of vitamin D and insulin resistance in children. Archives of
Disease in Childhood, 96, 447-452.

KELLY, T., YANG, W., CHEN, C.-S., REYNOLDS, K. & HE, J. 2008. Global burden of
obesity in 2005 and projections to 2030. International Journal of Obesity, 32, 1431.

KHAN, A. H., IQBAL, R., NAUREEN, G., DAR, F. J. & AHMED, F. N. 2012a. Prevalence
of vitamin D deficiency and its correlates: results of a community-based study
conducted in Karachi, Pakistan. Archives of Osteoporosis, 7, 275-282.

KHAZAI, N., JUDD, S. E. & TANGPRICHA, V. 2008. Calcium and vitamin D: skeletal and
extraskeletal health. Current Rheumatology Reports, 10, 110-117.

KIMBALL, S., FULEIHAN, G. E.-H. & VIETH, R. 2008. Vitamin D: a growing perspective.
Critical Reviews in Clinical Laboratory Sciences, 45, 339-414.

KIMLIN, M. G. 2008. Geographic location and vitamin D synthesis. Molecular Aspects of
Medicine, 29, 453-461.

KOENIG, J. & ELMADFA 2000. Status of Calcium and VitaminD of Different Population
Groups in Austria. International Journal for Vitamin and Nutrition Research, 70,
214-220.

KRISTINSSON, J. & VALDIMARSSON, O. 1998. Serum 25-hydroxyvitamin D levels and
bone mineral density in 16-20 years-old girls: lack of association. Journal of Internal
Medicine, 243, 381-388.

KROBTRAKULCHAI, W. 2012. The effect of vitamin D Status on Pediatric Asthma in a
university hospital, Thailand. Journal of Allergy and Clinical Immunology, 129,
ABT78.

KROGER, H., PENTTILA, I. & ALHAVA, E. 1993. Low serum vitamin D metabolites in
women with rheumatoid arthritis. Scandinavian Journal of Rheumatology, 22, 172-
177.

161



KRUGER, M. C., KRUGER, I. M., WENTZEL-VILJOEN, E. & KRUGER, A. 2011.
Urbanization of black South African women may increase risk of low bone mass due
to low vitamin D status, low calcium intake, and high bone turnover. Nutrition
Research, 31, 748-758.

KUMAR, J., MUNTNER, P., KASKEL, F. J., HAILPERN, S. M. & MELAMED, M. L.
2009. Prevalence and associations of 25-hydroxyvitamin D deficiency in US children:
NHANES 2001-2004. Pediatrics, 124, e362-e370.

KUMAR, S. & KAUFMAN, T. 2018. Childhood obesity. Panminerva Medicine, 60, 200-
212.

KUNES, J., TREMBLAY, J., BELLAVANCE, F. & HAMET, P. 1991. Influence of
environmental temperature on the blood pressure of hypertensive patients in
Montreal. American Journal of Hypertension, 4, 422-426.

LANG, P., SAMARAS, N., SAMARAS, D. & ASPINALL, R. 2013. How important is
vitamin D in preventing infections? Osteoporosis International, 24, 1537-1553.
LANGLOIS, K., GREEN-FINESTONE, L., LITTLE, J., HIDIROGLOU, N. & WHITING,
S. 2010. Vitamin D status of Canadians as measured in the 2007 to 2009 Canadian

Health Measures Survey. Health Reports, 21, 47-55.

LANSKE, B. & RAZZAQUE, M. S. 2007. Vitamin D and aging: old concepts and new
insights. The Journal of Nutritional Biochemistry, 18, 771-777.

LAPATSANIS, D., MOULAS, A., CHOLEVAS, V., SOUKAKQOS, P., PAPADOPOULOU,
Z. & CHALLA, A. 2005. Vitamin D: a necessity for children and adolescents in
Greece. Calcified Tissue International, 77, 348-355.

LAPPE, J. M., MCMAHON, D. J., LAUGHLIN, A., HANSON, C., DESMANGLES, J. C,,
BEGLEY, M. & SCHWARTZ, M. 2017. The effect of increasing dairy calcium
intake of adolescent girls on changes in body fat and weight. The American Journal of
Clinical Nutrition, 105, 1046-1053.

LATEGAN, R., VAN DEN BERG, V. L., WALSH, C. M. & ILICH, J. Z. 2016. Vitamin D
status, hypertension and body mass index in an urban black community in Mangaung,
South Africa. African Journal of Primary Health care and Family Medicine, 8, 1-5.

LAU, K. W. & BAYLINK, D. 1999. Satellite Symposium on Alfacalcidol--New Aspects of a
Physiological Anti-Osteoporotic Therapy-Vitamin D Therapy of Osteoporosis: Plain
Vitamin D Therapy Versus Active Vitamin D Analog (D-Hormone). Calcified Tissue
International, 65, 295-306.

162



LAUTENSCHLAGER, S., WULF, H. C. & PITTELKOW, M. R. 2007. Photoprotection. The
Lancet, 370, 528-537.

LE, C. R., REYES, M., GONZALEZ, J., PEREZ-BRAVO, F. & CASTILLO-DURAN, C.
2013a. Vitamin D nutrition in Chilean pre-school children living in extreme latitudes.
Revista Medica de Chile, 141, 435-441.

LEE, H.-J., CHO, J.-l., LEE, H.-S. H., KIM, C.-l. & CHO, E. 2014. Intakes of dairy products
and calcium and obesity in Korean adults: Korean National Health and Nutrition
Examination Surveys (KNHANES) 2007-2009. PLoS One, 9, e99085.

LEHTONEN-VEROMAA, M. K., MOTTONEN, T. T., NUOTIO, I. O., IRJALA, K. M.,
LEINO, A. E. & VIIKARI, J. S. 2002. Vitamin D and attainment of peak bone mass
among peripubertal Finnish girls: a 3-y prospective study. American Journal of
Clinical Nutrition, 76, 1446-1453.

LESTER, E., SKINNER, R. & WILLS, M. 1977. Seasonal variation in serum-25-
hydroxyvitamin-D in the elderly in Britain. The Lancet, 309, 979-980.

LEVENTIS, P., GARRISON, L., SIBLEY, M., PETERSON, P., EGERTON, M., LEVIN, G.
& KIELY, P. 2005. Underestimation of serum 25-hydroxyvitamin D by the Nichols
Advantage Assay in patients receiving vitamin D replacement therapy. Clinical
Chemistry, 51, 1072-1074.

LEVIS, S.,, GOMEZ, A., JIMENEZ, C., VERAS, L., MA, F., LAI, S., HOLLIS, B. & ROQS,
B. A. 2005. Vitamin D deficiency and seasonal variation in an adult South Florida
population. The Journal of Clinical Endocrinology & Metabolism, 90, 1557-1562.

LI, Y. C.,, KONG, J., WEI, M., CHEN, Z.-F., LIU, S. Q. & CAO, L.-P. 2002. 1, 25-
Dihydroxyvitamin D 3 is a negative endocrine regulator of the renin-angiotensin
system. The Journal of Clinical Investigation, 110, 229-238.

LIGHTWOOD, R., SHELDON, W., HARRIS, C. & STAPLETON, T. 1956. Hypercalcaemia
in infants and vitamin D. British Medical Journal, 2, 149-149.

LIND, L., HANNI, A., LITHELL, H., HVARFNER, A., SURENSEN, O. & LJUNGHALL,
S. 1995. Vitamin D is related to blood pressure and other cardiovascular risk factors
in middle-aged men. American Journal of Hypertension, 8, 894-901.

LIPS, P. 2001. Vitamin D deficiency and secondary hyperparathyroidism in the elderly:
consequences for bone loss and fractures and therapeutic implications. Endocrine
Reviews, 22, 477-501.

LIPS, P. 2006. Vitamin D physiology. Progress in Biophysics and Molecular Biology, 92, 4-
8.

163



LIPS, P. 2007. Vitamin D status and nutrition in Europe and Asia. The Journal of Steroid
Biochemistry and Molecular Biology, 103, 620-625.

LITTLEJOHNS, T. J., HENLEY, W. E., LANG, I. A., ANNWEILER, C., BEAUCHET, O.,
CHAVES, P. H., FRIED, L., KESTENBAUM, B. R., KULLER, L. H. & LANGA, K.
M. 2014. Vitamin D and the risk of dementia and Alzheimer disease. Neurology, 83,
920-928.

LIVESEY, J., ELDER, P., ELLIS, M. J., MCKENZIE, R., LILEY, B. & FLORKOWSKI, C.
2007. Seasonal variation in vitamin D levels in the Canterbury, New Zealand
population in relation to available UV radiation. New Zealand Medical Journal, 120,
u2733.

LO, C., PARIS, P. & HOLICK, M. 1986. Indian and Pakistani immigrants have the same
capacity as Caucasians to produce vitamin D in response to ultraviolet irradiation. The
American Journal of Clinical Nutrition, 44, 683-685.

LOMBARDI, C., HECK, J. E., COCKBURN, M. & RITZ, B. 2013. Solar UV radiation and
cancer in young children. Cancer Epidemiology and Prevention Biomarkers, 22,
1118-1128.

LOOKER, A. C., DAWSON-HUGHES, B., CALVO, M., GUNTER, E. & SAHYOUN, N.
2002. Serum 25-hydroxyvitamin D status of adolescents and adults in two seasonal
subpopulations from NHANES I1l. Bone, 30, 771-777.

LOOKER, A. C., PFEIFFER, C. M., LACHER, D. A., SCHLEICHER, R. L., PICCIANO,
M. F. & YETLEY, E. A. 2008. Serum 25-hydroxyvitamin D status of the US
population: 1988-1994 compared with 2000-2004. The American Journal of Clinical
Nutrition, 88, 1519-1527.

LOOMAN, K. I., JANSEN, M. A., VOORTMAN, T., DEN HEUVEL, D., JADDOE, V. W.,
FRANCO, O. H., VAN ZELM, M. C. & MOLL, H. A. 2017. The role of vitamin D
on circulating memory T cells in children: The Generation R study. Pediatric Allergy
and Immunology, 28, 579-587.

LUXWOLDA, M. F., KUIPERS, R. S., KEMA, I. P.,, DUCK-BROUWER, D. J. &
MUSKIET, F. A. 2012. Traditionally living populations in East Africa have a mean
serum 25-hydroxyvitamin D concentration of 115 nmol/I. British Journal of Nutrition,
108, 1557-1561.

MAALOUF, G., GANNAGE-YARED, M. H., EZZEDINE, J., LARIJANI, B., BADAWI, S.,
RACHED, A., ZAKROUI, L., MASRI, B., AZAR, E., SABA, E., NAMMARI, R.,
ADIB, G., ABOU, S. H.,, ALRAWI, Z., SALMAN, S., EL, M. K., TARSEEN, R,

164



EL, K. W., AL-LAMKI, M., ALOTHMAN, A. N., ALMARZOOK, N., EL, D. M.,
SULAIMANI, R., SALEH, J., SUHAILI, A. R.,, KHAN, A., DELMAS, P. &
SEEMAN, E. 2007. Middle East and North Africa consensus on osteoporosis. Journal
Musculoskeletal and Neuronal Interactions, 7, 131-143.

MACLAUGHLIN, J. & HOLICK, M. F. 1985. Aging decreases the capacity of human skin
to produce vitamin D3. The Journal of Clinical Investigation, 76, 1536-1538.

MALAZA, A., MOSSONG, J., BARNIGHAUSEN, T. & NEWELL, M.-L. 2012.
Hypertension and obesity in adults living in a high HIV prevalence rural area in South
Africa. PLoS One, 7, e47761.

MANOLAGAS, S., CULLER, F., HOWARD, J., BRICKMAN, A. & DEFTOS, L. 1983.
The cytoreceptor assay for 1, 25-dihydroxyvitamin D and its application to clinical
studies. The Journal of Clinical Endocrinology & Metabolism, 56, 751-760.

MANSBACH, J. M., GINDE, A. A. & CAMARGO, C. A. 2009. Serum 25-hydroxyvitamin
D levels among US children aged 1 to 11 years: do children need more vitamin D?
Pediatrics, 124, 1404-1410.

MANSON, J. E., BRANNON, P. M., ROSEN, C. J. & TAYLOR, C. L. 2016. Vitamin D
deficiency—is there really a pandemic? New England Journal of Medicine, 375,
1817-1820.

MANSOUR, M. M. & ALHADIDI, K. M. 2012. Vitamin D deficiency in children living in
Jeddah, Saudi Arabia. Indian Journal of Endocrinology and Metabolism, 16, 263.

MARABUJO, T., RAMOS, E. & LOPES, C. 2018. Dairy products and total calcium intake at
13 years of age and its association with obesity at 21 years of age. European Journal
of Clinical Nutrition, 72:541-547. doi: 10.1038/s41430-017-0082-x.

MARRONE, G., ROSSO, I, MORETTI, R., VALENT, F. & ROMANELLO, C. 2012. Is
vitamin D status known among children living in Northern Italy? European Journal of
Nutrition, 51, 143-149.

MARTINEAU, A. R.,, NHAMOYEBONDE, S., ONI, T., RANGAKA, M. X., MARAIS, S.,
BANGANI, N., TSEKELA, R., BASHE, L., DE, A., V, CALDWELL, J., VENTON,
T. R, TIMMS, P. M., WILKINSON, K. A. & WILKINSON, R. J. 2011a. Reciprocal
seasonal variation in vitamin D status and tuberculosis notifications in Cape Town,
South Africa. Proceedings National Academy of Sciences U.S.A, 108, 19013-19017.

MARWAHA, R., TANDON, N., GARG, M., KANWAR, R., NARANG, A., SASTRY, A,
SABERWAL, A. & BANDRA, K. 2011. Vitamin D status in healthy Indians aged 50
years and above. Journal Association of Physicians India, 59, 706-709.

165



MARWAHA, R. K., TANDON, N., REDDY, D. R. H.,, AGGARWAL, R., SINGH, R,
SAWHNEY, R. C., SALUJA, B., GANIE, M. A. & SINGH, S. 2005. Vitamin D and
bone mineral density status of healthy schoolchildren in northern India—. The
American Journal of Clinical Nutrition, 82, 477-482.

MAUGHAN, G. H. 1928. Ultra-violet wave lengths valuable in the cure of rickets in
chickens. American Journal of physiology--Legacy Content, 87, 381-398.

MAYER, E. & SCHMIDT-GAYK, H. 1984. Interlaboratory comparison of 25-
hydroxyvitamin D determination. Clinical Chemistry, 30, 1199-1204.

MCGILLIVRAY, G., SKULL, S. A,, DAVIE, G., KOFOED, S., FRYDENBERG, L., RICE,
J., COOKE, R. & CARAPETIS, J. R. 2007. High prevalence of asymptomatic
vitamin-D and iron deficiency in East African immigrant children and adolescents
living in a temperate climate. Archives of Disease in Childhood, 92, 1088-1093.

MCKENNA, M. J. 1992. Differences in vitamin D status between countries in young adults
and the elderly. The American Journal of Medicine, 93, 69-77.

MCLAUGHLIN, M., FAIRNEY, A., LESTER, E., RAGGATT, P., BROWN, D. & WILLS,
M. 1974. Seasonal variations in serum 25-hydroxycholecalciferol in healthy people.
The Lancet, 303, 536-538.

MEDDEB, N., SAHLI, H., CHAHED, M., ABDELMOULA, J., FEKI, M., SALAH, H.,
FRINI, S., KAABACHI, N., BELKAHIA, C. & MBAZAA, R. 2005. Vitamin D
deficiency in Tunisia. Osteoporosis International, 16, 180-183.

MEIER, D. E., LUCKEY, M. M., WALLENSTEIN, S., CLEMENS, T. L., ORWOLL, E. S.
& WASLIEN, C. I. 1991. Calcium, vitamin D, and parathyroid hormone status in
young white and black women: association with racial differences in bone mass.
Journal of Clinical Nutrition and Metabolism, 72, 703-710.

MENON, J., MARANDA, L. & NWOSU, B. U. 2012. Serum 25-hydroxyvitamin D levels do
not correlate with asthma severity in a case-controlled study of children and
adolescents. Journal of Pediatric Endocrinology and Metabolism, 25, 673-679.

MISRA, M., PACAUD, D., PETRYK, A., COLLETT-SOLBERG, P. F. & KAPPY, M.
2008. Vitamin D deficiency in children and its management: review of current
knowledge and recommendations. Pediatrics, 122, 398-417.

MITHAL, A., WAHL, D. A., BONJOUR, J.-P., BURCKHARDT, P., DAWSON-HUGHES,
B., EISMAN, J. A., FULEIHAN, G. E.-H., JOSSE, R. G., LIPS, P. & MORALES-
TORRES, J. 2009. Global vitamin D status and determinants of hypovitaminosis D.
Osteoporosis International, 20, 1807-1820.

166



MOAN, J., POROJNICU, A. C., DAHLBACK, A. & SETLOW, R. B. 2008. Addressing the
health benefits and risks, involving vitamin D or skin cancer, of increased sun

exposure. Proceedings of the National Academy of Sciences, 105, 668-673.

MOGIRE, R. M., MUTUA, A., KIMITA, W., KAMAU, A., BEJON, P., PETTIFOR, J. M.,
ADEYEMO, A., WILLIAMS, T. N. & ATKINSON, S. H. 2020. Prevalence of vitamin D
deficiency in Africa: a systematic review and meta-analysis. The Lancet Global Health, 8,
el34-e142.

MOKWATSI, G. G., SCHUTTE, A. E. & KRUGER, R. 2017. Ethnic differences regarding
arterial stiffness of 6-8-year-old black and white boys. Journal of Hypertension, 35,
960-967.

MONTERO-ARIAS, F., SEDO-MEJIA, G. & RAMOS-ESQUIVEL, A. 2013. Vitamin d
insufficiency and asthma severity in adults from costa rica. Allergy, Asthma &
Immunology Research, 5, 283-288.

MOON, R. J., CROZIER, S. R., DENNISON, E. M., DAVIES, J. H., ROBINSON, S. M.,
INSKIP, H. M., GODFREY, K. M., COOPER, C. & HARVEY, N. C. 2015. Tracking
of 25-hydroxyvitamin D status during pregnancy: the importance of vitamin D
supplementation. The American Journal of Clinical Nutrition, 102, 1081-1087.

MOORE, C. E., MURPHY, M. M. & HOLICK, M. F. 2005. Vitamin D intakes by children
and adults in the United States differ among ethnic groups. Journal of Nutrition, 135,
2478-2485.

MOUKAYED, M. & GRANT, W. B. 2013. Molecular link between vitamin D and cancer
prevention. Nutrients, 5, 3993-4021.

MPANDZOU, G., HADDOU, E. A. B.,, REGRAGUI, W., BENOMAR, A. & YAHYAOQOUI,
M. 2016. Vitamin D deficiency and its role in neurological conditions: A review.
Revue Neurologique, 172, 109-122.

MUHAIRI, S. J., MEHAIRI, A. E., KHOURI, A. A, NAQBI, M. M., MASKARI, F. A,
KAABI, J., DHAHERI, A. S., NAGELKERKE, N. & SHAH, S. M. 2013. Vitamin D
deficiency among healthy adolescents in Al Ain, United Arab Emirates. BMC Public
Health, 13, 33.

MUSARURWA, C., ZIJENAH, L. S., DURI, D. Z., MATEVEKE-DANGAISO, K.,
MHANDIRE, K., CHIPITI, M. M., MUNJOMA, M. W. & MUJAJI, W. B. 2017.
Association of high serum vitamin D concentrations with active pulmonary TB in an

HIV co-endemic setting, Harare, Zimbabwe. BMC Infectious Diseases, 17, 142.

167



MUSCOGIURI, G., SORICE, G. P., PRIOLETTA, A., POLICOLA, C., CASA, S,
PONTECORVI, A. & GIACCARI, A. 2010. 25-Hydroxyvitamin D Concentration
Correlates With Insulin-Sensitivity and BMI in Obesity. Obesity, 18, 1906-1910.

NABULSI, M., MAHFOUD, Z., MAALOUF, J., ARABI, A. & FULEIHAN, G.-H. 2008.
Impact of maternal veiling during pregnancy and socioeconomic status on offspring’s
musculoskeletal health. Osteoporosis International, 19, 295-302.

NAM, G. E., KIM, D. H., CHO, K. H., PARK, Y. G., HAN, K. D., CHOI, Y. S., KIM, S. M.,
KO, B. J., KIM, Y. H. & LEE, K. S. 2012. Estimate of a predictive cut-off value for
serum 25-hydroxyvitamin D reflecting abdominal obesity in Korean adolescents.
Nutrition Research., 32, 395-402.

NARAYANAN, D. L., SALADI, R. N. & FOX, J. L. 2010. Ultraviolet radiation and skin
cancer. International Journal of Dermatology, 49, 978-986.

NAUDE, C. E., CAREY, P. D.,, LAUBSCHER, R., FEIN, G. & SENEKAL, M. 2012.
Vitamin D and calcium status in South African adolescents with alcohol use
disorders. Nutrients, 4, 1076-1094.

NESBY-O'DELL, S., SCANLON, K. S., COGSWELL, M. E., GILLESPIE, C., HOLLIS, B.
W., LOOKER, A. C., ALLEN, C., DOUGHERTLY, C., GUNTER, E. W. &
BOWMAN, B. A. 2002. Hypovitaminosis D prevalence and determinants among
African American and white women of reproductive age: third National Health and
Nutrition Examination Survey, 1988-1994. The American Journal of Clinical
Nutrition, 76, 187-192.

NEYESTANI, T. R., HAJIFARAIJI, M., OMIDVAR, N., ESHRAGHIAN, M. R,
SHARIATZADEH, N., KALAYI, A., GHARAVI, A. A., KHALAIJI, N., HAIDARI,
H. & ZOWGHI, T. 2012. High prevalence of vitamin D deficiency in school-age
children in Tehran, 2008: a red alert. Public Health Nutrition, 15, 324-330.

NICHOLS, E., KHATIB, I., ABURTO, N., SULLIVAN, K., SCANLON, K., WIRTH, J. &
SERDULA, M. 2012. Vitamin D status and determinants of deficiency among non-
pregnant Jordanian women of reproductive age. European Journal of Clinical
Nutrition, 66, 751.

NORMAN, A. W., FRANKEL, J., HELDT, A. M. & GRODSKY, G. M. 1980. Vitamin D
deficiency inhibits pancreatic secretion of insulin. Science, 209, 823-825.

NORVAL, M., COUSSENS, A. K., WILKINSON, R. J.,, BORNMAN, L., LUCAS,R. M. &
WRIGHT, C. Y. 2016. Vitamin D status and its consequences for health in South

168



Africa. International Journal of Environmental Research and Public Health, 13,
1019.

O'CONNOR, M. Y., THORESON, C. K., RAMSEY, N. L., RICKS, M. & SUMNER, A. E.
2013. The uncertain significance of low vitamin D levels in African descent
populations: a review of the bone and cardiometabolic literature. Progress in
Cardiovascular Diseases, 56, 261-269.

O'DONNELL, S. 2015. Changing social and scientific discourses on type 2 diabetes between
1800 and 1950: a socio-historical analysis. Sociology of Health & Illness, 37, 1102-
1121.

OLIVERI, M., MAUTALEN, C., ALONSO, A., VELAZQUEZ, H., TROUCHOT, H.,
PORTO, R., MARTINEZ, L. & BARATA, A. 1993. Nutritional status of vitamin D
in mothers and neonates of Ushuaia and Buenos Aires. Medicina, 53, 315-320.

OOMS, N., VAN DAAL, H., BENERS, A. M., GERRITS, G. P. J., SEMMEKROT, B. A. &
VAN DEN OUWELAND, J. M. 2016. Time-course analysis of 3-epi-25-
hydroxyvitamin D 3 shows markedly elevated levels in early life, particularly from
vitamin D supplementation in preterm infants. Pediatric Research, 79, 647.

ORWOLL, E., RIDDLE, M. & PRINCE, M. 1994. Effects of vitamin D on insulin and
glucagon secretion in non-insulin-dependent diabetes mellitus. The American Journal
of Clinical Nutrition, 59, 1083-1087.

OUTILA, T. A., KARKKAINEN, M. U. & LAMBERG-ALLARDT, C. J. 2001. Vitamin D
status affects serum parathyroid hormone concentrations during winter in female
adolescents: associations with forearm bone mineral density. The American Journal of
Clinical Nutrition, 74, 206-210.

OWOLABI, 0., AGBLA, S., OWIAFE, P., DONKOR, S., TOGUN, T., SILLAH, A. K.,
OTA, M. O. & SUTHERLAND, J. S. 2016. Elevated serum 25-hydroxy (OH) vitamin
D levels are associated with risk of TB progression in Gambian adults. Tuberculosis,
98, 86-91.

PALACIOS, C., GIL, K., PEREZ, C. M. & JOSHIPURA, K. 2012. Determinants of vitamin
D status among overweight and obese Puerto Rican adults. Annals of Nutrition and
Metabolism, 60, 35-43.

PALM, T. A. 1890. The geographical distribution and etiology of rickets. Practitioner, 45,
270-342.

169



PALOMER, X., GONZALEZ-CLEMENTE, J., BLANCO-VACA, F. & MAURICIO, D.
2008. Role of vitamin D in the pathogenesis of type 2 diabetes mellitus. Diabetes,
Obesity and Metabolism, 10, 185-197.

PARFITT, A. M., GALLAGHER, J., HEANEY, R. P.,, JOHNSTON, C., NEER, R. &

WHEDON, G. D. 1982.Vitamin D and bone health in the elderly. The American
Journal of Clinical Nutrition, 36, 1014-1031.

PARIKH, S. J., EDELMAN, M., UWAIFO, G. |, FREEDMAN, R. J., SEMEGA-JANNEH,

M., REYNOLDS, J. & YANOVSKI, J. A. 2004. The relationship between obesity
and serum 1, 25-dihydroxy vitamin D concentrations in healthy adults. The Journal of
Clinical Endocrinology & Metabolism, 89, 1196-1199.

PAXTON, G. A., TEALE, G. R, NOWSON, C. A., MASON, R. S.,, MCGRATH, J. J,,
THOMPSON, M. J., SIAFARIKAS, A., RODDA, C. P. & MUNNS, C. F. 2013.
Vitamin D and health in pregnancy, infants, children and adolescents in Australia and
New Zealand: a position statement. Medical Journal of Australia, 198, 142-143.

PEARCE, S. & CHEETHAM, T. D. 2010. Diagnosis and management of vitamin D
deficiency. British Medical Journal, 340, b5664.

PEDIATRICS, A. A. O. 2012. Dietary reference intakes for calcium and vitamin D.
Pediatrics, 130, e1424-e1424.

PERRY, H. M., MILLER, D. K., MORLEY, J. E.,, HOROWITZ, M., KAISER, F. E.,
PERRY, H. M., JENSEN, J., BOYD, S., KRAENZLE, D. & BENTLEY, J. 1993. A
preliminary report of vitamin D and calcium metabolism in older African Americans.
Journal of the American Geriatrics Society, 41, 612-616.

PETTIFOR, J.,, MOODLEY, G., HOUGH, F., KOCH, H., CHEN, T., LU, Z. & HOLICK, M.
1996. The effect of season and latitude on in vitro vitamin D formation by sunlight in
South Africa. South African Medical Journal = Suid-Afrikaanse Tydskrif vir
Geneeskunde, 86, 1270-1272.

PETTIFOR, J., ROSS, F., MOODLEY, G., WANG, J., MARGO, G. & SKJOLDE, C. 1978a.
Serum calcium, magnesium, phosphorus, alkaline phosphatase and 25-
hydroxyvitamin D concentrations in children. South African Medical Journal = Suid-
Afrikaanse Tydskrif vir Geneeskunde, 53, 751-754.

170



PETTIFOR, J. M., BIKLE, D. D., CAVALEROS, M., ZACHEN, D., KAMDAR, M. C. &
ROSS, F. P. 1995. Serum levels of free 1, 25-dihydroxyvitamin D in vitamin D
toxicity. Annals of Internal Medicine, 122, 511-513.

PETTIFOR, J. M., ROSS, F. P. & SOLOMON, L. 1978h. Seasonal variation in serum 25-
hydroxycholecalciferol concentrations in elderly South African patients with fractures
of femoral neck. British Medical Journal, 1, 826-827.

PFITZNER, M. A,, THACHER, T. D., PETTIFOR, J. M., ZOAKAH, A. |., LAWSON, J. O.,
ISICHEI, C. O. & FISCHER, P. R. 1998. Absence of vitamin D deficiency in young
Nigerian children. Journal of Pediatrics, 133, 740-744.

PIIRAINEN, T., LAITINEN, K. & ISOLAURI, E. 2007. Impact of national fortification of
fluid milks and margarines with vitamin D on dietary intake and serum 25-
hydroxyvitamin D concentration in 4-year-old children. European Journal of Clinical
Nutrition, 61, 123.

PIROTTA, S., KIDGELL, D. & DALY, R. 2015. Effects of vitamin D supplementation on
neuroplasticity in older adults: a double-blinded, placebo-controlled randomised trial.
Osteoporosis International, 26, 131-140.

PITTAS, A. G.,, DAWSON-HUGHES, B., LI, T., VAN DAM, R. M., WILLETT, W. C,,
MANSON, J. E. & HU, F. B. 2006. Vitamin D and calcium intake in relation to type
2 diabetes in women. Diabetes Care, 29, 650-656.

PLUDOWSKI, P., GRANT, W. B., BHATTOA, H. P., BAYER, M., POVOROZNYUK, V.,
RUDENKA, E., RAMANAU, H., VARBIRO, S, RUDENKA, A &
KARCZMAREWICZ, E. 2014. Vitamin D status in central Europe. International
Journal of Endocrinology, 2014. doi: 10.1155/2014/589587

PLUDOWSKI, P., HOLICK, M. F., PILZ, S., WAGNER, C. L., HOLLIS, B. W., GRANT,
W. B., SHOENFELD, Y., LERCHBAUM, E., LLEWELLYN, D. J. & KIENREICH,

K. 2013. Vitamin D effects on musculoskeletal health, immunity, autoimmunity,

cardiovascular disease, cancer, fertility, pregnancy, dementia and mortality—a review
of recent evidence. Autoimmunity Reviews, 12, 976-989.

PRENTICE, A. 2008. Vitamin D deficiency: a global perspective. Nutrition Reviews, 66.

PRENTICE, A. 2016. Vitamin D and health. Scientific Advisory Committee on Nutrition.
Cambridge: MRC Human Nutrition Research, Cambridge.

PURI, S., MARWAHA, R. K., AGARWAL, N., TANDON, N., AGARWAL, R., GREWAL,
K., REDDY, D. & SINGH, S. 2008. Vitamin D status of apparently healthy

171


https://dx.doi.org/10.1155%2F2014%2F589587

schoolgirls from two different socioeconomic strata in Delhi: relation to nutrition and
lifestyle. British Journal of Nutrition, 99, 876-882.

RAJAKUMAR, K., DE LAS HERAS, J.,, CHEN, T. C., LEE, S., HOLICK, M. F. &
ARSLANIAN, S. A. 2011. Vitamin D status, adiposity, and lipids in black American
and Caucasian children. The Journal of Clinical Endocrinology & Metabolism, 96,
1560-1567.

RAJAKUMAR, K., HOLICK, M. F., MOORE, C. G., COHEN, E., OLABOPO, F.,
HARALAM, M. A., BOGUSZ, J., NUCCI, A. & GREENSPAN, S. L. 2013. Impact
of Seasonal Flux on 25-hydroxyvitamin D and Bone Turnover in Pre- and Early
Pubertal Youth. Pediatrics International, 56, 35-42.

RASHID, A., MOHAMMED, T., STEPHENS, W., WARRINGTON, S., BERRY, J. &
MAWER, E. 1983. Vitamin D state of Asians living in Pakistan. British Medical
Journal, 286, 182-184.

REINEHR, T., DE SOUSA, G., ALEXY, U., KERSTING, M. & ANDLER, W. 2007.
Vitamin D status and parathyroid hormone in obese children before and after weight
loss. European Journal of Endocrinology, 157, 225-232.

RESNICK, L. M., MULLER, F. B. & LARAGH, J. H. 1986. Calcium-regulating hormones
in essential hypertension: relation to plasma renin activity and sodium metabolism.
Annals of Internal Medicine, 105, 649-654.

RICHTER, L., NORRIS, S., PETTIFOR, J., YACH, D. & CAMERON, N. 2007. Cohort
Profile: Mandela's children: the 1990 Birth to Twenty study in South Africa.
International Journal of Epidemiology, 36, 504-511.

ROBINSON, P. D., HOGLER, W., CRAIG, M. E., VERGE, C. F., WALKER, J. L., PIPER,
A. C., WOODHEAD, H. J.,, COWELL, C. T. & AMBLER, G. R. 2006. The re-
emerging burden of rickets: a decade of experience from Sydney. Archives of
Diseases Childhood, 91, 564-568.

ROCKELL, J. E., GREEN, T. J.,, SKEAFF, C. M., WHITING, S. J.,, TAYLOR, R. W,,
WILLIAMS, S. M., PARNELL, W. R., SCRAGG, R., WILSON, N. & SCHAAF, D.
2005. Season and ethnicity are determinants of serum 25-hydroxyvitamin D
concentrations in New Zealand children aged 5-14 y. The Journal of Nutrition, 135,
2602-2608.

ROCKELL, J. E., SKEAFF, C. M., VENN, B. J., WILLIAMS, S. M. & GREEN, T. J. 2008.

Vitamin D insufficiency in New Zealanders during the winter is associated with

172



higher parathyroid hormone concentrations: implications for bone health? The New
Zealand Medical Journal (Online), 121.

RODRIGUEZ-RODRIGUEZ, E., ORTEGA, R. M., GONZALEZ-RODRIGUEZ, L. G. &
LOPEZ-SOBALER, A. M. 2011. Vitamin D deficiency is an independent predictor of
elevated triglycerides in Spanish school children. European Journal of Nutrition, 50,
373-378.

ROSEN, C. J.,, ABRAMS, S. A., ALOIA, J. F.,, BRANNON, P. M., CLINTON, S. K,
DURAZO-ARVIZU, R. A., GALLAGHER, J. C., GALLO, R. L., JONES, G. &
KOVACS, C. S. 2012. IOM committee members respond to Endocrine Society
vitamin D guideline. The Journal of Clinical Endocrinology & Metabolism, 97, 1146-
1152.

ROSS, A. C.,, MANSON, J. E.,, ABRAMS, S. A., ALOIA, J. F.,, BRANNON, P. M.,
CLINTON, S. K., DURAZO-ARVIZU, R. A., GALLAGHER, J. C., GALLO, R. L.
& JONES, G. 2011a. The 2011 report on dietary reference intakes for calcium and
vitamin D from the Institute of Medicine: what clinicians need to know. The Journal
of Clinical Endocrinology & Metabolism, 96, 53-58.

ROSTAND, S. G. 2014. Vitamin D deficiency in the pathogenesis of hypertension: still an
unsettled question. Current Hypertension Reports, 16, 464.

ROTH, D. E., SHAH, M. R., BLACK, R. E. & BAQUI, A. H. 2010. Vitamin D status of
infants in northeastern rural Bangladesh: preliminary observations and a review of
potential determinants. Journal of Health, Population, and Nutrition, 28, 458.

ROVNER, A. J. & O'BRIEN, K. O. 2008. Hypovitaminosis D among healthy children in the
United States: a review of the current evidence. Archives of Pediatrics Adolescent
Medicine, 162, 513-519.

RUCKER, D., ALLAN, J. A, FICK, G. H. & HANLEY, D. A. 2002. Vitamin D
insufficiency in a population of healthy western Canadians. Canadian Medical
Association Journal, 166, 1517-1524.

RWEBEMBERA, A., SUDFELD, C. R., MANJI, K. P.,, DUGGAN, C., ABOUD, S. &
FAWZI, W. W. 2013. Prevalence and risk factors for vitamin D deficiency among
Tanzanian HIV-exposed uninfected infants. Journal of Tropical Pediatrics, 59, 426-
429.

SADAT-ALI, M., ALELQ, A., AL-TURKI, H., AL-MULHIM, F. & AL-ALI, A. 2009.
Vitamin D levels in healthy men in eastern Saudi Arabia. Annals of Saudi Medicine,
29, 378.

173



SAHU, M., BHATIA, V., AGGARWAL, A., RAWAT, V., SAXENA, P., PANDEY, A. &
DAS, V. 2009. Vitamin D deficiency in rural girls and pregnant women despite
abundant sunshine in northern India. Clinical Endocrinology, 70, 680-684.

SAINTONGE, S., BANG, H. & GERBER, L. M. 2009. Implications of a new definition of
vitamin D deficiency in a multiracial us adolescent population: the National Health
and Nutrition Examination Survey Ill. Pediatrics, 123, 797-803.

SALZER, J.,, HALLMANS, G., NYSTROM, M., STENLUND, H., WADELL, G. &
SUNDSTROM, P. 2012. Vitamin D as a protective factor in multiple sclerosis.
Neurology, 79, 2140-2145.

SAYED-HASSAN, R., ABAZID, N. & ALOURFI, Z. 2014. Relationship between 25-
hydroxyvitamin D concentrations, serum calcium, and parathyroid hormone in
apparently healthy Syrian people. Archives of Osteoporosis, 9, 176.

SCHLEICHER, R. L., ENCISCO, S. E., CHAUDHARY-WEBB, M., PALIAKOV, E.,
MCCOY, L. F. & PFEIFFER, C. M. 2011. Isotope dilution ultra performance liquid
chromatography-tandem mass spectrometry method for simultaneous measurement of
25-hydroxyvitamin D2, 25-hydroxyvitamin D3 and 3-epi-25-hydroxyvitamin D3 in
human serum. Clinica Chimica Acta, 412, 1594-15909.

SCIENTIFIC ADVISORY COMMITTEE ON NUTRITION, S. 2016. Vitamin D and Health.

SCRAGG, R., SOWERS, M. & BELL, C. 2004. Serum 25-hydroxyvitamin D, diabetes, and
ethnicity in the Third National Health and Nutrition Examination Survey. Diabetes
Care, 27, 2813-2818.

SEMPOS, C. T., VESPER, H. W., PHINNEY, K. W., THIENPONT, L. M. & COATES, P.
M. 2012. Vitamin D status as an international issue: national surveys and the problem
of standardization. Scandanavian Journal of Clinical Laboratory Investigations
Supplement, 243, 32-40.

SEMPOS, C. T., Binkely, N. 2020. 25-Hydroxyvitamin D assay standardisation and vitamin
D guidelines paralysis. Public Health Nutrition, 23, 1153-1164.

SHAH, T. H., HASSAN, M. & SIDDIQUI, T. S. 2014. Subclinical Nutritional Rickets
Among Adolescents in Kaghan Valley. Journal of College of Physicians Surgeon
Pakistan, 24, 663-665.

SHARMA, V., MANDAVDHARE, H. S., KUMAR, A., SHARMA, R., SACHDEVA, N.,
PRASAD, K. K. & RANA, S. S. 2017. Prevalence and clinical impact of vitamin D
deficiency on abdominal tuberculosis. Therapeutic Advances in Infectious Disease, 4,
83-86.

174



SHEA, M., BENJAMIN, E., DUPUIS, J., MASSARO, J., JACQUES, P., D'’AGOSTINO SR,
R., ORDOVAS, J., ODONNELL, C., DAWSON-HUGHES, B. & VASAN, R. 2009.
Genetic and non-genetic correlates of vitamins K and D. European Journal of
Clinical Nutrition, 63, 458.

SHEIKH, M., PAL, A., WANG, S., MACINTYRE, C. R.,, WOOD, N. J., ISAACS, D.,
GUNASEKERA, H., RAMAN, S., HALE, K. & HOWELL, A. 2009. The
epidemiology of health conditions of newly arrived refugee children: a review of
patients attending a specialist health clinic in Sydney. Journal of Paediatrics and
Child Health, 45, 509-513.

SHOBEN, A. B., KESTENBAUM, B., LEVIN, G., HOOFNAGLE, A. N., PSATY, B. M,,
SISCOVICK, D. S. & DE BOER, I. H. 2011. Seasonal variation in 25-
hydroxyvitamin D concentrations in the cardiovascular health study. American
Journal of Epidemiology, 174, 1363-1372.

SIGNORELLO, L. B., SHI, J., CAl, Q., ZHENG, W., WILLIAMS, S. M., LONG, J,,
COHEN, S. S, LI, G., HOLLIS, B. W. & SMITH, J. R. 2011. Common variation in
vitamin D pathway genes predicts circulating 25-hydroxyvitamin D Levels among
African Americans. PLoS One, 6, €28623.

SIMPSON, R., THOMAS, G. & ARNOLD, A. 1985. Identification of 1, 25-
dihydroxyvitamin D3 receptors and activities in muscle. Journal of Biological
Chemistry, 260, 8882-8891.

SLOAN, D. J, MWANDUMBA, H., KAMDOLOZI, M., SHANI, D., CHISALE, B.,
DUTTON, J,, KHOO, S., ALLAIN, T. & DAVIES, G. 2015. Vitamin D deficiency in
Malawian adults with pulmonary tuberculosis: risk factors and treatment outcomes.
The International Journal of Tuberculosis and Lung Disease, 19, 904-911.

SMITH, G., WIMALAWANSA, S. J., LAILLOU, A., SOPHONNEARY, P., UN, S,
HONG, R., POIROT, E., KUONG, K., CHAMNAN, C. & DE LOS REYES, F. N.
2016. High prevalence of vitamin D deficiency in Cambodian women: a common
deficiency in a sunny country. Nutrients, 8, 290.

SMOLDERS, J., DAMOISEAUX, J., MENHEERE, P. & HUPPERTS, R. 2008. Vitamin D
as an immune modulator in multiple sclerosis, a review. Journal of
Neuroimmunology, 194, 7-17.

SMOTKIN-TANGORRA, M., PURUSHOTHAMAN, R., GUPTA, A., NEJATI, G,
ANHALT, H. & TEN, S. 2007. Prevalence of vitamin D insufficiency in obese

175



children and adolescents. Journal of Pediatric Endocrinology and Metabolism, 20,
817-824.

SNELLMAN, G., MELHUS, H., GEDEBORG, R., BYBERG, L., BERGLUND, L.,
WERNROTH, L. & MICHAELSSON, K. 2010. Determining vitamin D status: a
comparison between commercially available assays. PLoS One, 5, e11555.

SNIADECKI, S. J. J. & SNIADECKI, J. 1939. The cure of rickets.(1840) Cited by W
Mozolowski. Nature, 143, 121-124.

SOININEN, S., ELORANTA, A.-M., VIITASALO, A., DION, G. ERKKILA, A,
SIDOROFF, V., LINDI, V., MAHONEN, A. & LAKKA, T. A. 2018. Serum 25-
hydroxyvitamin D, Plasma Lipids, and Associated Gene Variants in Prepubertal
Children. The Journal of Clinical Endocrinology & Metabolism, 103, 2670-2679.

SOLIMAN, A. & KALRA, S. 2013. Adaptation to vitamin D deficiency: Age specific
clinical presentations. Indian Journal of Endocrinology and Metabolism, 17, 775.

STAMP, T. & ROUND, J. 1974. Seasonal changes in human plasma levels of 25-
hydroxyvitamin D. Nature, 247, 563.

STEENBOCK, H. 1924. The induction of growth promoting and calcifying properties in a
ration by exposure to light. Science, 60, 224-225.

SUDFELD, C. R., MANJI, K. P., SMITH, E. R., ABOUD, S., KISENGE, R., FAWZI, W.
W. & DUGGAN, C. P. 2017. Vitamin D deficiency is not associated with growth or
the incidence of common morbidities among Tanzanian infants. Journal of Pediatric
Gastroenterology and Nutrition, 65, 467.

SUDFELD, C. R., WANG, M., ABOUD, S., GIOVANNUCCI, E. L., MUGUSI, F. M. &
FAWZI, W. W. 2012. Vitamin D and HIV progression among Tanzanian adults
initiating antiretroviral therapy. PLoS One, 7, e40036.

SVOREN, B. M., VOLKENING, L. K., WOOD, J. R. & LAFFEL, L. M. 2009. Significant
vitamin D deficiency in youth with type 1 diabetes mellitus. The Journal of
Pediatrics, 154, 132-134.

SWART, R., VAN ROOYEN, J. M. & MELS, C. M. 2017. Change in renin, cardiovascular
and inflammatory markers over three years in a black and white population: the
SABPA study. BMC Cardiovascular Disorders, 17, 104.

SZCZYGIELSKA, A., WIDOMSKA, S., JARASZKIEWICZ, M., KNERA, P. & MUC, K.
2003. Blood lipids profile in obese or overweight patients. Annales Universitatis
Mariae Curie-Sklodowska. Sectio D: Medicina, 58, 343-349.

176



TAHA, S. A, DOST, S. M. & SEDRANI, S. H. 1984. 25-Hydroxyvitamin D and total
calcium: extraordinarily low plasma concentrations in Saudi mothers and their
neonates. Pediatric Research, 18, 739.

TAKIISHI, T., GYSEMANS, C., BOUILLON, R. & MATHIEU, C. 2010. Vitamin D and
diabetes. Endocrinology and Metabolism Clinics, 39, 419-446.

TALAEI, A, MOHAMADI, M. & ADGI, Z. 2013. The effect of vitamin D on insulin
resistance in patients with type 2 diabetes. Diabetology & Metabolic Syndrome, 5, 8.

TARP, J., JARANI, J., MUCA, F., SPAHI, A. & GRONTVED, A. 2018. Prevalence of
overweight and obesity and anthropometric reference centiles for Albanian children
and adolescents living in four Balkan nation-states. Journal of Pediatric
Endocrinology and Metabolism, 31, 1199-1206.

TAU, C., CIRIANI, V., SCAIOLA, E. & ACUNA, M. 2007. Twice single doses of 100,000
IU of vitamin D in winter is adequate and safe for prevention of vitamin D deficiency
in healthy children from Ushuaia, Tierra Del Fuego, Argentina. The Journal of
Steroid Biochemistry and Molecular Biology, 103, 651-654.

TAYLOR, P. J. 2005. Matrix effects: the Achilles heel of quantitative high-performance
liquid  chromatography—electrospray—tandem  mass  spectrometry.  Clinical
Biochemistry, 38, 328-334.

THACHER, T. D., FISCHER, P. R., ISICHEI, C. O., ZOAKAH, A. |. & PETTIFOR, J. M.
2012. Prevention of nutritional rickets in Nigerian children with dietary calcium
supplementation. Bone, 50, 1074-1080.

THOMAS, M. K., LLOYD-JONES, D. M., THADHANI, R. I., SHAW, A. C., DERASKA,
D. J, KITCH, B. T., VAMVAKAS, E. C.,, DICK, I. M., PRINCE, R. L. &
FINKELSTEIN, J. S. 1998. Hypovitaminosis D in medical inpatients. New England
Journal of Medicine, 338, 777-783.

THUESEN, B., HUSEMOEN, L., FENGER, M., JAKOBSEN, J., SCHWARZ, P., TOFT, U.,
OVESEN, L., JOARGENSEN, T. & LINNEBERG, A. 2012. Determinants of vitamin
D status in a general population of Danish adults. Bone, 50, 605-610.

TOROK, R., TOROK, N. SZALARDY, L. PLANGAR, I, SZOLNOKI, Z.,
SOMOGYVARI, F., VECSEI, L. & KLIVENYI, P. 2013. Association of vitamin D
receptor gene polymorphisms and Parkinson's disease in Hungarians. Neuroscience
Letters, 551, 70-74.

177



TSHIBANGU, K., OOSTERWIICK, K. & DOUMONT-MEYVIS, M. 1975. Effects of
massive doses of ergocalciferol plus cholesterol on pregnant rats and their offspring.
The Journal of Nutrition, 105, 741-758.

TUCK, S. P. & FRANCIS, R. M. 2002. Osteoporosis. Postgraduate Medical Journal, 78,
526-32.

TYLAVSKY, F. A., CHENG, S., LYYTIKAINEN, A., VILJAKAINEN, H. & LAMBERG-
ALLARDT, C. 2006. Strategies to improve vitamin D status in northern European
children: exploring the merits of vitamin D fortification and supplementation. The
Journal of Nutrition, 136, 1130-1134.

UNGER, M. D., CUPPARI, L., TITAN, S. M., MAGALHAES, M. C. T., SASSAKI, A. L.,
DOS REIS, L. M., JORGETTI, V. & MOYSES, R. M. A. 2010. Vitamin D status in a
sunny country: where has the sun gone? Clinical Nutrition, 29, 784-788.

USDA, A. R. S. 2012. USDA National Nutrient Database for Standard Reference, Release
25. Nutrient Data Laboratory [Internet].

UYSALOL, M., MUTLU, L. C., SARACOGLU, G. V. KARASU, E., GUZEL, S,
KAYAOGLU, S. & UZEL, N. 2013. Childhood asthma and vitamin D deficiency in
Turkey: is there cause and effect relationship between them? Italian Journal of
Pediatrics, 39, 78.

VALTUENA, J., GONZALEZ-GROSS, M., HUYBRECHTS, |.,, BREIDENASSEL, C.,
FERRARI, M., MOURATIDOU, T., GOTTRAND, F., DALLONGEVILLE, J.,
AZZINI, E., SIOEN, I, GOMEZ-MARTINEZ, S., CUENCA-GARCIA, M.,
KERSTING, M., STEHLE, P., KAFATOS, A., MANIOS, Y., WIDHALM, K. &
MORENO, L. A. 2013. Factors associated with vitamin D deficiency in European
adolescents: the HELENA study. Journal of Nutrition Science Vitaminology.(Tokyo),
59, 161-171.

VAN DEN OUWELAND, J. M., BEIJERS, A. M. & VAN DAAL, H. 2011. Fast separation
of 25-hydroxyvitamin D3 from 3-epi-25-hydroxyvitamin D3 in human serum by
liquid chromatography—-tandem mass spectrometry: variable prevalence of 3-epi-25-
hydroxyvitamin D3 in infants, children, and adults. Clinical Chemistry, 57, 1618-
1619.

VAN ROOYEN, J., POGLITSCH, M., HUISMAN, H., MELS, C., KRUGER, R., MALAN,
L., BOTHA, S.,, LAMMERTYN, L., GAFANE, L. & SCHUTTE, A. 2016.

Quantification of systemic renin-angiotensin system peptides of hypertensive black

178



and white African men established from the RAS-Fingerprint®. Journal of the Renin-
Angiotensin-Aldosterone System, 17, 1470320316669880.

VAN SCHOOR, N. M. & LIPS, P. 2011. Worldwide vitamin D status. Best Practice &
Research Clinical Endocrinology & Metabolism, 25, 671-680.

VANLINT, S. J. 2005. Vitamin D and adult bone health in Australia and New Zealand: a
position statement. The Medical Journal of Australia, 183,52-53.

VELAPHI, S. C. 2017. The epidemiology, risk factors and diagnosis of neonatal sepsis. PhD,
Thesis. The University of the Witswatersrand, Johannesburg.

VIDAILHET, M., MALLET, E., BOCQUET, A. BRESSON, J.-L., BRIEND, A,
CHOURAQUI, J.-P., DARMAUN, D., DUPONT, C., FRELUT, M.-L. & GHISOLFI,
J. 2012. Vitamin D: still a topical matter in children and adolescents. A position paper
by the Committee on Nutrition of the French Society of Paediatrics. Archives de
Pédiatrie, 19, 316-328.

VIETH, R. 1999. Vitamin D supplementation, 25-hydroxyvitamin D concentrations, and
safety. The American Journal of Clinical Nutrition, 69, 842-856.

VIETH, R., LADAK, Y. & WALFISH, P. G. 2003. Age-related changes in the 25-
hydroxyvitamin D versus parathyroid hormone relationship suggest a different reason
why older adults require more vitamin D. Journal of Clinical Endocrinology and
Metabolism, 88, 185-191.

VILLAMOR, E., MARIN, C., MORA-PLAZAS, M. & BAYLIN, A. 2011. Vitamin D
deficiency and age at menarche: a prospective study— The American Journal of
Clinical Nutrition, 94, 1020-1025.

VOORTMAN, T., VAN DEN HOOVEN, E. H., HENUBOER, A. C., HOFMAN, A,
JADDOE, V. W. & FRANCO, O. H. 2015. Vitamin D deficiency in school-age
children is associated with sociodemographic and lifestyle factors. The Journal of
Nutrition, 145, 791-798.

WACKER, M. & HOLICK, M. F. 2013. Sunlight and Vitamin D: A global perspective for
health. Dermato-Endocrinology, 5, 51-108.

WAGNER, C. L. & GREER, F. R. 2008. Prevention of rickets and vitamin D deficiency in
infants, children, and adolescents. Pediatrics, 122, 1142-1152.

WALLACE, A., GIBSON, S., DE LA HUNTY, A, LAMBERG-ALLARDT, C. &
ASHWELL, M. 2010. Measurement of 25-hydroxyvitamin D in the clinical
laboratory: current procedures, performance characteristics and limitations. Steroids,
75, 477-488.

179



WANG, L., SONG, Y., MANSON, J. E,, PILZ, S., MARZ, W., MICHAELSSON, K.,
LUNDQVIST, A., JASSAL, S. K., BARRETT-CONNOR, E. & ZHANG, C. 2012.
Circulating 25-hydroxy-vitamin D and risk of cardiovascular disease: a meta-analysis
of prospective studies. Circulation: Cardiovascular Quality and Outcomes, 5, 819-
829.

WANG, S., SHEN, G., JIANG, S., XU, H., LI, M., WANG, Z., ZHANG, S. & YU, Y. 2017.
Nutrient status of vitamin D among Chinese children. Nutrients, 9, 319.

WANG, Y., SI, S, LIU, J.,, WANG, Z., JIA, H., FENG, K., SUN, L. & SONG, S. J. 2016.
The Associations of Serum Lipids with Vitamin D Status. PLoS One, 11, e0165157.

WEAVER, C. M. & FLEET, J. C. 2004. Vitamin D requirements: current and future. The
American Journal of Clinical Nutrition, 80, 1735s-1739s.

WEBB, A. R. 2006. Who, what, where and when—influences on cutaneous vitamin D
synthesis. Progress in Biophysics and Molecular Biology, 92, 17-25.

WEBB, A. R., KLINE, L. & HOLICK, M. F. 1988. Influence of season and latitude on the
cutaneous synthesis of vitamin D3: exposure to winter sunlight in Boston and
Edmonton will not promote vitamin D3 synthesis in human skin. The Journal of
Clinical Endocrinology and Metabolism, 67, 373-378.

WEJSE, C., OLESEN, R., RABNA, P., KAESTEL, P., GUSTAFSON, P., AABY, P,
ANDERSEN, P. L., GLERUP, H. & SODEMANN, M. 2007. Serum 25-
hydroxyvitamin D in a West African population of tuberculosis patients and
unmatched healthy controls. The American Journal of Clinical Nutrition, 86, 1376-
1383.

WENG, F. L., SHULTS, J., LEONARD, M. B., STALLINGS, V. A. & ZEMEL, B. S. 2007.
Risk factors for low serum 25-hydroxyvitamin D concentrations in otherwise healthy
children and adolescents. The American Journal of Clinical Nutrition, 86, 150-158.

WENG, S., SPRAGUE, J. E., OH, J,, RIEK, A. E., CHIN, K., GARCIA, M. & BERNAL-
MIZRACHI, C. 2013. Vitamin D deficiency induces high blood pressure and
accelerates atherosclerosis in mice. PLoS One, 8, e54625.

WHARTON, B. & BISHOP, N. 2003. Rickets. The Lancet, 362, 1389-1400.

WILD, S., ROGLIC, G., GREEN, A., SICREE, R. & KING, H. 2004. Global prevalence of
diabetes: estimates for the year 2000 and projections for 2030. Diabetes Care, 27,
1047-1053.

180



WILLIAMS, D. M., FRASER, A. & LAWLOR, D. A. 2011. Associations of vitamin D,
parathyroid hormone and calcium with cardiovascular risk factors in US adolescents.
Heart, 97, 315-320.

WILLIAMS, D. M., FRASER, A., SAYERS, A., FRASER, W. D., HYPPONEN, E.,
SMITH, G. D., SATTAR, N. & LAWLOR, D. A. 2014. Associations of childhood
25-hydroxyvitamin D, and Dj; and cardiovascular risk factors in adolescence:
prospective findings from the Avon Longitudinal Study of Parents and Children.
European Journal of Preventive Cardiology, 21, 281-290.

WJST, M. 2006. The vitamin D slant on allergy. Pediatric Allergy and Immunology, 17, 477-
483.

WORTSMAN, J.,, MATSUOKA, L. Y., CHEN, T. C,, LU, Z. & HOLICK, M. F. 2000.
Decreased bioavailability of vitamin D in obesity. The American Journal of Clinical
Nutrition, 72, 690-693.

YAZDANPANAH, M., BAILEY, D., WALSH, W., WAN, B. & ADELI, K. 2013.
Analytical measurement of serum 25-OH-vitamin D3, 25-OH-vitamin D, and their
C3-epimers by LC—-MS/MS in infant and pediatric specimens. Clinical Biochemistry,
46, 1264-1271.

ZACCARDI, F., WEBB, D. R., YATES, T. & DAVIES, M. J. 2015. Pathophysiology of type
1 and type 2 diabetes mellitus: a 90-year perspective. Postgraduate Medical Journal,
2015-133281.

ZEMEL, M. B. 2001. Calcium modulation of hypertension and obesity: mechanisms and
implications. Journal of the American College of Nutrition, 20, 428S-435S.

ZEMEL, M. B. 2002. Regulation of adiposity and obesity risk by dietary calcium:
mechanisms and implications. Journal of the American College of Nutrition, 21,
146S-151S.

ZEMEL, M. B., SHI, H., GREER, B., DIRIENZO, D. & ZEMEL, P. C. 2000. Regulation of
adiposity by dietary calcium. Federation of American Society of Experimental
Biology Journal, 14, 1132-1138.

ZHANG, R. & NAUGHTON, D. P. 2010. Vitamin D in health and disease: current
perspectives. Nutrition Journal, 9, 65.

ZHU, K., ODDY, W. H., HOLT, P., PING-DELFOS, W. C. S.,, MOUNTAIN, J., LYE, S,,
PENNELL, C., HART, P. H. & WALSH, J. P. 2017. Tracking of vitamin D status
from childhood to early adulthood and its association with peak bone mass. The
American Journal of Clinical Nutrition, 106, 276-283.

181



ZIAEI-KAJBAF, T., AMINZADEH, M., FATAHINEZHAD, E. & ALETAYEB, S. M.-H.
2018. Vitamin D status in diabetic children and adolescents. Diabetes & Metabolic
Syndrome: Clinical Research & Reviews. 12, 849-852

ZINGONI, C., NORRIS, S. A., GRIFFITHS, P. L. & CAMERON, N. 2009. Studying a
population undergoing nutrition transition: a practical case study of dietary
assessment in urban South African adolescents. Ecology and Food Nutrition, 48, 178-
198.

ZITTERMANN, A. 2003. Vitamin D in preventive medicine: are we ignoring the evidence?
British Journal of Nutrition, 89, 552-572.

ZITTERMANN, A., FRISCH, S., BERTHOLD, H. K., GOTTING, C., KUHN, J.,
KLEESIEK, K., STEHLE, P., KOERTKE, H. & KOERFER, R. 2009. Vitamin D
supplementation enhances the beneficial effects of weight loss on cardiovascular
disease risk markers—. The American Journal of Clinical Nutrition, 89, 1321-1327.

ZITTERMANN, A., PILZ, S., HOFFMANN, H. & MARZ, W. 2016. Vitamin D and airway
infections: a European perspective. European Journal of Medical Research, 21, 14.

182



Appendix | - Total Cholesterol
Total Cholesterol (Instrument = RX Daytona)
Clinical relevance

Cholesterol measurements are used in the diagnosis and treatment of lipid lipoprotein
metabolism disorders. Lipids play an important role in the body by serving as hormones or
hormone precursors, aid in digestion, provide energy, storage and metabolic fuels, act as
functional and structural components in bio-membranes and form insulation to allow nerve

conduction and prevent heat loss.
Assay Principle

The cholesterol is determined after enzymatic hydrolysis and oxidation. The indicator
quinoneimine is formed from hydrogen peroxide and 4-aminoantipyrine in the presence of

phenol and peroxidase.

Cholesterol esterase

Cholesterol ester + H20 —— Cholesterol + fatty acid

Glycerol-3-phosphate oxidase

Glycerol-3-phosphate + 0, ——— Cholestenone + H,0,
Peroxidase
2H,0;  +  phenol + 4 - ———————— Quinoneimine + 4H,0

Aminoantipyrine
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Appendix Il - Triglycerides
Triglycerides (Instrument = RX Daytona)
Clinical relevance

Triglyceride measurements are used in the diagnosis and treatment of diseases involving lipid
metabolism and various endocrine disorders such as diabetes mellitus, nephrosis and liver

obstruction.
Principle

Triglycerides are determined after enzymatic hydrolysis with lipases. The indicator is a
quinoneimine formed from hydrogen-peroxide, 4-aminophenazone and 4-chlorophenol under
the catalytic influence of peroxidase.

Lipases
Triglycerides + H,O 3 Cholesterol + fatty acid

Glycerol kinase
Glycerol + ATP T Cholestenone + H,0,

Glycerol-3-phosphate oxidase
Glycerol-3-phosphate + 0, ——— Quinoneimine + 4H,0

Peroxidase
2H,0, + 4-aminophenazone + —— ———————— Quinoneimine + HCL +
chlorophenol 4H,0
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Appendix 111 - Direct Low Density Lipoprotein Cholesterol
Direct Low Density Lipoprotein Cholesterol (LDL-C) (Instrument = RX Daytona)
Clinical relevance

Low density lipoproteins (LDL) are synthesized in the liver by the action of various lipolytic
enzymes on triglyceride rich Very Low Density Lipoproteins (VLDLs). Specific LDL
receptors exist to facilitate the elimination of LDL from plasma by liver parenchymal cells. It
has been shown that most of the cholesterol stored in atherosclerotic plaques originates from
LDL. For this reason the LDL-Cholesterol concentration is considered to be the most
important clinical predictor of all single parameters, with respect to coronary atherosclerosis.
Accurate measurement of LDL-Cholesterol is of vital importance in therapies which focus on

lipid reduction to prevent atherosclerosis or reduce its progress and to avoid plaque rupture.
Principle

Reagent composition (Enzyme Reagent R1 + Enzyme Reagent R2)

The assay consists of two reaction steps:

1. Elimination of chylomicron, VLDL-Cholesterol and HDL-Cholesterol by cholesterol

esterase, cholesterol oxidase and subsequently catalase

Cholesterol esterase

Cholesterol ester —— Cholesterol + fatty acid

Cholesterol esterase

Cholesterol + O, —— Cholestenone + H,0,
Catalase
2H,0, 3 2H,0 + 0,
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2. Specific measurement of LDL-Cholesterol after release of LDL-Cholesterol by

detergents in Reagent 2.

Cholesterol esterase

Cholesterol ester ——— Cholesterol + fatty acid

Cholesterol esterase

Cholesterol + O, —— Cholestenone + H»0,
Catalase
2H,0, +4-AA + TOOS —— Quinoneimine + 4H,0

The intensity of the quinoneimine dye produced is directly proportional to the cholesterol

concentration when measured at 600nm
4-AA = Aminoantipyrine

TOOS = N-Ethy-N-(2-hydroxy-3-sulfopropyl)-3-methylaniline
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Appendix IV - Direct HDL-Cholesterol
Direct HDL-Cholesterol (Instrument = RX Daytona)
Clinical relevance

High density lipoproteins (HDL-C) are one of the major classes of plasma lipoproteins. They
are composed of a number of heterogeneous particles, including cholesterol and vary with
respect to size and content of lipid and apolipoprotein. HDL serves to remove cholesterol
from the peripheral cells to the liver, where the cholesterol is converted to bile acids and
excreted into the intestine. An inverse relationship between HDL-Cholesterol (HDL-C) levels
serum and the incidence/prevalence of coronary heart disease (CHD) has been demonstrated

in a number of epidemiological studies.

Accurate measurement of HDL-C is of vital importance when assessing patient risk from
CHD. In this diagnostic test kit a method for direct measurement of HDL-C, without sample
pretreatment, is presented. Direct measurement gives improved accuracy and reproducibility

when compared to precipitation methods.

Principle

Reagent composition (Enzyme Reagent R1 + Enzyme Reagent R2)
The assay consists of two reaction steps:

1. Elimination of chylomicron, VLDL-Cholesterol and HDL-Cholesterol by cholesterol
esterase, cholesterol oxidase and subsequently catalase

Cholesterol esterase
Cholesterol ester ——— Cholesterol + fatty acid

Cholesterol esterase
Cholesterol + O, —— Cholestenone + H-,0,

Catalase
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2H,0, ) 2H,0, + O,

2. Specific measurement of LDL-Cholesterol after release of LDL-Cholesterol by

detergents in Reagent 2.

Cholesterol esterase

Cholesterol ester —— Cholesterol + fatty acid

Cholesterol esterase

Cholesterol + O, ——— Cholestenone + H»0,
Peroxidase
2H,0, +4-AA + HDAOS T ——— Quinoneimine + 4H,0

The intensity of the quinoneimine dye produced is directly proportional to the cholesterol

concentration when measured at 600nm
4-AA = Aminoantipyrine
HDAOS = N-(2-hydroxy-3-sulfopropyl)-3,5-dimethoxylaniline

NB: This assay uses a Rate method and a single point calibration.
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Appendix V - 25-hydroxyvitamin D (25(OH)D)
25-hydroxyvitamin D (25(OH)D)
Principle

25(0OH)D was measured by a commercial kit Liaison® 25(OH)D assay (Diasorin, Italy) to

measure serum concentration of 25(OH)D.

The method for quantitative determination of 25(OH)D is a direct competitive
chemiluminescence immunoassay. A specific antibody to vitamin D is used for coating
magnetic particle (Solid phase) and vitamin D is linked to an isoluminol derivatives. During
the incubation the period, 25(OH)D is dissociated from its binding sites on the antibody.
After the incubation, the unbound material is removed with a wash cycle. Subsequently, the
starter reagents are added and a flash chemiluminescence reaction is initiated. The light signal
is measured by a photomultiplier as relative light units (RLU) and is inversely proportional to
the concentration of 25(OH)D present in calibrators, controls or samples.

In terms of quality assurance, our laboratory participates in an international quality assurance
programme (DEQAS - International Vitamin D External Quality Assessment Scheme,
London, United Kingdom). Since our participation in DEQAS external quality control, our
laboratory has received the certificates of efficiency on a yearly basis (i.e. 80% or more
results fell within 30% of the all laboratory trimmed mean). Lipids were measured by a
Randox Daytona Instrument (Randox Laboratories Ltd, County Antrim, UK) (intra and inter-

assay variation < 5%).
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Appendix VI - Dual-energy X-ray absorptiometry
Dual-energy X-ray absorptiometry (DXA)
Principle

The fundamental principle of DXA is the measurement of transmission of x-rays with high-
and low-energy photons through the body.

The mathematics used to calculate bone density values can be explained using an exponential
equation that assumes the body to be a two-compartment model consisting of bone mineral

and soft tissue.

Bone mineral is a physically dense material mainly made up of phosphorus and calcium
molecules that have relatively high atomic numbers.

Soft tissue is a mixture of muscle, fat, skin, and water. It has a lower physical density and a
lower effective atomic number because its main chemical constituents are hydrogen, carbon,

and oxygen.
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