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ABSTRACT
Vitamin D deficiency is a common public health problem worldwide. However, little is
known about the epidemiology of vitamin D deficiency in Africa. In this thesis, I aimed to
determine: 1) the prevalence of and risk factors associated with vitamin D deficiency in
studies conducted in Africa; 2) the prevalence and predictors of vitamin D deficiency in
African children; 3) the association between vitamin D and iron deficiency in African
children; and 4) genetic variants that influence vitamin D status in Africans.
In a systematic review and meta-analyses of previous vitamin D studies in Africa, the average
prevalence of low vitamin D status was 18.5%, 34.2% and 59.5% using cut-offs of 25hydroxyvitamin D (25(OH)D) levels of <30 nmol/L, <50 nmol/L and <75 nmol/L,
respectively. Populations at risk of vitamin D deficiency included newborns, women, and
people living in high latitudes or urban areas.
In an epidemiological study of young children living in Africa, the prevalence of low vitamin
D status was 0.6%, 7.8% and 44.5% using cut-offs of 25(OH)D levels of <30 nmol/L, <50
nmol/L, <75 nmol/L, respectively. The prevalence of vitamin D deficiency increased with
older age, higher latitudes, malaria parasitaemia, winter and wet seasons and the GC2 variant
of the group-specific component (GC) gene, which encodes vitamin D binding protein.
Vitamin D deficiency was also associated with 80% higher odds of iron deficiency in these
children. Adjusted regression models revealed that vitamin D deficiency was associated with
higher ferritin and hepcidin levels suggesting lower iron status, and reduced sTfR and
transferrin levels and increased TSAT and serum iron levels suggesting improved iron status.
Genome-wide association study (GWAS) in Africans revealed genetic variants that influence
vitamin D status in vitamin D metabolism genes: DHCR7/NADSYN1, CYP2R1 and GC.
i

However, the majority of SNPs from previous European GWASs did not replicate in the
current GWAS.
Findings from this thesis indicate that vitamin D deficiency is prevalent in many African
populations and should be considered in public health strategies in Africa.

ii

“Epidemiology is essentially an inductive science, concerned not merely with describing the distribution of
disease, but equally or more with fitting it into a consistent philosophy.”

– Wade Hampton Frost, 1941

iii
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CHAPTER 1. LITERATURE REVIEW
Vitamin D is essential in maintaining health. The high prevalence of vitamin D deficiency in
many parts of the world has attracted considerable academic, clinical and public health
interest due to its associations with a wide range of diseases. In this chapter, I will discuss
existing literature on vitamin D sources, metabolism, genetics, laboratory assays, and
epidemiology of vitamin D deficiency.

1.1 Sources and forms of vitamin D
Vitamin D is a fat-soluble prohormone of the secosteroid family that is obtained mainly
through the action of the sun’s ultraviolet B radiation on the skin (Chen et al., 2007).
Majority foods naturally have inadequate vitamin D unless they are fortified; with the
exception of a few foods such as fatty fish, eggs, mushrooms and cod liver oil (Chen et al.,
2007). The two most common forms of vitamin D include vitamin D3 (also known as
cholecalciferol) which is synthesized in the skin and can be obtained from animal foods, and
vitamin D2 (also known as ergocalciferol) which is derived synthetically from plants and is
commonly used as supplements and in the fortification of foods. Vitamin D2 differs from
vitamin D3 by a methyl group at carbon 24 and a double bond between carbon 22 and 23,
which makes it less potent than D3 (Houghton and Vieth, 2006). As a result, vitamin D3 is
increasingly being preferred over D2 in the supplementation and fortification of foods
(Houghton and Vieth, 2006). Vitamin D is used to refer to both vitamin D2 and D3 in this
thesis, unless otherwise stated.

1.2 Metabolism and physiology of vitamin D
1.2.1

Activation and inactivation of vitamin D

Vitamin D, whether synthesised in the skin or obtained from diet, must be further
metabolised to be physiologically active (Figure 1.1). The activation process involves the
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addition of a hydroxyl group at the 25th carbon of vitamin D to form 25-hydroxyvitamin D
(25(OH)D, the biomarker of vitamin D status) and another hydroxyl group at the 1st carbon to
form the physiologically active 1,25-dihydroxyvitamin D (1,25(OH)2D) (Bikle, 2014,
Zerwekh, 2008). For circulating vitamin D, these two steps are mostly catalysed by 25hydroxylase in the liver and 1α-hydroxylase in the kidney, respectively (Bikle, 2014). In
addition, a hydroxyl group is added at the 24th carbon of 25(OH)D and 1,25(OH)2D by the
enzyme 24-hydroxylase in the kidney to form 24,25(OH)2D and 1,24,25(OH)3D,
respectively, which initiates a series of metabolic reactions that lead to their inactivation
(Bikle, 2014).
1.2.2

Transportation of vitamin D

Vitamin D and its metabolites are hydrophobic nature and are therefore circulated in the body
bound mainly to the vitamin D binding protein (DBP) (85%), and to a lesser extent albumin
(15%) (Bikle and Schwartz, 2019, Bikle, 2014). Therefore, factors that influence DBP levels
and activity may also affect the levels and bioavailability of vitamin D (Bikle, 2014). DBP is
one of the most polymorphic human proteins to be studied, with 1242 polymorphisms in
NCBI database and more than 120 variants described (Bikle and Schwartz, 2019). The
genotype and concentration of DBP has been demonstrated to influence vitamin D’s half-life
(Jones et al., 2014). The most common DBP variants that have been studied are Gc1f, Gc1s,
and Gc2, which differ in their affinity for vitamin D and have been associated with many
clinical conditions (Bikle and Schwartz, 2019).
1.2.3

Mechanism of action of vitamin D

Vitamin D’s physiological effects are produced when 1,25(OH)2D binds to the vitamin D
receptor (VDR) in cell nuclei to form the 1,25(OH)2D–VDR complex which regulates gene
transcription (Bikle, 2014). The 1,25(OH)2D–VDR complex binds to the retinoid X receptor
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(RXR) to form a heterodimer which interacts with vitamin D response elements (VDRE) in
the promoter regions of vitamin D responsive genes to modulate their transcription
(Christakos et al., 2016). Ramagopalan and colleagues reported 2776 genomic positions in
over 30 cell types that VDR can bind to, and 229 genes whose expression are regulated by
vitamin D (Ramagopalan et al., 2010) and the vitamin D receptor and 1α-hydroxylase is
expressed in most tissues (Bikle, 2009) suggesting that vitamin D plays extensive roles in
maintaining health and its deficiency may result various diseases.
1.2.4

Regulation of vitamin D activity

Although the kidney is the major source of circulating 1,25(OH)2D, many tissues express 1αhydroxylase which converts circulating 25(OH)D to 1,25(OH)2D, including the parathyroid
gland, pancreatic islets, thyroid, testis, ovary, placenta, some immune cells, osteoblasts and
chondrocytes (Bikle, 2009). However, the 1,25(OH)2D produced in these tissues act locally
(Bikle, 2009). The expression of 1α-hydroxylase is stimulated by parathyroid hormone (PTH)
and inhibited by fibroblast growth factor 23 (FGF23) and 1,25(OH)2D through a negative
feedback mechanism (Henry, 2011). High concentrations of Ca2+ can also inhibit the
expression of 1α-hydroxylase by suppressing PTH through Cyclic adenosine monophosphate
(cAMP) (Rost et al., 1981). High levels of 25(OH)D modestly downregulate the production
of 25-hydroxylase in a negative feedback loop mechanism (Bikle, 2014, Zerwekh, 2008).
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Figure 1.1. Vitamin D metabolism.

Vitamin D from the diet and skin exposure to sun is activated by hydroxylation at the 25th and
1st carbon in the liver and kidney, respectively, to form the physiologically active
1,25(OH)2D. 1,25(OH)2D binds to the vitamin D receptor (VDR) to regulate gene expression.
Abbreviations: D3, vitamin D3; DBP, vitamin D-binding protein; VDR, vitamin D receptor;
UV B, ultraviolet B light.
1.2.5

Physiological roles of vitamin D

Vitamin D has long been known for its role in maintaining bone and muscle health by
regulating the absorption and metabolism of calcium and phosphate, and regulating bone
mineralization and remodelling (Figure 1.2) (Pedersen, 2008). However, recent studies have
revealed many extra-skeletal roles of vitamin D, including regulation of the immune system,

4

insulin secretion, induction and regulation of cell differentiation, proliferation and apoptosis
(Holick, 2007b, Bikle, 2009).
Figure 1.2. Physiological roles of vitamin D in humans
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Vitamin D regulates the metabolism of calcium and phosphorous, growth and bone
mineralization, immune cell function, cell differentiation, proliferation and apoptosis, and
enhances muscle contraction (Pedersen, 2008).

1.3 Measurement of vitamin D (25(OH)D assays)
Many commercially available assays are used to measure 25(OH)D levels, the biomarker of
vitamin D status. These assays can be broadly grouped into two categories; chromatographybased assays such as high-performance liquid chromatography (HPLC) and liquid
chromatography-mass spectroscopy (LC-MS); and immune-based assays such as
radioimmunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), competitive
protein binding (CPB) and chemiluminescence assays (CLIA) (Bikle, 2017). These assays
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have different sensitivities, specificities, and abilities to measure vitamin D2 and D3, which
may cause high variability in 25(OH)D measurements (Lips et al., 1999). Therefore, the
Vitamin D External Quality Assessment Scheme (DEQAS) was established in 1989 to ensure
the analytical reliability of vitamin D assays (Carter et al., 2017). Furthermore, the Vitamin D
Standardisation Programme (VDSP) by the National Institute of Standards and Technology in
the USA has considerably improved the reliability of vitamin D measurements and their
comparability across different laboratories (Sempos and Binkley, 2020). LC-MS is generally
accepted as the gold standard for vitamin D measurements due to its greater precision and
flexibility (Bikle, 2017).

1.4 Epidemiology of vitamin D deficiency
1.4.1

Definition of vitamin D deficiency

Currently, there is no consensus on the definition of vitamin D deficiency (Table 1.1.). This is
partly due to the pleiotropic nature of vitamin D. Historically vitamin D deficiency was
linked with increased risk of bone diseases such as rickets and osteomalacia which is
characterised by very low serum 25(OH)D levels. However, more recently many
extraskeletal diseases have been associated with modestly low 25(OH)D levels which has led
to several definitions of vitamin D deficiency (Table 1.1.) (Holick, 2007b). The Institute of
Medicine (IOM) recommends 25(OH)D levels of >50 nmol/L for optimum bone health (Ross
et al., 2011), while the Endocrine Society of the USA additionally recommends 25(OH)D
levels of >75 nmol/L to protect against cardiovascular diseases, common cancers, type 2
diabetes, autoimmune diseases, and infectious diseases (Holick et al., 2011a). The European
Food Safety Authority (EFSA) and the Scientific Advisory Committee on Nutrition (SACN)
define vitamin D deficiency as serum 25(OH)D levels <50 and < 30 nmol/L, respectively
(NDA, 2016, Vitamin, 2016). A population-based survey in the US showed that 25(OH)D
levels >75 nmol/L were necessary for optimal bone and mineral density in adults up to the
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age of 50 years (Bischoff-Ferrari et al., 2004). Clinical vitamin D deficiency as manifested by
bone pain, muscle weakness and swelling of joints occurs when serum 25(OH)D levels fall
below 25 nmol/l (Holick, 2007a).
Table 1.1 Definition of vitamin D deficiency, insufficiency, and sufficiency
Vitamin D
deficiency

Vitamin D insufficiency/ Vitamin D
inadequacy
sufficiency

Institute of Medicine (IOM),
2011 (Ross et al., 2011)

<30 nmol/L

30–50 nmol/L

>50 nmol/L

Endocrine Society, 2011 (Holick
et al., 2011a)

<50 nmol/L

50–75 nmol/L

>75 nmol/L

European Food Safety Authority
(EFSA)(NDA, 2016)

<50 nmol/L

–

>50 nmol/L

Scientific Advisory Committee
<25 nmol/L
–
>25 nmol/L
on Nutrition (SACN) (Vitamin,
2016)
Definitions are based on guidelines by Institute of Medicine (IOM), the Scientific Advisory Committee
on Nutrition (SACN), the European Food Safety Authority (EFSA) and the Endocrine Society.
1.4.2

Causes of vitamin D deficiency.

Vitamin D deficiency is caused by different factors, which may vary between populations,
ethnic groups, regions, or countries. The majority of these factors, such as winter season, high
latitudes, urbanisation and reduced outdoors activities, result from reduced sun exposure
because skin synthesis is the major source of vitamin D worldwide (Holick, 2007b, Hilger et
al., 2014b). Vitamin D deficiency is more common in higher latitudes and during winter due
to less UV light from the sun because of greater solar zenith angles (Kimlin, 2008).
Moreover, seasonal variation in the length of days (hence variation in duration of sunshine) is
more distinct in temperate regions than within the tropics. Therefore, seasonality in subSaharan Africa is more defined by rainy and dry seasons than daily temperatures and length
of days as is the case in temperate regions (Poopedi et al., 2011, Eltahir and Gong, 1996,
Philippon et al., 2015). Nevertheless, the rainy season might result in lower vitamin D status
due to less sunshine because of increased cloud cover and people spending less time outdoors
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due to rainy weathers and cold temperatures. In a study conducted in South Africa which
included adolescent children, seasonality was observed in Asian children but not black
African children suggesting that seasonality had a stronger effect in lighter skinned children
(George et al., 2014b). Obesity has been associated with vitamin D deficiency in many
populations, perhaps due to sequestration of vitamin D in fat (Pereira-Santos et al., 2015).
Vitamin D deficiency may result from organ failure such as liver failure (due to
malabsorption of vitamin D and impaired conversion of vitamin D to 25(OH)D) and chronic
kidney disease (which causes hypophosphatemia that decreases the level of 1α-hydroxylase
enzyme) (Holick, 2007b). Breast-feeding has also been associated with vitamin D deficiency
in children due to the low content of vitamin D in breastmilk (Abdul-Razzak et al., 2011).
Other causes of vitamin D deficiency include sunscreen use, lack of vitamin D
supplementation and reduced consumption of vitamin D-fortified foods, factors which are
less common in Africa (Holick, 2007b, Hilger et al., 2014b).
1.4.3

Vitamin D fortification and supplementation

Vitamin D fortification and supplementation are essential interventions in the prevention and
management of vitamin D deficiency (Holick, 2007b). This is especially true for populations
with limited sun exposure such as those living in higher latitudes during winter and in urban
areas. Therefore, the United States, Canada and some countries in Europe, including Norway,
Finland, Sweden, Ireland, and the United Kingdom, largely depend on fortified foods and
dietary supplements to meet their vitamin D requirements (Calvo et al., 2004, Spiro and
Buttriss, 2014). However, just as is the case with vitamin D deficiency definitions, there is no
consensus on the optimal quantities for vitamin D supplementation, with recommendations
varying from 400 to 2000 IU per day (Del Valle et al., 2011). The Institute of Medicine
recommends 600 IU per day for ages between 1–70 years and 800 IU per day for ages ≥ 71
years, to maintain serum 25(OH)D > 50 nmol/L in at least 97.5% of the population (Ross et
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al., 2011). Vitamin D supplementation comes with a risk of toxicity, and although most
countries prudently set an upper limit of 2000 IU per day (Del Valle et al., 2011), some
studies have shown that a daily consumption of 10,000 IU per day over long periods did not
result in negative effects in adults (Hathcock et al., 2007). Vitamin D supplementation and
fortification of foods is rare in Africa, and therefore sunshine exposure is the main and often
the only source of vitamin D in African populations.
1.4.4

Vitamin D deficiency and musculoskeletal diseases

Vitamin D deficiency has long been known to cause skeletal deformities, growth retardation
and bone diseases such as rickets in children, and osteomalacia, osteopenia and osteoporosis
in adults (Holick, 2007b). During acute vitamin D deficiency, low vitamin D status impairs
intestinal absorption of calcium which causes low levels of calcium in serum
(hypocalcaemia) (Bikle, 2014). Hypocalcaemia stimulates the secretion of parathyroid
hormone (PTH) which stimulates the release of calcium from the bone by promoting
osteoclast activity, and also acts in the kidney to: 1) reduce the excretion of calcium, ii)
increase the excretion of phosphate and iii) stimulate conversion of 25(OH)D to 1,25(OH)2D
by 1-alpha-hydroxalase (Allgrove, 2015). Extended vitamin D deficiency (which causes
hyperparathyroidism and hypophosphatemia) may result in demineralisation of the bone and
cause rickets in growing children and osteomalacia in older children and adults (Holick,
2007b). Hypocalcaemia caused by chronic vitamin D deficiency may also result in lowering
of nerve and muscular cell depolarisation resulting in neuromuscular irritability (Reid, 2016).
Other than vitamin D deficiency, rickets may also be caused by calcium deficiency as is often
the case in Africa and Asia (Thacher et al., 2006). Vitamin D deficiency, as opposed to
calcium deficiency, is the most common cause of rickets in high income countries such as the
USA (DeLucia et al., 2003).
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1.4.5

Vitamin D deficiency and extraskeletal diseases

Vitamin D deficiency has been linked to both infectious and non-infectious diseases. Recent
studies have shown that vitamin D deficiency is associated with increased risk of chronic
illness such as autoimmune diseases, common cancers, cardiovascular diseases and infectious
diseases (Holick, 2007b). A recent systematic review of randomised clinical trials reported
that overall, vitamin D supplementation reduced the risk of respiratory tract infections
(Martineau et al., 2017). Cell culture experiments have demonstrated that vitamin D may
have direct antiviral activity (Beard et al., 2011). Modarres and colleagues reported that daily
administration of 2000 IU vitamin D was effective in treating bacterial vaginosis (Modarres
et al., 2015). However, the association between vitamin D and many diseases is still
inconclusive because studies that reported these associations were observational, and hence
their findings may be biased due to confounding or reverse causality. Although vitamin D
may reduce the risk of many diseases by modulating immunity and the production of
antimicrobial proteins (Holick, 2007b), patients are also likely to spend more time indoors
because of the disease, and hence have lower vitamin D status. Mendelian randomization
analyses showed that some of the associations observed between vitamin D deficiency and
some medical conditions may have been due to confounding factors and reverse causality
(Revez et al., 2020). However, well-designed RCTs and more Mendelian randomization
analyses are needed to determine causality in many reported associations.
1.4.6

Vitamin D deficiency and iron deficiency

Iron deficiency is the most common nutritional disorder in the world and frequently coexists
with vitamin D deficiency (Akkermans et al., 2016). In Africa, the prevalence of iron
deficiency is about 52% (Muriuki et al., 2020). Iron deficiency is the major cause of anaemia
worldwide and causes impaired development and disability in children (Camaschella, 2015).
A systematic review and meta-analysis showed that studies that investigated the association
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between vitamin D and iron status reported conflicting findings (Arabi et al., 2020). In vitro
studies indicate that metabolism of iron and vitamin D is synergistic, and hence one nutrient
deficiency may cause the other. High vitamin D status has been shown to decrease the
expression of hepcidin (the primary hormone of iron homeostasis), ferritin and pro-hepcidin
cytokines, IL-6 and IL-1β (Smith et al., 2017b, Bacchetta et al., 2014b, Zughaier et al., 2014).
Bacchetta et al. described the presence of vitamin D receptor response elements in the
promoter region of the hepcidin gene (HAMP) (Bacchetta et al., 2014b). On the other hand,
the two enzymes required to activate vitamin D (25- and 1α-hydroxylase) have heme
containing co-enzymes that are essential for their activity (Jones and Prosser, 2011) and iron
deficiency has also been linked to decreased 1α-hydroxylase activity in rats (Katsumata et al.,
2016).
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1.4.7

Genetics of vitamin D status

Twin and family studies have reported heritability estimates of variability in vitamin D status
between 43% to 80% (Hiraki et al., 2013). Many genome-wide association studies (GWAS)
have identified common SNPs that influence serum 25(OH)D levels (Wang et al., 2010b,
Wang et al., 2016a, Engelman et al., 2010, Ahn et al., 2010, Revez et al., 2020, Manousaki et
al., 2020). Most of these SNPs are located in or close to genes of proteins involved in vitamin
D metabolism such as the cytochrome P450 2R1 (CYP2R1, 25-hydroxylase which converts
vitamin D to 25(OH)D), cytochrome P450 27B1 (CYP27B1, 1α-hydroxylase which converts
25(OH)D to 1,25(OH)2D), cytochrome P450 24A1 (CYP24A1, 24-hydroxylase involved in
the degradation of 25(OH)D and 1,25(OH)2D), 7-dehydrocholesterol reductase (DHCR7,
metabolises 7-dehydrocholesterol towards cholesterol synthesis, away from the vitamin D
pathway), VDR (encodes the vitamin D receptor), and group–specific component (GC,
encodes the vitamin D binding protein) (Figure 1.3) (Bikle, 2014). The most recent and
largest vitamin D GWAS to date, with more than 400,000 participants from the UK Biobank,
reported SNPs of genome-wide significance (distributed across 143 independent loci) that
explained 7.5% (standard error 1.9%) of the variation of 25(OH)D levels and were associated
with vitamin D metabolism, dermal tissue properties, lipid metabolism and conjugation of
25(OH)D (Revez et al., 2020).
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Figure 1.3. Selected genes that are involved with vitamin D metabolism.

DHCR7, 1-dehydrocholesterol reductase; GC, vitamin binding protein; CYP2R1, 25hydroxylase; CYP27B1, 1α-hydroxylase; CYP24A1 and CYP3A4, 24-hydroxylases.
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1.5 Research questions raised during this literature review
During the course of my literature review, I identified a number of questions to which I could
not identify satisfactory answers to, these include:
1. What are the prevalence and risk factors for vitamin D deficiency in African
populations? There is little information on vitamin D status and its determinants in
populations living in Africa. Past systematic reviews included few or no vitamin D
studies from Africa making it difficult to understand the epidemiology of vitamin D
deficiency in populations living in Africa.
2. What are the prevalence and predictors of vitamin D deficiency in young children
living in Africa? The majority of vitamin D studies that were conducted in Africa
included adults only, and most of those that included children had a case-control
design. To the best of my knowledge, only two small community-based studies
involved young children in Africa.
3. What is the association between vitamin D deficiency and iron deficiency in African
children? Although vitamin D deficiency and iron deficiency often coexist, little is
known about their association in African populations. To the best of my knowledge,
there has been no study that has investigated the association between the two nutrients
in Africa. Furthermore, previous studies have reported conflicting findings, perhaps
due to the use of a limited number of iron markers and definitions of iron status.
4. Which genetic variants are associated with vitamin D status in Africans? Although
several vitamin D GWAS studies have been conducted in European populations,
recent studies suggest that Africans and Europeans may have different genetic
variants that predict vitamin D status. To the best of my knowledge, no vitamin D
GWAS has yet been conducted in an African population.
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1.6 Aim and objectives of the study
The general aim of this thesis is to define the prevalence and risk factors for vitamin D
deficiency in African populations. A conceptual framework of this thesis is illustrated in
Figure 1.4. Specific thesis objectives include:
1. To estimate the overall prevalence of vitamin D deficiency in African populations
using a systematic review and meta-analyses of previous vitamin D studies. In
Chapter 3, I describe a systematic review and meta-analysis of studies that
investigated the vitamin D status of healthy participants from Africa and determine
the overall prevalence and risk factors of vitamin D deficiency in African populations.
5. To determine the prevalence and risk factors for vitamin D deficiency in young
African children. In Chapter 4, I describe an epidemiological study aimed at
investigating the prevalence and predictors of vitamin D deficiency in young children
from across Africa.
2. To evaluate the association between vitamin D and iron status in young African
children. In Chapter 5, I describe the association between vitamin D status and a wide
range of iron status markers in young African children.
3. To identify genetic variants that are associated with vitamin D status in African
children. In chapter 5, I describe the first vitamin D GWAS in Africans, which
includes participants from Uganda, Burkina Faso and South Africa.
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Figure 1.4. Conceptual framework of this thesis
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Chapter 4. Epidemiological study in
African children
1.Estimate prevalence of low vitamin D
status 25(OH)D levels <30 nmol/L,
<50 nmol/L, <75 nmol/L
2. Evaluate association with risk factors of
vitamin D deficiency: age, sex, malaria,
inflammation, country

Epidemiology of vitamin D
deficiency in African populations
Research gap
Association between
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Chapter 5. Association between vitamin
D and iron status in African children
Evaluate association between 25(OH)D and
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1. Prevalence of vitamin D deficiency
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b. Enviromental risk factors e.g
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Association between vitamin
D status and genetic variants
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The main objective of this thesis was to determine the prevalence and risk factors for vitamin D deficiency in African populations. A systematic
review and meta-analyses were conducted to estimate the average prevalence of vitamin D deficiency in African populations. An
epidemiological study was conducted to estimate the prevalence of vitamin D deficiency and describe how it is associated with markers of iron
status in African children. Lastly, a GWAS study was conducted to describe the genetic variants that influence vitamin D deficiency in Africans.
In future work instrumental variables from the GWAS and exposure estimates from empirical studies will be used in Mendelian Randomisation
studies to investigate for causality in the association between vitamin D deficiency and iron status, and diseases such as malaria and
bacteraemia.
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CHAPTER 2. GENERAL METHODS
In this chapter I describe the recruitment of study participants, and definitions of key outcomes and
methods used to evaluate the epidemiology of vitamin D deficiency in African children. These methods
form the basis of the analyses performed in chapters four, five and six. Additional methods specific to
individual objectives are described in the relevant chapters.

2.1 The cohort populations
This thesis includes primary data from children living in Kenya, Uganda, Burkina Faso, The Gambia and
South Africa (Figure 2.1). This multi-site study was initially designed to investigate the effect of iron
and vitamin D status on diseases such as malaria, pneumonia and bacteraemia in African children using
Mendelian randomisation (MR) analyses. Cohorts from Burkina Faso, South Africa and Uganda were
part of the VaccGene GWAS study that was aimed at investigating the genetic variants that are
associated with variation in antibody response to vaccine antigens delivered routinely to infants
worldwide (Mentzer, 2017). The Gambian cohort was part of a community-based study aimed at
investigating the role of putative functional single nucleotide polymorphisms and haplotypes in five
iron-regulating genes (haptoglobin, transferrin, ferroportin-1, TNF and IFN gamma) in relation to iron
status and anaemia (Atkinson, 2009). The Kenyan cohort is a malaria immunology cohort with samples
stored at the KEMRI-Wellcome Trust Programme in Kilifi, Kenya (Bejon et al., 2010). Data and
samples from these studies were available in collaboration with investigators across Africa and in the
UK. Further details of these cohorts are described below. These study cohorts were included in this
thesis because they were community-based and included children from five countries, allowing
evaluation of differences in the epidemiology of vitamin D deficiency in diverse populations across
Africa.
The data were included based on the availability of blood samples and high-quality metadata. I was
involved in the curation of data from the five cohorts that were included in this thesis. I selected,
retrieved, aliquoted and extracted DNA from plasma samples for Kilifi, Kenya. Samples from Uganda,
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Burkina Faso and South Africa were obtained through collaboration with the VaccGene study, which
investigated the genetics of vaccine responses in African children, in collaboration with Dr. Alexander
Mentzer and Professor Adrian Hill (University of Oxford). Measurements of 25(OH)D levels and iron
and inflammatory markers were performed by Ms Wandia Kimita at the Oxford University Hospitals
under the supervision of Dr Alireza Morovat. Only children with 25(OH)D measurements were included
in the analyses presented in this thesis. Below is a detailed description of each of the study cohorts.
Figure 2.1. Cohort population sites

West Kiang, The Gambia
629 children, 22-78 m
Prof S. Atkinson /
Prof A. Prentice

Entebbe: Uganda
1,302 children, 12-60m
Entebbe Mother and Baby Study
Prof A. Elliott

Banfora, Burkina Faso
329 children, 6-30 m
Malaria vaccine trial
Prof A. Hill/Dr A. Mentzer

Kilifi, Kenya
1,361 children, 0-84m
Ngerenya, Junju, RTSS,
Afya Tumboni

Soweto, South Africa
889 children, 12m
Genetics of vaccine responses
Prof S. Madhi

Figure is adapted from Google MapsTM.
Kilifi, Kenya (3.5°S, 39.9°E): This is an ongoing community-based cohort aimed at evaluating immunity
to malaria in children (Bejon et al., 2010). The cohort is based in Chonyi, Ngerenya, and Junju
sublocations of Kilifi District, on the coast of Kenya. The children are recruited at birth and followed-up
to eight years of age. Annual cross-sectional surveys are undertaken immediately before the rainy season
during which anthropometry, auxiliary temperature, and blood samples are taken and archived at -800C.
In addition, the children are followed up weekly to assess for fever and temperature. If the temperature
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exceeds 37.5°C, the children are tested for malaria parasitaemia and provided with antimalarial
treatment according to Kenyan Government guidelines if found positive. Malaria parasitaemia, 25(OH)D
levels, markers of iron status and C-reactive protein (CRP) levels were measured in blood samples
collected during a single cross-sectional bleed based on the availability of archived samples stored at 800C.
Entebbe, Uganda (3.5°S, 39.9°E): The Entebbe Mother and Baby Study (EMaBS,
http://emabs.lshtm.ac.uk/) in Uganda is a prospective birth cohort study that was originally designed as a
randomized double-blind, placebo-controlled trial (ISRCTN32849447). The study was aimed at
determining the effects of helminths and anthelmintic treatment during pregnancy and childhood on
immunological responses to vaccinations and disease outcomes in children (Elliott et al., 2007).
Pregnant women (n=2507) in their second or third trimester of pregnancy were initially enrolled from
Entebbe Hospital antenatal clinic, out of which 2345 mothers and their newborns were enrolled in the
EMaBS. Blood samples were collected at birth and annually, up to five years of age. Malaria
parasitaemia, 25(OH)D levels, markers of iron status and CRP levels were measured in blood collected
during a single annual visit, subject to availability of samples archived at -800C.
Banfora, Burkina Faso (10.6°N, 4.8° W): The VAC050 ME-TRAP malaria vaccine trial was a phase 1/2b
clinical trial aimed at testing the effectiveness, safety and immunogenicity of a viral-vectored primeboost liver-stage malaria vaccine in children (Tiono et al., 2018). Children and infants aged between 5
and 17 months were enrolled at the time of their first vaccination if the children’s parent or legal
guardian were permanent residents of Banfora, Burkina Faso. Children with renal, hepatic or
haematological pathology or any acute or chronic illness were excluded from the trial. Blood samples
were collected, and anthropometry measures taken at multiple time-points after receipt of the
experimental vaccine. Blood samples from 350 infants aged as close to 12-months of age as possible
were selected for the Vaccgene study which assessed the genetics of vaccine responses in infancy
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(Mentzer, 2017). Anthropometry and malaria parasitaemia data was obtained, and 25(OH)D and CRP
levels and iron status markers were measured in blood samples from the Vaccgene study.
West Kiang, The Gambia (13.3° N, 16.0° W): This study included children aged between two and six
years recruited from 10 rural villages in the West Kiang region of The Gambia (Atkinson et al., 2006).
The children were recruited at the beginning of malaria season (between July and August 2001) to
investigate seasonal genetic effects of iron status and haemoglobin concentrations, with a follow up to
December 2001 and January 2002. Blood samples were taken at the beginning and end of the malaria
season to measure haemoglobin, markers of iron status, 25(OH)D levels and malaria parasitaemia.
Children with malaria parasites in blood were treated according to Gambian Government guidelines.
Anthropometry was measured and biomarkers were measured in blood samples from a single crosssectional survey at the start of the malaria season.
Soweto, South Africa (26.2°S, 27.9° E): Children in the Soweto Vaccine Response Study were recruited
from participants in clinical trials coordinated by the Respiratory and Meningeal Pathogens Unit in
Soweto, South Africa (Nunes et al., 2016). The infants were sampled prospectively at six months and 12
months of age after receipt of measles and routine Expanded Program on Immunization (EPI) combined
vaccine, which included diphtheria, tetanus, pertussis (DTaP), Haemophilus influenzae type b (Hib), and
hepatitis B (HBV) vaccines. For the current study, 25(OH)D and CRP levels and markers of iron status
were measured in blood samples collected from infants aged close to 12 months. These children were
not exposed to malaria and their anthropometry and haemoglobin levels were not measured.

2.2 Laboratory assays
Biochemical assays were performed by Wandia Kimita in the Clinical Biochemistry Laboratories at
Oxford University Hospitals, UK, except for the Gambian samples which had markers of iron status
assayed at MRC Human Nutrition Research in Cambridge, UK and 25(OH)D levels assayed at the
Oxford University Hospitals. The Abbott 25-OH-vitamin D assay performance on the Architect system
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has been verified to be comparable to the LC–MS (Hutchinson et al., 2017). However, assessments of
the assay showed that heparinized plasma results were lower by 5.1% on average than those obtained for
matching serum. Overall coefficient of variation (CV) of 25(OH)D measurements ranged from 2.8% to
7.9% for concentrations that ranged between 21 – 116 nmol/L (Figure 2.2). During a period of 6-months,
including 20 weeks during which the analyses were conducted, three sets of external quality assurance
(DEQAS) data indicated the vitamin D assay to have a mean (SD) bias of −2.7% (7.6) against the alllaboratory trended values, and −0.4% (7.7) against the target values. Malaria parasitaemia was detected
by blood film microscopy using standard Giemsa staining techniques (Wongsrichanalai et al., 2007) at
the respective study sites.
Figure 2.2. The precision profile of the 25(OH)D assay.
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The precision was assessed by 12-hourly internal quality control (IQC) sample runs at three
concentration levels with the use of four separate lots of Technopath IQC reagents that had
different target values. The data are from a period of 20 weeks during which the study was
undertaken, with a total of 1,383 IQC samples run over 20 separate assay calibrations.

2.3 Definitions
Low vitamin D status was defined using 25(OH)D cut-offs of <30 nmol/L, <50 nmol/L, and between
50–75 nmol/L, respectively (Holick et al., 2011b, Ross et al., 2011). Inflammation was defined as CRP
levels >5 mg/L or ACT >0.6 g/L (WHO and CDC, 2005). Malaria status was defined as the presence of
Plasmodium parasites in blood regardless of species or parasite density. Height-for-age z-scores (HAZ),
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weight-for-age z-scores (WAZ), and weight-for-height z-scores (WHZ) were calculated using the 2006
WHO child growth standards (Group, 2006) as implemented in zscore06 (STATA module). Stunting
was defined as HAZ <-2, wasting as WHZ <-2 and underweight as WAZ <-2. Chapter specific
definitions are described in the methods section of the corresponding chapters. Chapter specific
definitions are described in the methods section of the corresponding chapters. I defined season of
sampling using 3 monthly intervals; 1st season, December, January, February; 2nd, March, April, May;
3rd, June, July, August; 4th, September, October, November. These seasons corresponded to summer,
autumn, winter and spring in South Africa, two rainy and two dry seasons in Uganda and Kenya and a
single rainy and one long dry season in Burkina Faso and The Gambia (Poopedi et al., 2011, Eltahir and
Gong, 1996, Philippon et al., 2015). However, the timing of the rainy seasons in sub-Saharan Africa are
often unpredictable and may vary.

2.4 Genome-wide association study methods
This section includes a description of genome-wide association study methods that are common across
multiple chapters. Methods specific to the individual chapters are presented within the methods sections
of the chapters.
2.4.1

Genome-wide genotyping

Genotyping of samples were undertaken using Illumina HumanOmni 2.5M-8 (‘octo’) BeadChip array
version 1.1 (Illumina Inc., San Diego, USA) performed by the Genotyping Core facilities at the
Wellcome Trust Sanger Institute. Whole genome amplification and fragmentation was performed on
genomic DNA before hybridisation on locus specific 50-mer oligonucleotides attached to silica beads
(Illumina, 2013). To identify nucleotide variants, the DNA fragments were extended by a single base
incorporating two-colour labelled nucleotides for assay read out. SNP genotypes were called from
intensities in GenomeStudio (Illumina Inc., San Diego, USA) using GenCall and Illumina clustering
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algorithms which incorporate data from pre-determined genotypes (Ritchie et al., 2011). However, calls
from Illumina were preferentially used due to higher overall call rates.
2.4.2

Genotype quality control

Quality control (QC) of genotype variant data is vital in GWAS analyses because genotype data errors
may introduce bias in genetic association analyses and lead to false-negative and false-positive
associations (Marees et al., 2018). Genotype data errors may result from poor quality DNA samples,
poor DNA hybridisation to the array, poor genotyping or genotype probing, contamination, or mix-up of
samples (Marees et al., 2018). QC was performed using standard Unix commands, python and PLINK
version 1.9 (http://zzz.bwh.harvard.edu/plink/). Identical genotype data QC steps were undertaken for
each cohort separately as described below.
2.4.3

Pre-QC steps

First, I used reference files provided by Dr Alex Mentzer to identify and exclude SNPs that were
duplicated, did not map, or mapped to multiple regions of the human genome, and flip SNPs that were
on the minus-strand. The reference files comprised of a pipeline script and a reference strand (generated
by Dr Will Rayner, http://www.well.ox.ac.uk/~wrayner/strand/) which ensures that SNPs from Illumina
DNA microarray chips correctly mapped on the reference strand (Human Genome Build 37).
2.4.4

Sample quality control

Quality control steps using PLINK were adapted from steps described by Anderson et al (Anderson et
al., 2010). Call rates of all SNPs for each sample was calculated in PLINK and the proportion of
missingness calculated. Samples missing data in more than 97% of the SNPs were excluded.
Heterozygosity, which is carrying of two different alleles of a specific SNP, was assessed using PLINK.
High levels of heterozygosity rate may indicate contamination whereas low levels may result from
inbreeding. Therefore, individuals with heterozygosity rates outside three standard deviations from the
mean were excluded (Anderson et al., 2010). Heterozygosity was calculated as follows (where H∘ is the
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observed heterozygosity, N is the number of non-missing genotypes and O is the number of observed
heterozygous loci):
! ∘=

("#$)
"

(1)

To identify individuals that might be mislabelled or possible sample mix-ups, the reported sex was
compared with sex based on the X chromosome homozygosity. Males have a single X chromosome
(XY) hence are expected to have an X chromosome homozygosity of one, while females have two X
chromosomes (XX) hence have an X chromosome homozygosity of zero. Therefore, males and females
were excluded if they had X chromosome homozygosity >0.8 and <0.2, respectively.
PLINK was used to calculate identity-by-descent (IBD) between all pairs of individuals because cryptic
relatedness within individuals in genetic association studies may interfere with association analysis.
Genotypes within families may be overrepresented biasing estimates across populations in GWAS
analyses (Anderson et al., 2010). IBD estimation is limited to autosomal chromosomes (X and Y
chromosomes are excluded) and SNPs with call rates >97% and SNPs that are independent (hence SNP
pruning is carried out to select only uncorrelated SNPs) (Marees et al., 2018). Duplicate and related
individuals were identified by calculating identity by state (IBS), which is based on the average
proportion of shared alleles at the genotyped SNPs, for every pair of individuals within each cohort. IBD
was then calculated across all tested loci by calculating the probabilities that zero (P(IBD = 0)), one
(P(IBD = 1)) or two (P(IBD = 2)) alleles were IBD. The proportion of alleles with shared IBD was
calculated as shown below (Equation 2):

$̂ = &(()* = 1)

&('()*+)
,

(2)

Duplicates and identical twins are expected to have pi-hat ($̂) close to 1, first degree relatives (e.g.
siblings and parents) near 0.5 and second degree relatives (e.g. first cousins) near 0.125. Ideally, for
population-based samples, it is recommended that genetic association tests should not include subjects
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with a $̂ >0.2 (Marees et al., 2018). However, for this thesis, relatedness was accounted for in genetic
association tests and IBD calculations were only used to identify cross-contaminants and duplicates.
Therefore, only samples with $̂ >9 who were not known to be twins were excluded (one from each pair
with the highest SNP missingness).
2.4.5

SNP quality control

To ensure only SNPs of good quality were included in GWAS analyses, Hardy-Weinberg equilibrium
(HWE) was calculated for each SNP using PLINK. The Hardy-Weinberg equilibrium assumes that in an
indefinitely large population (with no mutation, selection, or migration) genotype and alleles frequencies are
constant over generations (Weinberg, 1908). Where p and q are the allele frequencies at a bi-allelic locus, the
expected genotype frequencies for that locus can be represented as equation 3 below:
!" + 2!$ + $" = 1

(3)

Departures of the HWE law indicates that the observed genotype frequencies are significantly different
from expectation, and this might result from genotyping errors in genetic studies. For this thesis, SNPs
deviating from HWE with a p < 1 X 10-8 were excluded.
In addition, SNPs with minor allele frequency (MAF) < 1% were excluded from GWAS analyses
because most GWAS studies are underpowered to detect effects of SNPs with low MAF and excluding
low MAF SNPs reduces the likelihood of observing false positive associations driven by a small number
of individuals (Anderson et al., 2010).
2.4.6

Population structure

The presence of multiple subpopulations (ethnic groups) within a study might lead to false positive
associations or mask true associations because of systematic differences in ancestry that might be
correlated with the measured phenotype (Price et al., 2006). Although, current genetic association testing
approaches can account for population structure and cryptic relatedness, it is important to identify and
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exclude population outliers which may still bias the association analyses (Price et al., 2006). Population
structure in this thesis was modelled using principal component analysis (PCA) of genome-wide
genotype data and the resulting principal components (PCs) were included as covariates in association
analyses (Patterson et al., 2006). PCs were calculated using EIGENSTRAT software in EIGENSOFT
(https://github.com/DReichLab/EIG) using SNPs that were not in regions of long-range linkage
disequilibrium (LD) and using only founders (individuals with IBD <0.05).
2.4.7

Genotype imputation

Genotyping arrays used in GWAS studies are based on a limited number of SNPs that do not represent
all the variation in the genome. Identity of missing SNPs can be inferred from reference genomes
through genotype imputation, which increases the power of a GWAS study (Li et al., 2009). Therefore,
to impute genotypes that were missing in the DNA microarray chips used in this thesis, cleaned
genotype data was split into individual chromosomes and uploaded in the Haplotype Reference
Consortium (HRC) server (http://www.haplotype-referenceconsortium.org/data-access) hosted at the
University of Michigan and the Sanger Institute servers (Haplotype-Reference-Consortium, 2016)
(McCarthy et al., 2016). The HRC reference panel is a reference panel of human haplotypes consisting
of an increasing number of sequencing data from multiple populations from around the world including
the 1000 Genomes Project (http://www.haplotype-reference-consortium.org/participating-cohorts).
Imputation in HRC involved a quality control step (to ensure only valid variants are included), phasing
(which is the process of inferring unobserved haplotypes from the observed genotypes), and
compression of the imputed genotype data. Imputation for each study cohort was performed separately.

2.5 Ethical approvals and informed consent
Informed written consent was obtained from all children’s parents or legal guardians before inclusion in
the study. Ethical approval was granted for the study in Kenya by the Scientific Ethics Review Unit of
the Kenya Medical Research Institute (KEMRI/SERU/CGMR-C/046/3257); in Uganda by the Uganda
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Virus Research Institute (GC/127/12/07/32) and Uganda National Council for Science and Technology
(MV625), and in the UK by the London School of Hygiene and Tropical Medicine (A3 0) and Oxford
Tropical Research (OTR) (39-12 and 42-14) ethics committees; in Burkina Faso by Ministere de la
Recherche Scientifique et de l’Innovation (2014-12-151) and the OTR ethics committees (41-12); in The
Gambia from the Gambian Government and the Medical Research Council Ethics Review Committee in
The Gambia (874/830); and in South Africa by the University of Witwatersrand Human Research
(M130714) and the OTR ethics committees (1042-13 and 42-14).

27

CHAPTER 3. SYSTEMATIC REVIEW AND META-ANALYSIS OF VITAMIN D
PREVALENCE STUDIES IN AFRICA
This chapter forms the basis of a manuscript published in the Lancet Global Health entitled “Prevalence
of vitamin D deficiency in Africa: a systematic review and meta-analysis”, in which I was the first
author (Supplementary File 1).

3.1 Introduction
It is estimated that about one billion people have vitamin D deficiency worldwide (Holick, 2007a).
Vitamin D deficiency has long been known to cause bone diseases such as rickets in children and
osteomalacia in adults, but recently has also been linked to common cancers, and cardiovascular,
autoimmune and infectious diseases (Holick, 2007a). Low vitamin D status among African Americans,
when compared to other ethnic groups, has been linked to a higher incidence of cardiovascular disease,
diabetes, and some cancers (Harris, 2006). Africa has a high burden of infectious diseases and the
prevalence of non-communicable diseases is rising, and may overtake infectious diseases by 2030
(WHO, 2014), trends that have been attributed to rapid urbanization (United Nations, 2018).
Several factors have been identified that influence vitamin D status, which differ from one population to
another. These include extremes of age, female sex, high latitudes, winter season, clothing style, dark
skin pigmentation, poor nutrition, lack of vitamin D fortification, and obesity (Arabi et al., 2010). Many
of these factors mediate their effects by influencing the duration and intensity of sun exposure, which is
anticipated because most people obtain their vitamin D from skin exposure to sunlight (Mithal et al.,
2009). Supplementation and fortification of foods with vitamin D is common in North America and
some European countries (Calvo et al., 2004, Spiro and Buttriss, 2014), but rare in lower and middleincome countries. Associations between vitamin D status and many diseases has not been conclusive
because studies that investigated these associations have reported conflicting results.
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The vitamin D status of populations living in Africa has been inadequately characterised. The reviews
that have been published on the vitamin D status of populations worldwide have included few or no
studies from Africa (Hilger et al., 2014a, Arabi et al., 2010, Prentice et al., 2009). Furthermore, to my
knowledge, no review has systematically reviewed vitamin D status studies conducted in Africa or
attempted to quantify the prevalence of vitamin D deficiency in Africa. In this chapter, I describe a
systematic review and meta-analysis of vitamin D studies that were conducted in Africa and determine
the average prevalence of vitamin D deficiency and associated risk factors.

3.2 Methods
This systematic review and meta-analysis was conducted and reported as per guidelines in the Preferred
Reporting Items for Systematic Reviews and Meta-analysis (PRISMA) (Moher et al., 2009). The
protocol was written a priori and registered in PROSPERO (registration number CRD42018112030).
3.2.1

Search strategy

I searched PubMed, Embase, African Journals Online (AJOL), Web of Science, and African Index
Medicas for studies that have investigated vitamin D status in African populations. The search and
selection of articles was conducted without any restrictions on date or language of publication. For
PubMed, all search words were Medical Subject Heading (MeSH) terms for vitamin D (e.g. "Vitamin
D"[Mesh] OR "Vitamin D Deficiency"[Mesh] OR "25-Hydroxyvitamin D 2"[Mesh]), AND Africans
("African Continental Ancestry Group"[MeSH] OR African countries (MeSH terms for 54 African
countries)). The PubMed search strategy was modified to suit Embase, Web of Science and AJOL
databases. Africa Index Medicas was only searched with the phrase “vitamin D” because it had few
articles and only indexed journal articles that were conducted in Africa. The full search strategy is
included in Table 3.1. I included papers that were available before 6th August 2019. I also screened
citations of relevant articles to identify additional studies.
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Table 3.1. Keywords used to search databases.
Database

Search terms

PubMed/

("Vitamin D"[Mesh] OR "Vitamin D Deficiency"[Mesh] OR "Cholecalciferol"[Mesh] OR "25Hydroxyvitamin D 2"[Mesh] OR "Calcifediol"[Mesh] OR "Ergocalciferols"[Mesh]) AND ("African
Continental Ancestry Group"[Mesh] OR “Algeria”[Mesh] OR “Egypt”[Mesh] OR “Libya”[Mesh] OR
“Morocco”[Mesh] OR “South Sudan”[Mesh] OR “Sudan”[Mesh] OR “Tunisia”[Mesh] OR
“Burundi”[Mesh] OR “Comoros”[Mesh] OR “Djibouti”[Mesh] OR “Eritrea”[Mesh] OR “Ethiopia”[Mesh]
OR “Kenya”[Mesh] OR “Madagascar”[Mesh] OR “Malawi”[Mesh] OR “Mauritius”[Mesh] OR
“Comoros”[Mesh] OR “Mozambique”[Mesh] OR “Reunion”[Mesh] OR “Rwanda”[Mesh] OR
“Seychelles”[Mesh] OR “Somalia”[Mesh] OR “Tanzania”[Mesh] OR “Uganda”[Mesh] OR
“Zambia”[Mesh] OR “Zimbabwe”[Mesh] OR “Benin”[Mesh] OR “Burkina Faso”[Mesh] OR “Cabo
Verde”[Mesh] OR “Cote d'Ivoire”[Mesh] OR “Gambia”[Mesh] OR “Ghana”[Mesh] OR “Guinea”[Mesh]
OR “Guinea-Bissau”[Mesh] OR “Liberia”[Mesh] OR OR “Mali”[Mesh] OR “Mauritania”[Mesh] OR
“Niger”[Mesh] OR “Nigeria”[Mesh] OR “Atlantic Islands”[Mesh] OR “Senegal”[Mesh] OR “Sierra
Leone”[Mesh] OR “Togo”[Mesh] OR “Angola”[Mesh] OR “Cameroon”[Mesh] OR “Central African
Republic”[Mesh] OR “Chad”[Mesh] OR “Congo”[Mesh] OR “Democratic Republic of the Congo”[Mesh]
OR “Equatorial Guinea”[Mesh] OR “Gabon”[Mesh] OR “Sao Tome and Principe”[Mesh] OR
“Botswana”[Mesh] OR “Lesotho”[Mesh] OR “Namibia”[Mesh] OR “South Africa”[Mesh] OR
“Swaziland”[Mesh])

MEDLINE*

Web of
Scienced

ts = (" vitamin D" and ("Algeria" or " Egypt" or " Libya" or " Morocco" or " South Sudan" or " Sudan" or "
Tunisia" or " Western Sahara" or " Burundi" or " Comoros" or " Djibouti" or " Eritrea" or " Ethiopia" or "
Kenya" or " Madagascar" or " Malawi" or " Mauritius" or "Comoros" or " Mozambique" or " Reunion" or
" Rwanda" or " Seychelles" or " Somalia" or " Tanzania" or " Uganda" or " Zambia" or " Zimbabwe" or "
Benin" or " Burkina Faso" or " Cape Verde" or " Cote d'Ivoire " or " Ivory Coast" or " Gambia" or "
Ghana" or " Guinea" or " Guinea-Bissau" or " Liberia" or " Mali" or " Mauritania" or " Niger" or "
Nigeria" or "Atlantic Islands" or " Senegal" or " Sierra Leone" or " Togo" or " Angola" or " Cameroon" or
" Central African Republic" or " Chad" or " Congo" or " Democratic Republic of the Congo" or "
Equatorial Guinea" or " Gabon" or " Sao Tome and Principe" or " Botswana" or " Lesotho" or " Namibia"
or " South Africa" or " Swaziland")

Embase†

((" vitamin D" and ("Algeria" or " Egypt" or " Libya" or " Morocco" or " South Sudan" or " Sudan" or "
Tunisia" or " Western Sahara" or " Burundi" or " Comoros" or " Djibouti" or " Eritrea" or " Ethiopia" or "
Kenya" or " Madagascar" or " Malawi" or " Mauritius" or " Comoros" or " Mozambique" or " Reunion" or
" Rwanda" or " Seychelles" or " Somalia" or " Tanzania" or " Uganda" or " Zambia" or " Zimbabwe" or "
Benin" or " Burkina Faso" or " Cape Verde" or " Cote d'Ivoire " or " Ivory Coast" or " Gambia" or "
Ghana" or " Guinea" or " Guinea-Bissau" or " Liberia" or " Mali" or " Mauritania" or " Niger" or "
Nigeria" or "Atlantic Islands" or " Senegal" or " Sierra Leone" or " Togo" or " Angola" or " Cameroon" or
" Central African Republic" or " Chad" or " Congo" or " Democratic Republic of the Congo" or "
Equatorial Guinea" or " Gabon" or " Sao Tome and Principe" or " Botswana" or " Lesotho" or " Namibia"
or " South Africa" or " Swaziland")) not "African American").mp. [mp=title, abstract, heading word, drug
trade name, original title, device manufacturer, drug manufacturer, device trade name, keyword, floating
subheading word, candidate term word]

African
Journals
OnLine
(AJOL)

“vitamin D" and ("Algeria" or "Egypt" or "Libya" or "Morocco" or "South Sudan" or "Sudan" or "Tunisia"
or "Western Sahara" or "Burundi" or "Comoros" or "Djibouti" or "Eritrea" or "Ethiopia" or "Kenya" or
"Madagascar" or "Malawi" or “Mauritius" or " Mayotte" or " Mozambique" or " Reunion" or " Rwanda" or
" Seychelles" or " Somalia" or " Tanzania" or " Uganda" or " Zambia" or " Zimbabwe" or " Benin" or "
Burkina Faso" or " Cape Verde" or " Cote d'Ivoire " or " Ivory Coast" or " Gambia" or " Ghana" or "
Guinea" or " Guinea-Bissau" or " Liberia" or " Mali" or " Mauritania" or " Niger" or " Nigeria" or
"Atlantic Islands" or " Senegal" or " Sierra Leone" or " Togo" or " Angola" or " Cameroon" or vitamin D"
and (" Central African Republic" or " Chad" or " Congo" or " Democratic Republic of the Congo" or "
Equatorial Guinea" or " Gabon" or " Sao Tome and Principe" or " Botswana" or " Lesotho" or " Namibia"
or " South Africa" or " Swaziland") not "African American”

African Index
Medicus

“vitamin D”

*Country names were also searched without their “Mesh” terms in PubMed. dts–search field was set to “Topic”. †mp –
search field set to “multi-purpose” which included title, abstract, subject heading, and author keywords.
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3.2.2

Selection criteria

For a study to be included in this review, it had to fulfil the following criteria: 1) an original article
published or accepted in a peer reviewed journal; 2) included study subjects who resided in Africa at the
time of the study; 3) was of a cross-sectional design or longitudinal design with baseline data; and 4)
measured 25(OH)D levels in blood or serum. I excluded studies that: 1) were conducted outside Africa;
2) were case reports and case series; 3) measured 25(OH)D only after a clinical intervention; or 4) only
had a meeting abstract or unpublished material available. I included case-control studies if they included
data from healthy participants, in such cases, only data from healthy participants was included in metaanalyses to estimate pooled prevalence estimates and mean 25(OH)D levels.
3.2.3

Study selection

The study selection was initiated by screening titles and abstracts of articles retrieved from the database
searches. The full text of articles that were potentially relevant were then considered or if a decision
could not be made by assessing the title or abstract alone. A colleague (Agnes Mutua) also
independently screened the titles and abstract of the articles for comparison. Disagreements in the study
selection were discussed and resolved by consensus. Inter-rater agreement for the study selection was
quantified using Cohen’s kappa coefficient (k) (Viera and Garrett, 2005). A summary of the study
selection process is illustrated in Figure 3.1.
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Figure 3.1. Flowchart summary of the systematic review.

1692 articles identified by database search;
PubMed, Embase, Web of Science, AJOL and AIM

32 articles identified from
citations of relevant articles

43 duplicates removed
1681 records screened by title and abstract

1401 articles excluded because
of lack of relevant information
280 full-text articles assessed for eligibility

151 articles excluded
Exclusion criteria;
- 30 conducted outside Africa
- 25 without 25-hydroxyvitamin D measurements
- 29 with disease cases without healthy controls
- 33 without full texts
- 22 literature reviews and commentaries
- 11 duplicates
- 1 used supplements or fortified foods
129 studies included in systematic review

119 studies included in meta-analyses*
Meta-analysis of mean 25(OH)D levels
- 90 papers
Meta-analyses of prevalences (79 papers)
<75 nmol/L : 54 papers
<50 nmol/L : 66 papers
<30 nmol/L : 21 papers
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10 articles excluded
- 1 one outlier
- 9 articles reported only median 25(OH)D
levels or lacked data on prevalence
vitamin D deficiency

3.2.4

Data extraction

A colleague (Wandia Kimita) and I carried out the data extraction independently and then compared our
findings. We used a standardised and predefined data extraction form to collect information from all
eligible studies. The data items included: year of publication, first author’s name, sample size, method of
recruitment, study design, prevalence of vitamin D deficiency, mean 25(OH)D concentrations, and
factors associated with low vitamin D status. Non-English-language studies were translated into English
using Google Translate before data extraction. For studies that reported 25(OH)D means for different
time points or for population subgroups, I computed the overall 25(OH)D mean where appropriate. For
case-control studies, I included only prevalence estimates and baseline 25(OH)D levels of healthy
controls in the meta-analyses of prevalence. When the information of interest was not readily available
from published reports, I requested it from the authors by email. Where multiple studies used the same
dataset or cohort, I considered the most comprehensive study with the largest number of participants.
3.2.5

Assessment of study quality

I assessed the quality of eligible studies using a tool developed by Hoy et al (Hoy et al., 2012). Each
study was assessed on 10 items and a score of 1 (yes) or 0 (no) was assigned for each item Table 3.2.
The overall score for each study was used to classify the studies into low (>8), moderate (6-8) or high
risk of bias (≤5).
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Table 3.2. Risk of bias tool (Hoy et al., 2012)
Yes /
No

Item
1. Was the study’s target population a close representation of the national population in relation to relevant
variables?
2. Was the sampling frame a true or close representation of the target population?
3. Was some form of random selection used to select the sample, OR was a census undertaken?
4. Was the study instrument that measured the parameter of interest shown to have validity and reliability?
5. Was the likelihood of nonresponse bias minimal?
6. Were data collected directly from the subjects (as opposed to a proxy)?
7. Was an acceptable case definition used in the study?
8. Was the same mode of data collection used for all subjects?
9. Was the length of the shortest prevalence period for the parameter of interest appropriate?
10. Were the numerator(s) and denominator(s) for the parameter of interest appropriate?
Total score
Classification of study (low risk of bias, moderate risk of bias or high risk of bias)

3.2.6

Statistical analysis

All data analyses were performed using R version 3.5.1. I carried out meta-analyses based on established
cut-offs for vitamin D status (<30 nmol/L, <50 nmol/L and <75 nmol/L) (Holick et al., 2011b, Ross et
al., 2011, Munns et al., 2016), using “metaprop” packages and meta-analysis of 25(OH)D means using
“metamean” package. Studies that only reported median 25(OH)D levels were excluded from the metaanalysis of means. Subgroup analyses for the meta-analyses were conducted by participant age group
(newborns, children, pregnant women / new mothers and other adults), African regions (North Africa,
South Africa and the rest of sub-Saharan Africa including West Africa, Central Africa and East Africa)
and area of residence (urban or rural). A random effects model was used for the meta-analyses due to the
high heterogeneity between the study estimates (Barendregt et al., 2013). Heterogeneity between studies
was assessed using the Cochran’s Q, I2 and H statistics, with an I2 >75% indicating substantial
heterogeneity (Higgins et al., 2003). I assessed for sources of heterogeneity by conducting a
metaregression using “metafor” package. Covariates in the metaregression analyses included age group,
vitamin D assay, African region, area of residence and risk of bias. To identify outliers, I carried out
influence analysis based on a method proposed by Viechtbauer and Cheung (Viechtbauer and Cheung,
2010). I carried out sensitivity analyses which involved running the meta-analyses excluding studies
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with newborn participants or pregnant women / new mothers, studies that had less than 50 or less than
100 participants, studies from North and South Africa, studies with moderate and high risk of bias, all
assays except the gold standard (liquid chromatography-tandem mass spectrometry) and studies
published more than 20, 30 or 40 years ago. The overall mean 25(OH)D concentration for each country
was computed from all the eligible studies in the country, and the results illustrated in a map of Africa
using ArcGIS 10.6 (ESRI, California). I used the Egger test of bias (Egger et al., 1997) to assess for
publication bias, with p <0.05 indicating significant publication bias.

3.3 Results
3.3.1

Database search and study selection

Database searches yielded 1692 articles and conference abstracts (Figure 3.1). Thirty-two additional
articles were identified from citations of relevant articles. Through initial screening of titles and
abstracts, 1401 articles were excluded that did not meet the inclusion criteria. A further 151 articles were
excluded based on their full texts. A total of 129 articles were included in the systematic review
(summarized in Table 3.3). The inter-rater agreement for study selection was 92% (κ=0.85). Two (2%),
84 (65%) and 43 (33%) studies were classified as having a high, moderate, and low risk of bias,
respectively.
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Table 3.3. Summary characteristics of eligible studies (in chronological order)
1st Author, year

Children (≤ 17 Years)
(Sithembiso C. Velaphi et al., (in
press)) (newborns)
(Hassam et al., 2019)

City, country

Eligible subjects (n)

Male (%)*

Mean age (range/SD) in
years*

Area of residence

Vitamin D
measurement
method'

Vitamin D mean (SD) /
median (IQR) (nmol/L)€

Johannesburg, South Africa

290

0%

0

Urban

CLIA

57.0 (29.7)

Dar es Salaam Tanzania

47

53%

1

NA

EIA

47.79 (median)

(Houghton et al., 2019)

Emali, Kenya

Kamba: 287
Maasai: 213

50%

4 (3–5)

Rural

LC–MS/MS

Kaamba : 82.5 (80.7–84.3)
Maasai: 95.7 (93.1–98.3)

(Bodin et al., 2019)

Addis Ababa, Ethiopia

95

50%

4.3

Urban

35.2 (median)

(White et al., 2019)

Pretoria, South Africa

84

48%

8.5

Urban

HPLC–
MS/MS
LC–MS/MS

(Owie and Afolabi, 2018) (newborns)

Lagos, Nigeria

166

NA

0 (0)

Urban

ELISA

63.4 (1.5)

(Youssef et al., 2019) (newborns)

Egypt

56

0%

NA

NA

EIA

NA

(Omole et al., 2018)

Ilesa, Nigeria

103

64.1%

6.6 (7–14)

NA

HPLC

127.8 (17.2)

(Sudfeld et al., 2017)

Daresalaam, Tanzania

581

48%

0.3 (0.1–0.5)

Urban

(Ayadi et al., 2016) (newborns)

Tunis, Tunisia

87

45%

0 (0)

Rural and urban

HPLC–
MS/MS
CLIA

1.5 months: 36.2 (18.5)
6 months: 64.9 (21.7)
14.8 (10.4)

(Jones et al., 2018a)

Nairobi, Kenya

22

64%

1.1 (0.8–1.5)

Urban

CLIA

70 (54–85)

(Bezrati et al., 2016)

Tunis, Tunisia

225

NA

11 (7–16)

Urban

CLIA

35.0 (12.7)

(Yamamah et al., 2016)

South Sinai, Egypt

79

52%

8.6 (4–12)

Rural

ELISA

NA

(Toko et al., 2016b) (newborns)

Chulaimbo, Kenya

54

57%

0 (0)

Rural

EIA

64.9 (26.4)

(Boillat-Blanco et al., 2016)

Kinondoni, Tanzania

358

53%

0.5

NA

CLIA

89.6 (26.9)

(Ludmir et al., 2016)

Gaborone, Botwsana

41

41%

1

NA

CLIA

77.1 (median

(Eltayeb et al., 2015)

Assyout, Egypt

28

65%

9.35 (7–14)

Urban

ELISA

98.31 (3.5)

(Braithwaite et al., 2015)

West Kiang, Gambia

237

37%

11.9 (17–19)

Rural

CLIA

59.6 (12.9)

(Sudfeld et al., 2015)

Daresalaam, Tanzania

948

54%

0.1 (0.1–0.1)

Urban

45.2 (23)

(Poopedi et al., 2015)

Johannesburg, South Africa

99

58%

15 (11–20)

Urban

HPLC–
MS/MS
CLIA

(Wakayo et al., 2015, Wakayo et al.,
2018)
(Shady et al., 2015)

Ethiopia

174

43%

15 (11–18)

Rural and urban

CLIA

54.5 (15.9)

Egypt

200

49%

10 (9–11)

NR

ELISA

103.7 (33.2)

(Nabeta et al., 2015)

Kampala, Uganda

41

54%

1.3 (0.5–2.0)

Urban

CLIA

80.4 (27.2)

(Cusick et al., 2014)

Uganda

20

45%

3 (1–12)

Urban

CLIA

63.1 (21.7)

(Djennane et al., 2014)

Algeria

435

47%

10 (5–15)

Urban

CLIA

Summer: 71.4 (48.2–79.5)
Winter: 52.9 (39.4–75.6)

36

68.1 (13.2)

56.4 (7.2)

(El Rifai et al., 2014) (newborns)

Cairo, Egypt

135

53%

0 (0)

Rural and urban

ELISA

41.7 (25.0)

(El Sakka et al., 2014)

Egypt

96

58%

1 (0.25)

NA

RIA

NA

(Abd-Allah et al., 2014)

Zagazig, Egypt

120

40%

11 (7–17)

Urban

ELISA

46.6 (13.5)

(Fares et al., 2014)

Tunis, Tunisia

156

51%

0

Urban

RIA

29.8 (15.2)

(Thacher et al., 2014)

Jos, Nigeria

257

50%

(1–10)

Urban

LC–MS/MS

49.9 (7.5–127.3)

(Maalmi et al., 2013)

Ariana, Tunisia

225

56%

9.5 (2–16)

Rural

RIA

75.6 (14.9)

(Azab et al., 2013)

Zagazig, Egypt

40

43%

10.8 (6–16)

Urban

ELISA

66.1 (12)

(Fahim et al., 2013)

Assiut, Egypt

100

NA

8 (4–15)

NA

ELISA

40.2 (12.3) pg/ml

(Luxwolda et al., 2013) (newborns)

Tanzania

82

60%

0

Rural

LC–MS/MS

79.0 (26.4)

(Amukele et al., 2013)

Malawi

21

NA

0 (0–1)

NA

LC–MS/MS

78.6 (10.4)

(Hamza et al., 2011)

Cairo, Egypt

60

17%

13.10 (7.2–18.5)

Urban

ELISA

106.5 (23)

(Poopedi et al., 2011)

Johannesburg, South Africa

295

78%

10.5

Urban

CLIA

93.4 (32.8)

(Thacher et al., 2010)

Jos, Nigeria

21

48%

3 (2–5)

Urban

CLIA

67 (median)

(Albanna et al., 2010)

Zagazig, Egypt

40

50%

3 (2–5)

Urban

EIA

87.25 (18.4)

(Nguema-Asseko et al., 2005)

Oyem, Gabon

28

56%

0 (0)

Urban

NA

110.0 (42.5)

(Graff et al., 2004)

Jos, Nigeria

15

40%

4 (2–8)

Urban

CPBA

72.4 (11.5)

(Thacher et al., 2000, Thacher et al.,
1999b)
(Thacher et al., 1999a)

Jos, Nigeria

123

50%

4 (2–6)

Urban

RIA

51.2 (15.5)

Jos, Nigeria

10

NA

7 (1–8)

Urban

RIA

52.2 (7.2)

(Pfitzner et al., 1998)

Jos, Nigeria

198

45%

2.0 (0.5–3.0)

Urban

RIA

64.9 (24)

(Cornish et al., 2000)

N. Province, South Africa

58

NA

12

Rural

RIA

111.4 (9.1)

(Walter et al., 1997)

Jos, Nigeria

27

70%

3 (1–7)

Urban

RIA

59.9 (18.7)

(Sanchez et al., 1997) (newborns)

Maiduguri, Nigeria

10

0%

0

NA

RIA

32.9 (19.3)

(Oginni et al., 1996b)

Ile-Ife, Nigeria

94

63%

3 (1–5)

Urban

RIA

63 (2.6)

(Oginni et al., 1996a)

Ile-Ife, Nigeria

20

61%

3 (1–5)

Urban

RIA

69 (22)

(Okonofua et al., 1991)

Ile-Ife, Nigeria

12

75%

2

Urban

RIA

41 (29–50)

(Okonofua et al., 1986) (newborns)

Ife, Nigeria

30

NA

0

NA

CPBA

49 (12.8)

(Markestad et al., 1984) (newborns)

Libya

14

NA

0

NA

NA

20 (10–45)

(Sithembiso C. Velaphi et al., (in
press)) (mothers)
(Oluwole et al., 2019)

Johannesburg, South Africa

290

NA

NA

Urban

CLIA

41.9 (21.0)

Lagos, Nigeria

206

0%

31

Urban

ELISA

142.3 (112.3–164.7)

(Azzam et al., 2019)

Alexandria, Egypt

40

0%

NA

NA

ELISA

40.3 (21.4)

(Cavalier et al., 2018)

Abidjan, Ivory Coast

203

40%

37

Urban

CLIA

64.6

(Chikwati et al., 2019)

Harare, Zimbabwe

63

0%

26.6 (18–49)

Urban

HPLC

100 (27.1)

(Chutterpaul et al., 2019)

KwaZulu-Natal, South Africa

176

16.5%

72.6

NA

HPLC

50.1 (23.3)

Adults (³18 years)

37

(Gaffer et al., 2019)

Khartoum, Sudan

180

0%

27.7

Rural

CLIA

28.2 (23.5–36.2)

(Gernand et al., 2019)

Asesewa, Ghana

98

0%

26.5 (18–35)

Rural

LC–MS/MS

65.1 (14.2)

(Younouss et al., 2019)

Yaounde (Cameroon

75

0%

27.6

NA

ELISA

46.1 (median)

(Owie and Afolabi, 2018) (mothers)

Lagos, Nigeria

166

NA

31.4 (18–42)

Urban

ELISA

87.4 (2.0)

(Myburgh et al., 2018)

NW Province, South Africa

505

0%

NA

Rural and urban

CLIA

68.2 (median)

(Kagotho et al., 2018)

Nairobi, Kenya

253

75%

33 (18–65)

Urban

CLIA

69.4 (111.8)

(Faid et al., 2018)

Misurata, Libya

455

16%

33 (1–64)

Urban

CLIA

52.8 (29.4)

(Ibrahim et al., 2018)

Qena, Egypt

20

50%

35.2

NA

ELISA

76.7 (10.73)

(Ashenafi et al., 2018)

Addis Ababa, Ethiopia

78

54%

29 (18–68)

Urban

NA

35 (median)

(Skalli et al., 2018)

Rabat, Morocco

146

NA

33.6 (18–60)

Urban

LC–MS/MS

32.4 (16.4)

(Lahmar et al., 2018)

Ariana, Tunisia

154

43%

46.36

NA

RIA

70.3 (11.7)

(Aké et al., 2018)

Côte d’Ivoire

163

NA

18–49

NA

HPLC

77.4 (3.9)

(Bahendeka et al., 2019)

Uganda.

79

33%

17.3 (7.3–27.9)

NA

CLIA

99.6. (120.8)

(Bakeer et al., 2018)

Egypt

17

0%

26.2 (19–35)

NA

ELISA

48.65 (27.30)

(Youssef et al., 2019) (mothers)

Egypt

56

0%

NA

NA

EIA

NA

(Musa et al., 2018)

Khartoum, Sudan

132

0%

27.6

Rural and urban

(Abdel Galil et al., 2018)
(Abdel-Mohsen et al., 2018)

Zagazig, Egypt
Alexindiria, Egypt

100
30

0%
NA

36.24
NA

Urban
Urban

ELISA
ELISA

114.4 (22.9)
164.7 (7.5)

(Ali et al., 2017)

Cairo, Egypt

33

42%

35 (27–59)

Urban

ELISA

90.1 (26.9–189.1)

(Sotunde et al., 2017)

NW Province, South Africa

209

0%

60 (43–80)

Urban

CLIA

76.4 (23.4)

(Akinlade et al., 2017)

Idadan, Nigeria

30

NA

35 (19–55)

NA

ELISA

28.1 (5.6)

(Gbadegesin et al., 2017)

Lagos, Nigeria

461

0%

31.3 (4.4)

NA

HPLC

130.3 (129.7)

(Derar et al., 2017)

Khartoum, Sudan

50

NA

32 (18–60)

NA

NA

51.1 (21.9)

(Fondjo et al., 2017)

Nkawie, Ghana

100

22%

58

Rural

ELISA

31.3 (6.5–81.8)

(Musarurwa et al., 2017)

Harare, Zimbabwe

133

42%

35.1 (8.9)

NA

CLIA

53.9 (45.7–66.1)

(Nielson et al., 2016)

Keneba, The Gambia

17

–

29 (25–39)

Rural

EIA

20.1 (5.8) pM

(Lategan et al., 2016)

Mangaung, South Africa

339

22%

44 (25–63)

Urban

CLIA

96.8 (28)

(Ayadi et al., 2016) (mothers)

Tunis, Tunisia

87

0%

31 (19–42)

Rural and urban

CLIA

17.0 (12.8)

(El Maataoui et al., 2016)

Morocco

254

27%

60.5 (8.4)

NA

CLIA

50.6 (21.5)

(Edem et al., 2016)

Ibadan, Nigeria

20

NA

NA

Urban

HPLC

45.80 (13.30) pg/ml

(Abbiyesuku et al., 2016)

Ibadan, Nigeria

49

100%

54.50 (30–80)

Urban

HPLC

107.2 (25.2)

(Toko et al., 2016b) (mothers)

Chulaimbo, Kenya

63

0%

22.5

Rural

EIA

77.0 (31.5)

(Aboelnaga et al., 2016)

Dakalia, Egypt

50

36%

39.5 (18–65)

Rural

ELISA

60.4 (21.7)

CLIA

38

21.0 (18.0–27.7)

(Van der Walt and Sinclair, 2016)

50

33%

39

Rural and urban

ELISA

45.9 (median)

(Azab et al., 2016)

Free State province, South
Africa
Zagazig, Egypt

100

5%

11.5 (8–18)

Urban

ELISA

84.1 (3.7)

(Ben Fradj et al., 2016)

Tunis, Tunisia

250

25%

63.3 (29–91)

Urban

CLIA

NA

(Nasri et al., 2016)

Tunis, Tunisia

64

0%

NA

Urban

CLIA

28.3 (13.82)

(Sobeih et al., 2016)

Cairo, Egypt

75

NA

31.5 (14–65)

Urban

ELISA

71.9 (26.2)

(Basson et al., 2015)

Cape Town, SA

199

31%

34.0 (24.0–44.3)

Rural and urban

CLIA

49.2 (42.4–59.7)

(Abdel Fattah and Darwish, 2015)

Cairo, Egypt

30

60%

25.1 (19–50)

Urban

EIA

112.8 (51.2)

(Botros et al., 2015)

Cairo, Egypt

404

0%

31.5 (8.2)

NA

RIA

27.5 (4.0–62)

(El Maataoui et al., 2015)

Morocco

73

0%

59.8 (50.0–83.0)

Urban

CLIA

32.9 (23.8)

(Kazem et al., 2014)

Cairo, Egypt

30

0%

48

Urban

ELISA

68.3 (9.3)

(Durazo-Arvizu et al., 2014)

Kumasi, Ghana
Victoria, Seychelles
Cape Town, South Africa

Ghana: 497
Seychelles: 494
South Africa: 502

50%

34 (25–45)

Ghana: rural
Seychelles: urban
South Africa: urban

LC–MS/MS

Ghana: 75.9 (6.9)
Seychelles: 72.9 (19.5)
South Africa: 59.2 (20.7)

(George et al., 2014a, George et al.,
2014b)

Johannesburg, South Africa

Africans: 371
Asian–Indians: 343

48%

42 (19–65)
44 (18–65)

Urban

HPLC

Africans: 64.9 (46.4–89.4)
Asian Indians: 41.2 (28.4–56.8)

(Were et al., 2014)

Mombasa, Kenya

15

60%

26

Urban

CLIA

76.6 (20.5)

(Aly et al., 2014)

Dakahlia, Egypt

176

40%

68 (60–85)

Rural

EIA

92 (17)

(El Rifai et al., 2014) (mothers)

Cairo, Egypt

135

0%

26.0 (5.8)

Rural and urban

ELISA

81.4 (53.4)

(Durazo-Arvizu et al., 2013)

Nigeria

100

0%

31 (18–59)

Rural and urban

RIA

64 (17.4)

(Hamill et al., 2013)

Johannesburg, South Africa

98

0%

32 (18–49)

Urban

RIA

60 (16.5)

(Luxwolda et al., 2013) (adults)

Tanzania

60%

34 (16–65)

Rural

LC–MS/MS

(George et al., 2013)

Johannesburg, South Africa

48%

43 (18–70)

Urban

HPLC

(Gebreegziabher and Stoecker, 2013)

Rift Valley, Ethiopia

Pregnant women: 138
Other adults: 60
Africans:373
Asians:344
202

0%

30.8 (7.8)

Rural

ELISA

Pregnant women: 138.5 (35.0)
Other adults: 115.1 (27.0)
Africans: 70.9 (51.5–95.1)
Asians: 41.8 (28.6–56.8)
39.7 (9.7)

(Abu el Maaty et al., 2013)

Egypt

31

100%

(35–50)

Urban

HPLC

78.5 (10.5)

(Olama et al., 2013)

Dakahlia, Egypt

50

0%

33.1

Rural

ELISA

46.9 (13.5)

(El-Shal et al., 2013)

Zagazig, Egypt

150

0%

29.3

Urban

HPLC

67.9 (11.7)

(Emerah and El-Shal, 2013)

Zagazig, Egypt

129

0%

27.14 (20 –41)

Urban

ELISA

38.1 (15.9)

(Friis et al., 2013)

Mwanza, Tanzania

347

58%

NA

Urban

CLIA

84.4 (25.6)

(Ibn Yacoub et al., 2012)

Rabat, Morocco

30

0%

49.5

NA

na

57.41 (4.18)

(Schaalan et al., 2012)

Cairo, Egypt

25

72%

(30–55)

Urban

RIA

99.1 (27)

(Amukele et al., 2013)

Malawi

21

–

23 (22–28)

NA

LC–MS/MS

93.4 (6.5)

(Luxwolda et al., 2012)

Tanzania

Maasai: 35
Hadzabe: 25

Maasai: 43%
Hadzabe: 84%

34 (16–65)

Rural

LC–MS/MS

Maasai: 119.0 (26.0)
Hadzabe: 109.0 (28.0)

(Abd El Gawad et al., 2012)

Mansoura, Egypt

55

27%

38 (26–54)

Rural and urban

RIA

77.1 (16.2) pmol/L
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(El Maghraoui et al., 2012)

Rabat, Morocco

178

0%

59 (50–79)

Urban

CLIA

46.7 (31.9

(Kruger et al., 2011)

Johannesburg, South Africa

658

0%

50 (35–90)

Rural and urban

CLIA

71.4 (21.9)

(Nansera et al., 2011)

Mbarara, Uganda

50

50%

27

NA

HPLC

64.9 (17.5)

(Glew et al., 2010)

Gombe, Nigeria

51

43%

52 (18–72)

Rural

LC–MS/MS

68.0 (3.7)

(Allali et al., 2009)

Rabat, Morocco

415

0%

50 (24–77)

Urban

RIA

45.2 (19.7)

(Yan et al., 2009)

Keneba, The Gambia

30

50%

67 (60–75)

Rural

RIA

68.4 (16.2)

(Wejse et al., 2007)

Guinea-Bissau

494

48%

37 (15–87)

Urban

LC–MS/MS

85.3 (34.8)

(Alsayed et al., 2007)

Cairo, Egypt

70

100%

47.1 (3.1)

Rural and urban

RIA

47.1 (3.1)

(Meddeb et al., 2005)

Tunis, Tunisia

261

0%

40

Urban

RIA

40

(Njemini et al., 2002)

Ntam, Cameroon

152

61%

66 60–86)

Rural

RIA

52.7 (19.2)

(Daniels et al., 2000)

South Africa

14

NA

NA

NA

CPBA

43.4 (19.5)

(Daniels et al., 1997)

South Africa

139

0%

44 (20–64)

NA

CPBA

19.3 (6.8–45.6)

(Sanchez et al., 1997)

Maiduguri, Nigeria

0

RIA

Constantine, Algeria

NA

Non-pregnant women 17 (9.32)
Newborn mothers:16 (3.35)
NA

NA

(Garabedian and Ben-Mekhbi, 1991)

Non-pregnant women: 21
Newborn mothers: 10
84

Urban

NA

(Feleke et al., 1999)

Adis Ababa, Ethiopia

0%

21 (19–40)

Urban

HPLC

(M'Buyamba-Kabangu et al., 1987)

Kinshasa, Zaire

Pregnant: 31
Other adults: 30
33

100%

31

Urban

RIA

Non-pregnant women: 40.2 (9.5)
New mothers: 44.4 (22.8)
Women: 27.1 (9.4)
Infants: 21.3 (11.8)
Pregnant: 25 (17–46)
Other adults: 23.5 (18–29)
64.9 (38.9)

(Okonofua et al., 1986) (mothers)

Ife, Nigeria

30

NA

NA

NA

CPBA

77.7 (15.8)

(Markestad et al., 1984) (mothers)

Libya

19

0%

(26–45)

NA

NA

34 (13–75)

(Pettifor et al., 1978)

Johannesburg, South Africa

264

NA

7.9 (1–7)

Urban

CPBA

73.9

*Data presented is only for healthy participants
25(OH)D levels are presented in mean (SD) or median (IQR).
'
Vitamin D measurement assays: RIA, Radioimmunoassay; CLIA, Chemiluminescence immunoassays; HPLC–MS/MS, high-performance liquid chromatography-tandem mass spectrometry;
HPLC, high-performance liquid chromatography; EIA, Enzyme immunoassay; CPBA, competitive protein-binding assay. Data that were not available are indicated as NA.
€
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3.3.2

Heterogeneity, meta-regression and sensitivity analyses

There was substantial heterogeneity within the study estimates in the meta-analyses (I2
ranged from 98.26% to 99.82%). Meta-regression analyses revealed that most of the
heterogeneity could not be accounted for by age group, geographical region, residence in
rural or urban settings, vitamin D assay or risk of bias (Table 3.4). Sensitivity analyses
revealed that excluding studies based on sample size, age group, geographical region, vitamin
D assay, risk of bias or date of publication only resulted in marginal differences in overall
mean 25(OH)D levels (Table 3.5). I identified and excluded one outlier from the analysis
(Abdel-Mohsen et al., 2016).
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Table 3.4. Sources of heterogeneity assessed using meta-regression analyses (mean
25(OH)D levels in 107 studies)
Number of
studies (%)

Factors
Age groups
• Newborns
• Children
• Non-pregnant adults
• Pregnant/newborn
mothers
Geographical Region
• Sub-Saharan Africa
(West, East and Central
Africa)
• North Africa
• South Africa

Pooled
25(OH)D
mean
(nmol/L)

95% Cl

P value

Residual
I2*

Percentage
change in
I2

11 (10%)
29 (27%)
54 (51%)
12 (11%)

50.8
72.3
69.6
65.7

35.4, 66.3
38.6, 105.9
37.2, 102.1
28.9, 102.6

0.12

99.82%

9%

52 (49%)
41 (39%)
13 (12%)

74.30
60.0
68.2

55.8, 92.8
52.1, 67.9
44.2, 92.1

0.031

99.90%

1%

Setting
• Rural
• Urban

16 (29%)
54 (71%)

74.4
66.7

62.6, 86.1
41.5, 91.8

0.26

99.90%

1%

Assayd
•
•
•
•
•
•
•

CLIA
CPBA
EIA
ELISA
HPLC
LC–MS/MS
RIA

23 (24%)
4 (4%)
5 (5%)
21 (22%)
10 (10%)
10 (10%)
23 (24%)

60.0
60.8
86.2
67.3
84.6
79.9
59.6

50.1, 69.8
25.3, 96.2
52.8, 119.5
43.2, 91.4
56.9, 112.3
52.2, 107.5
35.8, 83.4

0.019

99.86%

5%

Risk of bias
• High risk of bias
• Moderate risk of bias
• Low risk of bias

2 (2%)
65 (61%)
39 (37%)

24.2
71.3
67.3

-11.4, 59.8
-1.0, 143.4
-4.6, 138.8

0.041

99.90%

1%

* 2

I , measure of heterogeneity. Summary unadjusted I2 = 99.91%; percentage change in I2 computed as: (Summary
unadjusted I2 - Residual I2) / Summary unadjusted I2 ´ 100. dVitamin D measurement assays: RIA,
Radioimmunoassay; CLIA, Chemiluminescence immunoassays; HPLC–MS/MS, high-performance liquid
chromatography-tandem mass spectrometry; HPLC, high-performance liquid chromatography; EIA, Enzyme
immunoassay; CPBA, competitive protein-binding assay.
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Table 3.5. Sensitivity analyses
95% Cl

I2*

106 (100%)

Pooled
25(OH)D
mean
(nmol/L)
68.0

62.8, 73.0

99.91%

Excluding age groups:
• Newborns
• Pregnant mothers
• Both pregnant mothers and newborns

11 (10%)
12 (11%)
23 (22%)

70.0
68.3
70.5

64.7, 75.2
63.1, 73.4
65.2, 75.9

99.87%
99.89%
99.83%

Excluding African region:
• Northern African countries
• Southern African countries
• Both Northern and Southern African
countries

41 (39%)
13 (14%)
54 (53%)

73.1
67.3
73.4

67.0, 79.1
61.7, 72.9
66.2, 80.6

99.92%
99.92%
99.93%

Excluding studies with high risk of bias:
• High risk of bias
• Moderate risk of bias
• Both High and moderate risk of bias

2 (2%)
65 (61%)
67 (63%)

68.8
69.0
71.3

63.8, 73.8
60.4, 77.6
62.9, 79.7

99.91%
99.95%
99.94%

Excluding studies with the following assaysd:
• CLIA
• CPBA
• EIA
• ELISA
• HPLC
• RIA

23 (22%)
4 (4%)
5 (5%)
22 (20%)
10 (9%)
23 (22%)

69.9
67.9
66.5
67.6
65.5
70.1

64.1, 75.7
62.6, 73.1
61.3, 71.8
61.9, 73.4
60.5, 70.6
64.0, 76.2

99.92%
99.91%
99.91%
99.82%
99.89%
99.92%

Excluding studies with:
• n < 50
• n < 100

34 (32%)
60 (57%)

71.0
67.0

62.5, 79.5
60.2, 73.9

99.20%
99.75%

Excluding studies published between:
• 1978 to 1989
• 1978 to 1999
• 1978 to 2009

3 (3%)
14 (13%)
24 (23%)

68.1
70.6
70.8

62.9, 73.3
65.0, 76.0
65.0, 76.7

99.91%
99.91%
99.92%

Study category excluded

Number of
studies (%)

All studies (none excluded)

Sensitivity analyses are meta-analysis of mean 25(OH)D levels excluding specified study categories. *I2, measure
of heterogeneity dVitamin D measurement assays: RIA, Radioimmunoassay; CLIA, Chemiluminescence
immunoassays; HPLC–MS/MS, high-performance liquid chromatography-tandem mass spectrometry; HPLC,
high-performance liquid chromatography; EIA, Enzyme immunoassay; CPBA, competitive protein-binding assay.
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3.3.3

Meta-analyses of prevalence of vitamin D deficiency and mean 25(OH)D levels

Seventy-nine studies were included in the meta-analyses of prevalence and 90 studies in the
meta-analyses of means. Out of the 79 studies, 21, 66 and 45 studies reported prevalence on
the pre-specified cut-offs of <30 nmol/L, <50 nmol/L and <75 nmol/L, respectively. The
overall prevalence of low vitamin D status was 59.54% (95% CI 51.32, 67.50) using the <75
nmol/L cut-off (Figure 3.2), 34.22% (95% CI 26.22, 43.68) using the <50 nmol/L cut-off
(Figure 3.3), and 18.46% (95% CI 10.66, 27.78) using the <30 nmol/L cut-off (Figure 3.4).
There was no evidence of publication bias (p < 0.05) for all the meta-analyses (Figure 3.5).
The overall meta-analysis mean 25(OH)D level was 67.78 nmol/L (95% CI 64.50, 71.06)
(Figure 3.6). By age group, the pooled mean 25(OH)D level was lowest in newborns with
50.6 nmol/L (95% CI 38.9, 62.3) and highest in older children 72.2 nmol/L (95% CI 64.9,
79.5).
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Figure 3.2. Pooled prevalence of low vitamin D status in the general population in
Africa using <75 nmol/L cut-off.
Study

Cases

n

Prevalence (%)

95% CI

A· Newborns
Kenya - Toko 2016
Nigeria - Owie 2018
Tunisia - Ayadi 2016
Random effects meta-analysis

40
60
87

54
166
87
307

74·07
36·14
100·00
76·78

(60·35–85·04)
(28·84–43·95)
(95·85–100·00)
(23·65–100·00)

2·0
2·0
2·0
6·0

B· Children
Algeria - Djennane 2014
Botwsana - Ludmir 2016
Egypt - Azab 2016
Egypt - Fahim 2013
Egypt - Yamamah 2016
Kenya - Jones 2016
Nigeria - Omole 2018
Nigeria - Pfitzner 1998
South Africa - Poopedi 2011
South Africa - White 2019
Tanzania - Boillat-Blanco 2016
Tunisia - Maalmi 2013
Uganda - Cusick 2014
Uganda - Nabeta 2015
Random effects meta-analysis

254
19
21
91
12
8
0
162
89
55
111
108
16
15

435
41
100
100
79
22
103
198
295
84
358
225
20
41
2101

58·39
46·34
21·00
91·00
15·19
36·36
0·00
81·82
30·17
65·48
31·01
48·00
80·00
36·59
44·19

(53·60–63·07)
(30·66–62·58)
(13·49–30·29)
(83·60–95·80)
(8·10–25·03)
(17·20–59·34)
(0·00– 3·52)
(75·73–86·93)
(24·98–35·76)
(54·31–75·52)
(26·25–36·08)
(41·31–54·74)
(56·34–94·27)
(22·12–53·06)
(29·41–59·51)

2·1
1·9
2·0
2·0
2·0
1·8
2·0
2·0
2·1
2·0
2·1
2·0
1·8
1·9
27·8

C· Adults (non-pregnant)
Egypt - Aboelnaga 2016
Egypt - Ali 2017
Egypt - Aly 2014
Egypt - Botros 2015
Egypt - Fattah 2015
Egypt - Schaalan 2012
Ethiopia - Ashenafi 2018
Ghana - Durazo -Arvizu 2014
Guinea -Bissau - Wejse 2007
Ivory Coast - Cavalier 2019
Morocco - Allali 2009
Morocco - El Maataoui 2016
Morocco - El Maghraoui 2012
Morocco - Ibn Yacoub 2012
Morocco - Skalli 2018
Nigeria - Abbiyesuku 2016
Nigeria - Akinlade 2017
Nigeria - Gbadegesin 2017
Nigeria - Glew 2010
Nigeria - Oluwole 2019
Seychelles - Durazo -Arvizu 2014
South Africa - Basson 2015
South Africa - Durazo -Arvizu 2014
South Africa - Myburgh 2018
South Africa - Sotunde 2017
South Africa - Van der Walt 2016
Tanzania - Friis 2013
Zimbabwe - Musarurwa 2017
Random effects meta-analysis

34
13
46
312
3
3
78
251
193
140
378
203
152
12
143
18
19
182
34
29
299
177
394
328
87
49
137
37

77
33
176
404
30
25
78
497
494
203
415
254
178
30
146
49
30
461
51
206
494
199
502
505
209
50
347
42
6185

44·16
39·39
26·14
77·23
10·00
12·00
100·00
50·50
39·07
68·97
91·08
79·92
85·39
40·00
97·95
36·73
63·33
39·48
66·67
14·08
60·53
88·94
78·49
64·95
41·63
98·00
39·48
88·10
61·37

(32·84–55·93)
(22·91–57·86)
(19·81–33·28)
(72·82–81·23)
(2·11–26·53)
(2·55–31·22)
(95·38–100·00)
(46·02–54·98)
(34·74–43·53)
(62·11–75·26)
(87·92–93·64)
(74·46–84·67)
(79·33–90·23)
(22·66–59·40)
(94·11–99·57)
(23·42–51·71)
(43·86–80·07)
(34·99–44·11)
(52·08–79·24)
(9·64–19·59)
(56·06–64·86)
(83·74–92·94)
(74·63–82·00)
(60·61–69·11)
(34·87–48·63)
(89·35–99·95)
(34·30–44·84)
(74·37–96·02)
(51·54–70·76)

2·0
1·9
2·0
2·1
1·9
1·9
2·0
2·1
2·1
2·0
2·1
2·1
2·0
1·9
2·0
2·0
1·9
2·1
2·0
2·0
2·1
2·0
2·1
2·1
2·0
2·0
2·1
1·9
56·2

40
63
166
180
87
536

87·50
50·79
28·31
97·22
100·00
79·20

(73·20–95·81)
(37·89–63·62)
(21·60–35·82)
(93·64–99·09)
(95·85–100·00)
(40·28–99·90)

1·9
2·0
2·0
2·0
2·0
10·0

9129

59·54

(51·32–67·50)

100·0

Heterogeneity: I 2 = 98·86%, τ2 = 0·24, p < 0·0001

Heterogeneity: I 2 = 97·85%, τ2 = 0·080, p < 0·0001

Heterogeneity: I 2 = 98·31%, τ2 = 0·067, p < 0·0001

D· Pregnant women/newborn mothers
Egypt - Azzam 2019
35
Kenya - Toko 2016 (mothers)
32
Nigeria - Owie 2018 (mothers)
47
Sudan - Gaffer 2019
175
Tunisia - Ayadi 2016 (mothers)
87
Random effects meta-analysis

Heterogeneity: I 2 = 98·82%, τ2 = 0·21, p < 0·0001

Random effects meta-analysis

Heterogeneity: I 2 = 98·37%, τ2 = 0·084, p < 0·0001
Residual heterogeneity: I 2 = 98·31%, p < 0·0001
Test for subgroup differences: χ23 = 5·31, df = 3 (p = 0·15)

0

20

40
60
80
Prevalence (%)

Weight (%)

100

Cases were defined as number of participants in a study with 25(OH)D levels <75 nmol/L
and n as the total number of participants in the study.

45

Figure 3.3. Pooled prevalence of vitamin D deficiency in the general population in
Africa using the <50 nmol/L cut-off.
Study
A. Newborns
Egypt - El Rifai 2014
Kenya - Toko 2016
Nigeria - Owie 2018
South Africa - Velaphi 2019
Tanzania - Luxwolda 2013
Tanzania - Sudfeld 2017
Tunisia - Ayadi 2016
Random effects meta-analysis

Cases

n

Prevalence (%)

95% CI

Weight (%)

81
16
49
26
7
444
85

135
54
166
79
82
581
87
1184

60.00
29.63
29.52
32.91
8.54
76.42
97.70
49.07

[51.22; 68.33]
[17.98; 43.61]
[22.70; 37.08]
[22.75; 44.40]
[ 3.50; 16.80]
[72.75; 79.82]
[91.94; 99.72]
[24.88; 73.49]

1.3
1.3
1.3
1.3
1.3
1.3
1.3
9.2

130
7
54
23
8
12
79
37
73
0
3
0
51
65
40
6
21
191
8
3
7

435
41
120
200
40
40
96
100
174
500
22
103
198
295
99
84
358
225
225
20
41
3416

29.89
17.07
45.00
11.50
20.00
30.00
82.29
37.00
41.95
0.00
13.64
0.00
25.76
22.03
40.40
7.14
5.87
84.89
3.56
15.00
17.07
22.99

[25.62; 34.43]
[ 7.15; 32.06]
[35.91; 54.35]
[ 7.43; 16.75]
[ 9.05; 35.65]
[16.56; 46.53]
[73.17; 89.33]
[27.56; 47.24]
[34.53; 49.66]
[ 0.00; 0.74]
[ 2.91; 34.91]
[ 0.00; 3.52]
[19.82; 32.44]
[17.44; 27.20]
[30.66; 50.74]
[ 2.67; 14.90]
[ 3.67; 8.83]
[79.53; 89.30]
[ 1.55; 6.89]
[ 3.21; 37.89]
[ 7.15; 32.06]
[12.03; 36.14]

1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.2
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.2
1.3
27.6

20
7
0
291
15
63
86
29
170
24
60
13
65
18
44
364
117
123
0
2
24
134
11
40
105
100
176
26
14
28
31
131
15
0
0
156
59
10

77
33
176
404
50
78
95
30
202
497
100
98
494
203
253
455
178
146
49
30
100
461
51
494
199
176
502
98
339
209
50
132
347
60
60
250
64
50
7290

25.97
21.21
0.00
72.03
30.00
80.77
90.53
96.67
84.16
4.83
60.00
13.27
13.16
8.87
17.39
80.00
65.73
84.25
0.00
6.67
24.00
29.07
21.57
8.10
52.76
56.82
35.06
26.53
4.13
13.40
62.00
99.24
4.32
0.00
0.00
62.40
92.19
20.00
35.62

[16.64; 37.23]
[ 8.98; 38.91]
[ 0.00; 2.07]
[67.38; 76.35]
[17.86; 44.61]
[70.27; 88.82]
[82.78; 95.58]
[82.78; 99.92]
[78.38; 88.90]
[ 3.12; 7.10]
[49.72; 69.67]
[ 7.26; 21.62]
[10.30; 16.46]
[ 5.34; 13.65]
[12.93; 22.63]
[76.02; 83.58]
[58.26; 72.67]
[77.31; 89.74]
[ 0.00; 7.25]
[ 0.82; 22.07]
[16.02; 33.57]
[24.96; 33.45]
[11.29; 35.32]
[ 5.85; 10.86]
[45.58; 59.86]
[49.15; 64.25]
[30.88; 39.41]
[18.12; 36.41]
[ 2.28; 6.83]
[ 9.09; 18.78]
[47.17; 75.35]
[95.85; 99.98]
[ 2.44; 7.03]
[ 0.00; 5.96]
[ 0.00; 5.96]
[56.08; 68.43]
[82.70; 97.41]
[10.03; 33.72]
[24.56; 47.50]

1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
50.1

31
54
15
25
13
8
13
169
0
84

40
135
56
31
63
166
79
180
138
87
975

77.50
40.00
26.79
80.65
20.63
4.82
16.46
93.89
0.00
96.55
43.91

[61.55; 89.16]
[31.67; 48.78]
[15.83; 40.30]
[62.53; 92.55]
[11.47; 32.70]
[ 2.10; 9.27]
[ 9.06; 26.49]
[89.33; 96.91]
[ 0.00; 2.64]
[90.25; 99.28]
[15.14; 75.07]

1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
1.3
13.1

34.22

[26.22; 42.68]

100.0

Heterogeneity: I 2 = 98.44%, τ2 = 0.11, p < 0.00001

B. Children
Algeria - Djennane 2014
Botwsana - Ludmir 2016
Egypt - Abd-Allah 2014
Egypt - Abu Shady 2015
Egypt - Albanna 2010
Egypt - Azab 2013
Egypt - El Sakka 2014
Egypt - Fahim 2013
Ethiopia - Wakayo 2015
Kenya - Houghton 2019
Kenya - Jones 2016
Nigeria - Omole 2018
Nigeria - Pfitzner 1998
South Africa - Poopedi 2011
South Africa - Poopedi 2015
South Africa - White 2019
Tanzania - Boillat-Blanco 2016
Tunisia - Bezrati 2016
Tunisia - Maalmi 2013
Uganda - Cusick 2014
Uganda - Nabeta 2015
Random effects meta-analysis
Heterogeneity: I 2 = 98.55%, τ2 = 0.11, p < 0.00001

C. Adults (non-pregnant)
Egypt - Aboelnaga 2016
Egypt - Ali 2017
Egypt - Aly 2014
Egypt - Botros 2015
Egypt - Olama 2013
Ethiopia - Ashenafi 2018
Ethiopia - Bodin 2019
Ethiopia - Feleke 1999 (non-pregnant adults)
Ethiopia - Gebreegziabher 2013
Ghana - Durazo -Arvizu 2014
Ghana - Fondjo 2017
Ghana - Gernand 2019
Guinea Bissau - Wejse 2007
Ivory Coast - Cavalier 2019
Kenya - Kagotho 2018
Libya - Faid 2018
Morocco - El Maghraoui 2012
Morocco - Skalli 2018
Nigeria - Abbiyesuku 2016
Nigeria - Akinlade 2017
Nigeria - Durazo -Arvizu 2013
Nigeria - Gbadegesin 2017
Nigeria - Glew 2010
Seychelles - Durazo -Arvizu 2014
South Africa - Basson 2015
South Africa - Chutterpaul 2019
South Africa - Durazo -Arvizu 2014
South Africa - Hamill 2013
South Africa - Lategan 2016
South Africa - Sotunde 2017
South Africa - Van der Walt 2016
Sudan - Musa 2018
Tanzania - Friis 2013
Tanzania - Luxwolda 2012
Tanzania - Luxwolda 2013 (adults)
Tunisia - Ben Fradj 2016
Tunisia - Nasri 2016
Uganda - Nansera 2011
Random effects meta-analysis
Heterogeneity: I 2 = 99.06%, τ2 = 0.14, p = 0

D. Pregnant women/newborn mothers
Egypt - Azzam 2019
Egypt - El Rifai 2014 (mothers)
Egypt - Younouss 2019
Ethiopia - Feleke 1999 (pregnant women)
Kenya - Toko 2016 (mothers)
Nigeria - Owie 2018 (mothers)
South Africa - Velaphi 2019 (mothers)
Sudan - Gaffer 2019
Tanzania - Luxwolda 2013 (pregnant women)
Tunisia - Ayadi 2016 (mothers)
Random effects meta-analysis
Heterogeneity: I 2 = 99%, τ2 = 0.26, p < 0.00001

Random effects meta-analysis
Heterogeneity: I 2 = 98.97%, τ2 = 0.14, p = 0
Residual heterogeneity: I 2 = 98.91%, p = 0
Test for subgroup differences: χ23 = 4.54, df = 3 (p = 0.20891)
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Cases were defined as number of participants in a study with 25(OH)D levels <50 nmol/L
and n as the total number of participants in the study.
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Figure 3.4. Pooled prevalence of vitamin D deficiency in the general population in
Africa using the <30 nmol/L cut-off.
Study

Cases

n

Prevalence (%)

95% CI

Weight (%)

96
78

290
87
377

33·10
89·66
63·72

[27·71; 38·84]
[81·27; 95·16]
[ 9·20; 100·00]

3·8
3·7
7·4

35
36
12
0
4
18
5
92

435
120
79
103
198
257
99
225
1516

8·05
30·00
15·19
0·00
2·02
7·00
5·05
40·89
10·55

[ 5·67; 11·01]
[21·98; 39·04]
[ 8·10; 25·03]
[ 0·00; 3·52]
[ 0·55; 5·09]
[ 4·20; 10·84]
[ 1·66; 11·39]
[34·40; 47·62]
[ 3·25; 21·14]

3·8
3·7
3·7
3·7
3·7
3·7
3·7
3·7
29·7

0
23
30
1
0
92
0
0
26
33
11
52
87
39

404
30
202
497
98
178
100
494
176
502
373
344
250
64
3712

0·00
76·67
14·85
0·20
0·00
51·69
0·00
0·00
14·77
6·57
2·95
15·12
34·80
60·94
12·59

[ 0·00; 0·91]
[57·72; 90·07]
[10·25; 20·52]
[ 0·01; 1·12]
[ 0·00; 3·69]
[44·09; 59·22]
[ 0·00; 3·62]
[ 0·00; 0·74]
[ 9·88; 20·89]
[ 4·57; 9·11]
[ 1·48; 5·22]
[11·50; 19·35]
[28·91; 41·06]
[47·93; 72·90]
[ 4·83; 23·16]

3·8
3·5
3·7
3·8
3·7
3·7
3·7
3·8
3·7
3·8
3·8
3·8
3·7
3·6
52·0

17
46
76

31
290
87
408

54·84
15·86
87·36
52·86

[36·03;
[11·85;
[78·50;
[ 5·90;

72·68]
20·58]
93·52]
96·64]

3·5
3·8
3·7
10·9

18·46

[10·66; 27·78]

100·0

A· Newborns
South Africa - Velaphi 2019 (infants)
Tunisia - Ayadi 2016 (infants)
Random effects meta-analyis
Heterogeneity: I 2 = 99·04%, τ2 = 0·19, p < 0·01

B· Children
Algeria - Djennane 2014
Egypt - Abd-Allah 2014
Egypt - Yamamah 2016
Nigeria - Omole 2018
Nigeria - Pfitzner 1998
Nigeria - Thacher 2014
South Africa - Poopedi 2015
Tunisia - Bezrati 2016
Random effects meta-analyis
Heterogeneity: I 2 = 96·81%, τ2 = 0·04, p < 0·01

C· Adults (non-pregnant)
Egypt - Botros 2015
Ethiopia - Feleke 1999 (non-pregnant adults)
Ethiopia - Gebreegziabher 2013
Ghana - Durazo -Arvizu 2014
Ghana - Gernand 2019
Morocco - El Maghraoui 2012
Nigeria - Durazo -Arvizu 2013
Seychelles - Durazo -Arvizu 2014
South Africa - Chutterpaul 2019
South Africa - Durazo -Arvizu 2014
South Africa - George 2013 (Africans)
South Africa - George 2013 (Asian Indian)
Tunisia - Ben Fradj 2016
Tunisia - Nasri 2016
Random effects meta-analyis
Heterogeneity: I 2 = 98·58%, τ2 = 0·07, p < 0·01

D· Pregnant women/newborn mothers
Ethiopia - Feleke 1999 (pregnant)
South Africa - Velaphi 2019 (mothers)
Tunisia - Ayadi 2016 (mothers)
Random effects meta-analyis
Heterogeneity: I 2 = 98·85%, τ2 = 0·24, p < 0·01

Random effects meta-analyis
Heterogeneity: I 2 = 98·64%, τ2 = 0·08, p = 0
Residual heterogeneity: I 2 = 98·37%, p < 0·01
Test for subgroup differences: χ23 = 5·80, df = 3 (p = 0·12)

6013
0

20

40
60
80
Prevalence (%)

100

Cases were defined as number of participants in a study with 25(OH)D levels <30 nmol/L
and n as the total number of participants in the study.
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Figure 3.5. Funnel plot asymmetry tests.
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The asymmetry of the funnel plots for the meta-analyses of prevalence was tested using Egger
test of bias (Egger et al., 1997), where a linear regression method was used. P <0.05
indicated significant publication bias.
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Figure 3.6. Pooled mean 25(OH)D levels in the general population in Africa stratified by
age group.
Study

Vitamin D levels (nmol/L)

95% CI

A. Newborns
Algeria − Garabedian 1991
Egypt − El Rifai 2014
Gabon − Nguema−Asseko 2005
Kenya − Toko 2016
Nigeria − Okonofua 1986
Nigeria − Owie 2018
Nigeria − Sanchez 1997 (newborns)
South Africa − Velaphi 2019
Tanzania − Luxwolda 2013
Tanzania − Sudfeld 2015
Tunisia − Ayadi 2016
Random effects meta−analysis

21·30
41·70
110·00
64·90
49·00
63·40
32·90
41·90
79·00
45·20
14·80
50·60

(18·78–23·82)
(37·48–45·92)
(94·37–125·63)
(57·86–71·94)
(44·42–53·58)
(63·17–63·63)
(20·94–44·86)
(39·48–44·32)
(73·29–84·71)
(43·74–46·66)
(11·69–17·91)
(38·91–62·29)

1·0
1·0
0·8
0·9
1·0
1·0
0·9
1·0
0·9
1·0
1·0
10·3

B. Children
Egypt − Abd−Allah 2014
Egypt − Abu Shady 2015
Egypt − Albanna 2010
Egypt − Azab 2013
Egypt − Azab 2016
Egypt − Eltayeb 2015
Egypt − Hamza 2011
Ethiopia − Wakayo 2015
Malawi − Amukele 2012
Nigeria − Graff 2004
Nigeria − Oginni 1996a
Nigeria − Oginni 1996b
Nigeria − Omole 2018
Nigeria − Pfitzner 1998
Nigeria − Thacher 1999a
Nigeria − Thacher 2000
Nigeria − Walter 1997
South Africa − Cornish 2000
South Africa − Daniels 2000
South Africa − Poopedi 2011
South Africa − Poopedi 2015
South Africa − White 2019
The Gambia − Braithwaite 2015
Tunisia − Bezrati 2016
Tunisia − Fares 2014
Tunisia − Maalmi 2013
Uganda − Bahendeka 2018
Uganda − Cusick 2014
Uganda − Nabeta 2015
Random effects meta−analysis

46·60
103·70
87·25
66·10
84·10
98·31
106·50
54·50
78·60
72·40
63·00
69·00
127·80
64·90
52·20
51·20
59·90
111·40
43·40
93·40
56·40
68·10
59·60
35·00
29·80
75·60
99·60
63·10
80·40
72·22

(44·18–49·02)
(99·10–108·30)
(81·55–92·95)
(62·38–69·82)
(83·37–84·83)
(97·01–99·61)
(100·68–112·32)
(52·14–56·86)
(74·15–83·05)
(66·58–78·22)
(62·47–63·53)
(59·36–78·64)
(124·48–131·12)
(61·56–68·24)
(47·74–56·66)
(48·46–53·94)
(52·85–66·95)
(109·06–113·74)
(33·19–53·61)
(89·66–97·14)
(54·98–57·82)
(65·28–70·92)
(57·96–61·24)
(33·34–36·66)
(27·41–32·19)
(73·65–77·55)
(72·96–126·24)
(53·59–72·61)
(72·07–88·73)
(64·89–79·54)

1·0
1·0
0·9
1·0
1·0
1·0
0·9
1·0
1·0
0·9
1·0
0·9
1·0
1·0
1·0
1·0
0·9
1·0
0·9
1·0
1·0
1·0
1·0
1·0
1·0
1·0
0·6
0·9
0·9
27·3

C. Adults (non−pregnant)
Cameroon − Njemini 2002
Egypt − Abdel Galil 2018
Egypt − Aboelnaga 2016
Egypt − Alsayed 2007
Egypt − Aly 2014
Egypt − Bakeer 2018
Egypt − El Maaty 2013
Egypt − El−Shal 2013
Egypt − Emerah 2013
Egypt − Fattah 2015
Egypt − Ibrahim 2018
Egypt − Kazem 2014
Egypt − Olama 2013
Egypt − Schaalan 2012
Egypt − Sobeih 2016
Ethiopia − Gebreegziabher 2013
Ghana − Durazo−Arvizu 2014
Ghana − Gernand 2019
Guinea−Bissau − Wejse 2007
Ivory Coast − Ake 2018
Kenya − Kagotho 2018
Kenya − Were 2014
Libya − Faid 2018
Morocco − Allali 2009
Morocco − El Maataoui 2015
Morocco − El Maataoui 2016
Morocco − El Maghraoui 2012
Morocco − Ibn Yacoub 2012
Morocco − Skalli 2018
Nigeria − Abbiyesuku 2016
Nigeria − Akinlade 2017
Nigeria − Durazo−Arvizu 2013
Nigeria − Gbadegesin 2017
Nigeria − Glew 2010
Nigeria − Sanchez 1997 (non−pregnant women)
Seychelles − Durazo−Arvizu 2014
South Africa − Chutterpaul 2019
South Africa − Durazo−Arvizu 2014
South Africa − Hamill 2013
South Africa − Kruger 2011
South Africa − Lategan 2016
South Africa − Sotunde 2017
Sudan − Derar 2017
Tanzania − Boillat−Blanco 2016
Tanzania − Friis 2013
Tanzania − Luxwolda 2012 (Hadzabe)
Tanzania − Luxwolda 2012 (Maasai)
Tanzania − Luxwolda 2013 (non−pregnant adults)
The Gambia − Yan 2009
Tunisia − Lahmar 2018
Tunisia − Nasri 2016
Uganda − Nansera 2011
Zaire − M’Buyamba−Kabangu 1987
Zimbabwe − Chikwati 2019
Random effects meta−analysis

52·70
114·40
60·40
47·10
92·00
48·65
78·50
67·90
38·10
112·80
76·70
68·30
46·90
99·10
71·90
39·70
75·90
65·10
85·30
77·40
69·40
76·60
52·80
45·20
32·90
50·60
46·70
57·41
32·40
107·20
28·06
64·00
130·30
68·00
40·20
72·90
50·10
59·20
60·00
71·40
96·80
76·40
51·10
89·60
84·40
109·00
119·00
115·10
68·40
70·30
28·30
64·90
64·90
100·00
69·38

(49·65–55·75)
(109·91–118·89)
(54·39–66·41)
(46·37–47·83)
(89·49–94·51)
(35·67–61·63)
(74·79–82·21)
(66·03–69·77)
(35·36–40·84)
(94·48–131·12)
(72·00–81·40)
(64·97–71·63)
(43·16–50·64)
(88·52–109·68)
(65·97–77·83)
(38·36–41·04)
(75·29–76·51)
(62·29–67·91)
(82·23–88·37)
(76·80–78·00)
(55·62–83·18)
(66·23–86·97)
(50·10–55·50)
(43·30–47·10)
(27·44–38·36)
(47·96–53·24)
(42·01–51·39)
(55·91–58·91)
(29·74–35·06)
(100·14–114·26)
(26·05–30·07)
(60·59–67·41)
(118·46–142·14)
(66·98–69·02)
(36·14–44·26)
(71·18–74·62)
(46·66–53·54)
(57·39–61·01)
(56·73–63·27)
(69·72–73·08)
(93·82–99·78)
(73·23–79·57)
(45·03–57·17)
(86·81–92·39)
(81·71–87·09)
(98·02–119·98)
(110·39–127·61)
(108·27–121·93)
(62·60–74·20)
(68·45–72·15)
(24·91–31·69)
(60·05–69·75)
(51·63–78·17)
(93·31–106·69)
(64·82–73·95)

1·0
1·0
0·9
1·0
1·0
0·8
1·0
1·0
1·0
0·7
1·0
1·0
1·0
0·9
0·9
1·0
1·0
1·0
1·0
1·0
0·8
0·9
1·0
1·0
0·9
1·0
1·0
1·0
1·0
0·9
1·0
1·0
0·9
1·0
1·0
1·0
1·0
1·0
1·0
1·0
1·0
1·0
0·9
1·0
1·0
0·9
0·9
0·9
0·9
1·0
1·0
1·0
0·8
0·9
51·1

D. Pregnant women/newborn mothers
Algeria − Garabedian 1991 (mothers)
Egypt − Azzam 2019
Egypt − El Rifai 2014 (mothers)
Kenya − Toko 2016
Malawi − Amukele 2012
Nigeria − Okonofua 1986 (mothers)
Nigeria − Owie 2018
Nigeria − Sanchez 1997 (mothers)
Nigeria − Sanchez 1997 (pregnant women)
South Africa − Velaphi 2019
Tanzania − Luxwolda 2013 (pregnant women)
Tunisia − Ayadi 2016 (mothers)
Random effects meta−analysis

27·10
40·30
81·40
77·00
93·40
77·70
87·40
44·40
47·20
57·00
138·50
17·00
65·73

(25·09–29·11)
(33·67–46·93)
(72·39–90·41)
(69·22–84·78)
(90·62–96·18)
(72·05–83·35)
(87·10–87·70)
(30·27–58·53)
(40·47–53·93)
(53·58–60·42)
(132·66–144·34)
(14·31–19·69)
(45·65–85·81)

1·0
0·9
0·9
0·9
1·0
0·9
1·0
0·8
0·9
1·0
0·9
1·0
11·3

67·78

(64·50–71·06)

100·0

Heterogeneity: I 2 = 99·67%, τ2 = 379·78, p < 0·0001

Heterogeneity: I 2 = 99·75%, τ2 = 394·71, p < 0·0001

Heterogeneity: I 2 = 99·62%, τ2 = 283·89, p < 0·0001

Heterogeneity: I 2 = 99·84%, τ2 = 1248·24, p < 0·0001

Random effects meta−analysis

Heterogeneity: I 2
τ2 = 286·58, p < 0·0001
0 20 40 60 80 100 120 140
Residual heterogeneity: I 2 = 99·71%, p < 0·0001
Test for subgroup differences: χ23 = 10·17, df = 3 (p = 0·017) Mean vitamin D levels (nmol/L)

Weight (%)

Studies that only reported median 25(OH)D values were excluded from meta-analysis
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3.3.4

Risk factors for vitamin D deficiency

Most studies with low 25(OH)D levels were from northern African countries and South
Africa (Figures 3.7 and 3.8). Studies that reported age to be inversely associated with
25(OH)D levels mostly included elderly adult participants (Figure 3.9). Out of nine studies
where a breakdown by gender was given, six studies reported men to have higher 25(OH)D
levels than women, two reported women to have higher 25(OH)D levels, and one found no
difference. Populations residing in urban areas had generally lower 25(OH)D levels than
those in rural areas (Figures 3.10 and 3.11). Mothers had higher 25(OH)D levels than their
newborns (Figure 3.11). Children with rickets had lower 25(OH)D levels than community
controls without rickets (Table 3.6 and Figure 3.11). This was also observed in most of the
diseases that were investigated in case-control studies which I included in this review (Table
3.6). With the exception of one study from Tanzania, all studies that reported seasonality in
25(OH)D levels were conducted in northern African countries and South Africa (Table 3.7).
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Figure 3.7. Mean (SD) 25(OH)D levels of studies conducted in African countries.
Tunisia
45·0 (13·4) nmol/L
6 studies
998 participants

Algeria
24·2 (10·6) nmol/L
2 studies
168 participants

Morocco
44·5 (22·2) nmol/L
6 studies
1096 participants

Libya
52·8 (29·4) nmol/L
1 study
455 participants

45·0

44·5
24·2

52·8

60·6

Ivory Coast
77·4 (3·9) nmol/L
1 study
163participants

Sudan
51·1 (21·9) nmol/L
1 study
50 participants

74·1

The Gambia
60·6 (13·3) nmol/L
2 studies
267 participants
Guinea-Bissau
85·3 (34·8) nmol/L
1 study
494 participants

Egypt
74·3 (24·7) nmol/L
23 studies
1851 participants

Ethiopia
46·5 (12·9) nmol/L
2 studies
379 participants

51·1

85·3

Ghana
74·1 (8·5) nmol/L
2 study
595 participants

Mean 25(OH)D levels
No data
< 50 nmol/l
50-75 nmol/l
>75 nmol/l

77·4

87·1

74·1

46·5

Uganda
82·5 (79·5) nmol/L
4 studies
190 participants

52·7
Nigeria
87·1 (68·4) nmol/L
16 studies
1714 participants

82·5

70·3

110·0

Kenya
70·3 (92·1) nmol/L
3 studies
385 participants

64·9

Cameroon
52·7 (19·2) nmol/L
1 study
152 participants

67·2

86·0

Gabon
110·0 (42·5) nmol/L
1 study
28 participants

100 .0

D· R· C·
64·9 (38·9) nmol/L
1 study
33 participants

77·1

Tanzania
67·2 (24·4) nmol/L
6 studies
2574 participants
Malawi
86·0 (8·6) nmol/L
1 study
42 participants

69·0

Botswana
77·1 nmol/L
1 study
41 participants

72·9

South Africa
69·0 (23·8) nmol/L
14 studies
3112 participants

Seychelles
72·9 (19·5) nmol/L
1 study
494 participants
Zimbabwe
100 (27·1) nmol/L
1 study
63 participants

The pooled mean (SD) is reported if a country had more than one study. Studies that only
reported medians are not included in this map, with the exception of Botswana which had a
single study that only reported median levels.
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Figure 3.8. 25(OH)D levels stratified by UN African Regions.
Study

95% CI

Vitamin D levels (nmol/L)

Weight (%)

A. Northern Africa
Algeria − Garabedian 1991 (newborns)
Algeria − Garabedian 1991 (mothers)
Egypt − Abd−Allah 2014
Egypt − Abdel Galil 2018
Egypt − Aboelnaga 2016
Egypt − Abu Shady 2015
Egypt − Albanna 2010
Egypt − Alsayed 2007
Egypt − Aly 2014
Egypt − Azab 2013
Egypt − Azab 2016
Egypt − Azzam 2019
Egypt − Bakeer 2018
Egypt − El Maaty 2013
Egypt − El Rifai 2014 (mothers)
Egypt − El Rifai 2014 (newborns)
Egypt − El−Shal 2013
Egypt − Eltayeb 2015
Egypt − Emerah 2013
Egypt − Fattah 2015
Egypt − Hamza 2011
Egypt − Ibrahim 2018
Egypt − Kazem 2014
Egypt − Olama 2013
Egypt − Schaalan 2012
Egypt − Sobeih 2016
Libya − Faid 2018
Morocco − Allali 2009
Morocco − El Maataoui 2015
Morocco − El Maataoui 2016
Morocco − El Maghraoui 2012
Morocco − Ibn Yacoub 2012
Morocco − Skalli 2018
Sudan − Derar 2017
Tunisia − Ayadi 2016 (mothers)
Tunisia − Ayadi 2016 (newborns)
Tunisia − Bezrati 2016
Tunisia − Fares 2014
Tunisia − Lahmar 2018
Tunisia − Maalmi 2013
Tunisia − Nasri 2016
Random effects meta−analysis

21·30
27·10
46·60
114·40
60·40
103·70
87·25
47·10
92·00
66·10
84·10
40·30
48·65
78·50
81·40
41·70
67·90
98·31
38·10
112·80
106·50
76·70
68·30
46·90
99·10
71·90
52·80
45·20
32·90
50·60
46·70
57·41
32·40
51·10
17·00
14·80
35·00
29·80
70·30
75·60
28·30
59·95

(18·78–23·82)
(25·09–29·11)
(44·18–49·02)
(109·91–118·89)
(54·39–66·41)
(99·10–108·30)
(81·55–92·95)
(46·37–47·83)
(89·49–94·51)
(62·38–69·82)
(83·37–84·83)
(33·67–46·93)
(35·67–61·63)
(74·79–82·21)
(72·39–90·41)
(37·48–45·92)
(66·03–69·77)
(97·01–99·61)
(35·36–40·84)
(94·48–131·12)
(100·68–112·32)
(72·00–81·40)
(64·97–71·63)
(43·16–50·64)
(88·52–109·68)
(65·97–77·83)
(50·10–55·50)
(43·30–47·10)
(27·44–38·36)
(47·96–53·24)
(42·01–51·39)
(55·91–58·91)
(29·74–35·06)
(45·03–57·17)
(14·31–19·69)
(11·69–17·91)
(33·34–36·66)
(27·41–32·19)
(68·45–72·15)
(73·65–77·55)
(24·91–31·69)
(52·41–67·50)

1·0
1·0
1·0
1·0
0·9
1·0
0·9
1·0
1·0
1·0
1·0
0·9
0·8
1·0
0·9
1·0
1·0
1·0
1·0
0·7
0·9
1·0
1·0
1·0
0·9
0·9
1·0
1·0
0·9
1·0
1·0
1·0
1·0
0·9
1·0
1·0
1·0
1·0
1·0
1·0
1·0
39·0

B. South Africa
South Africa − Chutterpaul 2019
South Africa − Cornish 2000
South Africa − Daniels 2000
South Africa − Durazo−Arvizu 2014
South Africa − Hamill 2013
South Africa − Kruger 2011
South Africa − Lategan 2016
South Africa − Poopedi 2011
South Africa − Poopedi 2015
South Africa − Sotunde 2017
South Africa − Velaphi 2019 (mothers)
South Africa − Velaphi 2019 (newborns)
South Africa − White 2019
Random effects meta−analysis

50·10
111·40
43·40
59·20
60·00
71·40
96·80
93·40
56·40
76·40
57·00
41·90
68·10
68·23

(46·66–53·54)
(109·06–113·74)
(33·19–53·61)
(57·39–61·01)
(56·73–63·27)
(69·72–73·08)
(93·82–99·78)
(89·66–97·14)
(54·98–57·82)
(73·23–79·57)
(53·58–60·42)
(39·48–44·32)
(65·28–70·92)
(57·46–79·00)

1·0
1·0
0·9
1·0
1·0
1·0
1·0
1·0
1·0
1·0
1·0
1·0
1·0
12·5

C. Sub−Saharan Africa (West, East and Central Africa)
Cameroon − Njemini 2002
Ethiopia − Gebreegziabher 2013
Ethiopia − Wakayo 2015
Gabon − Nguema−Asseko 2005
Ghana − Durazo−Arvizu 2014
Ghana − Gernand 2019
Guinea−Bissau − Wejse 2007
Ivory Coast − Ake 2018
Kenya − Kagotho 2018
Kenya − Toko 2016 (mothers)
Kenya − Toko 2016 (newborns)
Kenya − Were 2014
Malawi − Amukele 2012 (mothers)
Malawi − Amukele 2012 (newborns)
Nigeria − Abbiyesuku 2016
Nigeria − Akinlade 2017
Nigeria − Durazo−Arvizu 2013
Nigeria − Gbadegesin 2017
Nigeria − Glew 2010
Nigeria − Graff 2004
Nigeria − Oginni 1996a
Nigeria − Oginni 1996b
Nigeria − Okonofua 1986 (newborns)
Nigeria − Okonofua 1986 (mothers)
Nigeria − Omole 2018
Nigeria − Owie 2018 (mothers)
Nigeria − Owie 2018 (newborns)
Nigeria − Pfitzner 1998
Nigeria − Sanchez 1997 (newborns)
Nigeria − Sanchez 1997 (non−pregnant women)
Nigeria − Sanchez 1997 (mothers)
Nigeria − Sanchez 1997 (pregnant women)
Nigeria − Thacher 1999a
Nigeria − Thacher 2000
Nigeria − Walter 1997
Seychelles − Durazo−Arvizu 2014
Tanzania − Boillat−Blanco 2016
Tanzania − Friis 2013
Tanzania − Luxwolda 2012 (Hadzabe)
Tanzania − Luxwolda 2012 (Maasai)
Tanzania − Luxwolda 2013 (newborns)
Tanzania − Luxwolda 2013 (non−pregnant adults)
Tanzania − Luxwolda 2013 (pregnant women)
Tanzania − Sudfeld 2015
The Gambia − Braithwaite 2015
The Gambia − Yan 2009
Uganda − Bahendeka 2018
Uganda − Cusick 2014
Uganda − Nabeta 2015
Uganda − Nansera 2011
Zaire − M’Buyamba−Kabangu 1987
Zimbabwe − Chikwati 2019
Random effects meta−analysis

52·70
39·70
54·50
110·00
75·90
65·10
85·30
77·40
69·40
77·00
64·90
76·60
93·40
78·60
107·20
28·06
64·00
130·30
68·00
72·40
63·00
69·00
49·00
77·70
127·80
87·40
63·40
64·90
32·90
40·20
44·40
47·20
52·20
51·20
59·90
72·90
89·60
84·40
109·00
119·00
79·00
115·10
138·50
45·20
59·60
68·40
99·60
63·10
80·40
64·90
64·90
100·00
74·02

(49·65–55·75)
(38·36–41·04)
(52·14–56·86)
(94·37–125·63)
(75·29–76·51)
(62·29–67·91)
(82·23–88·37)
(76·80–78·00)
(55·62–83·18)
(69·22–84·78)
(57·86–71·94)
(66·23–86·97)
(90·62–96·18)
(74·15–83·05)
(100·14–114·26)
(26·05–30·07)
(60·59–67·41)
(118·46–142·14)
(66·98–69·02)
(66·58–78·22)
(62·47–63·53)
(59·36–78·64)
(44·42–53·58)
(72·05–83·35)
(124·48–131·12)
(87·10–87·70)
(63·17–63·63)
(61·56–68·24)
(20·94–44·86)
(36·14–44·26)
(30·27–58·53)
(40·47–53·93)
(47·74–56·66)
(48·46–53·94)
(52·85–66·95)
(71·18–74·62)
(86·81–92·39)
(81·71–87·09)
(98·02–119·98)
(110·39–127·61)
(73·29–84·71)
(108·27–121·93)
(132·66–144·34)
(43·74–46·66)
(57·96–61·24)
(62·60–74·20)
(72·96–126·24)
(53·59–72·61)
(72·07–88·73)
(60·05–69·75)
(51·63–78·17)
(93·31–106·69)
(69·96–78·09)

1·0
1·0
1·0
0·8
1·0
1·0
1·0
1·0
0·8
0·9
0·9
0·9
1·0
1·0
0·9
1·0
1·0
0·9
1·0
0·9
1·0
0·9
1·0
0·9
1·0
1·0
1·0
1·0
0·9
1·0
0·8
0·9
1·0
1·0
0·9
1·0
1·0
1·0
0·9
0·9
0·9
0·9
0·9
1·0
1·0
0·9
0·6
0·9
0·9
1·0
0·8
0·9
48·4

67·78

(64·50–71·06)

100·0

Heterogeneity: I 2 = 99·78%, τ2 = 599·79, p < 0·0001

Heterogeneity: I 2 = 99·58%, τ2 = 388·66, p < 0·0001

Heterogeneity: I 2 = 99·81%, τ2 = 210·71, p < 0·0001

Random effects meta−analysis

Heterogeneity: I 2 = 99·79%, τ2 = 286·58, p < 0·0001
0 20 40 60 80 100 120 140
Residual heterogeneity: I 2 = 99·78%, p < 0·0001
Test for subgroup differences: χ22 = 10·56, df = 2 (p = 0·0051) Mean vitamin D levels (nmol/L)

Northern African countries and South Africa were compared with sub-Saharan Africa
including West, East and Central African regions.
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Study

Figure 3.9. Age of study participants in eligible studies and its association with 25(OH)D
levels.
Chutterpaul 2019
Aly 2014
Yan 2009
Njemini 2002
Sotunde 2017
El Maataoui 2015
El Maghraoui 2012
Abbiyesuku 2016
Glew 2010
Allali 2009
Kruger 2011
Lategan 2016
Daniels 1997
George 2014
El Maaty 2013
George 2013
Gawad 2012
Wejse 2007
Durazo-Arvizu 2014
Basson 2015
Luxwolda 2012
Luxwolda 2013
Hamill 2013
Derar 2017
Ayadi 2016 (mothers)
Durazo-Arvizu 2013
Nielson 2016
Fattah 2015
Amukele 2012 (mothers)
Feleke 1999
Poopedi 2015
Wakayo 2015
Cornish 2000
Abd-Allah 2014
Bezrati 2016
Abu Shady 2015
Djennane 2014
Yamamah 2016
Fahim 2013
Pettifor 1978
Thacher 2000
Graff 2004
Cusick 2014
Walter 1997
Albanna 2010
Thacher 2010
Oginni 1996b
Oginni 1996a
Pfitzner 1998
Nabeta 2015
Jones 2016
Amukele 2012 (infants)
Sudfeld 2017
Sudfeld 2015
Okonofua 1986
Nguema-Asseko 2005
El Rifai 2014
Ayadi 2016 (infants)

Association with vitamin D
Vitamin D increased with age
Vitamin D decreased with age
Not reported
No association

0

25

50

75

Age (years)

The mean age and range are represented by the midpoints and error bars, respectively. The
studies have been sorted by participants’ mean age in years. Studies that had a positive
association between 25(OH)D levels and age are presented in green, negative associations
are presented in red, no association in black, those that did not report any association are
shown in grey.
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Figure 3.10. Meta-analysis of 25(OH)D levels stratified by area (rural vs urban)
Study

Vitamin D levels (nmol/L)

95% CI

Weight (%)

A. Rural
Cameroon - Njemini 2002
Egypt - Aboelnaga 2016
Egypt - Aly 2014
Egypt - Olama 2013
Ethiopia - Gebreegziabher 2013
Ghana - Durazo-Arvizu 2014
Ghana - Gernand 2019
Kenya - Toko 2016 (mothers)
Kenya - Toko 2016 (newborns)
Nigeria - Glew 2010
South Africa - Cornish 2000
Tanzania - Luxwolda 2012 (Maasai)
Tanzania - Luxwolda 2013 (non-pregnant adults)
The Gambia - Braithwaite 2015
The Gambia - Yan 2009
Tunisia - Maalmi 2013
Random effects meta-analysis

52·70
60·40
92·00
46·90
39·70
75·90
65·10
77·00
64·90
68·00
111·40
119·00
115·10
59·60
68·40
75·60
74·29

(49·65–55·75)
(54·39–66·41)
(89·49–94·51)
(43·16–50·64)
(38·36–41·04)
(75·29–76·51)
(62·29–67·91)
(69·22–84·78)
(57·86–71·94)
(66·98–69·02)
(109·06–113·74)
(110·39–127·61)
(108·27–121·93)
(57·96–61·24)
(62·60–74·20)
(73·65–77·55)
(65·81–82·76)

1·5
1·4
1·5
1·5
1·5
1·5
1·5
1·4
1·4
1·5
1·5
1·4
1·4
1·5
1·4
1·5
23·3

B. Urban
Algeria - Garabedian 1991 (newborns)
Algeria - Garabedian 1991 (women)
Egypt - Abd-Allah 2014
Egypt - Abdel Galil 2018
Egypt - Albanna 2010
Egypt - Azab 2013
Egypt - Azab 2016
Egypt - El Maaty 2013
Egypt - El-Shal 2013
Egypt - Eltayeb 2015
Egypt - Emerah 2013
Egypt - Fattah 2015
Egypt - Hamza 2011
Egypt - Schaalan 2012
Egypt - Sobeih 2016
Guinea-Bissau - Wejse 2007
Kenya - Kagotho 2018
Kenya - Were 2014
Libya - Faid 2018
Morocco - Allali 2009
Morocco - El Maataoui 2015
Morocco - El Maghraoui 2012
Morocco - Skalli 2018
Nigeria - Abbiyesuku 2016
Nigeria - Graff 2004
Nigeria - Oginni 1996a
Nigeria - Oginni 1996b
Nigeria - Owie 2018 (mothers)
Nigeria - Owie 2018 (newborns)
Nigeria - Pfitzner 1998
Nigeria - Thacher 1999a
Nigeria - Thacher 2000
Nigeria - Walter 1997
Seychelles - Durazo-Arvizu 2014
South Africa - Durazo-Arvizu 2014
South Africa - Hamill 2013
South Africa - Lategan 2016
South Africa - Poopedi 2011
South Africa - Poopedi 2015
South Africa - Sotunde 2017
South Africa - Velaphi 2019 (mothers)
South Africa - Velaphi 2019 (newborns)
South Africa - White 2019
Tanzania - Friis 2013
Tanzania - Luxwolda 2013 (newborns)
Tanzania - Sudfeld 2015
Tunisia - Bezrati 2016
Tunisia - Fares 2014
Tunisia - Nasri 2016
Uganda - Cusick 2014
Uganda - Nabeta 2015
Zaire - M'Buyamba-Kabangu 1987
Zimbabwe - Chikwati 2019
Random effects meta-analysis

21·30
27·10
46·60
114·40
87·25
66·10
84·10
78·50
67·90
98·31
38·10
112·80
106·50
99·10
71·90
85·30
69·40
76·60
52·80
45·20
32·90
46·70
32·40
107·20
72·40
63·00
69·00
87·40
63·40
64·90
52·20
51·20
59·90
72·90
59·20
60·00
96·80
93·40
56·40
76·40
57·00
41·90
68·10
84·40
79·00
45·20
35·00
29·80
28·30
63·10
80·40
64·90
100·00
66·51

(18·78–23·82)
(25·09–29·11)
(44·18–49·02)
(109·91–118·89)
(81·55–92·95)
(62·38–69·82)
(83·37–84·83)
(74·79–82·21)
(66·03–69·77)
(97·01–99·61)
(35·36–40·84)
(94·48–131·12)
(100·68–112·32)
(88·52–109·68)
(65·97–77·83)
(82·23–88·37)
(55·62–83·18)
(66·23–86·97)
(50·10–55·50)
(43·30–47·10)
(27·44–38·36)
(42·01–51·39)
(29·74–35·06)
(100·14–114·26)
(66·58–78·22)
(62·47–63·53)
(59·36–78·64)
(87·10–87·70)
(63·17–63·63)
(61·56–68·24)
(47·74–56·66)
(48·46–53·94)
(52·85–66·95)
(71·18–74·62)
(57·39–61·01)
(56·73–63·27)
(93·82–99·78)
(89·66–97·14)
(54·98–57·82)
(73·23–79·57)
(53·58–60·42)
(39·48–44·32)
(65·28–70·92)
(81·71–87·09)
(73·29–84·71)
(43·74–46·66)
(33·34–36·66)
(27·41–32·19)
(24·91–31·69)
(53·59–72·61)
(72·07–88·73)
(51·63–78·17)
(93·31–106·69)
(61·86–71·15)

1·5
1·5
1·5
1·5
1·4
1·5
1·5
1·5
1·5
1·5
1·5
1·1
1·4
1·3
1·4
1·5
1·3
1·3
1·5
1·5
1·4
1·5
1·5
1·4
1·4
1·5
1·4
1·5
1·5
1·5
1·5
1·5
1·4
1·5
1·5
1·5
1·5
1·5
1·5
1·5
1·5
1·5
1·5
1·5
1·4
1·5
1·5
1·5
1·5
1·4
1·4
1·3
1·4
76·7

68·30

(64·39–72·21)

100·0

Heterogeneity: I 2 = 99·67%, τ2 = 293·67, p < 0·0001

Heterogeneity: I 2 = 99·84%, τ2 = 289·49, p < 0·0001

Random effects meta-analysis

Heterogeneity: I 2 = 99·82%, τ2 = 267·58, p < 0·0001
Residual heterogeneity: I 2 = 99·82%, p < 0·0001
Test for subgroup differences: χ21 = 2·49, df = 1 (p = 0·11)

0 20 40 60 80 100 120 140
Mean vitamin D levels (nmol/L)
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Figure 3.11. Mean difference (MD) in 25(OH)D levels between men and women (A),
between mothers and their infants (B), between rural and urban inhabitants (C), and
between rickets cases and healthy controls (D).
A· Mean differences in 25(OH)D levels between men and women from the same study
Total

Men
Mean

SD

Total

Women
Mean

SD

MD in 25(OH)D (nmol/L)

Egypt - Abu Shady 2015
Ethiopia - Wakayo 2015
Kenya - Kagotho 2018
Libya - Faid 2018
Nigeria - Glew 2010
South Africa - Lategan 2016
South Africa - Poopedi 2011
Tanzania - Luxwolda 2013 (Hadzabe)
Tanzania - Luxwolda 2013 (Maasai)

98
75
191
75
22
76
155
21
15

98·50
60·30
70·50
52·80
79·60
108·60
100·00
106·30
120·90

30·90
16·90
111·00
30·00
4·00
29·45
34·40
29·20
24·00

102
99
62
380
29
263
144
4
20

108·80
50·00
62·60
52·80
59·20
92·35
86·00
123·80
118·30

35·40
13·50
85·20
29·30
3·50
26·46
31·10
18·00
27·40

-10·30
10·30
7·90
0·00
20·40
16·25
14·00
-17·50
2·60

(-19·50–-1·10)
( 5·64–14·96)
(-18·51–34·31)
(-7·40–7·40)
(18·30–22·50)
( 8·90–23·60)
( 6·58–21·42)
(-39·11–4·11)
(-14·48–19·68)

12·1
13·9
5·4
12·9
14·5
12·9
12·9
6·8
8·5

Random effects meta-analysis

728

6·51

(-1·19–14·20)

100·0

MD in 25(OH)D (nmol/L)

95% CI

Weight (%)

5·80
39·70
12·10
14·80
28·70
24·00
11·50
15·10
45·30
2·20

(2·57–9·03)
(29·75–49·65)
(1·61–22·59)
(9·55–20·05)
(21·42–35·98)
(23·62–24·38)
(-7·01–30·01)
(10·91–19·29)
(28·58–62·02)
(-1·27–5·67)

11·3
9·6
9·5
10·9
10·4
11·5
6·8
11·2
7·4
11·3

19·08

(11·49–26·68)

100·0

95% CI

Weight (%)

Study

1103

Heterogeneity: I 2 = 90%, τ2 = 105·11, p < 0·0001

95% CI

Weight (%)

-30 -20 -10 0 10 20 30 40
MD in 25(OH)D (nmol/L)

B· Mean differences in 25(OH)D levels between mothers and their newborns from the same study
Total

Mothers
Mean

SD

Total

Algeria - Garabedian 1991
Egypt - El Rifai 2014
Kenya - Toko 2016
Malawi - Amukele 2012
Nigeria - Okonofua 1986
Nigeria - Owie 2018
Nigeria - Sanchez 1997
South Africa - Velaphi 2019
Tanzania - Luxwolda 2013
Tunisia - Ayadi 2016

84
135
63
21
30
166
10
290
25
87

27·10
81·40
77·00
93·40
77·70
87·40
44·40
57·00
135·90
17·00

9·40
53·40
31·50
6·50
15·80
2·00
22·80
29·70
32·00
12·80

84
135
54
21
30
166
10
290
25
87

Random effects meta-analysis

911

Study

Newborns
Mean
SD
21·30
41·70
64·90
78·60
49·00
63·40
32·90
41·90
90·60
14·80

11·80
25·00
26·40
10·40
12·80
1·50
19·30
21·00
28·20
10·40

902

Heterogeneity: I 2 = 97·17%, τ2 = 130·23, p < 0·0001

-20

0
20
40
60
MD in 25(OH)D (nmol/L)

80

C· Mean differences in 25(OH)D levels between rural and urban inhabitants from the same study

Study

Total

Ethiopia - Wakayo 2015
Nigeria - Durazo-Arvizu 2013
South Africa - Kruger 2011

85
100
324

Random effects meta-analysis

509

Rural
Mean

SD

61·00 15·10
64·40 17·40
76·40 10·03

Total

Urban
Mean

SD

MD in 25(OH)D (nmol/L)

89
95
324

48·20
29·10
68·17

14·00
12·70
5·27

12·80
35·30
8·23

(8·47–17·13)
(31·04–39·56)
(7·00–9·46)

33·1
33·1
33·8

18·70

(2·92–34·48)

100·0

MD in 25(OH)D (nmol/L)

95% CI

Weight (%)

508

Heterogeneity: I 2 = 99%, τ2 = 191·13, p < 0·0001

-20

0
20
40
60
MD in 25(OH)D (nmol/L)

80

D· Mean differences in 25(OH)D levels between rickets cases and healthy controls from the same study

Study
Nigeria - Graff 2004
Nigeria - Oginni 1996a
Nigeria - Oginni 1996b
Nigeria - Pfitzner 1998
Nigeria - Walter 1997
South Africa - Daniels 2000
Random effects meta-analysis

Rickets cases
SD
Total Mean
15
27
22
20
16
41
141

Heterogeneity: I 2 = 92%, τ2 = 74·75, p < 0·0001

37·40
43·00
36·00
56·40
14·10
37·70

13·50
5·50
28·00
11·70
4·70
15·50

Healthy controls
SD
Total Mean
15
47
20
198
27
14

72·40
63·00
69·00
64·90
24·00
43·40

4·60
2·60
22·00
24·00
7·50
19·50

321
-50 -40 -30 -20 -10 0
MD in 25(OH)D (nmol/L)

-35·00
-20·00
-33·00
-8·50
-9·90
-5·70

(-42·22–-27·78)
(-22·20–-17·80)
(-48·16–-17·84)
(-14·62–-2·38)
(-13·55–-6·25)
(-16·96– 5·56)

17·2
20·0
11·3
18·0
19·4
14·1

-18·00

(-25·64–-10·36)

100·0

10

These were differences in mean 25(OH)D levels between the groups in the same study.
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Table 3.6. Mean/median 25(OH)D levels for disease and control groups in case-control
studies
Disease group

Disease
Rickets

Fractures

Tuberculosis

HIV

Diabetes

Asthma

Healthy controls

Mean
(SD)/median
(IQR) 25(OH)D
(nmol/L)

p

Study

Country

n

Graff 2004

Nigeria

15

37.4 (13.5)

15

72.4 (4.6)

<0.0001

Oginni 1996a

Nigeria

27

43 (5.5)

47

63 (2.6)

<0.0001

Oginni 1996b

Nigeria

22

36 (28)

20

69 (22)

<0.0001

Okonofua 1991

Nigeria

11

41 (22–84)*

12

41 (29–50)*

-

Pfitzner 1998

Nigeria

20

56.4 (11.7)

198

64.9 (24.0)

0.12

Walter 1997

Nigeria

16

14.1 (4.7)

27

24 (7.5)

<0.0001

Thacher 2000

Nigeria

123

32 (22–40)

123

50 (42–62)*

-

Jones 2016

Kenya

21

19 (15–37)*

22

70 (54–85)*

-

Daniels 2000

South Africa

41

37.7 (15.5)

14

43.4 (19.5)

<0.0001

Thacher 2014

Nigeria

190

34.9 (5.0–89.9)*

257

49.9 (7.5–127.3)*

–

Chutterpaul 2019

South Africa

151

39.4 (23.1)

176

50.1 (23.3)

<0.0001

El Maghraoui 2012

Morocco

97

33.5 (22)

81

46.7 (31.9)

0.001

El Maataoui 2015

Morocco

134

39.1 (17.8)

73

32.9 (23.8)

0.035

Musarurwa 2017

134

59.9 (48.7–73.9)

133

53.9 (45.7–66.1) *

–

Wejse 2007

Zimbabwe
GuineaBissau

362

78.3 (22.6)

494

85.3 (34.8)

<0.0001

Ludmir 2016

Botswana

39

80.4 (53.7–99.8)*

41

77.1 (56.4–104.6)*

–

Ashenafi 2018

Ethiopia

38.5

77

35

–

Friis 2013

Tanzania

78
122
3

110.9 (35.7)

347

84.4 (25.6)

<0.0001

Boillat-Blanco 2016

Tanzania

280

94.0 (26.9)

358

89.6 (26.9)

0.041

Edem 2016

Nigeria

24

44.08 (9.5) pg/ml

20

45.80 (13.30) pg/ml

0.62

Hamill 2013

South Africa

74

59.2 (16.5)

98

59.7 (16.5)

0.84

Velaphi 2019 (mothers)

South Africa

137

58.8 (31.2)

152

55.5 (28.3)

0.35

Velaphi 2019 (children)

South Africa

138

40.7 (21.2)

151

42.8 (20.9)

0.40

Were 2014

Kenya

16

88.1 (58.2)

23

79.9 (37.4)

0.59

Nansera 2011 (HIV only)

Uganda

50

69.9 (27.5)

50

64.9 (17.5)

0.28

Nansera 2011 (HIV+TB)

Uganda

50

59.9 (27.5)

50

64.9 (17.5)

0.28

Aké 2018

Ivory Coast

120

69.9 (5.5)

163

77.4 (3.9)

<0.0001

Chikwati 2019

Zimbabwe

64

112 (33.4)

63

100 (27.1)

0.028

Musarurwa 2017

Zimbabwe

139

50.9 (36.4–67.1)*

133

53.9 (45.7–66.1)*

–

Abd-Allah 2014

Egypt

120

35.5 (12.5)

120

46.6 (13.5)

<0.0001

Abbiyesuku 2016

Nigeria

80

91.2 (28.2)

29

107.2 (25.2)

0.0083

Azzam 2019

Egypt

40

35.0 (17.5)

40

40.3 (21.4)

0.23

Bahendeka 2018

Uganda

85

116.4 (63.6)

79

99.6 (120.8)

0.26

Azab 2013
Fondjo 2017

Egypt
Ghana

80
118

61.7 (14.0)
6.1 (4.8–22.3)*

40
100

66.1 (12.0)
31.3 (6.5–81.8)*

0.092
–

Maalmi 2013

Tunisia

155

47.1 (16.7)

225

75.6 (14.9)

<0.0001
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n

Mean (SD)/median
(IQR) 25(OH)D
(nmol/L)

Systemic
lupus
erythematos
us
Hepatitis C
virus

82

45.2 (8.7–136.5)*

33

90.1 (26.9–189.1)*

–

Nigeria

154

48.1 (9.5)

154

70.3 (11.7)

<0.0001

Omole 2018

Nigeria

103

122.8 (18.0)

103

127.8 (17.2)

0.043

Abdel Galil 2018

Egypt

123

64.6 (20.5)

100

114.4 (22.9)

<0.0001

Azab 2016

Egypt

100

84.1 (3.7)

100

53.7 (3.0)

<0.0001

Emerah 2013

Egypt

107

27.4 (15.4)

129

38.1 (15.9)

<0.0001

Hamza 2011

Egypt

60

65.7 (30.1)

60

106.5 (23.0)

<0.0001

Abdel-Mohsen 2018

Egypt

60

111.1 (21.1)

30

164.7 (7.5)

<0.0001

Eltayeb 2015

Egypt

66

61.58 (17.05)

28

98.31 (3.50)

<0.0001

Ali 2017

Egypt

Lahmar 2018

Schaalan 2012

Egypt

50

37.2 (8.7)

25

99.1 (27.0)

<0.0001

Polycystic
ovary
syndrome
Cardiovascul
ar diseases

Bakeer 2018

Egypt

53

31.3 (14.9)

17

48.7 (27.3)

0.0013

El-Shal 2013

Egypt

150

59.9 (13.0)

150

67.9 (11.7)

<0.0001

El Maaty 2013

Egypt

63

60.1 (25.8)

31

78.5 (10.54)

<0.0001

Derar 2017

Sudan

50

46.37 (30.74)

50

51.10 (21.91)

0.34

Vitiligo

Sobeih 2016

Egypt

75

43.7 (20.2)

75

71.9 (26.2)

<0.0001

80

34.64 (3.03)

20

76.70 (10.73)

<0.0001

100

100.3

203

64.6

–

Ibrahim 2018

Egypt

Renal
diseases

Cavalier 2019

Ivory Coast

Derar 2017

Sudan

50

56.2 (33.6)

50

51.1 (21.9)

0.37

Fibromyalgi
a
Diarrhoea

Olama 2013

Egypt

50

37.7 (15.2)

50

46.9 (13.5)

0.0019

Hassam 2019

Tanzania

47

51.9

47

47.8

–

Albinism

Van der Walt 2016

South Africa

50

54.4

50

45.9

–

Alopecia
areata
Goiter

Fattah 2015

Egypt

30

45.9 (8.5)

30

112.8 (51.2)

<0.0001

Aboelnaga 2016

Egypt

77

60.4 (21.7)

50

70.8 (27.2)

0.019

Graves
disease
Malaria

Gawad 2012

Egypt

90

53.6 (18.5)

55

77.1 (16.2)

<0.0001

Cusick 2014

Uganda

40

52.9 (16)

20

63.1 (17.7)

0.001

Malnutrition

Nabeta 2015

Uganda

117

81.1 (30.0)

41

80.4 (27.2)

0.90

Alsayed 2007

Egypt

93

40 (11.3)

70

47.1 (3.1)

<0.0001

Skalli 2018

Morocco

113

29.2 (17.4)

146

32.4 (16.4)

0.13

Nasri 2016

Tunisia

68

20.65 (10.25)

64

28.30 (13.82)

0.0004

Albanna 2010

Egypt

40

37.6 (21.1)

40

87.25 (18.4)

<0.0001

Akinlade 2017

Nigeria

60

19.8 (5.1)

30

28.1 (5.6)

<0.0001

Ibn Yacoub 2012

Morocco

30

27.2 (6.7)

30

57.41 (4.18)

<0.0001

Fahim 2013

Egypt

100

10.4 (4.6)

100

40.2 (12.3)

<0.0001

Metabolic
syndrome
Multiple
sclerosis
Neural tube
defects
Pneumonia
Schizophreni
a
Systemic
sclerosis
βthalassemia
major

*These are median values (with IQR), the rest are means (SD). Level of significance between the group means was determined using the
Student t-test, this was not carried out in studies with only median 25(OH)D concentrations.
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Table 3.7. Seasonality in vitamin D status
Study

Country

Comments

Egypt

Seasonality
in 25(OH)D
levels
Yes

Ali 2017
Allali 2009

Morocco

Yes

Higher levels during summer

Ashenafi 2018

Ethiopia

No

No seasonal effects on 25(OH)D levels

Chikwati 2019

Zimbabwe

Yes

Summer was associated with higher vitamin D status

Djennane 2014

Algeria

Yes

Higher prevalence of vitamin D deficiency in winter

Durazo 2013

Nigeria

No

No seasonal effects on 25(OH)D levels

El Rifai 2014

Egypt

Yes

Higher prevalence of vitamin D deficiency in winter

Garabedian 1991

Algeria

Yes

George 2014

South Africa

Yes

Higher prevalence of vitamin D deficiency in winter and
spring
Higher 25(OH)D levels in autumn

Poopedi 2011

South Africa

Yes

25(OH)D levels were highest in summer and autumn

Poopedi 2015

South Africa

No

No seasonal effects on 25(OH)D levels

Sithembiso (in
press)
Sotunde 2017

South Africa

Yes

25(OH)D levels were highest in summer

South Africa

Yes

Higher 25(OH)D levels in autumn

Sudfeld 2017

Tanzania

Yes

Thacher 200

Nigeria

No

Higher vitamin D status during December–March and June–
August seasons
No seasonal effects on 25(OH)D levels

Wejse 2007

Yes

White 2019

GuineaBissau
South Africa

Yan 2009

The Gambia

No

Yes

Lower vitamin D status in winter

Higher prevalence of vitamin D deficiency prevalence in
winter
Higher prevalence of vitamin D deficiency prevalence in
winter
No seasonal effects on 25(OH)D levels

This table includes only studies included in this review that investigated seasonality in vitamin D status in healthy
participants.
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3.4 Discussion
In this systematic review and meta-analysis, I found that vitamin D deficiency, irrespective of
the cut-off used, was common among African populations. Meta-analyses results indicate that
approximately one in every five persons living in Africa have vitamin D deficiency as
defined by 25(OH)D levels <30 nmol/L, one in every three using the <50 nmol/L cut-off, and
three in every five using the <75 nmol/L cut-off. Populations with a higher risk of vitamin D
deficiency included newborns, women, urban residents and populations residing in northern
African countries and South Africa.
The overall prevalence of vitamin D deficiency (<50 nmol/L) in Africa of 34.4% is
comparable to some temperate countries. For instance, nationally representative surveys
reported the prevalence of vitamin D deficiency (<50 nmol/L) to be about 40% in European
countries and 23.3% in USA (Herrick et al., 2019, Lips et al., 2019). Prevalence of vitamin D
deficiency has been reported at 20% in Australia, 56% in China and ranged from 30% to 90%
in the Middle East (Malacova et al., 2019, Yu et al., 2015, Lips et al., 2019). Nevertheless,
there is a huge variation in the determinants of vitamin D status between populations (Mithal
et al., 2009). For instance, vitamin D supplementation and fortification of foods with vitamin
D are common in USA, Canada and some European countries (Calvo et al., 2004, Spiro and
Buttriss, 2014) but are rare in Africa. Most determinants of vitamin D status (in the studies I
included in this review) were modifiers of sunshine exposure, which suggests that Africans
obtain their vitamin D mostly from exposure to sunshine, as is the case for many of the
populations in the world (Holick, 2007a).
Africans living in Africa have been reported to have lower 25(OH)D levels than Africans
living in temperate countries (Durazo-Arvizu et al., 2014) but comparable levels to
Caucasians in the United States (Durazo-Arvizu et al., 2013). Dark skin pigmentation
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effectively diminishes ultraviolet rays necessary for vitamin D synthesis in the skin (Holick,
2007a) which makes Africans less adapted for temperate environments. It is estimated that
Africans need up to six times more sun exposure than Caucasians to obtain sufficient vitamin
D (Murphy et al., 2012). In a recent study, 82.1% of African Americans in USA were
reported to have vitamin D deficiency which is much higher than the national average of
41.9%. (Forrest and Stuhldreher, 2011). Serum 25(OH)D levels have been reported to
decrease in Africans with increasing distance from the equator (Durazo-Arvizu et al., 2014)
and the duration of time since migrating from Africa (Martin et al., 2016).
Studies with the highest prevalence of vitamin D deficiency were from northern Africa and
South Africa. The vitamin D status of northern African populations is comparable to Middle
Eastern populations, and this has been suggested to be due to similarity in climates, cultures
and lifestyles (Lips et al., 2019, Arabi et al., 2010). Furthermore, seasonality was reported in
studies from northern Africa and South Africa, with the exception of a single study from
Tanzania (Table 3.7). Seasonality is common in temperate regions because they experience
distinct seasons of the year with variable sunshine duration and intensity.
I found substantial heterogeneity in vitamin D status within and between African countries.
Meta-regression analyses indicated that just a small proportion of the heterogeneity in the
estimates included in the meta-analyses was accounted for by age group, geographical region,
areas of residence, vitamin D assay and study quality. Variability in vitamin D status was also
high within populations in some African countries. For instance, subgroup meta-analysis
revealed studies from Egypt had high heterogeneity (I2 of 99.8%). Prentice et al suggested
that high heterogeneity in 25(OH)D levels could be due to population differences in culture,
skin pigmentation, climate, and geography (Prentice et al., 2009). Future studies should be
representative of the diversity in African populations.
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Africa is undergoing rapid urbanization (United Nations, 2018), and the associated lifestyle
changes may contribute to low vitamin D status in Africa. I found that populations living in
urban areas had lower 25(OH)D concentrations than populations in rural areas (Figure 3.10
and 3.11). This could be due to urban lifestyles that reduce sun exposure or reduce dietary
intake of vitamin D as has been reported in Greece (Manios et al., 2017). A recent United
Nations report estimated that more than 50% of Africans will live in urban areas by 2035
(United Nations, 2018), which implies the prevalence of vitamin D deficiency is likely to
rise. I found that populations with some of the highest 25(OH)D concentrations in Africa
were Maasais and Hadzabes who were still practising traditional lifestyles such as nomadic
animal rearing, hunting, and gathering (Luxwolda et al., 2013).
Sub-group analyses of the meta-analyses revealed that vitamin D status varied by age and
pregnancy status in African populations. Newborns had the highest prevalence of vitamin D
deficiency. There were no significant differences in vitamin D status between older children
and adults. A recent systematic review reported that newborns had lower (although highly
correlated) 25(OH)D concentrations than their mothers (Saraf et al., 2016). This is expected
because vitamin D is supplied from the mother to her baby during pregnancy. Meta-analyses
indicated that pregnant women and mothers of newborns have a higher prevalence (44%) of
vitamin D deficiency (<50 nmol/L) than other adults (36%). Paradoxically, a study reported
pregnancy to be associated with a steady increase in 25(OH)D levels culminating at birth,
probably to ensure that the foetus gets sufficient vitamin D for growth and development
(Cross et al., 1995). However, it is worth noting that the studies of pregnant women that I
included in this review had small sample sizes which may have biased the results. There is a
need for more robust studies to characterize the vitamin D status of pregnant women.
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Women had lower 25(OH)D concentrations than men in most studies that investigated
vitamin D status by gender. Similarly, a past review reported female sex to be a common risk
factor for vitamin D deficiency in many epidemiological studies (Arabi et al., 2010). This
could be attributed to gender differences in cultures and lifestyles that result in variation in
sun exposure. For instance, in many African cultures, women tend to engage in domestic
chores and hence are more likely to be indoors which reduce their sun exposure. On the other
hand, men are more likely to be involved in outdoor activities such as animal herding,
farming and hunting (Bassey et al., 2012).
Low vitamin D status was associated with most diseases that were investigated in casecontrol studies (Table 3.5). Nevertheless, due to the observational nature of these studies,
direction of causality cannot be ascertained. Vitamin D deficiency could result in increased
susceptibility to infections, since vitamin D has been shown to play a role in immune
function (Holick, 2007a), or patients may spend more time indoors during illness which could
then result in lowering of vitamin D status because of reduced sun exposure. Several
pathways and mechanisms of action have been suggested through which vitamin D may
influence susceptibility to diseases (Wang et al., 2017).
In case-control studies on rickets included in this review, children with rickets had lower
25(OH)D concentrations than children who did not have rickets (Figure 3.11). Some African
populations have been reported to have some of the lowest dietary intakes of calcium
globally, and this may be contributing to the high prevalence of rickets in Africa (Prentice et
al., 2009, Pettifor, 2014). In a study conducted in Nigeria, children with rickets responded
better when supplemented with calcium alone or in combination with vitamin D than with
vitamin D alone (Okonofua et al., 1991).
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3.4.1

Strengths and limitations

To my knowledge, this is the first meta-analysis of prevalence of vitamin D deficiency or
mean 25(OH)D levels in the general population living in Africa and includes the largest
number of vitamin D status studies from Africa, which could be attributed to the robust
search strategy used in the literature search. In addition, I did not exclude any study based on
their language or year of publication which minimized the introduction of bias in the review.
However, these findings should be interpreted in the context of some limitations. Three
studies that were included in this review were published earlier than 1990 and may be less
representative of the current vitamin D status in Africa populations. However, excluding
these studies in sensitivity analyses resulted in marginal changes in the overall mean
25(OH)D estimate (Table 3.4). Many countries in Africa do not have any study on vitamin D
status which necessitates the need for more studies from Africa. A more detailed analysis of
the factors associated with vitamin D status could have been conducted with access to
individual-level datasets rather than relying on published summary measures. The large
variation of vitamin D assays used by studies included in this review may also have
influenced our findings. However, sensitivity analyses revealed that assay type had marginal
effects on the overall 25(OH)D estimate and contributed to only about 5% of observed
heterogeneity. In future, I recommend recalibration of some studies to give a more accurate
representation of vitamin D status as has been done in Europe (Cashman et al., 2016).
Although I only included studies with healthy participants in this review, population-based
studies would have been better at inferring the vitamin D status of the general population, and
these studies are currently lacking in Africa.
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3.4.2

Conclusions

Vitamin D deficiency and insufficiency is prevalent in Africa. There is a need to incorporate
strategies to prevent, detect and treat vitamin D deficiency as part of public health and
primary care in Africa, especially in newborns, women, and populations living in urban areas.
Therefore, I recommend the development of governmental policies and nutritional guidelines
to improve the vitamin D status of African populations, as has been implemented in other
countries.
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CHAPTER 4. PREVALENCE AND PREDICTORS OF VITAMIN D
DEFICIENCY IN YOUNG AFRICAN CHILDREN
This chapter forms the basis of a manuscript published in the BMC Medicine entitled
“Prevalence and predictors of vitamin D deficiency in young African children”, in which I
was the first author (Supplementary File 2).

4.1 Introduction
Vitamin D deficiency has become a public health concern due to its association with several
diseases and negative health outcomes. It is estimated that more than one billion people have
vitamin D deficiency worldwide (Holick, 2007b). Young children may be at a higher risk of
vitamin D deficiency related diseases due to their rapid growth and development (Weydert,
2014). The average prevalence of low vitamin D status (25(OH)D <50 nmol/L) in African
children (aged 0-17 years) was 23% in a meta-analysis of vitamin D status studies from
Africa (Figure 3.3). Vitamin D deficiency during childhood and in utero may cause growth
retardation and skeletal deformities (Holick, 2007b), impaired cognitive development
(Benton, 2011), and has been associated with weakened immunity and increased incidence of
infections in children (Walker and Modlin, 2009). Preschool children living in Africa have
one of the highest reported rates of nutritional rickets (Weydert, 2014), a heavy burden of
infectious diseases (Global Burden of Disease Pediatrics et al., 2016), and also constitute
more than half of under-five-year mortality worldwide (You et al., 2015). Therefore,
information on the prevalence and determinants of vitamin D deficiency in African children
is important in guiding public health policy and healthcare in Africa.
Little is known about the prevalence of low vitamin D status in African children. The
majority of studies investigating vitamin D status in Africa involved adults only (Table 3.5).
Furthermore, most of the studies that included children were case-control studies with
relatively few population-based studies(Pfitzner et al., 1998, Sudfeld et al., 2017, Sudfeld et
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al., 2015). The prevalence of vitamin D deficiency (25(OH)D levels <25 nmol/L) and rickets
was 0% and 9.2%, respectively, in a population-based study from northern Nigeria that
included 218 infants aged between 6–35 months (Pfitzner et al., 1998). The prevalence of
vitamin D deficiency (25(OH)D <50 nmol/L) was 21.2% in a randomised clinical trial that
included 581 infants aged about six months in Tanzania (Sudfeld et al., 2017). The only other
population-based study to the best of my knowledge included 948 HIV-negative infants born
to mothers living with HIV in Tanzania and did not report the prevalence of vitamin D
deficiency (Sudfeld et al., 2015).
Few studies have investigated the risk factors and predictors of low vitamin D status in
African children. Vitamin D status increased with age in infants of mothers living with HIV
in Malawi (Amukele et al., 2013) but was not associated with sex, stunting, wasting, or
underweight in Tanzanian infants (Sudfeld et al., 2017). However, vitamin D deficiency was
associated with severe wasting and breastfeeding in pre-school children living in Tanzania
and Kenya (Sudfeld et al., 2017, Jones et al., 2018b). Studies that investigated the association
between vitamin D status and inflammation have reported mixed findings (Williams et al.,
2012, Mazidi et al., 2018). Vitamin D status was positively associated with C-reactive protein
(CRP) levels in Egyptian children with sepsis (Aydemir et al., 2014), which to the best of my
knowledge, was the only study that evaluated the association between the vitamin D and CRP
in Africa. Furthermore, no clinical trial has investigated the association between vitamin D
and malaria (Yakoob et al., 2016) and the few observational studies that investigated this
association have reported mixed findings (Cusick et al., 2014, Sudfeld et al., 2015, Sudfeld et
al., 2017). In my systematic review, 13 out of 23 previous studies that investigated the effect
of seasonality on vitamin D status in Africa found an association (Figure 3.6) (Mogire et al.,
2020).

66

Variants of the group-specific component (GC) gene (the vitamin D binding protein (DBP)
gene) have been associated with vitamin D status and many pathophysiological conditions
(Bikle and Schwartz, 2019). About 85–90% of circulating 25(OH)D levels is bound to DBP,
while the rest is either bound to albumin (10–15%) or is free (<1%) (Bikle and Schwartz,
2019). The free hormone hypothesis suggests that only free vitamin D can cross the cell
membrane of target cells while the protein-bound vitamin D acts as a reservoir (Bikle and
Schwartz, 2019). DBP is one of the most polymorphic proteins in mammals with many
known genetic variants (Bouillon et al., 2019). However, the most common and well-known
DBP variants (Gc1f, Gc1s and Gc2) and haplotypes (Gc1f-1f, Gc1f-1s, Gc1f-2, Gc1s-1s,
Gc1s-2 and Gc2-2) are determined by a combination of two Gc SNPs (rs7041 and rs4588)
(Bikle and Schwartz, 2019). The Gc1f variant is thought to have the highest binding affinity
for 25(OH)D and is associated with high total 25(OH)D levels and low free 25(OH)D levels,
while the Gc2-2 variant has the lowest binding affinity and is associated with lower total
25(OH)D levels and high free 25(OH)D levels (Bikle and Schwartz, 2019). Africans have a
higher frequency of the Gc1f variant and lower frequency of the Gc1s and Gc2 variants
compared to Europeans and Asians(Powe et al., 2013). DBP levels and variants have been
associated with inter-ethnic variation in vitamin D status (Braithwaite et al., 2015, Powe et
al., 2013, Newton et al., 2019). However, to my knowledge, only two genetic studies (n =
237 and n = 36) have assessed the association between DBP variants and 25(OH)D levels in
Africa (Braithwaite et al., 2015, Jones et al., 2014).
Information on the prevalence, risk factors and predictors of vitamin D deficiency in African
children is limited due to the paucity of studies investigating vitamin D status in African
children. In this chapter, I report the prevalence of low vitamin D status in 4509 young
children living in Kenya, Uganda, Burkina Faso, The Gambia and South Africa. I further
describe the associations between vitamin D status (25(OH)D levels and categories) and age,
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sex, study country, season, stunting, wasting, underweight, inflammation, malaria
parasitaemia and DBP variants.

4.2 Methods
4.2.1

Study population

To determine the prevalence and predictors of vitamin D deficiency in young African
children, I included data from community-based children living in Kilifi, Kenya; Entebbe,
Uganda; Banfora, Burkina Faso; Soweto, South Africa; and Keneba, The Gambia. A
comprehensive description of the study cohorts, laboratory assays for 25(OH)D, CRP, α1antichymotrypsin (ACT), malaria parasitaemia, measurements of anthropometry and
associated definitions are presented in Chapter 2.1 (General Methods).
4.2.2

DBP haplotypes and variants allocation

Genotyping of samples and quality control of the genetic data is described in Methods 2.4. I
imputed missing genotypes using TOPMED imputation server
(https://imputation.biodatacatalyst.nhlbi.nih.gov/). I retrieved SNP genotype data for rs7041
and rs4588 from imputed data using qctool (https://www.well.ox.ac.uk/~gav/qctool_v1/). I
used a combination of rs7041 and rs4588 alleles to determine DBP variants; Gc1f (T,C,
respectively), Gc1s (G, C) and Gc2 (T, A), and DBP haplotypes; Gc1f/f (TT, CC), Gc1f/s
(TG, CC), Gc1f/2 (TT, CA), Gc1s/s (GG, CC), Gc1s/2 (TG, CA), and Gc2/2 (TT, AA), as
previously described (Braithwaite et al., 2015, Rahimi et al., 2019).
4.2.3

Definitions

Definition of low vitamin D status, inflammation, malaria parasitaemia and nutritional
parameters are described in Chapter 2 (section 2.3).
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4.2.4

Statistical analyses

Statistical analyses were performed using STATA v15.0 (StataCorp., College Station, TX)
and R v3.5.1 (https://www.R-project.org/).
4.2.4.1 Descriptive and regression analyses.
I assessed for normality in the distribution of 25(OH)D and CRP levels using Shapiro–Wilk's
tests and histograms. I natural log (ln)-transformed 25(OH)D and CRP levels to normalize
their distribution in association analyses. I used geometric means and medians to summarize
25(OH)D levels. I computed the prevalence of low vitamin D levels using common 25(OH)D
cut-offs of <30 nmol/L, <50 nmol/L, and 50–75 nmol/L (Holick et al., 2011b, Ross et al.,
2011). I conducted linear and logistic regression analyses to evaluate associations between
vitamin D status (25(OH)D levels and vitamin D status categories) and age, sex, study
country, season, stunting, wasting, underweight, inflammation, malaria, and DBP variants
and haplotypes. I included sex, age, season, inflammation and study site as covariates in the
multivariable regression analyses. I further fitted fractional polynomials to evaluate the
distribution of 25(OH)D levels by CRP levels and by age and to test for non-linearity. I tested
for significance of differences in median 25(OH)D levels using Wilcoxon rank-sum test (two
categories) and Kruskal-Wallis equality-of-populations rank test (more than two categories). I
tested for differences in prevalence using prtest in STATA.
4.2.4.2 Meta-analyses
I searched PubMed and Embase for published studies that assessed the vitamin D status of
healthy children aged between 0–8 years in Africa, without restrictions on the language or
date of publication. I also manually searched citations of eligible articles to identify
additional studies. I translated articles that were published in non-English languages to
English using Google translate. I used MeSH terms for vitamin D status, children and African
countries to search PubMed, which I also modified for Embase (Table 4.1). I then conducted
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meta-analyses of 25(OH)D means and prevalence of low vitamin D status (25(OH)D levels
<30, <50 and <75 nmol/L) using a random effects model (meta R package) due to the high
heterogeneity between the study estimates (Moher et al., 2009). I estimated heterogeneity
using meta-analysis I2 with an I2 of <50, 50–75 and >75 indicating low, moderate and high
heterogeneity, respectively (Higgins et al., 2003).
Table 4.1. Keywords used to search databases
Database

Search terms

PubMed

("Vitamin D"[Mesh] OR "Vitamin D Deficiency"[Mesh] OR "Cholecalciferol"[Mesh] OR "25Hydroxyvitamin D 2"[Mesh] OR "Calcifediol"[Mesh] OR "Ergocalciferols"[Mesh]) AND
("Child"[Mesh] OR "Child, Preschool"[Mesh] OR "Infant"[Mesh]) NOT "Infant, Newborn"[Mesh] AND
("African Continental Ancestry Group"[Mesh] OR “Algeria”[Mesh] OR “Egypt”[Mesh] OR
“Libya”[Mesh] OR “Morocco”[Mesh] OR “South Sudan”[Mesh] OR “Sudan”[Mesh] OR
“Tunisia”[Mesh] OR “Burundi”[Mesh] OR “Comoros”[Mesh] OR “Djibouti”[Mesh] OR “Eritrea”[Mesh]
OR “Ethiopia”[Mesh] OR “Kenya”[Mesh] OR “Madagascar”[Mesh] OR “Malawi”[Mesh] OR
“Mauritius”[Mesh] OR “Comoros”[Mesh] OR “Mozambique”[Mesh] OR “Reunion”[Mesh] OR
“Rwanda”[Mesh] OR “Seychelles”[Mesh] OR “Somalia”[Mesh] OR “Tanzania”[Mesh] OR
“Uganda”[Mesh] OR “Zambia”[Mesh] OR “Zimbabwe”[Mesh] OR “Benin”[Mesh] OR “Burkina
Faso”[Mesh] OR “Cabo Verde”[Mesh] OR “Cote d'Ivoire”[Mesh] OR “Gambia”[Mesh] OR
“Ghana”[Mesh] OR “Guinea”[Mesh] OR “Guinea-Bissau”[Mesh] OR “Liberia”[Mesh] OR OR
“Mali”[Mesh] OR “Mauritania”[Mesh] OR “Niger”[Mesh] OR “Nigeria”[Mesh] OR “Atlantic
Islands”[Mesh] OR “Senegal”[Mesh] OR “Sierra Leone”[Mesh] OR “Togo”[Mesh] OR “Angola”[Mesh]
OR “Cameroon”[Mesh] OR “Central African Republic”[Mesh] OR “Chad”[Mesh] OR “Congo”[Mesh]
OR “Democratic Republic of the Congo”[Mesh] OR “Equatorial Guinea”[Mesh] OR “Gabon”[Mesh] OR
“Sao Tome and Principe”[Mesh] OR “Botswana”[Mesh] OR “Lesotho”[Mesh] OR “Namibia”[Mesh] OR
“South Africa”[Mesh] OR “Eswatini”[Mesh])

Embase

( (" vitamin D" and ("Child" OR "Child, Preschool" OR "Infant") NOT "Newborn" and ("Algeria" or "
Egypt" or " Libya" or " Morocco" or " South Sudan" or " Sudan" or " Tunisia" or " Western Sahara" or "
Burundi" or " Comoros" or " Djibouti" or " Eritrea" or " Ethiopia" or " Kenya" or " Madagascar" or "
Malawi" or " Mauritius" or " Comoros" or " Mozambique" or " Reunion" or " Rwanda" or " Seychelles"
or " Somalia" or " Tanzania" or " Uganda" or " Zambia" or " Zimbabwe" or " Benin" or " Burkina Faso"
or " Cape Verde" or " Cote d'Ivoire " or " Ivory Coast" or " Gambia" or " Ghana" or " Guinea" or "
Guinea-Bissau" or " Liberia" or " Mali" or " Mauritania" or " Niger" or " Nigeria" or "Atlantic Islands" or
" Senegal" or " Sierra Leone" or " Togo" or " Angola" or " Cameroon" or " Central African Republic" or "
Chad" or " Congo" or " Democratic Republic of the Congo" or " Equatorial Guinea" or " Gabon" or " Sao
Tome and Principe" or " Botswana" or " Lesotho" or " Namibia" or " South Africa" or " Eswatini")) not
"African American").mp. [mp=title, abstract, heading word, drug trade name, original title, device
manufacturer, drug manufacturer, device trade name, keyword, floating subheading word, candidate term
word]

4.3 Results
4.3.1

Characteristics of study participants

Data for this study were obtained for 4509 African children, including 1361 in Kenya, 1301
in Uganda, 329 in Burkina Faso, 889 in South Africa and 629 in The Gambia. Table 4.2
shows the characteristics of these study participants. The children were aged between 0.2 to 8
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years, with an overall median age of 23.9 months (interquartile range [IQR] 12.3, 35.9). A
total of 2216 (49.1%) participants were female. The prevalence of stunting, underweight and
wasting was highest in Kenya (47.6%, 26.2%, 11.7%, respectively) and lowest in Uganda
(15.8%, 8.0%, 4.6%, respectively). The prevalence of inflammation was highest in Burkina
Faso (33.5%), followed by Kenya (27.0%), Uganda (23.8%), South Africa (17.6%), and was
lowest in The Gambia (13.5%). The prevalence of malaria parasitaemia was highest in
Burkina Faso (21.1%), followed by Kenya (20.8%), The Gambia (10.4) and lowest in
Uganda (7.0%). South African children were not exposed to malaria and did not have
anthropometric data.

71

Table 4.2. Characteristics of study participants

No. of participants (%)
Median 25(OH)D nmol/L (IQR)*
Vitamin D status
25(OH)D >150 nmol/l
25(OH)D >75nmol/l
25(OH)D 50–75 nmol/l
25(OH)D <50 nmol/l
25(OH)D <30 nmol/l
Median age (months)
Age categories (months)

<12
12-24
24-36
36-48
48+

Overall
4509 (100%)
77.6 (63.6, 94.2)

Kenya
1361 (30.1%)
81.0 (66.3, 101.6)

Uganda
1301 (28.9%)
78.6 (65.1, 94.5)

Burkina Faso
329 (7.3%)
78.4 (64.5, 91.3)

The Gambia
629 (13.9%)
71.2 (59.1, 84.2)

South Africa
889 (19.7%)
76.2 (60.6, 91.9)

79/4509 (1.8%)
2485/4509 (55.1%)
1674/4509 (37.1%)
350/4509 (7.8%)
28/4509 (0.6%)
23.9 (12.3, 35.9)

51/1361 (3.7%)
815/1361 (59.9%)
464/1361 (34.1%)
82/1361 (6.0%)
4/1361 (0.3%)
19.8 (12.7, 36.8)

17/1301 (0.1%)
756/1301 (58.1%)
479/1301 (36.8%)
66/1301 (5.1%)
5/1301 (0.4%)
24.1 (23.9, 35.9)

4/329 (1.3%)
186/329 (56.5%)
123/329 (37.4%)
20/329 (6.1%)
0/329 (0%)
23.4 (19.7, 26.4)

1/629 (0.2%)
265/629 (42.1%)
302/629 (48.0%)
62/629 (9.9%)
2/629 (0.3%)
46.6 (35.2, 58.7)

6/889 (0.7%)
463/889 (52.1%)
306/889 (34.4%)
120/889 (13.5%)
17/889 (1.9%)
12.0 (11.9, 12.1)

816/4509 (18.1%)
1597/4509 (35.4%)
1029/450 (22.8%)
478/4509 (10.6%)
589/4509 (13.1%)
2216/4509 (49.1%)

300/1361 (22.0%)
555/1361 (40.8%)
153/1361 (11.2%)
146/1361 (10.7%)
207/1361 (15.2%)
671/1361 (49.3%)

24/1301 (1.8%)
440/1301 (33.8%)
587/1301 (45.1%)
167/1301 (11.8%)
83/1301 (6.4%)
641/1301 (49.3%)

19/329 (5.8%)
172/329 (52.3%)
138/329 (42.0%)
161/329 (48.9%)

15/629 (2.4%)
150/629 (23.9%)
165/629 (26.2%)
299/629 (47.5%)
297/629 (47.2%)

473/889 (53.2%)
415/889 (46.7%)
1/889 (0.1%)
446/889 (50.2%)

Sex: females
Season#
Summer/short rains/dry
867/4503 (19.3%)
285/1361 (20.9%)
331/1296 (25.5%)
72/329 (21.9%)
179/889 (18.1%)
Autumn/dry
1475/4503 (32.8%)
896/1361 (65.8%)
295/1296 (22.8%)
123/329 (37.4%)
161/889 (18.1%)
Winter/long rains
1361/4503 (30.2%)
86/1361 (6.3%)
330/1296 (25.5%)
129/329 (39.2%)
536/628 (85.4%)
280/889 (31.5%)
Spring/dry
800/4503 (17.8%)
94/1361 (6.9%)
340/1296 (26.2%)
5/329 (1.5%)
92/628 (14.7%)
269/889 (30.3%)
Nutritional status†
Stunted
581/2289 (25.4%)
99/208 (47.6%)
203/1282 (15.8%)
103/307 (33.5%)
176/492 (35.8%)
n/a
Underweight
389/2487 (15.6%)
102/389 (26.2%)
103/1296 (8.0%)
58/309 (18.8%)
126/493 (25.6%)
n/a
Wasted
147/2285 (6.4%)
24/205 (11.7%)
59/1281 (4.6%)
20/307 (6.5%)
44/492 (8.9%)
n/a
Inflammation‡
1019/4469 (22.8%)
363/1344 (27.0%)
306/1285 (23.8%)
109/322 (33.9%)
85/629 (13.5%)
156/889 (17.6%)
Malaria§
445/3293 (13.5%)
227/1082 (20.8%)
89/1280 (7.0%)
64/303 (21.1%)
65/628 (10.4%)
n/a
IQR, inter-quartile range; n/a, not available; 25(OH)D, 25-hydroxyvitamin D. South African children were not exposed to malaria. *Medians (interquartile ranges) are presented. †Stunted
was defined as height-for-age Z score < -2; underweight as weight-for-age Z score < -2, wasted as weight-for-height Z score < -2 (denominator number varied because anthropometry
data was not available for South African children). ‡Inflammation as CRP >5 mg/L or ACT >0.6 g/L. ACT, but not CRP, was available for The Gambia. §Malaria as the presence of P.
falciparum parasites on blood film. #Seasons were based on 3 monthly intervals: 1st season, December to February; 2nd season, March to May; 3rd season, June to August; 4th season,
September to November. In South Africa the seasons correspond to summer, autumn, winter and spring, respectively, in Uganda and Kenya there are two rainy and two dry seasons and in
Burkina Faso and The Gambia there is a single rainy and dry season. However, timing of the rains is often unpredictable and may vary from these times.
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4.3.2

Vitamin D status of children

Overall geometric mean 25(OH)D level was 77.6 nmol/L (95% CI 63.6, 94.2) (Table 4.2).
Distribution of 25(OH)D levels was skewed to the right for all the study countries, which
became more normalised after natural log transformation (Figure 4.1).
Figure 4.1. Histogram with density plots showing the distribution of 25(OH)D levels
before (A) and after natural log transformation (B).
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Shapiro-Wilk’s test for normality indicated that 25(OH)D levels was skewed (W = 0.95, pvalue < 0.001).
The prevalence of low vitamin D status as defined by 25(OH)D levels <30 nmol/L, <50
nmol/L and 50–75 nmol/L, were 0.6%, 7.8%, and 37.1%, respectively (Table 4.2 and Figure
4.2). Two percent of children had 25(OH)D levels >150 nmol/L (n=79; 51 Kenyans, 17
Ugandans, four Burkinabes, one Gambian and six South Africans), which is the proposed
upper limit of safe 25(OH)D levels (Holick, 2007b). Kenya had the highest median 25(OH)D
levels (81.0 nmol/L [IQR 66.3, 101.6]), while The Gambia had the lowest (71.2 nmol/L [IQR
59.1, 84.2]) (Table 4.2). The prevalence of children with 25(OH)D levels <50 nmol/L was
lowest in Uganda (5.1%) and highest in South Africa (13.5%) (Figure 4.2).

73

Figure 4.2. Prevalence of vitamin D status categories by country (A), age group (B), sex
(C), season (D), stunting (E), underweight (F), wasting (G), inflammation (H), malaria
status (I), and vitamin D binding protein (DBP) haplotypes (J) and variants (K).
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Season was based on 3 monthly intervals which corresponded to summer, autumn, winter and
spring in South Africa; two rainy and two dry seasons in Uganda and Kenya; and a single
rainy and three seasons in Burkina Faso and The Gambia. Stunted was defined as height-forage Z score <-2; underweight as weight-for-age Z score < -2, wasted as weight-for-height Z
score < -2; inflammation as CRP >5 mg/L; malaria parasitaemia as presence of P.
falciparum parasites on blood film. Prtest was used to determine the statistical significance
in the difference in prevalence of low vitamin D status (25(OH)D levels<50 nmol/L and 50–75 nmol/L)
between the first category in each variable and the rest of the categories.
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4.3.3

DBP variants and haplotype frequencies and association with vitamin D status

The majority of the children carried the Gc1f DBP variant (83.3%), while 8.5% and 8.2% had
the Gc1s and Gc2 variants, respectively (Table 4.3). Gc1f/f was the most frequent DBP
haplotype (69.8%), followed by Gc1f/2 (13.6%), Gc1f/s (13.4%), Gc1s/2 (1.7%), Gc1s/s
(1.0%), while the Gc2/2 haplotype (0.6%) was the least frequent (Table 4.3). DBP haplotype
and variant frequencies varied by country; the country with the highest frequency of Gc1f
was South Africa (87.3%), of Gc1s was The Gambia (3.1%) and of Gc2 was Uganda (10.2%)
(Table 4.4).
Gc2 was associated with lower median 25(OH)D levels (72.4 nmol/L [IQR 59.4, 86.5])
compared to the Gc1f (77.3 nmol/L [IQR 63.5, 92.8]) and Gc1s variants (78.9 nmol/L [63.8,
95.5]) (Table 4.3). Gc2 was also associated with lower 25(OH)D levels in both univariable
and multivariable linear regression analyses (Table 4.3). 25(OH)D levels also differed
between the DBP haplotypes (p = 0.0001) (Table 4.3), although this finding was only
observed in Kenya and Uganda in subgroup analyses by country (Table 4.4). Similarly, the
Gc2 variant was associated with a higher prevalence and increased odds of low vitamin D
status (25(OH)D levels <50 and 50–75 nmol/L) compared to Gc1f (Figure 4.2 and Table 4.9).
Gc1s was associated with a lower prevalence of 25(OH)D levels <50 nmol/L compared to
Gc1f (Figure 4.2), but this association was not statistically significant in multivariable
logistic regression analyses (p = 0.096, Table 4.9).
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Table 4.3. Vitamin D binding protein haplotypes and variants frequencies and association with vitamin D status
Combination
of genotypes
rs7041 rs4588
TT
TG
TT
GG
TG
TT

25(OH)D levels (nmol/L)**
DBP
Haplotype*

Univariable regression analyses of Multivariable regression
25(OH)D levels
analyses of 25(OH)D levels

n/total (%)
Medians (IQR)

P‡

Means (95% CI)

CC
CC
CA
CC
CA
AA

Beta (95% CI)

P

R2

Beta (95% CI)

P

Multivariable regression
analyses 25(OH)D <50
nmol/L
OR (95% CI)
P

Gc1f/f
2689/3851 (69.8%) 77.7 (63.6, 93.0) 0.0001 76.7 (75.8, 77.6)
Ref
- 0.009
Ref
Ref
Gc1f/s
514/3851 (13.4%) 79.2 (65.5, 96.0)
78.7 (76.6, 80.8)
0.03 (0.004, 0.05) 0.092
0.03 (-0.0023, 0.05) 0.077 0.71 (0.47, 1.08)
0.11
Gc1f/2
525/3851 (13.6%) 72.7 (60.0, 86.8)
71.6 (69.7, 73.6) -0.07 (-0.10, -0.04) <0.0001
-0.08 (-0.11, -0.05) <0.0001 1.79 (1.26, 2.55)
0.001
Gc1s/s
38/3851 (1.0%) 81.8 (61.0, 95.7)
77.8 (69.7, 86.9)
0.01 (-0.08, 0.11)
0.78
0.01 (-0.09, 0.10) 0.8465 0.73 (0.16, 3.29)
0.69
Gc1s/2
66/3851 (1.7%) 74.6 (59.4, 87.6)
71.7 (66.1, 77.8) -0.07 (-0.14, -0.01) 0.081
-0.08 (-0.15, -0.01) 0.026 1.18 (0.43, 3.30)
0.75
Gc2/2
19/3851 (0.5%) 63.9 (52.4, 79.7)
65.6 (58.0, 74.1) -0.16 (-0.29, -0.02) 0.027
-0.18 (-0.37, -0.04) 0.009 2.34 (0.27, 20.40)
0.44
Gc variant†
T
C
Gc1f
6417/7702 (83.3%) 77.3 (63.5, 92.8) 0.0001 76.5 (75.9, 77.0)
Ref
- 0.004
Ref
Ref
G
C
Gc1s
656/7702 (8.5%) 78.9 (63.8, 95.5)
77.9 (76.0, 79.7) 0.02 (-0.01, 0.043)
0.15
0.02 (-0.01, 0.04)
0.16 0.73 (0.52, 1.06)
0.096
T
A
Gc2
629/7702 (8.2%) 72.4 (59.4, 86.5)
71.3 (69.5, 73.1) -0.07 (-0.10, -0.04) <0.0001
-0.08 (-0.11, -0.06) <0.0001 1.69 (1.23, 2.30)
0.001
DBP; vitamin D binding protein; GC, group-specific component; IQR, inter-quartile range; n/a, not available; 25(OH)D, 25-hydroxyvitamin D: OR, odds ratio; 95% CI, 95% confidence interval.
*DBP haplotypes are based on combination of rs7041 and rs4588 genotypes. **Median (IQR) and geometric means (95% CI) are presented. Percentage is based on the successfully typed DBP, some
participants’ genotype data was not available or failed QC. DBP haplotype and GC variant frequencies are presented by country in Table 4.4. ‡P values were obtained by performing a Kruskal-Wallis
equality-of-populations rank test to determine difference in 25(OH)D levels between DBP haplotypes or GC variants.
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Table 4.4. Vitamin D binding protein haplotype and GC variant frequencies and associated median 25(OH)D levels by country
Combination of genotypes

Kenya

rs7041

rs4588

DBP
Haplotype*

TT

CC

Gc1f/f

TG

CC

Gc1f/s

TT

CA

Gc1f/2

GG

CC

Gc1s/s

TG

CA

Gc1s/2

TT

AA

Gc2/2
Gc variant

T

C

n/total (%)
671/962
(69.8%)
103/962
(10.7%)
154/962
(16.0%)
8/962
(0.8%)
21/962
(2.2%)
5/962
(0.5%)

Median
25(OH)D
nmol/L (IQR)
79.2
(66.0, 97.0)
80.4
(67.2, 104.0)
71.4
(58.8, 92.2)
64.6
(50.8, 112.0)
70.3
(58.2, 89.0)
75.7
(64.0, 79.7)

Uganda
P‡
n/total (%)
0.006

842/1288
(65.4%)
177/1288
(13.7%)
219/1288
(17.0%)
15/1288
(1.2%)
26/1288
(2.0%)
9/1288
(0.7%)

Median
25(OH)D
nmol/L (IQR)
79.6
(66.0, 95.4)
83.2
(69.2, 96.8)
72.6
(62.5, 86.3)
82.3
(69.3, 98.8)
71.7
(59.4, 86.5)
56.7
(52.4, 74.2)

Burkina Faso
P‡

n/total
(%)

240/329
0.00010.0001
(72.9%)
56/329
(17.0%)
24/329
(7.3%)
2/329
(0.6%)
6/329
(1.8%)
1/329
(0.3%)

Median
25(OH)D
nmol/L (IQR)
78.0
(64.0, 91.2)
82.0
(71.7, 95.4)
74.1
(59.7, 83.8)
76.4
(56.9, 95.9)
77.9
(56.6, 87.4)
55.4

The Gambia
P‡
n/total (%)
0.29

305/444
(68.7%)
91/444
(20.5%)
32/444
(7.2%)
9/444
(2.0%)
7/444
(1.6%)
0
(0%)

South Africa

Median
25(OH)D
nmol/L (IQR)
71.7
(60.0, 83.7)
71.7
(58.0, 85.0)
66.3
(51.6, 77.4)
87.4
(67.1, 91.6)
76.8
(63.3, 84.7)
-

P‡
n/total (%)
0.31

631/828
(76.2%)
87/828
(10.5%)
96/828
(10.5%)
4/828
(0.5%)
6/828
(0.7%)
4/828
(0.5%)

Median
25(OH)D
nmol/L (IQR)
76.6
(60.5, 91.9)
74.7
(58.0, 91.9)
74.4
(59.7, 88.6)
74.7
(46.9, 115.8)
74.0
(61.8, 103.5)
64.8
(55.7, 82.35)

P‡

0.80

†

1599/1924
79.0
2080/2576
79.0
560/658
78.3
71.5
1445/1656
76.1
0.0009
0.0001
0.0001 733/888 (82.55%)
0.0001
0.0001
(83.1%)
(65.0, 97.0)
(80.75%)
(65.7, 95.1)
(85.1%)
(64.4, 91.3)
(59.1, 83.3)
(87.26%)
(60.4, 91.6)
G
C
140/1924
79.1
233/2576
81.3
66/658
81.1
116/888
73.0
101/1656
74.7
Gc1s
(7.28%)
(62.6, 100.0)
(9.05%)
(68.8, 96.7)
(10.0%)
(68.9, 95.0)
(13.06%)
(59.0, 87.5)
(6.1%)
(60.8, 91.9)
T
A
185/1924
71.7
263/2576
72.0
32/658
74.1
39/888
66.6
110/1656
73.5
Gc2
(9.62%)
(58.6, 90.0)
(10.2%)
(60.4, 86.3)
(4.86%)
(56.0, 83.8)
(4.39%)
(53.7, 80.2)
(6.6%)
(60.1, 88.7)
DBP; vitamin D binding protein; IQR, inter-quartile range; n/a, not available; 25(OH)D, 25-hydroxyvitamin D. *DBP haplotype is based on the combination of rs7041 and rs4588 genotypes. †GC variant was classified according to the individual
alleles into Gc1f, Gc1s and Gc2. Percentage is based on the successfully typed SNPs, some participants’ genotype data was not available or failed QC. ‡P values were obtained by performing a Kruskal-Wallis equality-of-populations rank test to
determine difference in 25(OH)D levels between DBP haplotypes or GC variants.
Gc1f
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4.3.4

Vitamin D status was associated with age

Median and mean 25(OH)D levels decreased with age (Figures 4.3 and 4.4), and fractional
polynomial graphs indicated a linear association between 25(OH)D levels and age (Figure
4.3).
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Figure 4.3. Scatter plot with fractional polynomial line (with 95% CI) of 25(OH)D levels
against age.
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25(OH)D levels were natural log transformed.
B.
Adjusted predictions
The prevalence of 25(OH)D levels between 50–75 nmol/L increased with age across all age

4.4

groups, while the prevalence of 25(OH)D levels <50 nmol/L was highest in the 36-48 and

4.2

>48 months age groups (Figure 4.2). Age was inversely associated with 25(OH)D levels in
univariable (β = -0.05 [95% CI -0.06, -0.04]) and multivariable linear regression analyses (β
0

1

2

3

4

5

= -0.086 [95% CI 0.095, -0.077]) (Table 4.5).
Age accounted for 4.5% (R2 = 0.045) of the
Age (years)
logcrp=-2
observed variation in 25(OH)D levels
in a univariable linearlogcrp=0
regression model and the R2
logcrp=2

logcrp=4

2

increased to 12% (R = 0.12) in a multivariable
model adjusted for age, sex, study site,
logcrp=6
season and inflammation. A one-year increase in age increased the odds of 25(OH)D levels
between 50–75 nmol/L and <50 nmol/L by 43% (OR 1.43, [95% CI 1.34, 1.52]) and 69%
(OR 1.69, [95% CI 1.52, 1.89]), respectively (Table 4.9).
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Figure 4.4. Boxplots of 25(OH)D concentrations by country (A), age categories (B), sex
(C), season (D) stunting (E), underweight (F), wasting (G), inflammation (H), malaria
(I), vitamin D binding protein (DBP) isotype (J) and GC variant (K).

Season was based on 3 monthly intervals; 1st season, December to February; 2nd season,
March to May; 3rd season, June to August; 4th season, September to November. Stunting was
defined as height-for-age Z score <-2; underweight as weight-for-age Z score <-2; wasting
as weight-for-height Z score < -2; inflammation as CRP >5 mg/L or ACT >0.6 g/L (ACT, but
not CRP was available for The Gambia) and malaria as presence of P. falciparum
parasitaemia on blood film. Wilcoxon rank-sum test P values for variables with two
categories and Kruskal-Wallis equality-of-populations rank test P values for variables with
more than two categories are presented.
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Table 4.5. Association between environmental factors and 25(OH)D levels
25(OH)D levels (nmol/L)**
Medians (IQR)
Means (95% CI
Age in years

Univariable regression analyses of 25(OH)D levels
Beta (95% CI)
P
R2
-0.05 (-0.06, -0.04)

<0.0001

-

-

77.7 (64.1, 94.5)

77.50 (76.52, 78.49)

Ref.

-

77.2 (63.0, 94.0)

76.45 (75.43, 77.48)

-0.01 (-0.03, 0.01)

0.15

81.0 (66.3, 101.6)

81.85 (80.42, 83.30)

Ref.

0.0002

0.045

Multivariable regression analyses of 25(OH)D levels
Beta (95% CI)

P

-0.07 (-0.08, -0.07)

<0.0001

Ref.

-

-0.02 (-0.03, 0.001)

0.066

Ref.

-

Sex
Males
Females

0.0005

Country
Kenya
Uganda

78.6 (65.1, 94.5)

78.27 (77.02, 79.54)

-0.04(-0.07, -0.02)

Burkina Faso

78.4 (64.5, 91.3)

77.26 (74.98, 79.61)

-0.06 (-0.10, -0.02)

0.003

The Gambia

71.2 (59.1, 84.2)

72.78 (71.15, 74.45)

-0.15 (-0.18, -0.12)
-0.12 (-0.14, -0.09)

0.01 (-0.02, 0.03)

0.51

-0.05 (-0.08, -0.01)

0.012

<0.0001

0.09 (0.05, 0.13)

<0.0001

<0.0001

-0.15 (-0.18, -0.12)

<0.0001

Ref.

-

South Africa

76.2 (60.6, 91.9)

70.39 (68.95, 71.86)

Season#
Summer/short rains/dry

78.8 (64.8, 95.8)

78.77 (77.19, 80.39)

Ref.

0.0002

Autumn/dry

0.029

83.6 (67.1, 101.1)

82.72 (81.43, 84.02)

0.05 (0.02, 0.07)

0.03 (0.01, 0.06)

0.014

Winter/long rains

73.3 (60.1, 87.0)

71.14 (69.96, 72.34)

-0.10 (-0.13, -0.08)

<0.0001

-0.10 (-0.12, -0.07)

<0.0001

Spring/dry

76.3 (63.1, 91.4)

75.18 (73.55, 76.84)

-0.05 (-0.08, -0.02)

0.002

-0.05 (-0.08, -0.02)

0.002

77.1 (63.7, 91.0)

76.13 (75.08, 77.19)

Ref.

-

Ref.

-

73.1 (61.2, 88.4)

73.58 (71.89, 75.31)

-0.03 (-0.06, -0.01)

0.015

-0.01 (-0.04, 0.01)

0.34

77.2 (63.8, 91.7)

76.67 (75.72, 77.64)

Ref.

-

Ref.

-

-0.02 (-0.06, 0.01)

0.15

-0.004 (-0.04, 0.03)

0.81

Ref.

-

0.04 (-0.01, 0.08)

0.12

Ref.

-

0.07 (0.05, 0.09)

<0.0001

Stunting

0.038

†

Not stunted
Stunted

0.003

Underweight‡
Not underweight
Underweight
Wasting

75.6 (61.9, 91.3)

74.90 (72.68, 77.18)

Not wasted

76.0 (62.9, 90.6)

75.32 (74.40, 76.26)

Ref.

-

79.2 (63.6, 94.5)

77.81 (74.45, 81.32)

0.03 (-0.02, 0.08)

0.19

76.4 (62.7, 92.3)

75.53 (74.74, 76.3)

Ref.

-

82.11 (80.55, 83.69)

0.08 (0.06, 0.11)

<0.0001

Wasted

0.0008

0.0008

Inflammation¶
Without inflammation
With inflammation
Malaria†
Without malaria

81.9 (68.0, 99.5)

0.012

Ref.
Ref.
77.1 (63.1, 92.4)
76.01 (75.26, 76.77)
-0.06 (-0.09, -0.03)
0.0001
0.004
With malaria
71.3 (58.9, 85.4)
71.63 (69.68, 73.63)
-0.04 (-0.07, -0.01)
0.02
25(OH)D, 25-hydroxyvitamin D; n/a, not available; OR, odds ratio; 95% CI, 95% confidence interval. Correlation coefficients and p values were obtained from linear regression analyses and odds ratios from logistic regression
analyses. 25(OH)D levels were ln-transformed in linear regression analyses to make them normally distributed. Covariates in the multivariable linear regression models included age, sex, season, inflammation and study site, as
appropriate. **Medians (IQR) and geometric means are presented. †Stunting was defined as height-for-age Z score <-2; ‡underweight as weight-for-age Z score <-2; § wasting as weight-for-height Z score < -2; ¶inflammation as
CRP > 5 mg/L or ACT >0.6 g/L and fmalaria as presence of P. falciparum parasites on blood film. #Season was based on 3 monthly intervals. In South Africa the seasons were summer, autumn, winter and spring, in Uganda and
Kenya there were two rainy seasons and in Burkina Faso and The Gambia there was a single rainy season. Regression analyses by country is presented in Table 4.7 (univariable) and Table 4.8 (multivariable).
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Table 4.6. Median 25(OH)D levels by study variable in each country

Overall
Age categories (months)
< 12
12 -24
24-36
36-48
48+
Sex
Males
Females

Kenya
Median (IQR)
25(OH)D nmol/L
81.0 (66.3, 101.6)

P

Uganda
Median (IQR)
25(OH)D nmol/L
78.6 (65.1, 94.5)

P

Burkina Faso
Median (IQR)
25(OH)D nmol/L
78.4 (64.5, 91.3)

P

The Gambia
Median (IQR)
P
25(OH)D nmol/L
71.2 (59.1, 84.2)
0.0001

South Africa
Median (IQR)
25(OH)D nmol/L
76.2 (60.6, 91.9)

P

101.8 (82.7, 121.8)
87.7 (72.6, 104.3)
71.1 (58.1, 87.4)
68.0 (57.6, 79.0)
67.0 (54.8, 78.0)

0.0001

97.7 (80.3, 115.9)
79.45 (66.1, 96.2)
78.9 (65.0, 93.0)
76.5 (62.8, 96.7)
73.4 (59.9, 86.2)

0.0003

103.8 (80.2, 120.5)
82.7 (70.1, 96.1)
72.0 (61.4, 82.0)
n/a
n/a

0.0001

n/a
73.4 (60.3, 93.0)
69.8 (59.3, 82.7)
70.4 (57.2, 80.5)
73.0 (62.0, 85.8)

0.32

78.3 (63, 94.4)
73.9 (58.2, 89.9)
61.8
n/a
n/a

0.003

82.2 (67.4, 101.6)
80.3 (65.0, 101.6)

0.25

78.5 (65.5, 94.85)
78.7 (64.8, 94.5)

0.71

76.8 (62.8, 92.2)
80.2 (67.0, 90.6)

0.33

72.8 (62.1, 86.0)
69.6 (57.2, 82.0)

0.038

76.8 (60.9, 92.1)
74.6 (60.3, 91.5)

0.36

Season#

Summer/short rains/dry
77.2 (62.9, 98.8)
0.04
79.1 (67.0, 94.8)
0.0002
76.6 (62.4, 92.3)
0.01
0.86
80.2 (63.8, 96.1)
0.0001
Autumn/dry
82.2 (66.8, 102.3)
83.0 (66.8, 96.8)
84.1 (68.4, 96.2)
88.8 (71.4, 103.0)
Winter/long rains
87.8 (70.4, 106.4)
74.7 (62.5, 87.3)
74.6 (64.3, 85.5)
71.6 (59.1, 84.4)
69.3 (53.2, 85.7)
Spring/dry
80.5 (71.9, 97.5)
79.1 (64.8, 96.8)
72.3 (69.1, 85.0)
69.0 (60.3, 82.8)
72.6 (60.1, 87.8)
Nutritional status
Not stunted†
71.0 (57.2, 89.0)
0.76
78.5 (65.4, 94.5)
0.89
78.8 (64.0, 89.7)
0.72
72.3 (60.2, 85.0)
0.15
n/a
n/a
Stunted
70.0 (58.2, 80.0)
78.9 (64.1, 95.1)
75.4 (62.9, 91.3)
69.2 (56.8, 84.1)
n/a
n/a
Not underweight‡
79.0 (65.6, 96.0)
0.28
78.6 (65.2, 94.8)
0.82
77.8 (64.3, 90.3)
0.83
70.5 (58.2, 83.8)
0.37
n/a
n/a
Underweight
76.35 (62.0, 94.7)
78.5 (63.3, 91.9)
75.8 (61.1, 93.0)
72.0 (60.2, 85.3)
n/a
n/a
Not wasted§
70.6 (58.0, 85.9)
0.67
78.5 (65.2, 94.4)
0.19
77.5 (63.9, 90.5)
0.68
70.1 (57.6, 83.2)
0.002
n/a
n/a
Wasted
69.0 (59.6, 79.4)
83.9 (68.2, 101.2)
79.8 (62.3, 100.6)
80.3 (68.0, 89.4)
n/a
n/a
¶
Inflammation
Without inflammation
81.0 (66.0, 100.1)
0.094
77.4 (64.2, 92.4)
0.0003
78.4 (63.6, 90.6)
0.41
69.8 (58.1, 82.1) <0.0001
74.9 (59.3, 90.7)
0.0001
With inflammation
82.4 (68.0, 106.9)
83.0 (68.8, 98.1)
78.2 (65.8, 93.2)
81.1 (69.3, 94.8)
83.4 (67.9, 98.4)
Malaria†
Without malaria
80.2 (66.0, 97.0) <0.0001
78.4 (65.0, 94.4)
0.18
77.8 (64.0, 90.5)
0.24
71.3 (59.5, 84.4)
0.68
n/a
With malaria
67.7 (57.8, 79.6)
82.3 (67.1, 96.8)
74.8 (60.8, 87.1)
70.8 (58.1, 80.7)
n/a
*
P values were obtained by performing a Wilcoxon rank-sum test for variables with two categories or Kruskal-Wallis equality-of-populations rank test for variables with more than one. #Season was
based on 3 monthly intervals. In South Africa the seasons are summer, autumn, winter and spring, in Uganda and Kenya there are two rainy seasons and in Burkina Faso and The Gambia there is a
single rainy season although timing of the rains is often unpredictable and may vary from the times shown here. 1st season as December-February; 2nd season as March-May; 3rd season as JuneAugust; 4th season as September-November. †Stunting was defined as height-for-age Z score <-2; ‡underweight as weight-for-age Z score <-2; § wasting as weight-for-height Z score < -2;
¶
inflammation as CRP >5 mg/L or ACT >0.6 g/L (ACT, but not CRP was available for The Gambia); and fmalaria as presence of P. falciparum parasites on blood film.
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4.3.5

Vitamin D status was not associated with sex

Median 25(OH)D levels and the prevalence of 25(OH)D levels <50 nmol/L and 50–75
nmol/L did not vary by sex (Table 4.5 and Figure 4.2 and 4.4). Although sex was not
associated with 25(OH)D levels in overall multivariable linear regression analyses (Table
4.5), females had 32% higher odds (OR 1.32 (95% CI 1.05, 1.68) of having 25(OH)D levels
<50 nmol/L in overall multivariable logistic regression analyses (Table 4.9). Analyses by
country revealed that sex was not associated with 25(OH)D levels or categories of vitamin D
status in all countries except in The Gambia where females had lower 25(OH)D levels in
multivariable analyses (β = -0.05 [95% CI -0.09, -0.01]) (Table 4.8) and had 127% higher
odds in The Gambia (OR 2.27 [95% CI 1.27, 4.06]) (Table 4.9).
4.3.6

Vitamin D status was associated with season

Median 25(OH)D levels were highest in the autumn/dry season (83.6 nmol/L (IQR 67.1,
101.1) and lowest in winter/long rainy season (73.3 nmol/L (IQR 60.1, 87.0) (Table 4.5).
Similarly, winter and the long rains were associated with lower 25(OH)D levels and
autumn/dry season was associated with higher 25(OH)D levels in univariable and
multivariable regression analyses (Table 4.5). Winter and long rains also had the highest
prevalence of low vitamin D status (25(OH)D levels between 50–75 nmol/L and <50 nmol/L)
(Figure 4.2). In multivariable linear and logistic regression analyses by country, low
25(OH)D levels and higher prevalence of 25(OH)D levels <50 nmol/L were associated with
the long rainy season in Kenya and Uganda, the dry season in Burkina Faso, and winter and
spring in South Africa (Table 4.8 and Table 4.9).
4.3.7

Vitamin D status was not associated with stunting, underweight or wasting

Median 25(OH)D levels did not differ by stunting, underweight and wasting status (Table
4.5). Stunting, underweight and wasting was also not associated with 25(OH)D levels in
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multivariable regression analyses overall (Table 4.5) or by study country except in The
Gambia where wasting was associated with higher 25(OH)D levels (β = 0.10 (95% CI 0.02,
0.18) (Table 4.7). Similarly, there was little evidence of variation in the prevalence of low
vitamin D status (25(OH)D levels 50–75 and <50 nmol/L) by either underweight or wasting
status in the overall analyses (Figure 4.2). Stunting was associated with a higher prevalence
of 25(OH)D levels 50–75 nmol/L but not 25(OH)D levels <50 nmol/L (Figure 4.2).
Underweight was not associated with any of the categories of vitamin D status in the overall
and subgroup analyses.
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Table 4.7. Univariable linear regression of 25(OH)D concentrations by study variables in each country

Country
Age in months
Sex: females
Year seasons#
Summer/short rains/dry
Autumn/dry
Winter/long rains
Spring/dry
Nutritional status
Stunting†
Underweight‡
Wasting§
Inflammation¶
Malaria†
DBP Haplotype*
Gc1f/f
Gc1f/s
Gc1f/2
Gc1s/s
Gc1s/2
Gc2/2
GC variant
Gc1f
Gc1s
Gc2

Kenya
Beta (95% CI)
Ref.
-0.09 (-0.10, -0.08)
-0.01 (-0.05, 0.02)

P
<0.0001
0.42

Uganda
Beta (95% CI)
-0.04 (-0.07, -0.02)
-0.07 (-0.09, -0.05)
-0.003 (-0.03, 0.03)

P
0.0002
<0.0001
0.87

Burkina Faso
Beta (95% CI)
-0.06 (-0.10, -0.02)
-0.20 (-0.26, -0.14)
0.02 (-0.04, 0.08)

Ref.
0.06 (0.02, 0.10)
0.05 (-0.03, 0.13)
0.06 (-0.01, 0.14)

0.01
0.22
0.10

Ref.
0.02 (-0.03, 0.06)
-0.08 (-0.12, -0.03)
-0.02 (-0.06, 0.03)

0.43
0.001
0.48

Ref.
0.08 (-0.004, 0.16)
-0.03 (-0.11, 0.05)
0.02 (-0.23, 0.27)

0.062
0.42
0.90

Ref.
0.01 (-0.05, 0.06)

0.86

Ref.
0.08 (0.005, 0.15)
-0.18 (-0.25, -0.12)
-0.12 (-0.18, -0.06)

0.036
<0.0001
<0.0001

-0.0002 (-0.08, 0.08)
-0.05 (-0.13, 0.02)
-0.04 (-0.17, 0.09)
0.04 (-0.0002, 0.08)
-0.16 (-0.21, -0.12)

0.997
0.16
0.51
0.051
<0.0001

0.0003 (-0.04, 0.04)
0.002 (-0.06, 0.06)
0.05 (-0.03, 0.13)
0.06 (0.03, 0.10)
0.04 (-0.03, 0.10)

0.99
0.94
0.21
0.001
0.25

0.01 (-0.06, 0.07)
-0.01 (-0.09, 0.070)
0.01 (-0.11, 0.13)
0.03 (-0.03, 0.10)
-0.05 (-0.13, 0.03)

0.85
0.83
0.88
0.32
0.20

-0.03 (-0.08, 0.01)
002 (-0.04, 0.07)
0.12 (0.04, 0.20)
0.15 (0.09, 0.21)
-0.01 (-0.08, 0.06)

0.17
0.50
0.003
<0.0001
0.75

n/a
n/a
n/a
0.12 (0.06, 0.18)
n/a

n/a
n/a
n/a
<0.0001
n/a

Ref.
0.03 (-0.03, 0.10)
-0.10 (-0.16, -0.04)
-0.07 (-0.29, 0.16)
-0.20 (-0.34, -0.06)
-0.17 (-0.45, 0.12)

0.34
0.001
0.57
0.006
0.26

Ref.
0.04 (-0.01, 0.09)
-0.08 (-0.12, -0.04)
0.04 (-0.11, 0.18)
-0.08 (-0.19, 0.03)
-0.20 (-0.38, -0.01)

0.098
0.0003
0.63
0.16
0.04

Ref.
0.06 (-0.03, 0.14)
-0.08 (-0.20, 0.04)
-0.04 (-0.43, 0.34)
-0.07 (-0.29, 0.16)
-0.33 (-0.88, 0.21)

0.18
0.18
0.82
0.56
0.23

Ref.
0.01 (-0.05, 0.07)
-0.08 (-0.18, 0.01)
0.09 (-0.08, 0.26)
0.09 (-0.10, 0.28)
-

0.80
0.076
0.30
0.37
-

Ref.
0.001 (-0.08, 0.08)
-0.05 (-0.13, 0.019)
-0.03(-0.37, 0.31)
0.12 (-0.16, 0.39)
-0.08 (-0.42, 0.26)

0.98
0.15
0.88
0.41
0.65

Ref.
-0.01 (-0.06, 0.05)
-0.11 (-0.16, -0.06)

0.85
<0.0001

Ref.
0.03 (-0.01, 0.07)
-0.08 (-0.12, -0.05)

0.13
<0.0001

Ref.
0.04 (-0.03, 0.12)
-0.10 (-0.13, 0.002)

0.31
0.057

Ref.
0.03 (-0.02, 0.08)
-0.05 (-0.13, 0.03)

0.27
0.23

Ref.
0.01 (-0.06, 0.08)
-0.04 (-0.11, 0.02)

0.79
0.20

P
0.003
<0.0001
0.42

The Gambia
Beta (95% CI)
P
-0.15 (-0.18, -0.12) <0.0001
0.002 (-0.02, 0.020)
0.83
-0.04 (-0.09, -0.003)
0.036

South Africa
Beta (95% CI)
P
0.12 (-0.14, -0.09) <0.0001
-0.22 (-0.45, 0.01)
0.06
-0.02 (-0.07, 0.02)
0.29

Correlation coefficients and p values were obtained from linear regression analyses. 25(OH)D levels were ln-transformed to make them normally distributed. #Seasons were based on 3 monthly intervals. In South Africa the seasons are
summer, autumn, winter and spring, in Uganda and Kenya there were two rainy seasons and in Burkina Faso and The Gambia there was a single rainy season. †Stunting was defined as height-for-age Z score <-2; ‡underweight as
weight-for-age Z score <-2; § wasting as weight-for-height Z score < -2; ¶ inflammation as CRP >5 mg/L or ACT >0.6 g/L (ACT, but not CRP was available for The Gambia) and fmalaria as presence of P. falciparum parasites on blood
film. *DBP haplotype was based on the combination of rs7041 and rs4588 genotypes. GC variant was classified according to the individual alleles into Gc1f, Gc1s and Gc2. Percentage is based on the successfully typed SNPs, some
participants’ genotype data was not available or failed QC.
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Table 4.8. Multivariable regression of 25(OH)D concentrations by study variables in each country
Age in months
Sex: females

Kenya
Beta (95% CI)

P

Uganda
Beta (95% CI)

P

Burkina Faso
Beta (95% CI)

-0.10 (-0.11, -0.09)

<0.0001

-0.06 (-0.08, -0.04)

<0.0001

-0.22 (-0.29, -0.15)

<0.0001

0.01 (-0.01, 0.02)

0.52

-0.18 (-0.40, 0.05)

0.12

-0.02 (-0.05, 0.01)

0.23

0.001 (-0.03, 0.03)

0.93

0.016 (-0.04, 0.07)

0.58

-0.05 (-0.09, -0.01)

0.025

-0.03 (-0.07, 0.02)

0.20

P

The Gambia
Beta (95% CI)

P

South Africa
Beta (95% CI)

P

Year seasons#
Summer/short rains/dry
Autumn/dry
Winter/long rains
Spring/dry

Ref.

-

Ref.

-

Ref.

-

-

-

Ref.

-

0.02 (-0.02, 0.06)

0.26

0.01 (-0.03, 0.06)

0.56

0.09 (0.012, 0.17)

0.023

-

-

0.05 (-0.02, 0.12)

0.15

-0.10 (-0.17, -0.02)

0.009

-0.08 (-0.13, -0.04)

0.0003

0.07 (-0.02, 0.16)

0.11

Ref.

-

-0.20 (-0.26, -0.14)

<0.0001

-0.04 (-0.11, 0.03)

0.26

-0.003 (-0.05, 0.04)

0.87

-0.06 (-0.29, 0.18)

0.64

-0.01 (-0.07, 0.05)

0.78

-0.13 (-0.19, -0.07)

<0.0001

Nutritional status
Stunting†

0.01 (-0.06, 0.08)

0.79

-0.01 (-0.06, 0.03)

0.61

0.04 (-0.02, 0.11)

0.20

-0.03 (-0.07, 0.02)

0.31

-

-

Underweight‡

0.001 (-0.06, 0.07)

0.97

-0.01 (-0.07, 0.05)

0.81

0.01 (-0.34, -0.17)

0.87

0.01 (-0.04, 0.07)

0.61

-

-

Wasting§

-0.06 (-0.17, 0.06)

0.34

0.05 (-0.03, 0.12)

0.23

-0.03 (-0.15, 0.10)

0.68

0.10 (0.02, 0.18)

0.013

-

-

0.05 (0.01, 0.08)

0.008

0.06 (0.02, 0.09)

0.003

0.04 (-0.02, 0.10)

0.16

0.15 (0.09, 0.21)

<0.0001

0.12 (0.06, 0.17)

<0.0001

-0.05 (-0.10, 0.002)

0.06

0.02 (-0.05, 0.08)

0.58

-0.03 (-0.11, 0.05)

0.46

-0.04 (-0.11, 0.03)

0.25

-

-

Inflammation¶
Malaria†
DBP Haplotype*
Gc1f/f

Ref.

-

Ref.

-

Ref.

-

Ref.

-

Ref.

-

Gc1f/s

0.02 (-0.04, 0.08)

0.50

0.04 (-0.01, 0.08)

0.12

0.05 (-0.03, 0.13)

0.19

0.02 (-0.04, 0.08)

0.60

-0.0003 (-0.07, 0.07)

0.99

Gc1f/2

-0.11 (-0.16, -0.05)

<0.0001

-0.08 (-0.12, -0.04)

0.0002

-0.05 (-0.16, 0.06)

0.39

-0.08 (-0.17, 0.01)

0.092

-0.06 (-0.13, 0.01)

0.085

Gc1s/s

-0.01 (-0.22, 0.19)

0.89

0.03 (-0.12, 0.18)

0.69

0.002 (-0.36, 0.36)

0.99

0.06 (-0.11, 0.23)

0.50

-0.05 (-0.38, 0.27)

0.75

Gc1s/2

-0.18 (-0.31, -0.05)

0.005

-0.08 (-0.19, 0.03)

0.15

-0.06 (-0.29, 0.17)

0.62

0.12 (-0.08, 0.31)

0.24

0.11 (-0.16, 0.37)

0.42

-0.20 (-0.46, 0.06)

0.13

-0.20 (-0.39, -0.02)

0.033

-0.30 (-0.81, 0.21)

0.25

-

-

-0.09 (-0.42, 0.23)

0.58

Gc2/2
GC variant
Gc1f

Ref.

-

Ref.

-

Ref.

-

Ref.

-

Ref.

-

Gc1s

-0.004 (-0.06, 0.05)

0.85

0.03 (-0.01, 0.07)

0.16

0.04 (-0.03, 0.10)

0.29

0.03 (-0.02, 0.08)

0.23

0.01 (-0.06, 0.07)

0.86

Gc2

-0.11 (-0.16, -0.07)
<0.0001
-0.08 (-0.12, -0.05)
<0.0001
-0.07 (-0.16, 0.03)
0.15
-0.04 (-0.13, 0.04)
0.30
-0.05 (-0.11, 0.01)
0.12
Correlation coefficients and p values were obtained from linear regression analyses adjusted for age, sex, season and inflammation. 25(OH)D levels were ln-transformed to make them normally distributed. #Seasons were
based on 3 monthly intervals. In South Africa the seasons are summer, autumn, winter and spring, in Uganda and Kenya there were two rainy seasons and in Burkina Faso and The Gambia there was a single rainy season.
†
Stunting was defined as height-for-age Z score <-2; ‡underweight as weight-for-age Z score <-2; § wasting as weight-for-height Z score < -2; ¶ inflammation as CRP >5 mg/L or ACT >0.6 g/L (ACT, but not CRP was
available for The Gambia) and fmalaria as presence of P. falciparum parasites on blood film.
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Table 4.9. Multivariable logistic regression analyses of factors associated with low vitamin D status
Overall
P
<0.0001
<0.0001
0.15
0.021

Kenya
OR (95% CI)
1.67 (1.53, 1.83)
1.95 (1.69, 2.26)
1.31 (1.02, 1.67)
1.23 (0.74, 2.05)

P
<0.0001
<0.0001
0.033
0.43

Uganda
OR (95% CI)
1.24 (1.07, 1.44)
1.57 (1.20. 2.06)
0.97 (0.77, 1.22)
1.05 (0.63, 1.76)
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P
0.003
0.001
0.79
0.85

Burkina Faso
OR (95% CI)
3.50 (1.75, 6.98)
2.49 (0.61, 10.03)
0.70 (0.43, 1.14)
0.96 (0.35, 2.64)

P
0.0004
0.20
0.15
0.93

The Gambia
OR (95% CI)
0.91 (0.79, 1.05)
0.96 (0.74, 1.25)
1.07 (0.76, 1.48)
2.27 (1.27, 4.06)

P
0.21
0.87
0.75
0.006

South Africa
OR (95% CI)
4.45 (0.81, 24.60)
0.93 (0.04, 23.05)
1.28 (0.95, 1.73)
1.31 (0.86, 2.00)

P
25(OH)D 50–75
0.087
25(OH)D <50
0.96
25(OH)D 50–75
0.10
Sex: female
25(OH)D <50
0.21
25(OH)D 50–75
Summer/short rains/dry
Ref
Ref
Ref
Ref
Ref
Autumn/dry
0.79 (0.65, 0.96)
0.016
0.88 (0.64, 1.22)
0.45
0.82 (0.58, 1.15)
0.24
0.58 (0.30, 1.14)
0.11
0.58 (0.35, 0.97)
0.036
Winter/long rains
1.34 (1.09, 1.65)
0.005
0.87 (0.47, 1.63)
0.67
1.42 (1.03, 1.95)
0.033
0.78 (0.37, 1.64)
0.51
Ref
1.95 (1.28, 2.98)
0.002
Season#
Spring/dry
1.13 (0.91, 1.40)
0.26
1.03 (0.60, 1.79)
0.89
0.84 (0.61, 1.17)
0.30
3.27 (0.49, 21.65)
0.22
1.21 (0.76, 1.93)
0.43
1.73 (1.14, 2.64)
0.010
25(OH)D <50
Summer/short rains/dry
Ref
Ref
Ref
Ref
Ref
Autumn/dry
0.65 (0.43, 0.96)
0.032
0.75 (0.40, 1.40)
0.37
0.78 (0.30, 1.98)
0.60
0.10 (0.02, 0.55)
0.007
0.60 (0.25, 1.44)
0.25
Winter/long rains
2.55 (1.75, 3.72)
<0.0001
3.21 (1.27, 8.14)
0.014
2.49 (1.17, 5.33)
0.019
0.43 (0.11, 1.70)
0.23
Ref
3.92 (2.07, 7.42)
<0.0001
Spring/dry
1.60 (1.07, 2.38)
0.022
0.24 (0.03, 1.87)
0.17
2.08 (0.99, 4.38)
0.053
**
0.56 (0.18, 1.70)
0.30
2.46 (1.28, 4.71)
0.007
25(OH)D
50–75
1.25
(1.01,
1.54)
0.038
1.45
(0.77,
2.71)
0.25
1.16
(0.84,
1.61)
0.36
1.13
(0.67,
1.93)
0.65
1.19
(0.79,
1.78)
0.41
n/a
n/a
Stunted*
25(OH)D <50
1.05 (0.69, 1.58)
0.82
0.53 (0.16, 1.81)
0.72
0.91 (0.43, 1.94)
0.82
0.83 (0.26, 2.64)
0.75
1.16 (0.59, 2.29)
0.68
n/a
n/a
25(OH)D 50–75
1.05 (0.82, 1.32)
0.71
0.87 (0.51, 1.49)
0.58
1.35 (0.89, 2.07)
0.16
1.07 (0.57, 2.01)
0.83
0.84 (0.55, 1.30)
0.44
n/a
n/a
†
Underweight
25(OH)D <50
0.88 (0.54, 1.41)
0.58
0.96 (0.33, 2.79)
0.95
0.40 (0.09, 1.69)
0.21
0.55 (0.11, 2.64)
0.45
0.95 (0.44, 2.03)
0.89
n/a
n/a
25(OH)D 50–75
0.69 (0.48, 1.00)
0.049
1.51 (0.56, 4.07)
0.42
0.71 (0.39, 1.29)
0.26
0.55 (0.18, 1.68)
0.29
0.51 (0.26, 1.00)
0.047
n/a
n/a
Wasted‡
25(OH)D <50
0.63 (0.29, 1.38)
0.25
0.91 (0.09, 9.77)
0.94
0.81 (0.24, 2.75)
0.73
1.38 (0.24, 7.97)
0.72
0.19 (0.02, 1.45)
0.11
n/a
n/a
25(OH)D 50–75
0.74 (0.64, 0.87)
0.0002
0.86 (0.65, 1.15)
0.31
0.65 (0.49, 0.86)
0.003
0.84 (0.50, 1.42)
0.52
0.57 (0.36, 0.93)
0.023
0.68 (0.46, 1.01)
0.059
§
Inflammation
25(OH)D <50
0.58 (0.43, 0.81)
0.001
0.66 (0.36, 1.21)
0.18
0.78 (0.42, 1.45)
0.36
2.27 (0.81, 6.40)
0.12
**
0
0.40 (0.21, 0.77)
0.006
25(OH)D 50–75
1.48 (1.18, 1.88)
0.001
1.75 (1.19, 2.57)
0.005
1.10 (0.69, 1.77)
0.68
1.20 (0.63, 2.28)
0.59
1.32 (0.75, 2.30)
0.34
n/a
n/a
††
Malaria
25(OH)D <50
1.02 (0.65, 1.61)
0.93
0.94 (0.47, 1.89)
0.87
0.41 (0.10, 1.78)
0.24
1.26 (0.37, 4.35)
0.71
0.82 (0.29, 2.36)
0.72
n/a
n/a
25(OH)D 50–75
Gc1f
Ref
Ref
Ref
Ref
Ref
Ref
Gc1s
0.93 (0.78, 1.11)
0.45
0.96(0.65, 1.43)
0.85
0.96 (0.71, 1.29)
0.78
0.58 (0.32, 1.05)
0.071
0.92 (0.61, 1.39)
0.70
1.12(0.71, 1.76)
0.62
Gc2
1.62 (1.36, 1.93)
<0.0001
1.55 (1.10, 2.20)
0.013
1.95 (1.49, 2.55)
<0.0001
1.13 (0.51, 2.51)
0.77
1.13 (0.55, 2.31)
0.74
2.31 (0.64, 8.31)
0.15
GC variant‡
25(OH)D <50
Gc1f
Ref
Ref
Ref
Ref
Ref
Ref
Gc1s
0.73 (0.52, 1.06)
0.096
1.38 (0.67, 2.87)
0.39
0.48 (0.20, 1.11)
0.087
1.38 (0.08, 1.67)
0.20
0.43 (0.17, 1.09)
0.075
1.04 (0.53, 2.03)
0.92
Gc2
1.69 (1.23, 2.31)
0.001
3.57 (1.97, 6.46)
<0.0001
1.28 (0.70, 2.32)
0.43
1.01 (0.19, 5.27)
0.99
1.84 (0.63, 5.35)
0.26
1.37 (0.72, 2.60)
0.34
This is a logistic regression with variables as exposures and vitamin D status as a binary outcome (>75 and 50–75 or <50 nmol/L). #Season was based on 3 monthly intervals (in South Africa the seasons are summer, autumn, winter and spring, in Uganda
and Kenya there were two rainy seasons and in Burkina Faso and The Gambia there was a single rainy season).*Stunted was defined as height-for-age Z score < -2; †underweight as weight-for-age Z score < -2; ‡wasted as weight-for-height Z score < 2;§inflammation was defined as CRP >5 mg/L or ACT >0.6 g/L (ACT only was available for The Gambia); ††malaria as presence of P. falciparum parasites on blood film. Covariates in the regression models included age, sex, season and inflammation
and for the overall model, study site. Anthropometric measurements were not available for South African children and they were not exposed to malaria. OR, odds ratio; CRP, C-reactive protein. ** this model couldn’t run since all children with 25(OH)D
<50 nmol/L had inflammation.
Age (years)

OR (95% CI)
1.43 (1.34, 1.52)
1.69 (1.52, 1.89)
1.09 (0.97, 1.25)
1.32 (1.05, 1.68)

4.3.8

Vitamin D status was positively associated with inflammation.

Mean and median 25(OH)D levels were higher in children with inflammation (81.9 nmol/L
[95% CI 68.0, 99.5]) compared to those without inflammation (76.4 nmol/L [95% CI 62.7,
92.3]) (Table 4.5). Similarly, children with inflammation had a lower prevalence of 25(OH)D
levels between 50–75 nmol/L and <50 nmol/L (31.6% [95% CI 28.7, 34.6] and 5.8% [95%
CI 4.5, 7.5], respectively) compared to children without inflammation (36.7% [95% CI 34.9,
38.4] and 7.9% [95% CI 7.0, 9.0], respectively) (Figure 4.2). Inflammation was positively
associated with 25(OH)D levels in multivariable linear regression analyses (β = 0.07 [95% CI
0.05, 0.09]) (Table 4.5). Inflammation explained about 1.2% of the total variation in
25(OH)D levels (R2 = 0.012). The association between 25(OH)D and CRP levels was linear
in fractional polynomial analyses.
Children with inflammation also had a lower prevalence of 25(OH)D levels <50 nmol/L and
between 50–75 nmol/L than those without inflammation in overall analyses (Figure 4.2).
Multivariable logistic regression showed that inflammation decreased the odds of children
having 25(OH)D levels <50 nmol/L and 50–75 nmol/L by 42% (OR 0.58 [95% CI 0.43,
0.81]) and 26% (OR 0.74 [95% CI 0.64, 0.87]), respectively (Table 4.9). In the individual
cohorts, this association was observed in Gambian and South African children only for both
categories of vitamin D status, and in Ugandan children only for 25(OH)D levels <50 nmol/L
(Table 4.9).
4.3.9

Children with malaria parasitaemia had lower vitamin D status.

Children with malaria parasitaemia had lower 25(OH)D levels (71.3 nmol/L [95% CI 58.9,
85.4]) than those without malaria (77.1 nmol/L [95% CI 63.1, 92.4]) (Table 4.3 and Figure
4.4). However, there were no differences in the prevalence of low vitamin D status (25(OH)D
levels between 50–75 nmol/L and <50 nmol/L) between the two groups (Figure 4.2). Afebrile
87

malaria parasitaemia was however associated with lower 25(OH)D levels in univariable (β =
-0.06 [95% CI -0.09, -0.03] R2 = 0.004) and multivariable linear regression analyses (β = 0.04 [95% CI -0.07, -0.01]) (Table 4.5). Overall, children with parasitaemia were 48% more
likely to have 25(OH)D levels between 50–75 nmol/L (OR 1.48 [95% CI 1.18, 1.88]), but no
association was observed with 25(OH)D levels <50 nmol/L (OR 1.02 [95% CI 0.65, 1.61)
(Table 4.9). In subgroup analyses by country, this association was observed in Kenyan but
not in Burkinabe or Ugandan children.
4.3.10 Meta-analysis
Initial database searches identified 315 articles. Screening by abstract and full text revealed
19 studies that assessed the vitamin D status of pre-school children in Africa (Table 4.10).
Thirteen out of the 19 studies were included in meta-analyses with the current
epidemiological study. The studies included in the meta-analyses comprised of 6661 children
(2152 from past studies and 4509 from the current study) from 10 African countries with
mean ages ranging from one to 47 months (Figure 4.5). The mean 25(OH)D estimates were
obtained from healthy children in 10 case-control and three population-based studies. Some
eligible studies were excluded from the meta-analyses because they lacked relevant
estimates, or they did not report estimates from children aged between 0–8 years. Overall
mean 25(OH)D level in the meta-analysis was 73.2 nmol/L (95% CI 66.4, 80.1) (Figure 4.5).
Overall prevalence of 25(OH)D levels <75 nmol/L was 49.1% (95% CI 40.8, 57.5) (Figure
4.6) and <50 nmol/L was 10.9% (95% CI 6.9, 15.5) (Figure 4.7). I2 for the meta-analyses
ranged between 95.1% and 99.4% indicating heterogeneity between study estimates.
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Table 4.10. Summary characteristics of previous studies that evaluated the vitamin D status of young African children (arranged in
alphabetical order)
Author year

Study site, country

Sample size

Age mean
(range/SD)

25OHD levels in
healthy children*

Findings

(Adegoke et al.,
2017)

Ile-Ife, Nigeria

75 healthy controls, HbAA
(95 children with sickle
cell disease, HbSS)a

7.35 (2.47) years

112.9 (20.4) nmol/L

(Adegoke et al.,
2018)

Ile-Ife, Nigeria

Range 1–15 years

105.3 (25.0) nmol/L

(Albanna et al.,
2010)

Zagazig, Egypt

30 healthy controls, HbAA
(28 children with sickle
cell disease, HbSS)
40 healthy controls (40
children with pneumonia)

SCD patients had lower 25OHD levels than healthy controls. Daily
vitamin D supplementation increased serum anti-inflammatory
cytokine, IL-11, and lowered pro-inflammatory cytokines (IL-2,
IL-6, IL-8, IL-17 and IL-18) in children with SCD.
Patients with SCD (HbSS) had lower 25OHD levels than healthy
controls (HbAA).

3 (range 2–5) years

87.2 (18.4) nmol/L

Healthy controls had higher vitamin D status than children with
pneumonia.

(Amukele et al.,
2013)

Malawi

21 HIV-exposed
(uninfected) infants

0 (range 0–1) years

78.6 (10.4) nmol/L

Infants had 25OHD levels equal to their mothers at 12 months of
age.

(Aydemir et al.,
2014)

Gazi University,
Egypt

20 healthy controls (40
children with sepsis)

Range 1–16 years

69.9 (30.0) nmol/L

25OHD levels were positively correlated with white blood cell
count, CRP, TNF and IL-6 in all children.

(Cusick et al.,
2014)

Kampala, Uganda

20 healthy controls (40
children with severe
malaria)

3.8 (range 1.5–12)
years

63.1 (21.7) nmol/L

(Graff et al., 2004)

Jos, Nigeria

15 healthy controls (15
children with rickets)

4 (range 2–8) years

72.4 (11.5) nmol/L

Children with severe malaria had lower 25OHD levels than healthy
community controls. There was no difference in 25OHD levels
between children with cerebral malaria and those with severe
malaria anaemia.
Children with rickets had lower 25OHD levels than non-rachitic
children

(Hamdy et al.,
2018)

Cairo, Egypt

60 healthy controls (80
SCD patients)

Range 4.3–15.5
years

56.7 (21.0) nmol/L

Lower levels of 25OHD were associated with severe complications
of SCD such as haemolysis.

(Jones et al., 2018b)

Nairobi, Kenya

22 urban community
children (21 children with
rickets)

13 (range 2–24)
months

70 (54–85) nmol/L

(Nabeta et al.,
2015)

Kampala, Uganda

41 non-malnourished (117
malnourished children)

1.3 (range 0.5–2.0)
years

80.4 (27.2) nmol/L

71% of the children had levels below 30 nmol/L. Children with
rickets had lower 25OHD levels than non-rachitic children.
Wasting, but not stunting or underweight, was associated with
lower levels of 25OHD.
Malnutrition (<-2 SD weight-for-height) was not associated with
25OHD levels.
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(Oginni et al.,
1996b)

Ile-Ife, Nigeria

94 healthy controls (44
children with rickets)

3 (range 1–5) years

63 (2.6) nmol/L

Children with rickets had lower 25OHD levels than non-rachitic
children.

(Oginni et al.,
1996a)

Ile-Ife, Nigeria

20 healthy controls (22
children with rickets)

3 (range 1–5) years

69 (22) nmol/L

Children with rickets had lower 25OHD levels than non-rachitic
children.

(Pfitzner et al.,
1998)

Jos, Nigeria

198 community children
(20 had rickets)

2.0 (range 0.5–3.0)
years

64.9 (24) nmol/L

There was no difference in 25OHD levels between children with or
without rickets.

(Sudfeld et al.,
2015)

Dar es Salaam,
Tanzania

948 HIV-exposed
(uninfected) infants (253
HIV positive infants)

Range 1–24 months

45.2 (23.0) nmol/L

(Sudfeld et al.,
2017)

Dar es Salaam,
Tanzania

581 infants born to HIV
negative mothers

0.3 (range 0.1–0.5)
years

64.9 (21.7) nmol/L

Improved vitamin D status was associated with increased incidence
of clinical and confirmed malaria. Stunting, wasting and
underweight were not associated with vitamin D status. There was
no difference in 25OHD levels between HIV positive and HIV
negative infants.
Exclusively breastfed infants were at higher risk of VDD than
those receiving formula feeds. VDD was not associated with
stunting, underweight, wasting, sex, birth order, birth weight,
maternal age, maternal education, or household wealth.

(Thacher et al.,
2000, Thacher et
al., 1999b)
(Tindall et al.,
2020)

Jos, Nigeria

123 healthy controls (123
children with rickets)

4 (range 2–6) years

51.2 (15.5) nmol/L

Children with rickets had lower 25OHD levels than non-rachitic
children.

Botswana

24 healthy controls

4.0 years

119.6 (7) nmol/L

Height was positively correlated with vitamin D status.

(Toko et al., 2016a)

Chulaimbo, Kenya

54 infants (63 mothers)

Infants, 0 years

64.9 (26.4) nmol/L

25OHD levels did not differ in mothers and their infants with
malaria parasitaemia and those who were not infected.

(Walter et al., 1997)

Jos, Nigeria

27 healthy controls (16
children with rickets)

3 (range 1–7) years

59.9 (18.7) nmol/L

Children with rickets had lower 25OHD levels than non-rachitic
children.

*

Mean (SD) or median (IQR) 25OHD levels presented only for healthy children. Only studies that reported mean 25OHD values for pre-school children were included in the meta-analysis
(Figure 4.5). VDD, vitamin D deficiency, SD, standard deviation; CRP, C-reactive protein; 25OHD, 25-hydroxyvitamin D; SCD, sickle cell disease; HbSS, homozygous haemoglobin S; HbAA,
normal haemoglobin; TNF, tumour necrosis factor; BMI, body mass index.
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Figure 4.5. Meta-analysis of studies that measured 25(OH)D levels in healthy young children in Africa.
Study

Country

N

Age
(months)

Past studies
Albanna et al (2010)
Amukele et al (2012)
Graff et al (2004)
Oginni (a) et al (1996)
Oginni (b) et al (1996)
Pfitzner et al (1998)
Thacher et al (2000)
Walter et al (1997)
Sudfeld et al (2015)
Sudfeld et al (2017)
Cusick et al (2014)
Nabeta et al (2015)
Tindall et al (2020)
Random effects meta−analysis

Egypt
Malawi
Nigeria
Nigeria
Nigeria
Nigeria
Nigeria
Nigeria
Tanzania
Tanzania
Uganda
Uganda
Botswana

40
21
15
94
20
198
123
27
948
581
20
41
24

40.8
24.0
47.0
31.2
31.2
22.0
42.0
34.8
1.5
6.0
38.4
15.6
42.6

87.2
78.6
72.4
63.0
69.0
64.9
51.2
59.9
45.2
64.9
63.1
80.4
119.6
70.7

(81.5–93.0)
(74.2–83.0)
(66.6–78.2)
(62.5–63.5)
(59.4–78.6)
(61.6–68.2)
(48.5–53.9)
(52.8–67.0)
(43.7–46.7)
(63.1–66.7)
(53.6–72.6)
(72.1–88.7)
(116.8–122.4)
(61.5–79.9)

5.5%
5.6%
5.5%
5.7%
5.1%
5.6%
5.7%
5.4%
5.7%
5.7%
5.1%
5.3%
5.7%
71.5%

1361
1301
329
889
629

19.8
24.0
23.4
12.0
46.6

86.4
81.6
80.3
76.9
72.9
79.6

(84.9–87.9)
(80.3–82.9)
(77.8–82.8)
(75.3–78.5)
(71.4–74.4)
(74.9–84.3)

5.7%
5.7%
5.7%
5.7%
5.7%
28.5%

73.2

(66.4–80.1)

100.0%

Heterogeneity: I 2 = 99.5%, τ2 = 279.1

Current study

Mean 25(OH)D
(nmol/L)

95% CI

Weight

,p=0

Kenya
Uganda
Burkina Faso
South Africa
The Gambia

Random effects meta−analysis
Heterogeneity: I 2 = 97.7%, τ2 = 28.0 , p < 0.01

Random effects meta−analysis
Heterogeneity: I 2 = 99.6%, τ2 = 215.7, p = 0
Residual heterogeneity: I 2 = 99.4%, p = 0
Test for subgroup differences: χ21 = 2.84, df = 1 (p = 0.09)

0

20 40 60 80 100 120 140
Mean 25(OH)D (nmol/L)

Only mean 25(OH)D levels of healthy controls of case-control studies were included in the meta-analysis. Mean ages in months of the study participants
are also presented. Studies that only measured 25(OH)D levels in cord blood, reported only medians, or did not report mean estimates from only preschool children were excluded from the meta-analysis. Details of the studies are presented in Table 4.10.
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Figure 4.6. Meta-analysis of studies that estimated the prevalence of 25(OH)D levels <75 nmol/L in healthy young children in Africa.
Study

Country

Past studies
Botswana
Tindall 2020
Nigeria
Pfitzner 1998
Uganda
Cusick 2014
Uganda
Nabeta 2015
Random effects meta−analysis

Age
(Months)

n

Cases

42.6
22.0
38.4
15.6

24
198
20
41
283

2
162
16
15

23.4
19.8
12.0
46.6
24.0

329
1361
889
629
1301
4509

143
546
426
364
545

95% CI

Weight
(%)

8.3
81.8
80.0
36.6
51.6

(1.0–27.0)
(75.7–86.9)
(56.3–94.3)
(22.1–53.1)
(16.2–86.2)

7.5
12.1
6.9
9.1
35.6

43.5
40.1
47.9
57.9
41.9
46.2

(38.0–49.0)
(37.5–42.8)
(44.6–51.3)
(53.9–61.8)
(39.2–44.6)
(40.2–52.2)

12.5
13.0
12.9
12.8
13.0
64.4

49.1

(40.8–57.5)

100.0

Prevalence
(%)

Heterogeneity: I 2 = 96.2%, τ2 = 0.14 , p < 0.001

Current study

Burkina Faso
Kenya
South Africa
The Gambia
Uganda
Random effects meta−analysis
Heterogeneity: I 2 = 93.7%, τ2 = 0.004, p < 0.001

Random effects meta−analysis
Heterogeneity: I 2 = 96.2%, τ2 = 0.013, p < 0.001
Residual heterogeneity: I 2 = 95.1%, p < 0.001
Test for subgroup differences: χ21 = 0.08, df = 1 (p = 0.78 )

4792
0

20

40
60
80
Prevalence (%)

100

Only prevalence estimates from healthy controls in case-controls studies are included in the meta-analysis. Means of age in months are presented.
Studies that only measured 25(OH)D levels in cord blood or did not report estimates from preschool children separately were excluded from these
analyses. Details of eligible studies are presented in Table 4.10.
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Figure 4.7. Meta-analysis of studies that estimated the prevalence of 25(OH)D levels <50 nmol/L in healthy young children in Africa.
Study

Country

Age
(Months)

n

Cases

Prevalence
(%)

95% CI

Past studies
Tindall 2020
Jones 2018
Pfitzner 1998
Sudfeld 2017
Cusick 2014
Nabeta 2015
Random effects meta−analysis

Botswana
Kenya
Nigeria
Tanzania
Uganda
Uganda

42.6
13.0
22.0
6.0
38.4
15.6

24
22
198
581
20
41
886

0
3
51
123
3
7

0.0
13.6
25.8
21.2
15.0
17.1
16.3

( 0.0–14.2)
( 2.9–34.9)
(19.8–32.4)
(17.9–24.7)
( 3.2–37.9)
( 7.2–32.1)
(10.1–23.5)

5.7
5.5
10.2
11.0
5.2
7.2
44.7

23.4
19.8
12.0
46.6
24.0

329
1361
889
629
1301
4509

20
82
120
62
66

6.1
6.0
13.5
9.9
5.1
7.9

( 3.8– 9.2)
( 4.8– 7.4)
(11.3–15.9)
( 7.6–12.5)
( 3.9– 6.4)
( 5.0–11.2)

10.6
11.2
11.1
11.0
11.2
55.3

10.9

( 6.9–15.5)

100.0

Weight
(%)

Heterogeneity: I 2 = 71.4%, τ2 = 0.007, p = 0.004

Current study

Burkina Faso
Kenya
South Africa
The Gambia
Uganda
Random effects meta−analysis
Heterogeneity: I 2 = 93.1%, τ2 = 0.004, p < 0.001

Random effects meta−analysis
Heterogeneity: I 2 = 94.8%, τ2 = 0.010, p < 0.001
Residual heterogeneity: I 2 = 88.1%, p < 0.001
Test for subgroup differences: χ21 = 7.13, df = 1
(p= 0.008)

5395
0

10
20
30
Prevalence (%)

40

Only prevalence estimates from healthy controls in case-controls studies are included in the meta-analysis. Means of age in months are presented.
Studies that only measured 25(OH)D levels in cord blood or did not report estimates from young children separately were excluded from these analyses.
Details of included studies are presented in Table 4.10.
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4.4 Discussion
In this chapter, I describe the prevalence and predictors of vitamin D deficiency in young
African children. Median 25(OH)D level was 77.6 nmol/L (IQR 63.6, 94.2). The prevalence
of 25(OH)D levels <30 nmol/L, <50 nmol/L and 50–75 nmol/L was 0.6%, 7.8%, and 37.1%,
respectively. The prevalence of 25(OH)D levels <30 and <50 nmol/L was highest in South
African children. Winter and spring in South Africa and the long rainy season in Kenya and
Uganda were associated with low vitamin D status. In addition, children who were older, had
malaria parasitaemia, or did not have inflammation had lower vitamin D status. 25(OH)D
levels declined with increasing age across all study countries, but were not associated with
stunting, underweight or wasting. 25(OH)D levels were not associated with sex overall and in
the individual countries except in The Gambia where females had lower vitamin status. The
most frequent DBP variant was Gc1f (83.3%), followed by Gc1s (8.5%) and Gc2 (8.2%). The
Gc2 variant was associated with lower 25(OH)D levels compared to the other variants. In
meta-analyses of the current and previous studies, average mean 25(OH)D level was 73.2
nmol/L and average prevalence of 25(OH)D levels <75 nmol/L and <50 nmol/L was 49.1%
and 10.9%, respectively.
The median 25(OH)D levels of 77.6 nmol/L found in the current study is comparable to
levels reported in previous studies from young African children, including 80.4 nmol/L in
Uganda, 78.6 nmol/L in Malawi, and 72.4 nmol/L in Nigeria (Figure 4.5). However, studies
in urban populations, one with 581 Tanzanian infants and another with 198 Nigerian
preschool children, reported lower mean 25(OH)D levels of 64.9 and 64.8 nmol/L,
respectively (Pfitzner et al., 1998, Sudfeld et al., 2017). In addition, the prevalence of vitamin
D deficiency of 7.8% (25(OH)D levels <50 nmol/L) in the current study is lower than
estimates from previous studies of young children living in Africa, including of 15% in
Tanzania, 14% in Kenya, 15% in Uganda, and 20% in Egypt (Cusick et al., 2014, Jones et al.,
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2018b, Nabeta et al., 2015, Albanna et al., 2010), and an overall estimate of 23% in a metaanalysis of studies of children of all age groups (Figure 3.3). Living in urban areas or far from
the equator as is the case with children living in Egypt, may contribute to the higher
prevalence of vitamin D deficiency reported in these populations (Figure 3.11). Bias in
sample selection may also result in selecting children with lower vitamin D status since most
of these studies had a case-control design. Prentice and colleagues suggested that variation in
vitamin D status in African populations may result from differences in latitude, geography,
skin pigmentation, religious and cultural practices (Prentice et al., 2009). The higher
prevalence of vitamin D deficiency (25(OH)D levels <50 nmol/L) in children living in South
Africa may be due to reduced sun exposure since children are more likely to stay indoors
during cold winters. The vitamin D status of Kenyan and Ugandan children in this study was
similar probably because of similar geography, ethnicities, and cultures.
The prevalence of 25(OH)D levels <50 nmol/L (7.8%) in the current study is also lower than
estimates in young children from other continents, including 11% in China, 14% in Japan,
15% in the USA, and 32% in the Netherlands (Hoevenaar-Blom et al., 2019, Carpenter et al.,
2012, Nakano et al., 2018, Guo et al., 2018). The low prevalence of vitamin D deficiency in
Africa compared to other parts of the world is likely to be due to the abundance of sunshine
in sub-Saharan Africa (Prentice et al., 2009) since supplementation and fortification of food
is rare in Africa. The low prevalence of severe vitamin D deficiency (25(OH)D levels <30
nmol/l) (0.6%) in the current study suggests that rickets in Africa is more likely to be due to
calcium deficiency than vitamin D deficiency since vitamin D deficiency rickets is rare with
25(OH)D levels <30 nmol/l (Ross et al., 2011, Bouillon and Carmeliet, 2018).
Vitamin D status was inversely associated with age in all countries in this study except The
Gambia. This agrees with previous studies of school-going children (aged between 5–18
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years) from Algeria, South Africa, Ethiopia which also reported that 25(OH)D levels
decreased with age (Poopedi et al., 2015, Wakayo et al., 2015, Djennane et al., 2014). The
only exception in Africa, to the best of my knowledge, was a study of pre-school children in
Malawi which reported an increase in 25(OH)D levels with age (Amukele et al., 2013).
However, this study was small (n=21) and involved infants of mothers living with HIV that
participated in a clinical trial. Other studies that reported an increase in 25(OH)D levels with
age included children who received vitamin D supplementation or vitamin D-fortified foods
in high-income countries (Kunz et al., 2018, Nakano et al., 2018, Carpenter et al., 2012).
Children had higher mean 25(OH)D levels than adults in my meta-analysis of previous
studies in Africa (Figure 3.3), probably because they spend more time outdoors. The decline
in vitamin D status in children as they get older may be due to inadequate vitamin D and, as
studies from high income countries suggest (Kunz et al., 2018, Nakano et al., 2018, Carpenter
et al., 2012), vitamin D interventions such as supplements and foods fortified with vitamin D
may help reverse this decline.
Vitamin D status did not differ by gender overall and in all study countries except The
Gambia. This finding agrees with similar studies in South Africa, Ecuador, Mexico, and
China which also did not find any differences in vitamin D status between the genders
(Poopedi et al., 2015, Guo et al., 2018, Flores et al., 2013, Mokhtar et al., 2018). In my
systematic review of previous vitamin D status studies from Africa, gender differences in
vitamin D status were only observed in participants older than 10 years old (Figure 3.11).
Adolescents and adults have gender differences that may influence their vitamin D status
such as variation in adiposity and physical activities (Pereira-Santos et al., 2015).
Adolescents and adults also have gender distinct roles and lifestyles in many African cultures
which may influence their vitamin D status (Prentice et al., 2009). These biological and
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socio-cultural gender differences are less distinct in young children in Africa and may explain
why gender was not associated with vitamin D status in the current study.
I found that vitamin D status varied by season in overall analyses and the individual study
countries except in The Gambia where seasonality could not be assessed since all samples
were collected at one time point. The strongest association was observed in South Africa
where winter and spring were associated with a higher prevalence of vitamin D deficiency.
These findings agree with previous studies from South Africa and northern African countries,
many of which reported that winter was associated with lower vitamin D status (Figure 3.7).
In addition, most of the 13 studies that reported seasonality in vitamin D status in Africa were
conducted in South Africa or in northern African countries (Table 3.7). The low vitamin D
status observed during winter in South Africa is probably due to reduced sun exposure since
children are likely to spend more time indoors during winter. Furthermore, regions outside
the tropics have shorter days with less sunlight intensity during the winter and season is a
common cause of vitamin D deficiency in North America and European countries (Holick,
2007b). On the other hand, low vitamin D status in tropical African countries during rainy
season is probably due to increased cloud cover and less time spent outdoors due to frequent
rains.
Vitamin D status was not associated with stunting, underweight, or wasting. These findings
agree with studies in pre-school children from Tanzania, Singapore and Nepal which also
reported that 25(OH)D levels were not associated with anthropometry parameters (Sudfeld et
al., 2015, Ong et al., 2016, Avagyan et al., 2016). However, Jones and colleagues reported
that severe wasting was associated with 25(OH)D levels <30 nmol/L in 21 Kenyan children
with rickets(Jones et al., 2018b). In addition, Mokhtar and colleagues reported that stunted
and underweight Ecuadorian children were more likely to have lower 25(OH)D levels (<42.5
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nmol/L) (Mokhtar et al., 2018). Stunting can be caused by vitamin D deficiency due to the
impairment of transcriptional regulation of skeletal homeostasis and growth in very low
vitamin D status (Holick, 2010). However, the lack of association between vitamin D status
and nutritional status markers in my study suggests that sunshine is a more important source
of vitamin D in African children than dietary intake.
Vitamin D status was positively associated with inflammation in the current study, a finding
that was replicated across all study sites. These findings agree with a large community-based
study of children (mean age 9.9 years) in England and a small case-control study of Egyptian
children with sepsis (mean age 6 years), both of which reported that 25(OH)D levels were
positively associated with CRP and IL-6 (Aydemir et al., 2014, Williams et al., 2012).
However, 25(OH)D and CRP levels were inversely associated in healthy older adults (aged
>55 years, n= 9649) and healthy neonates (n = 1491) (Tao et al., 2015, Liefaard et al., 2015)
and were not associated in healthy infants (n = 500) or children with asthma (n=71) (Haugen
et al., 2016, Dabbah et al., 2015). A bi-directional Mendelian randomization study which
included 9649 healthy Dutch adults found no evidence of causality in the association between
25(OH)D and CRP (Liefaard et al., 2015). In a systematic review that included 24
randomised controlled trials, vitamin D supplementation reduced IL6 levels in the overall
meta-analysis but had no effect on CRP (Mazidi et al., 2018) although most of the
participants had medical conditions (Mazidi et al., 2018). Interestingly, a USA National
Health and Nutrition Examination Survey with 15,167 nationally representative adults
reported an inverse association between 25(OH)D and CRP levels at 25(OH)D levels <52
nmol/L and a positive association >52 nmol/L (Amer and Qayyum, 2012), suggesting that the
direction of association between 25(OH)D and CRP levels may be U-shaped and may explain
the mixed findings from previous studies. It is possible that the positive association between
25(OH)D and CRP levels in the current study was because most of the participants (90%) had
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25(OH)D levels >52 nmol/L. However, there may be little clinical relevance since
inflammation accounted for only 1.2% of the observed variation in 25(OH)D levels.
Low vitamin D status was associated with an increased risk of afebrile malaria parasitaemia
overall. However, in the individual cohorts this was only observed in Kenyan children.
Previous studies have similarly reported mixed findings regarding the association between
vitamin D status and malaria. A study from Uganda reported that children with severe
malaria had lower 25(OH)D levels than healthy community children (Cusick et al., 2014).
However, Toko and colleagues reported that vitamin D status was not associated with malaria
parasitaemia in newborns or their mothers in western Kenya (Toko et al., 2016a). Similarly, a
study reported that vitamin D supplementation was protective against cerebral malaria in
mice (He et al., 2014), while another found no effect on severe malaria (Waisberg et al.,
2012). Vitamin D deficiency may influence incidence and severity of infectious diseases
including malaria since vitamin D modulates both innate and adaptive immunity (Baeke et
al., 2010). On the other hand, children with malaria may spend more time indoors which may
result in lower vitamin D status due to reduced sun exposure. Due to the observational nature
of the current and previous studies, the observed associations may be confounded, and it may
not be possible to determine causality. To date there are no clinical trials investigating the
effect of vitamin D supplementation on malaria incidence or treatment outcomes (Yakoob et
al., 2016), and more studies are needed to investigate this association.
Gc1f was the most frequent DBP variant observed in the current study, followed by Gc1s and
Gc2. Children carrying Gc2 had lower 25(OH)D levels than those carrying Gc1f and Gc1s
variants. Similarly, in a study conducted in The Gambia involving 237 children with similar
DBP variant frequencies (Gc1f was 86%, Gc1s 11% and Gc2 3%), children with Gc1f had
higher 25(OH)D levels than other variants combined (Braithwaite et al., 2015). The Gc1f
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variant, which is also believed to be the wild type, has the highest binding affinity to vitamin
D and its metabolites, while Gc2 has the lowest (Bikle and Schwartz, 2019). DBP variant
frequencies vary between ethnic groups, with Gc1f having the highest frequencies in Africans
while Gc1s and Gc2 have higher frequencies in Europeans and Asians, and this has therefore
been suggested to contribute to racial differences in vitamin D status (Bikle and Schwartz,
2019). The Gc1f variant was associated with higher 25(OH)D levels and shorter 25(OH)D
half-life in a small study involving adults from The Gambia and UK (n = 36) (Jones et al.,
2014). In addition, variation in DBP levels and polymorphisms was associated with lower
vitamin D status in African Americans compared to European Americans (n= 2085) (Powe et
al., 2013). In a study involving children aged between 1-8 years (n=123), DBP
polymorphisms were associated with lower vitamin D status and a lower response to vitamin
D supplementation in African American children compared to Caucasians and Hispanic
children (Newton et al., 2019). DBP polymorphisms and its varying frequencies and
concentration in different ethnicities has led to the suggestion that DBP variant and levels
should be considered in the assessment of vitamin D status in different ethnic groups (Carter
and Phinney, 2014).
4.4.1

Strengths and limitations

There were strengths and limitations in my analyses. To the best of my knowledge, the
current study is the largest study to date to investigate the prevalence and predictors of
vitamin D deficiency in an African population (n = 4509). Additionally, the children were
community-based and were recruited from five countries across Africa. I also assessed the
association of both environmental and genetic factors on vitamin D status in African children.
However, these findings should be interpreted in the context of some limitations. First, this
study was observational and cross-sectional in nature, therefore I could not investigate
temporal changes in vitamin D status or determine the direction of causality for the observed
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associations. In addition, I lacked information on sunshine exposure, dietary vitamin D
intake, measurements of DBP, calcium or parathyroid hormone, all of which may influence
vitamin D status. Lastly, these findings may not be generalisable to other age groups or
countries because the study only included young children from five African countries.
4.4.2

Conclusion

In conclusion, approximately a third of young African children in the current study had low
vitamin D status as defined by 25(OH)D <75 nmol/L, but the prevalence of 25(OH)D <50
nmol/L was relatively low at 7.4% and very few had 25(OH)D levels <30 nmol/L. My
findings further indicate that older children and those carrying the Gc2 DBP variant were at a
higher risk of vitamin D deficiency. South African children had a higher prevalence of
vitamin D deficiency (25(OH)D <50 nmol/L) which suggests that children who live further
from the equator are more likely to have vitamin D deficiency. Malaria parasitaemia was
associated with low vitamin D status overall and in Kenyan children, but not in the other
cohorts. There is need for more studies to examine the association between vitamin D status
and malaria and inflammation in African children. Vitamin D status was not associated with
stunting, wasting or underweight in all overall analyses perhaps because exposure to sunshine
provides adequate vitamin D to many populations in Africa. Child caregivers, health care
providers and policy makers in Africa should ensure children at a higher risk of vitamin D
deficiency get sufficient sun exposure and / or are provided with vitamin D supplements or
vitamin D-fortified food.
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CHAPTER 5. ASSOCIATION BETWEEN VITAMIN D AND IRON
STATUS IN YOUNG AFRICAN CHILDREN
This chapter forms the basis of a manuscript submitted in the American Journal of Clinical
Nutrition entitled “Vitamin D status is associated with iron status, but not anemia, in African
children”, in which I was the first author (Supplementary File 3).

5.1 Introduction
Vitamin D and iron deficiency are two of the most common nutrient deficiencies in the world
and often coexist in many populations. The prevalence of vitamin D and iron deficiency in
African children is about 23% and 52%, respectively (Mogire et al., 2020, Muriuki et al.,
2020). Vitamin D deficiency in children has been shown to cause growth retardation, skeletal
deformities, increased risk of fractures later in life, and has been associated with both
infectious and non-communicable diseases in epidemiological studies (Holick, 2007b). On
the other hand, iron deficiency may cause impaired development, anaemia and disability in
children (McLean et al., 2009, McCann and Ames, 2007, Kassebaum et al., 2014).
The metabolism of vitamin D and iron is interlinked such that deficiency in one nutrient may
cause deficiency in the other (Figure 5.1). Hepcidin, the master regulator of iron homeostasis
maintains total body iron within normal ranges by controlling levels of ferroportin, a cellular
iron transporter (Muckenthaler et al., 2017). During iron excess, hepcidin binds and leads to
the degradation of ferroportin which reduces the absorption of iron from the gastrointestinal
tract and release of iron from reticuloendothelial cells, hence lowering systemic iron levels
(Muckenthaler et al., 2017). High vitamin D status can reduce hepcidin levels by directly
inhibiting hepcidin’s transcription through the binding of 1,25(OH)2D – vitamin D receptor
complex on the vitamin D response element (VDRE) in the hepcidin gene (HAMP)
(Bacchetta et al., 2014a). High vitamin D status may also reduce hepcidin levels by
suppressing pro-inflammatory cytokines IL6 and IL1B (Zughaier et al., 2014). On the other
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hand, iron deficiency may result in decreased vitamin D status by reducing the activity of 25hydroxylase and 1α-hydroxylase, which are heme-containing cytochrome P450 enzymes
involved in vitamin D activation (Bikle, 2014). Iron deficiency has been demonstrated to
decrease 1α-hydroxylase activity in rats (Katsumata et al., 2016). Iron deficiency may also
decrease fibroblast growth factor 23 (FGF23), a protein involved in the synthesis and
catabolism of 1,25-dihydroxyvitamin D (Wolf et al., 2013).
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Figure 5.1. Metabolism of iron and vitamin D is interlinked.
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1,25(OH)2D may influence iron status by reducing hepcidin levels through directly binding to the vitamin D response element (VDRE) in the promoter region
of the hepcidin gene (HAMP), decreasing pro-inflammatory cytokines (e.g. IL6, IL1B) and supporting erythropoiesis (Zughaier et al., 2014, Kulling et al.,
2017, Bacchetta et al., 2014a, Sim et al., 2010). Low iron status may also influence vitamin D status by decreasing the activity of vitamin D metabolising
enzymes (25- and 1α-hydroxylase) (Katsumata et al., 2016) and increasing FGF23 (Clinkenbeard et al., 2014). High levels of FGF23 suppress 1α-hydroxylase
activity thus reducing 1,25(OH)2D levels (Monlezun et al., 2015, Doudin et al., 2018). Abbreviations: sTfR, soluble transferrin receptor; DMT1, divalent metal
transporter 1; DBP vitamin D binding protein; Cp, ceruloplasmin; FGF23, fibroblast growth factor 23; RBC, red blood cell; 7-DHC, 7-dehydrocholesterol.
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Many observational studies and clinical trials have reported a positive association between
vitamin D and iron status. Cross-sectional surveys that included nationally representative
children and adults from the USA, South Korea and Germany found that vitamin D
deficiency was associated with increased risk of iron deficiency, anaemia and iron deficiency
anaemia (Lee et al., 2015, Suh et al., 2016, Atkinson et al., 2014, Monlezun et al., 2015,
Doudin et al., 2018). A clinical trial by Bacchetta and colleagues reported that hepcidin levels
decreased by 34% 24 hours after supplementation with 100,000 IU of vitamin D, suggesting
that vitamin D may directly reduce hepcidin levels (Bacchetta et al., 2014a). In a metaanalysis of 14 randomised clinical trials that included participants with different medical
conditions, vitamin D supplementation significantly increased transferrin saturation and
serum iron levels but did not have influence haemoglobin or ferritin levels (Arabi et al.,
2020).
There is limited information on the association between vitamin D and iron status in
populations living in Africa. To the best of my knowledge, no study has investigated the
relationship between these two nutrients in Africa. Findings from studies that were conducted
in other regions may not be transferable to populations in Africa due to differences in
lifestyles and environments. For instance, populations in Africa have a high burden of
undernutrition and infectious diseases which may influence both vitamin D and iron status
and the association between them. In this chapter, I assessed the association between vitamin
D and iron status and anaemia in young children living in Africa.
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5.2 Methods
5.2.1

Study population

To assess the association between vitamin D and iron status, I included data from cohorts in
Kenya, Uganda, Burkina Faso, The Gambia, and South Africa that are described in Chapter
2.1. Biochemical assays that were used to measure 25(OH)D, ferritin, hepcidin, sTfR,
transferrin, serum iron, haemoglobin, CRP and ACT levels are presented in Table 5.1.
5.2.2

Definitions

I defined low vitamin D status as 25(OH)D <30 nmol/L, <50 nmol/L, and between 50–75
nmol/L, respectively (Holick et al., 2011b, Ross et al., 2011). I defined inflammation as CRP
levels >5 mg/L or ACT >0.6 g/L (WHO and CDC, 2005). I defined iron deficiency using the
WHO definition of iron deficiency as either plasma ferritin <12µg/L or <30µg/L in the
presence of inflammation in children <5 years old, or <15µg/L or <70µg/L in the presence of
inflammation in children ≥5 years old (World Health Organization, 2011). I calculated
transferrin saturation (TSAT) as (serum iron in µmol/L/transferrin in g/L x 25.1) x 100
(Yamanishi et al., 2003). I defined anaemia as haemoglobin <11 g/dL in children aged <5
years, or haemoglobin <11.5 g/dL in children ≥5 years and iron deficiency anaemia as the
presence of both iron deficiency and anaemia (World Health Organization, 2001). I defined
malaria parasitaemia as the presence of Plasmodium parasites in blood regardless of the
species or parasite density. Height-for-age z-scores (HAZ), weight-for-age z-scores (WAZ),
and weight-for-height z-scores (WHZ) were calculated using the 2006 WHO child growth
standards (Group, 2006) as implemented in zscore06 (STATA module). Stunting was defined
as HAZ <-2 and underweight as WAZ <-2.
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Table 5.1. Biochemical assays for vitamin D, iron and inflammatory biomarkers by study site
Site
Kilfi, Kenya

25(OH)D

Chemiluminesce
nt microparticle
immunoassay
(Abbott
Architect, USA)
Banfora,
Chemiluminesce
Burkina
nt microparticle
Faso
immunoassay
(Abbott
Architect, USA)
Entebbe,
Chemiluminesce
Uganda
nt microparticle
immunoassay
(Abbott
Architect, USA)
Soweto,
Chemiluminesce
South
nt microparticle
Africa
immunoassay
(Abbott
Architect, USA)
West Kiang, Chemiluminesce
The Gambia nt microparticle
immunoassay
(Abbott
Architect, USA)

Ferritin

Hepcidin

Microparticle
Enzyme
Immunoassay
(Abbott
Architect, USA)
Microparticle
Enzyme
Immunoassay
(Abbott
Architect, USA)
Microparticle
Enzyme
Immunoassay
(Abbott
Architect, USA)
Microparticle
Enzyme
Immunoassay
(Abbott
Architect, USA)
Microparticle
Enzyme
Immunoassay
(Abbott
Architect, USA)

DRG Hepcidin 25
[bioactive] high
sensitive ELISA (DRG
International, USA)
DRG Hepcidin 25
[bioactive] high
sensitive ELISA (DRG
International, USA)
DRG Hepcidin 25
[bioactive] high
sensitive ELISA (DRG
International, USA)
DRG Hepcidin 25
[bioactive] high
sensitive ELISA (DRG
International, USA)
Hepcidin-25 [human]
Enzyme Immunoassay
Kit (Bachem,
Switzerland)

Soluble
transferrin
receptor
Human sTfR
ELISA
(BioVendor,
Czech
Republic)
Human sTfR
ELISA
(BioVendor,
Czech
Republic)
Human sTfR
ELISA
(BioVendor,
Czech
Republic)
Human sTfR
ELISA
(BioVendor,
Czech
Republic)
Quantikine
sTfR ELISA
kit (R&D
Systems, USA)

Serum iron

Transferrin

Haemoglobin

CRP

ACT

MULTIGENT
iron
calorimetric
assay, Abbott
Architect, USA
MULTIGENT
iron
calorimetric
assay, Abbott
Architect, USA
Not measured*

Chemiluminescent
Microparticle
Immunoassay
(Abbott Architect,
USA)
Chemiluminescent
Microparticle
Immunoassay
(Abbott Architect,
USA)
Chemiluminescent
Microparticle
Immunoassay
(Abbott Architect,
USA)
Chemiluminescent
Microparticle
Immunoassay
(Abbott Architect,
USA)
Not measured

Coulter
analyser
ACT5Diff,
Beckman
Coulter, USA)
Coulter
analyser
ACT5Diff,
Beckman
Coulter, USA)
Coulter
analyser
(Beckman
Coulter, Nyon,
Switzerland)
Not measured.

MULTIGENT
CRP Vario
assay (Abbott
Architect,
USA)
MULTIGENT
CRP Vario
assay (Abbott
Architect,
USA)
MULTIGENT
CRP Vario
assay (Abbott
Architect,
USA)
MULTIGENT
CRP Vario
assay (Abbott
Architect,
USA)
Not measured

Not measured

Not measured*

Ferrozine based
photometry and
colorimetry
analyser
(Hitachi 911,
Tokyo, Japan)

Medonic CA
530 Oden 16
Haemoglobino
meter

Not measured

Not measured

Not measured

Immunoturbid
imetry, Cobas
Mira Plus
Bioanalyser,
Roche

*Serum iron measurements were not available for Ugandan and South African cohorts because their blood samples were stored in ethylenediaminetetraacetic acid (EDTA) which chelates iron.
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5.2.3

Statistical analyses

All statistical analyses were performed using R version 3.5.1 (https://www.R-project.org/)
and STATA 15.0 (StataCorp., College Station, TX). I fitted logistic regression models to
evaluate the association between vitamin D and categories of iron status (iron deficiency, iron
deficiency anaemia and anaemia), and linear regression models to evaluate the association
between continuous measures of 25(OH)D and markers of iron status. I natural log
transformed 25(OH)D, ferritin, hepcidin, serum iron levels and TSAT to normalize their
distribution in the regression analyses. I included age, sex, season, inflammation, and study
site as covariates in multivariable regression models. I also stratified the regression analyses
by inflammation status since markers of iron status were associated with inflammation.
Additionally, interactions between inflammation and 25(OH)D levels in predicting markers
of iron status were assessed by including their interaction terms in the multivariable
regression models.

5.3 Results
5.3.1

Characteristics of study participants

This study included a total of 4509 participants from Kenya (n = 1361), Uganda (n = 1301),
Burkina Faso (n = 329), The Gambia (n= 629) and South Africa (n=889). Characteristics of
the study participants are presented by cohort in Table 4.2. The overall prevalence of low
vitamin D status was 0.6%, 7.8% and 35.4% as defined by 25(OH)D levels < 30 nmol/L, <
50 nmol/L and 50 – 75 nmol/L, respectively (Table 5.2). The vitamin D status category of
25(OH)D levels < 30 nmol/L was excluded from further analyses because of their small
numbers. The overall prevalence of iron deficiency, iron deficiency anaemia and anaemia
was 35.1%, 23.0% and 61.6%, respectively (Table 5.2). South African children had the
highest prevalence of iron deficiency (42%), while Burkinabe children had the highest
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prevalence of iron deficiency anaemia and anaemia (31.6% and 87.3%, respectively).
Haemoglobin levels were not measured in South African children.
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Table 5.2. Prevalence of iron deficiency, iron deficiency anaemia and anaemia, and biomarker medians
Overall

Kenya

Uganda

Burkina Faso

The Gambia

South Africa#

25(OH)D > 75 nmol/l

2485/4509 (55.1%)

815/1361 (59.9%)

756/1301 (58.1%)

186/329 (56.5%)

265/629 (42.1%)

463/889 (52.1%)

25(OH)D 50 – 75 nmol/l

1674/4509 (37.1%)

464/1361 (34.1%)

479/1301 (36.8%)

123/329 (37.4%)

302/629 (48.0%)

306/889 (34.4%)

25(OH)D < 50 nmol/L

350/4509 (7.8%)

82/1361 (6.0%)

66/1301 (5.1%)

20/329 (6.1%)

62/629 (9.9%)

120/889 (13.5%)

25(OH)D < 30 nmol/l

28/4509 (0.6%)

4/1361 (0.3%)

5/1301 (0.4%)

0 (0%)

2/629 (0.3%)

17/889 (1.9%)

1546/4399 (35.1%)

491/1322 (37.1%)

433/1240 (34.9%)

115/319 (36.1%)

134/629 (21.3%)

373/889 (42.0%)

661/2880 (23.0%)

207/771 (26.9%)

209/1,182 (17.7%)

96/304 (31.6%)

107/623 (17.2%)

n/a

1829/2971 (61.6%)

556/793 (70.1%)

623/ 1,241 (50.2%)

274/ 314 (87.3%)

376/623 (62.4%)

n/a

25(OH)D (nmol/L)

77.0 (76.3, 77.7)

81.9 (80.4, 83.3)

78.3 (77.0, 79.5)

77.3 (75.0, 79.6)

70.4 (69.0, 71.9)

72.8 (71.2, 74.5)

Ferritin (µg/L)

20.5 (10.4, 39.5)

21.4 (10.2, 46.4)

20.8 (10.0, 40.6)

20.9 (10.2, 45.1)

25.7 (15.3, 42.3)

16.6 (9.1, 27.9)

7.2 (2.7, 16.1)

6.2 (2.2, 14.3)

7.2 (3.0, 15.9)

5.8 (2.2, 14.3)

7.9 (2.8, 16.6)

8.7 (3.7, 18.8)

11.3 (6.0, 16.8)

17.2 (13.7, 22.7)

7.0 (4.7, 10.0)

17.3 (12.8, 24.7)

3.2 (2.7, 4.2)

11.3 (8.9, 13.8)

Transferrin (µg/L)

2.8 (2.4, 3.1)

2.8 (2.4, 3.2)

2.7 (2.4, 3.1)

2.7 (2.4, 3.1)

n/a

2.8 (2.4, 3.1)

Iron (µmol/L)

6.5 (4.5, 9.6)

6.7 (4.6, 9.8)

n/a

6.1 (4.2, 8.7)

n/a

n/a

9.4 (6.1, 14.7)

9.4 (6.2, 14.8)

n/a

9.2 (5.9, 14.1)

n/a

n/a

10.6 (9.6, 11.5)

10.4 (9.4, 11.2)

11.0 (10.1, 11.9)

9.7 (8.9, 10.5)

10.8 (9.9, 11.5)

Vitamin D status

Iron status
Iron deficiency§, n/total (%)
§§

Iron deficiency anaemia , n/total (%)
Anaemia§§§, n/total (%)
Biomarker medians (IQR)

Hepcidin (µg/L)
STfR (mg/L)

TSAT (%)
Haemoglobin (g/dL)

n/a
‡

25OHD, 25-hydroxyvitamin D; IQR, interquartile range; n/a, not available; CRP, C-reactive protein; STfR, soluble transferrin receptors; TSAT, transferrin saturation. Malaria parasitaemia
was defined as presence of Plasmodium parasitaemia on blood film; †inflammation as CRP > 5 mg/L or ACT > 0.6 g/L (ACT, but not CRP was available for The Gambia); *stunting as heightfor-age Z score < -2 and underweight as weight-for-age Z score < -2;§iron deficiency as either plasma ferritin < 12µg/L or < 30µg/L in the presence of inflammation in children < 5 years old,
or < 15µg/L or < 70µg/L in the presence of inflammation in children ≥5 years old; §§iron deficiency anaemia as the presence of both iron deficiency and anaemia; §§§anaemia as haemoglobin <
11 g/dL in children aged < 5 years, or haemoglobin < 11.5 g/dL in children ≥5 years. # South African children lacked anthropometric and haemoglobin measurements and were not exposed to
malaria.
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5.3.2

Association between categories of vitamin D and iron status

Children with 25(OH)D levels < 50 nmol/L had a higher prevalence of iron deficiency
(41.8%; 95% CI 36.7, 47.1) than those with 25(OH)D levels > 75 nmol/L (35.8% [95% CI
33.9. 37.2], Table 5.2). Similarly, the prevalence of 25(OH)D levels of < 50 nmol/L was
higher in children with iron deficiency (9.3% [95% CI 7.9, 10.8] compared to those who were
iron replete (7.0% (95% CI 6.1, 8.0]) (Figure 5.2). In addition, children with 25(OH)D levels
< 50 nmol/L had 80% higher odds of iron deficiency than those with 25(OH)D levels > 75
nmol/L (OR 1.80 [95% CI 1.40, 2.31]). The association between vitamin D deficiency
(25(OH)D levels < 50 nmol/L) and iron deficiency anaemia did not reach statistical
significance (OR 1.41 [95% CI 0.97, 2.07]) (p = 0.075). Subgroup analyses by cohort
revealed that the effect of vitamin D status on iron deficiency, iron deficiency anaemia and
anaemia varied by cohort (Table 5.2).

.
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Table 5.3. Effects of vitamin D status on iron deficiency, iron deficiency anaemia and anaemia
Categories of vitamin D status
> 75 nmol/L (reference)
Proportion, n/total (%)
§

2485/4509 (55.1%)

50 – 75 nmol/L

< 50 nmol/L

1674/4509 (37.1%)

350/4509 (7.8%)

n

n

OR (95% CI)

p

n

OR (95% CI)

p

Iron deficiency

Overall
Kenya
Uganda
Burkina Faso
The Gambia
South Africa

2425/4399
794/1322
725/1240
178/319
265/629
463/889

1632/4399
450/1322
452/1240
122/319
302/629
306/889

1.11 (0.97, 1.28)
0.86 (0.65, 1.13)
0.95 (0.73, 1.23)
1.12 (0.66, 1.90)
0.82 (0.54, 1.24)
2.45 (1.78, 3.37)

0.14
0.27
0.68
0.67
0.35
< 0.0001

342/4399
78/1322
63/1240
19/319
62/629
120/889

1.80 (1.40, 2.31)
0.94 (0.53, 1.67)
1.84 (1.07, 3.15)
0.95 (0.31, 2.89)
1.06 (0.53, 2.13)
4.80 (3.07, 7.52)

< 0.0001
0.84
0.027
0.93
0.86
< 0.0001

Iron deficiency anaemia¶

Overall
Kenya
Uganda
Burkina Faso
The Gambia
South Africa

1540/2880
420/771
690/1182
167/304
263/623
n/a

1139/2880
293/771
430//1182
118/304
298/623
n/a

0.93 (0.77, 1.14)
0.91 (0.61, 1.38)
0.91 (0.67, 1.25)
1.01 (0.57, 1.76)
0.98 (0.62, 1.57)
n/a

0.51
0.68
0.57
0.98
0.96
n/a

201/2880
58/771
62//1182
19/304
62/623
n/a

1.41 (0.97, 2.07)
0.96 (0.41, 2.26)
1.85 (1.00, 3.45)
0.77 (0.24, 2.53)
1.66 (0.81, 3.42)
n/a

0.075
0.93
0.052
0.67
0.17
n/a

Anaemia†

Overall
1587/2971
1175/2971
1.00 (0.84, 1.18)
0.98
209/2971
1.30 (0.94, 1.80)
0.11
Kenya
430/793
301/793
0.65 (0.45, 0.93)
0.019
65/793
0.71 (0.38, 1.32)
0.28
Uganda
719/1241
457/1241
1.08 (0.84, 1.39)
0.55
65/1241
1.08 (0.62, 1.87)
0.79
Burkina Faso
175/314
119/314
1.37 (0.65, 2.88)
0.41
20/314 2.14 (0.26, 17.66)
0.48
The Gambia
263/623
298/623
1.35 (0.96, 1.91)
0.086
62/623
2.75 (1.45, 5.17)
0.002
South Africa
n/a
n/a
n/a
–
n/a
n/a
–
25OHD, 25-hydroxyvitamin D; n/a, not available. Odds ratios and p values were obtained from multivariable logistic regression analyses adjusted for age, sex, season, inflammation
and study site. 25(OH)D and CRP levels were ln-transformed to make them normally distributed. §Iron deficiency was defined as either plasma ferritin < 12µg/L or < 30µg/L in the
presence of inflammation in children < 5 years old, or < 15µg/L or < 70µg/L in the presence of inflammation in children ≥5 years old; ¶iron deficiency anaemia as the presence of
both iron deficiency and anaemia;†anaemia was defined as haemoglobin < 11 g/dL in children aged < 5 years, or haemoglobin < 11.5 g/dL in children ≥5 years; inflammation as
CRP > 5 mg/L or ACT > 0.6 g/L (ACT, but not CRP was available for The Gambia).
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Figure 5.2. Prevalence of iron status by categories of vitamin D status (i) and prevalence of vitamin D status by categories of iron status (ii).
i. Prevalence of iron status by categories vitamin D status
A. Iron deficiency

Prevalence (%)

75

100

100

25.6%

32.8%*

35.8%

41.8%*

50

25

C. Anaemia

B. Iron deficiency anemia

100

19.5%***

21.9%

75

75

50

58.2%

80.5%

50−75 nmol/L

<50 nmol/L

Iron deficient

40.7%

37.3%

>75 nmol/L

50−75 nmol/L

<50 nmol/L

0
>75 nmol/L

Vitamin D status (25(OH)D)

36.9%

25

0
>75 nmol/L

62.7%

78.1%

25

0

59.3%*

50

74.4%

67.2%

64.2%

63.1%

50−75 nmol/L

<50 nmol/L

Vitamin D status (25(OH)D)

Iron replete

IDA

Vitamin D status (25(OH)D)

No IDA

Anemic

Non−anemic

ii. Prevalence of vitamin D status by categories iron status
A. Iron deficiency
100

7%

C. Anemia

B. Iron deficiency anemia
9.2%*

100

7.1%

6.7%

100

6.8%

7.2%

41.9%

38.1%*

Vitamin D status

Prevalence (%)

25OHD <50 nmol/L
75

38.5%

34.6%*

50

25

75

41.3%

33.6%***

56.1%

Iron replete

Iron deficient

0

25

25OHD 50−75 nmol/L
25OHD >75 nmol/L

50

50

54.6%

75

51.6%

59.8%

25

51.3%

54.7%

Non−anemic

Anemic

* P <0.05
** P <0.01
*** P < 0.001

0

0
No IDA

IDA

Low vitamin D status was defined as 25(OH)D levels < 50 nmol/L and 50 – 75 nmol/L. Iron deficiency was defined as plasma ferritin < 12µg/L or < 30µg/L in
the presence of inflammation in children < 5 years old, or < 15µg/L or < 70µg/L in the presence of inflammation in children ≥5 years old (World Health
Organization, 2011). Anaemia was defined as haemoglobin <11 g/dL in children aged <5 years, or haemoglobin <11.5 g/dL in children ≥5 years and iron
deficiency anaemia as the presence of both iron deficiency and anaemia (World Health Organization, 2001). Inflammation was defined as CRP > 5 mg/L or
ACT > 0.6 g/L (ACT, but not CRP was available for The Gambia). Prtest (STATA) was used to test the significance in difference in proportion of low vitamin
status (25(OH)D levels < 50 or 50 – 75 nmol/L) within each category with the first category as the reference.
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5.3.3

Levels of iron markers and CRP by categories of vitamin D status

Compared to children with 25(OH)D levels > 75 nmol/L, children with 25(OH)D levels < 50
nmol/L had higher levels of serum iron and TSAT and lower levels of ferritin, hepcidin,
sTfR, and transferrin, findings that were also observed in adjusted regression models (Figure
5.3 and Table 5.3). Children with 25(OH)D between 50 – 75 nmol/L had lower levels of
transferrin and sTfR and higher TSAT compared to children with 25(OH)D levels > 75
nmol/L. CRP levels were lowest in the 25(OH)D < 50 nmol/L category and highest in the
25(OH)D > 75 nmol/L category (Figure 5.3 H).
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Figure 5.3. Boxplot of iron markers and CRP levels by categories of vitamin D status (i)
and 25(OH)D levels by iron status categories (ii).

P values were obtained from two-sample Wilcoxon rank-sum (Mann-Whitney) test. Median
(IQR) values and associated p values are in Table 5.3. Abbreviations: TSAT, transferrin
saturation; sTfR, soluble transferrin receptor. Test of significance p value; not significant
(ns) > 0.05; * < 0.05, ** < 0.01, *** 0.001.
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Table 5.4. Effect of vitamin D status on individual measures of iron status

Biomarker

Overall
Mean (95% CI)

Categories of vitamin D status
> 75 nmol/L (reference)
Mean (95% CI)

50 – 75 nmol/L
Mean (95% CI)

Betas (95% CI)*

P value

< 50 nmol/L
Mean (95% CI)

Betas (95% CI)*

P value

Ferritin (µg/L)
20.5 (19.6, 21.3)
21.0 (20.0, 22.0)
-0.05 (-0.11, 0.01)
0.10
15.2 (13.4, 17.2) -0.35 (-0.45, -0.24) < 0.0001
20.2 (19.6, 20.8)
Hepcidin (µg/L)
6.4 (6.1, 6.7)
6.6 (6.2, 7.1) 0.0002 (-0.08, 0.08)
0.997
5.3 (4.6, 6.1) -0.30 (-0.45, -0.16) < 0.0001
6.4 (6.1, 6.6)
STfR (mg/L)
10.6 (10.4, 11.1)
9.2 (8.8, 9.5) -0.05 (-0.08, -0.01)
0.013
9.0 (8.3, 9.8) -0.08 (-0.14, -0.01)
0.029
10.0 (9.8, 10.2)
Transferrin (µg/L)
2.8
(2.8,
2.8)
2.6
(2.6,
2.7)
-0.16
(-0.20,
-0.12)
<
0.0001
2.3
(2.2,
2.4)
-0.39
(-0.46,
-0.32)
<
0.0001
2.7 (2.7, 2.7)
Iron (µmol/L)
6.0 (5.8, 6.2)
6.6 (6.3, 7.0)
0.04 (-0.03, 0.11)
0.26
7.7 (6.8, 8.9)
0.16 (0.02, 0.30)
0.022
6.3 (6.1, 6.5)
TSAT (%)
8.5 (8.1, 8.8)
9.9 (9.3, 10.5)
0.07 (-0.01, 0.15)
0.094
13.0 (11.1, 15.2)
0.29 (0.14, 0.45)
0.0002
9.1 (8.8, 9.5)
Haemoglobin
10.4 (10.3, 10.4)
10.5 (10.4, 10.6)
-0.04 (-0.14, 0.07)
0.50
10.4 (10.2, 10.6) -0.22 (-0.42, -0.03)
0.025
10.4 (10.4, 10.5)
(g/dL)
25OHD, 25-hydroxyvitamin D; STfR, soluble transferrin receptors; TSAT, transferrin saturation; CRP, C reactive protein. *Betas coefficients and their p values were obtained from linear
regression models adjusted for age, sex, season, inflammation and country as appropriate. Both the dependent and independent variables (except transferrin and haemoglobin) were logtransformed before inclusion in the linear model. Thus, the beta values may be interpreted as follows: a 1% change in 25(OH)D levels corresponds to a beta % change in the individual iron
markers. 25(OH)D levels > 75 nmol/L was the reference group in the regression analyses.
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5.3.4

Regression analyses indicate association between vitamin D and iron status

25(OH)D levels were positively associated with ferritin, hepcidin, sTfR, and transferrin levels
in multivariable regression models and negatively with serum iron concentrations and TSAT
(Figure 5.4). These associations were more pronounced in children without inflammation and
attenuated in those with inflammation (Figure 5.4). Similarly, 25(OH)D levels were
significantly correlated with all markers iron status except haemoglobin in scatter and
regression plots (Figure 5.5).
Figure 5.4. Effect of 25(OH)D levels on iron markers overall (blue), children with
inflammation (red) and without inflammation (green).
Beta (95% CI)
0.31 (0.22, 0.40)
0.37 (0.27, 0.47)
0.13 (-0.07, 0.33)
0.18 (0.05, 0.30)
0.22 (0.08, 0.36)
-0.03 (-0.30, 0.23)
0.08 (0.03, 0.14)
0.10 (0.03, 0.16)
0.04 (-0.07, 0.16)
0.44 (0.38, 0.50)
0.45 (0.38, 0.52)
0.41 (0.30, 0.53)
-0.14 (-0.25, -0.04)
-0.18 (-0.31, -0.06)
-0.03 (-0.24, 0.18)
-0.27 (-0.39, -0.15)
-0.31 (-0.45, -0.16)
-0.15 (-0.38, 0.08)
0.10 (-0.06, 0.27)
-0.03 (-0.24, 0.18)
0.08 (-0.33, 0.50)

Log ferritin
Log hepcidin
Log sTfR
Transferrin
Log iron
Log TSAT
Haemoglobin
-0.8

-0.6

-0.4

-0.2
0
Effect size

0.2

0.4

0.6

P value
<0.0001
<0.0001
0.20
0.0053
0.0022
0.82
0.0035
0.0032
0.47
<0.0001
<0.0001
<0.0001
0.0074
0.0038
0.78
<0.0001
<0.0001
0.21
0.23
0.78
0.70

Overall
Without inflammation
With inflammation

Both the dependent and independent biomarker levels (except transferrin and haemoglobin)
were log-transformed before inclusion in the linear model. All models were adjusted for age,
sex, season, inflammation and study site. Inflammation was defined as CRP > 5 mg/L or ACT
> 0.6 g/L (ACT, but not CRP was available for The Gambia). Error bars indicate 95%
confidence intervals. Abbreviations: TSAT, transferrin saturation; sTfR, soluble transferrin
receptor.
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Figure 5.5. Scatter and regression plots of ferritin (A), hepcidin (B), sTfR (C),
transferrin (D), serum iron (E), haemoglobin (G), transferrin saturation, TSAT (F) and
C-reactive protein, CRP (H) against log 25(OH)D levels.

5.3.5

Interaction between inflammation and 25(OH)D levels in predicting iron
markers

Including interaction parameters in multivariable regression models showed a statistically
significant interaction between inflammation and 25(OH)D levels in the prediction of ferritin
levels (p = 0.004), such that in children with inflammation, a unit change in 25(OH)D levels
were associated with a smaller unit change in ferritin levels (Table 5.5). There was little
evidence of interaction in the prediction of other iron markers.
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Table 5.5. Interaction between 25(OH)D and inflammation in predicting measures of
iron status
Main effects (log vitamin D)
Biomarker
Log ferritin (µg/L)

Beta (95% CI)

P

0.38 (0.28, 0.48)

< 0.0001

Interaction effect (log vitamin D X
inflammation)
Beta (95% CI)
-0.31 (-0.52, -0.10)

Log hepcidin (µg/L)

P
0.004

0.22 (0.08, 0.36)
0.002
-0.19 (-0.47, 0.09)
0.19
Log sTfR (mg/L)
0.09 (0.03, 0.16)
0.004
-0.04 (-0.17, 0.08)
0.51
Transferrin (µg/L)
0.46 (0.39, 0.53)
< 0.0001
-0.07 (-0.20, 0.06)
0.29
Log iron (µmol/L)
-0.16 (-0.28, -0.04)
0.01
0.06 (-0.15, 0.27)
0.61
Log TSAT (%)
-0.28 (-0.42, -0.15)
< 0.0001
0.06 (-0.04, 0.10)
0.64
Haemoglobin (g/dL)
0.11 (-0.08, 0.29)
0.27
-0.02 (-0.39, 0.35)
0.92
Both the dependent variables (except transferrin and haemoglobin) and independent variable (25(OH)D) were logtransformed before inclusion in the linear model adjusted for age, sex, season, inflammation and study site. Inflammation
was defined as CRP > 5 mg/L or ACT > 0.6 g/L (ACT, but not CRP was available for The Gambia).

5.3.6

Vitamin D was not associated with haemoglobin levels or anaemia

Haemoglobin levels did not differ by categories of vitamin D status (Figure 5.3). Although
there was evidence of correlation between 25(OH)D and haemoglobin levels in scatter and
regression plots (p <0.0001) (Figure 5.5), haemoglobin levels were not associated with
25(OH)D levels in overall multivariable regression models, or in models stratified by
inflammation status (Figure 5.4 and 5.5). The prevalence of 25(OH)D levels < 50 nmol/L did
not differ by anaemia status, neither did the prevalence of anaemia differ between children
with 25(OH)D levels < 50 nmol/L compared to those with 25(OH)D levels > 75 nmol/L
(Figure 5.2). 25(OH)D levels < 50 nmol/L was not associated with anaemia in multivariable
regression models but was associated with higher odds of anaemia in Gambian children (OR
2.75 [95% CI 1.45, 5.17]) (Table 5.2). Subgroup analyses also indicated that 25(OH)D levels
50 – 75 nmol/L was associated with reduced odds of anaemia in Kenyan children (OR 0.65
[95% CI 0.45, 0.93]).

5.4 Discussion
Previous studies that assessed the association between vitamin D status and selected iron
markers reported mixed findings, although none of these studies were conducted in Africa. In
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this thesis, I assessed the association between vitamin D status and a wide range of iron
biomarkers and found a complex relationship between vitamin D and iron status, with the
direction of effect depending on the iron marker. I found that 25(OH)D levels < 50 nmol/L
was associated with 80% higher odds of iron deficiency (using WHO definition of iron
deficiency). This agrees with the finding that 25(OH)D levels < 50 nmol/L are associated
with decreased ferritin and hepcidin levels in this study. Vitamin D deficiency was also
associated with lower transferrin and sTfR levels and higher TSAT and serum iron levels
suggesting higher iron status. Subgroup regression analyses indicated that 25(OH)D levels
had stronger effects on iron markers in children without inflammation and diminished effects
in those that had inflammation. I found a statistically significant interaction between
25(OH)D levels and inflammation in the prediction of ferritin levels but not for other iron
markers. There was a trend towards increased odds of iron deficiency anaemia in children
with 25(OH)D levels < 50 nmol/L. Vitamin D status was not associated with haemoglobin
levels or anaemia status.
The positive association between vitamin D deficiency and iron deficiency observed in my
study agrees with findings from past studies. This includes six observational studies (Table
5.6), including a national survey of 2526 children and young adults aged 10 to 20 years in
South Korea which also reported that vitamin D deficiency (25(OH)D levels < 37.5 nmol/L)
increased the odds of iron deficiency by 94% (OR 1.94 [95% CI, 1.27 – 2.97]) (Lee et al.,
2015). In addition, vitamin D deficiency was positively associated with iron deficiency in
another national survey of women in South Korea (n=10,169) (Suh et al., 2016), a study of
female Polish athletes (n=219) (Malczewska-Lenczowska et al., 2018) and in another study
including pregnant Indonesian women (n=203) (Malczewska-Lenczowska et al., 2018,
Judistiani et al., 2019). However, two national surveys, including one of children and
adolescents aged between 11 – 17 years (n = 5066) in Germany and another of adults in the
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USA (mean age 44.7 years, n = 5456) did not find any association between vitamin D status
and ferritin levels (Doudin et al., 2018, Monlezun et al., 2015). Fourteen out of fifteen
clinical trials that investigated the effect of vitamin D supplementation on ferritin levels
found no effect (Table 5.7), suggesting that vitamin D status may not have direct effects on
ferritin levels. I found a significant interaction between 25(OH)D and inflammation in the
prediction of ferritin levels such that higher 25(OH)D levels were associated with a smaller
increase in ferritin levels in children with inflammation compared to those without
inflammation. Although inflammation was positively associated with 25(OH)D and ferritin
levels in the current study, and ferritin is an acute phase protein (Muckenthaler et al., 2017),
the positive association between 25(OH)D and ferritin levels was independent of
inflammation since all multivariable models were adjusted for inflammation. Additionally,
after stratification by inflammation, the association between 25(OH)D and ferritin levels was
stronger in children without inflammation compared to those with inflammation.
Children with 25(OH)D levels < 50 nmol/L had lower hepcidin levels than children with
25(OH)D levels > 75 nmol/L. In agreement with my study, rheumatoid arthritis patients with
low vitamin D status (25(OH)D levels < 75 nmol/L) had lower hepcidin levels compared to
those with 25(OH)D levels > 75 nmol/L (Sato et al., 2020). However, in contrast to my
findings, inflammatory bowel disease patients with low vitamin D status (25(OH)D levels <
75 nmol/L) had higher hepcidin levels that those with high vitamin D status (25(OH)D levels
> 75 nmol/L) (Syed et al., 2017). Similarly, five clinical trials in the USA and Japan reported
that vitamin D supplementation (between 3000 – 250,000 IU per day) reduced hepcidin levels
(Obi et al., 2020, Smith et al., 2018, Smith et al., 2017a, Bacchetta et al., 2014a, Moran-Lev
et al., 2019). However, four other clinical trials that administered vitamin D supplements with
smaller doses that ranged between 1000 IU – 10,000 per day did not find any effect on
hepcidin levels (Kasprowicz et al., 2020, Braithwaite et al., 2019, Panwar et al., 2018,
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Dahlquist et al., 2017). Mechanistic in vitro and in vivo studies indicate that vitamin D can
reduce hepcidin levels by directly blocking its transcription or reducing pro-inflammatory
cytokines IL-1B and IL-6 (Figure 1.4). However, the lower hepcidin levels in children with
25(OH)D levels < 50 nmol/L was perhaps due to iron deficiency in this group, since hepcidin
levels are lowered during iron deficiency to release iron from reticuloendothelial cells and the
gut (Camaschella, 2015).
I found that 25(OH)D levels were positively associated with sTfR, transferrin and negatively
associated with serum iron and TSAT, suggesting that vitamin D deficiency is associated
with improved iron status. In agreement with my study, 25(OH)D levels were positively
associated with TSAT in healthy adolescent boys in Saudi Arabia (Masoud et al., 2020).
Furthermore, supplementation with 1000 IU of vitamin D per day was shown to decrease
serum iron levels and TSAT in children aged between 13 to 17 years in Saudi Arabia
(Masoud et al., 2018). In contrast to my study, vitamin D status was inversely associated with
sTfR in a national survey of children and adolescents aged between 11 – 17 years (n = 5066)
in Germany (Doudin et al., 2018) and female Polish athletes (n= 219) (MalczewskaLenczowska et al., 2018). Furthermore, three clinical trials did not find any effect of vitamin
D supplementation on sTfR levels (Kasprowicz et al., 2020, Hennigar et al., 2016, Toxqui et
al., 2013). The low levels of sTfR and higher serum iron and TSAT in children with low
vitamin D status (25(OH)D levels < 50 nmol/L) in my study may be due to the higher
hepcidin levels in this group since hepcidin increases the absorption of iron in the
gastrointestinal tract and release of iron from reticuloendothelial cells. Higher vitamin D
status may also improve erythropoiesis (Smith and Tangpricha, 2015) which raises sTfR
levels.
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I found that vitamin D status was not associated with haemoglobin levels or anaemia status in
my study. Similarly, two studies involving healthy children from Jordan (aged 0.5 – 3 years,
n= 203) and China (aged 0.5 – 14 years, n = 1218) did not find an association between
vitamin D status and haemoglobin levels or anaemia. However, many observational studies
have reported a positive association between vitamin D status and haemoglobin levels and
anaemia risk (Table 5.6). Clinical trials have reported mixed findings regarding the effect of
vitamin D supplementation on haemoglobin and anaemia risk (Table 5.7). Many factors may
influence haemoglobin levels in African children, including undernutrition, malaria and
sickle cell disease, which may explain why I did not observe any association between
25(OH)D and haemoglobin levels in my study.
Although I have presented results showing the effect of vitamin D status on iron status, iron
status may also have influenced vitamin D status in my study. However, due to the
observational nature of my study, I could not ascertain the direction of causality. Mechanistic
studies indicate that iron deficiency may cause vitamin D deficiency by reducing the activity
of 25-hydroxylase and 1-alpha-hydroxylase or reducing the absorption of vitamin D in the
gut by impairing the function of epithelial cells (Figure 1.4). In addition, intravenous infusion
of iron in iron deficient adult women was shown to reduce levels of fibroblast growth factor
23 (FGF23) levels (Wolf et al., 2013) which in turn suppresses the activity of 1-alphahydroxylase (Perwad et al., 2007). Intramuscular administration of iron dextran has been
shown to increase 25(OH)D levels in iron deficient infants (Heldenberg et al., 1992).
However, a systematic review of clinical trials reported no overall effect of iron
supplementation on 25(OH)D levels (Azizi-Soleiman et al., 2016).
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5.4.1

Strengths and limitations

The current study had a number of strengths. First, to the best of my knowledge, this is the
first study to evaluate the association between vitamin D and iron status in a population living
in Africa. In addition, this study included a large number of community-based children (n =
4509) from five countries across Africa. I also included a wide range of iron biomarkers in
my analyses which made it possible to assess the effects of vitamin D status on different iron
compartments. Nevertheless, this study had a number of limitations. First, I could not
evaluate temporal effects or determine direction of causality for the observed associations
because my study was observational. Secondly, these findings may not be generalizable to
older age groups or populations from other continents since I only included young children
from Africa. I also did not incorporate information on hookworm infections or dietary intakes
of vitamin D and iron, which are potential confounders in my association analyses. I could
not include children with 25(OH)D levels <30 nmol/L in the analyses because there were
very few. Future studies should consider investigating the association between vitamin D and
iron status including in children with severe vitamin D deficiency.
5.4.2

Conclusion

In conclusion, findings from this study suggest a complex association between vitamin D and
iron status in young children living in Africa, with the direction of association varying
depending on marker of iron status. Children with 25(OH)D levels <50 nmol/L were
associated with higher prevalence of iron deficiency based on ferritin (WHO definition) and
hepcidin levels, however they also had lower sTfR and increased serum iron and TSAT
suggesting they may be iron replete. African populations have a high burden of
undernutrition, iron deficiency and infectious diseases, and may explain why my findings
varied with some previous studies. These findings may have public health implications in the
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prevention and management of these deficiencies. However, further studies are needed to
determine causality in African populations.
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Table 5.6. Summary of observational studies that evaluated the association between vitamin D and markers of iron status
Author, year

Sample
size

Country

Age

Population

Definition of
vitamin D status

Findings

25(OH)D levels were positively associated with
ferritin levels.

Ferritin and iron deficiency based on ferritin levels
Positive association
(Sato et al., 2020)

262

Japan

Mean age 67.5
years

Rheumatoid arthritis
patients

(Nur-Eke and Ozen,
2020)

9590

Turkey

18–64 years

Periodic medical
examination data from
family medicine clinics

VDS: ≥75 nmol/L
VDI: <75 nmol/L
VDD: <50 nmol/L
VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

(MalczewskaLenczowska et al.,
2018)

219

Poland

Range 14–34
years

Female professional
athletes from seven
sports disciplines

VDS: ≥75 nmol/L
VDI: 25–75 nmol/L
VDD: <25 nmol/L

(Judistiani et al.,
2019)

203

Indonesia

28.8 (SD 5.8)
years

Pregnant women

VDS: ≥30 ng/mL
VDI: 20–29.9 ng/mL
VDD: <20 ng/mL

(Lee et al., 2015)

2526

South Korea

Range 10–20
years

Nationally representative
children and adolescents

VDD was associated with increased odds of ID
1.94 (95% CI, 1.27–2.97).

(Jin et al., 2013)

102

South Korea

Range 3‒24
months

Children attending
hospital

VDS: ≥30 ng/mL
VDI: 15–29 ng/mL
VDD: <15 ng/mL
VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

Inverse association
(Munasinghe et al.,
2019)

6812

Canada

Mean age 50.6
(15.2) years

Healthy community
adults

Vitamin D status
categories: <50, 50–

Higher vitamin D status was associated with
decreased serum ferritin levels.
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Ferritin levels were lower in the VDD group
compared to those without VDD. Mean 25(OH)D
levels were lower in participants with ID (18.2
ng/mL) compared to those who do not have ID
(20.5 ng/mL).
Women with ID were more likely to have VDD
(OR 2.96 [95% CI 1.45, 6.02]) compared to those
who were iron replete. VDD was also associated
with lower levels of ferritin.
Pregnant women who had VDD were more likely to
have ID compared to those with VDI and VDS.

Children with ID were four times more likely to
develop VDI and VDD compared to those who
were iron replete (OR 4.12, 95% CI 1.67,10.17).
However, 25(OH)D levels were not correlated with
ferritin levels.

75, 75–100, 100–
125, >125 nmol/L
No association
(Doudin et al., 2018)

5066

Germany

Range 11–17
years

Nationally representative
children and adolescents

VDS: ≥50 nmol/L
VDI: 37.5–<50
nmol/L
VDD: <37.5 nmol/L
VDS: ≥75 nmol/L
VDI: 30–75 nmol/L
VDD: <30 nmol/L

There was no correlation between 25(OH)D and
ferritin levels.

(Sharma et al., 2015)

263

North India

Range 3
months–12
years

Children attending an
outpatient hospital

(Monlezun et al.,
2015)

5456

USA

Mean 44.7
(SE 0.6) years

Nationally representative
participants

VDD: <50 nmol/L

VDD was not associated with ferritin levels.

(Yoon et al., 2012)

79

South Korea

Median 1.8
(range 0.3–13)
years

Children diagnosed with
iron deficiency anaemia
(IDA)

VDS: ≥75 nmol/L
VDI: 30–75 nmol/L
VDD: <30 nmol/L

There was no difference in ferritin levels in patients
with VDS compared to those who had VDD or
VDI.

262

Japan

Mean age 67.5
years

Rheumatoid arthritis
patients

VDS: ≥75 nmol/L
VDI: <75 nmol/L
VDD: <50 nmol/L

Patients who had VDI had lower hepcidin levels
compared to those with VDS.

(Syed et al., 2017)

69

USA

Range 5–18
years

Inflammatory bowel
disease patients

VDS: >75 nmol/L
VDI: <75 nmol/L

Patients with VDI had higher hepcidin levels
compared to patients with VDS.

No association
(De la Cruz-Gongora
et al., 2019)

783

Mexico

>60 years

Community based adults

VDD: <50 nmol/L

VDD was not associated with hepcidin levels.

25(OH)D was not correlated with ferritin levels.

Hepcidin
Positive association
(Sato et al., 2020)
Inverse association

sTfR
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Inverse association
(Doudin et al., 2018)

5066

Germany

Range 11–17
years

Nationally representative
children and adolescents

(MalczewskaLenczowska et al.,
2018)

219

Poland

Range 14–34
years

Female professional
athletes from seven
sports disciplines

VDS: ≥50 nmol/L
VDI: 37.5–<50
nmol/L
VDD: <37.5 nmol/L
VDS: ≥75 nmol/L
VDI: 25–75 nmol/L
VDD: <25 nmol/L

VDD and VDI were associated with higher sTfR
levels

(Nur-Eke and Ozen,
2020)

9590

Turkey

18–64 years

(Grindulis et al.,
1986)
No association

145

UK

Range 21–23
months

Periodic medical
examination data from
family medicine clinics
Healthy children

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L
VDD: <25 nmol/L

(El-Adawy et al.,
2019)

70

Egypt

n/a

170

Saudi Arabia

10–17 years

(Doudin et al., 2018)

5066

Germany

Range 11–17
years

(MalczewskaLenczowska et al.,
2018)

219

Poland

Range 14–34
years

Female professional
athletes from seven
sports disciplines

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L
VDD: <50 nmol/L
SVDD: <25 nmol/L
VDS: ≥50 nmol/L
VDI: 37.5–<50
nmol/L
VDD: <37.5 nmol/L
VDS: ≥75 nmol/L
VDI: 25–75 nmol/L
VDD: <25 nmol/L

25(OH)D levels were not associated with serum
iron levels.

(Masoud et al., 2020)

Adolescent females with
known cases of IDA with
controls
Apparently healthy Saudi
adolescents
Nationally representative
children and adolescents

(Sharma et al., 2015)

263

North India

Range 3
months–12
years

Children attending an
outpatient hospital

VDS: ≥75 nmol/L
VDI: 30–75 nmol/L
VDD: <30 nmol/L

25(OH)D levels were not correlated with iron
levels.

VDD was associated with higher sTfR levels.

Serum iron
Positive association
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Serum iron levels were lower in the VDD group
compared to the group without VDD.
Children with VDD also had lower serum iron
levels.

25(OH)D levels were not associated with serum
iron levels.
No difference in serum iron levels between vitamin
D categories.
No difference in serum iron levels between vitamin
D categories.

(Monlezun et al.,
2015)

5456

USA

Mean 44.7
(SE 0.6) years

Nationally representative
participants

VDD: <50 nmol/L

VDD had no effect on iron levels.

(Jin et al., 2013)

102

South Korea

Range 3‒24
months

Infants attending hospital

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

25(OH)D levels were not correlated with iron
levels.

(Yoon et al., 2012)

79

South Korea

Median 1.8
(IQR 0.3–13)
years

Children diagnosed with
iron deficiency anaemia
(IDA)

VDS: ≥75 nmol/L
VDI: 30–75 nmol/L
VDD: <30 nmol/L

There was no difference in serum iron
concentrations in patients with VDS compared to
those with VDD or VDI.

Saudi Arabia

10–17 years

Apparently healthy Saudi
adolescents

VDD: <50 nmol/L
SVDD: <25 nmol/L

25(OH)D levels were negatively associated with
TSAT in boys, but no association was observed in
girls, or in pooled analyses.

TSAT (inverse association)
(Masoud et al., 2020)

170

Iron deficiency anaemia (positive association)
(Nur-Eke and Ozen,
2020)

9,590

Turkey

18–64 years

Periodic medical
examination data from
family medicine clinics

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

Mean 25(OH)D levels were lower in participants
with IDA (16.6 ng/mL) compared to those who do
not have IDA (20.1 ng/mL) (all p-values <0.001).

(El-Adawy et al.,
2019)

70

Egypt

n/a

Adolescent females with
known cases of IDA with
controls

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

VDD and VDI were more frequent in the IDA
group (75%) compared to controls (40%), (p =
0.025).

(Suh et al., 2016)

10,169

South Korea

>10 years

Nationally representative
women

25(OH)D levels

Higher 25(OH)D levels were associated with
decreased prevalence of IDA (β = -0.002, P
<0.001).

(Sharma et al., 2015)

263

North India

Range 3
months–12
years

Children attending an
outpatient hospital

VDS: ≥75 nmol/L
VDI: 30–75 nmol/L
VDD: <30 nmol/L

The proportion of children with IDA was 66%,
49% and 25% in the VDD, VDI group and VDS
groups, respectively. 25(OH)D levels were
positively correlated with haemoglobin levels (r =
0.32; p = 0.013).
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(Lee et al., 2015)

2526

South Korea

Range 10–20
years

Nationally representative
children and adolescents

VDS: ≥30 ng/mL
VDI: 15–29 ng/mL
VDD: <15 ng/mL

VDD was associated with increased incidence of
IDA (2.26 [95% CI, 1.20, 4.24]).

Haemoglobin levels were lower in the VDD group
compared to the group without VDD. Mean
25(OH)D levels were lower in participants with
anaemia (17.4 ng/mL) compared to those without
anaemia (20.2 ng/mL).
25(OH)D levels were positively correlated with
haemoglobin in the third trimester of pregnancy.

Haemoglobin and anaemia1
Positive association
(Nur-Eke and Ozen,
2020)

9590

Turkey

18–64 years

Periodic medical
examination data from
family medicine clinics

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

(Takaoka et al., 2020)

50

Japan

10–40 years

Pregnant women

VDD: <50 nmol/L

(Houghton et al.,
2019)

500

Kenya

3–5 years

Preschool children

VDD: <50 nmol/L

25(OH)D levels were positively correlated with
haemoglobin levels.

(Sah and Adhikary,
2019)

172

Nepal

Mean 53.0
(SD 15.3)
years

Clinically stable CKD
patients in stage 2–5

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

25(OH)D levels were positively correlated with
haemoglobin levels (r = 0.31, P < 0.001).

(El-Adawy et al.,
2019)

70

Egypt

n/a

Adolescent females with
known cases of IDA with
controls

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

(Emiroglu et al.,
2019)

472

Turkey

Mean age 81.4
(SD 7.3) years

Patients over 65 years
old who were enrolled in
a home care unit

n/a

There was no significant difference in haemoglobin
levels between VDI, VDD, and VDS. No
significant correlation between 25(OH)D levels and
haemoglobin levels.
Patients with anaemia had lower 25(OH)D levels
compared to those without anaemia.

(Chowdhury et al.,
2019)

1000

India

Range 0.5–2.5
years

Community-based
children

VDD: <25 nmol/L

(Altemose et al.,
2018)

334

North America

Range 1–16
years

Patients with chronic
kidney disease

VDS: ≥75 nmol/L
VDI: <75 nmol/L
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Children with VDD were more likely to have
anaemia independently of ID (RR: 1.58; 95% CI
1.09, 2.31). Haemoglobin levels were positively
associated with 25(OH)D levels.
Children who had VDI were 1.9 times more likely
to be anemic compared to those who had VDS (OR
1.93 [95% CI 1.22, 3.04]).

(Dejkhamron et al.,
2018)

61

Thailand

Mean 14
(range 12–18)
years

Patients with transfusiondependent thalassemia

VDD: <50 nmol/L

(Syed et al., 2017)

69

USA

Range 5–18
years

Inflammatory bowel
disease patients

VDS: >75 nmol/L
VDI: <75 nmol/L

(Kang et al., 2015)

70

South Korea

Range 4–24
months

Mothers and their infants
who attended hospital

(Thomas et al., 2015)

158

USA

<=18 years

Pregnant adolescents

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L
VDS: ≥50 nmol/L
VDI: 30–50 nmol/L
VDD: <30 nmol/L

(Lee et al., 2015)

2526

South Korea

Range 10–20
years

Nationally representative
children and adolescents

VDS: ≥30 ng/mL
VDI: 15–29 ng/mL
VDD: <15 ng/mL

(Smith et al., 2015)

638

USA

Mean 48.3
years

Healthy adults

VDD: <50 nmol/L

(Monlezun et al.,
2015)

5456

USA

Mean 44.7
(SE 0.6) years

Nationally representative
participants

VDD: <50 nmol/L

(Atkinson et al.,
2014)

10,410

USA

Range 1–21
years

Children from nationally
representative health
Survey

VDS: ≥75 nmol/L
VDI: <75 nmol/L
VDD: <50 nmol/L

VDD was associated with increased risk of anaemia
(OR 1.47, (95% CI 1.14, 1.89, p = 0.004).
Haemoglobin levels were positively associated with
25(OH)D levels.

(Han et al., 2013)

11,206

South Korea

45.0 (SD 0.3)
years

Nationally representative
participants

VDD: <50 nmol/L

25(OH)D levels were positively correlated with
haemoglobin levels (r = 0.140, P <0.001).
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25(OH)D levels were positively correlated with
haemoglobin levels in thalassemia patients (r =
0.29, p = 0.03). Patients with VDD had
significantly lower haemoglobin levels compared to
those without VDD (7.5 (95% CI 6.93, 8.33) vs. 8.1
(95% CI 7.30, 8.50) g/dL; p = 0.04).
VDI was associated with lower haemoglobin levels
compared to VDS.
Mothers and infants with anaemia had lower
25(OH)D levels compared to those without
anaemia.
Maternal 25(OH)D levels were positively
associated with maternal haemoglobin levels at
both midgestation (R2 = 0.065, P = 0.005) and at
delivery (r2 = 0.084, P = 0.001).
VDD was associated with increased incidence of
anaemia (1.81 (95% CI, 1.13–2.88).
VDD was associated with increased risk of anaemia
(OR 2.64; 95% CI 1.43, 4.86), and the effect was
greater in individuals of African ancestry (OR 6.42;
95% CI 1.88, 21.99). The effect was only observed
with anaemia of inflammation.
Individuals with VDD were 64% more likely to be
anaemic compared to those who had VDS (OR
1.64; 95% CI 1.08, 2.49).

(Jin et al., 2013)

102

South Korea

Range 3‒24
months

Infants taken to hospital

VDS: ≥75 nmol/L
VDI: 50–75 nmol/L
VDD: <50 nmol/L

25(OH)D levels were positively correlated with
haemoglobin levels (r=0.221, P=0.026).

(Shin and Shim,
2013)

5786

South Korea

49.9 (SD 15.9)
years

Nationally representative
adult population

VDD: <30 ng/mL

(Sim et al., 2010)

11

USA

Mean 65 years

554 adult patients

VDS: ≥75 nmol/L
VDD: <75 nmol/L

(Grindulis et al.,
1986)

145

UK

Range 21–23
months

Healthy children

VDD: <25 nmol/L

VDD was associated with increased risk of anaemia
in women but not men. 25(OH)D levels were
positively associated with haemoglobin levels.
VDD was associated with higher odds of anaemia
(OR 1.9, 95% CI 1.3, 2.7) and lower haemoglobin
levels (11.0 g/dL vs. 11.7 g/dL; p=0.12) compared
to subjects with VDS.
Children with VDD also had lower haemoglobin
levels.

5066

Germany

Range 11–17
years

Nationally representative
children and adolescents

VDS: ≥50 nmol/L
VDI: 37.5–<50
nmol/L
VDD: <37.5 nmol/L

25(OH)D levels were inversely correlated with
haemoglobin concentrations (r = − 0.04, p = 0.003).

(Chang et al., 2014)

1218

China

Range 0.5–14
years

Population-based
children

No correlation was observed between 25(OH)D and
haemoglobin levels (r = -0.012, P = 0.669)

(Yoon et al., 2012)

79

South Korea

Median 1.8
(IQR 0.3–13)
years

Children diagnosed with
iron deficiency anaemia
(IDA)

VDS: ≥75 nmol/L
VDI: <75 nmol/L
VDD: <50 nmol/L
VDS: ≥75 nmol/L
VDI: 30–75 nmol/L
VDD: <30 nmol/L

(Abdul-Razzak et al.,
2012)

203

Jordan

Range 0.5–3
years

Inverse association
(Doudin et al., 2018)

No association

There was no difference in haemoglobin levels in
patients with VDS compared to those with VDD or
VDI. There was no correlation between vitamin D
status and severity of anaemia.
No difference in mean haemoglobin levels between
vitamin D status categories (VDD, VDI and VDS).

Healthy infants and
VDS: ≥75 nmol/L
children attending
VDI: <75 nmol/L
hospital for primary care VDD: <50 nmol/L
Abbreviations: 25(OH)D, 25-hydroxyvitamin D; VDS, vitamin D sufficiency; VDI, vitamin D insufficiency; VDD, vitamin D deficiency; SVDD, severe vitamin D deficiency; ID,
iron deficiency; IDA, iron deficiency anaemia; sTfR, soluble transferrin receptor; SD, standard deviation. 1Studies that investigated the association between vitamin D, and anaemia or
haemoglobin were numerous (>1,000), hence I included only those published between 2019 and May 2021.
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Table 5.7. Clinical trials that assessed the effect of vitamin D supplementation on markers of iron status (arranged by iron markers) or
iron supplementation on vitamin D status
Author year

Sample
size

Country

Age

Population

Intervention and
comparator group
treatment

Findings

85

Israel

Mean age
13.5 ± 3.4
years

Newly diagnosed
inflammatory disease
patients

Treatment group: 4000 UI of
vitamin D daily for 2 weeks
Control group: no treatment

Ferritin levels decreased in the
treatment group. No correlation was
observed between 25(OH)D levels
and ferritin at baseline.

10

Poland

Mean age
40.75 ± 7.15
years

Ultra-marathon
runners

No observed difference in ferritin
levels between study groups.

(Braithwaite et al.,
2019)

1134

United
Kingdom

Treatment group: 10,000 UI
vitamin D daily for two weeks
before the marathon
Control group: placebo
Treatment group: vitamin D 1000
IU/day for about 24 weeks
Control group: placebo

(Panwar et al., 2018)

40

USA

>19 years

Patients aged with
stage 3 and 4 CKD

Treatment group: oral calcitriol 0.5
mcg daily for 6 weeks
Control group: placebo

No observed difference in ferritin
levels between study groups.

(Walentukiewicz et al.,
2018)

94

Poland

Mean 68
(SD 5.12)
years

Elderly women

No observed difference in ferritin
levels between study groups.

(Smith et al., 2017a)

28

USA

18–56 years

Healthy adults

Treatment group: 28,000 IU of
vitamin D3, weekly for 12 weeks
Control group: no supplements
given
Intervention group: oral dose of
250,000 IU, vitamin D3
Control group: oral placebo

Ferritin
Negative effect
(Moran-Lev et al.,
2019)
No effect
(Kasprowicz et al.,
2020)

Women early in their
pregnancy with
singleton pregnancy
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No observed difference in ferritin
levels between study groups.

No observed difference in ferritin
levels between study groups.

(Jastrzebska et al.,
2017)

36

Poland

Average age
17.5 years

Adolescent soccer
players

Treatment group: 5,000 IU of
vitamin D daily for eight weeks
Control group: sunflower oil

No observed difference in ferritin
levels between study groups.

(Dahlquist et al., 2017)

10

Columbia

18–45 years

Professional male
cyclists

No observed difference in ferritin
levels between study groups.

(Hennigar et al., 2016)

152

USA

18–42 years

Recruited soldiers
undergoing basic
military training

(Madar et al., 2016)

252

Norway

18–50 years

(Riccio et al., 2015)

60

Italy

Mean 56.8
(16.8) years

Participants from
South Asia, Middle
East and Africa who
were living in
Norway
Patients with stage
3b-5 CKD,

Treatment group: sports drink with
5000 IU vitamin D3 + 1000 mcg
vitamin K
Control group: sports drink
Treatment group: 2000 mg/day Ca
and 25 μg/day vitamin D in a
fortified food product during 9
weeks of military training
Control group: placebo
Treatment groups: 10 μg vitamin D
or 25 μg vitamin D for 16 weeks
Control group: placebo

No observed difference in ferritin
levels between study groups.

(Sooragonda et al.,
2015)

30

India

15–60 years

Patients diagnosed
with VDD and ID

(Toxqui et al., 2013)

109

India

18–35 years

Iron deficient women

(Miskulin et al., 2016)

276

USA

≥18 years

CKD Patients

(Trautvetter et al.,
2014)

60

Germany

2 –70 years

Healthy adults

Treatment group: 0.5 mcg/day
calcitriol for 6 months
Comparator group: 1 mcg/day
paricalcitriol
Treatment group: intramuscular
administration (IM) of 0.6 million
units of vitamin D3 once
Control group: placebo
Treatment group: iron and vitamin
D-fortified skim milk for 6 weeks
Comparator group: iron-fortified
skim milk
Treatment group: 50,000 IU weekly
for 6 months
Control group: placebo
Treatment group: Bread fortified
with 400 IU of vitamin D
Control group: placebo bread
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No observed difference in ferritin
levels between study groups.

No observed difference in ferritin
levels between study groups.

No observed difference in ferritin
levels between study groups.
No observed difference in ferritin
levels between study groups.
No observed difference in ferritin
levels between study groups.
No observed difference in ferritin
levels between study groups.

(Ahmad Fuzi and
Mushtaq, 2019)

50

UK

Range 19–
49 years

Healthy non-pregnant
women

Treatment group: Fe-fortified
breakfast cereal with 1500 IU
vitamin D3 supplements
Control group: Fe-fortified
breakfast cereal with placebo

No observed difference in ferritin
levels between study groups.

(Obi et al., 2020)

94

Japan

Median
(IQR) of
age was 67
(59, 77)
years

Maintenance
hemodialysis patients

Hepcidin levels decreased in the
treatment groups.

(Smith et al., 2018)

30

USA

≥18 years

Mechanically
ventilated critically ill
adults

Treatment groups: equivalent of
9,000 IU cholecalciferol per week:
thrice-weekly 3,000-IU, or oncemonthly (36,000 IU) for 6 months
Control group: thrice-weekly
placebo, or once-monthly placebo
Treatment group: 50,000 IU
vitamin D3 or 100,000 IU vitamin
D3 daily for 5 days.
Control group: placebo

(Smith et al., 2017a)

28

USA

18–56 years

Healthy adults

(Bacchetta et al.,
2014a)

7

USA

Healthy volunteers

(Moran-Lev et al.,
2019)

85

Israel

Median 42
(range 27–
63) years
Mean age
13.5 ± 3.4
years

10

Poland

Mean age
40.75 ± 7.15
years

Ultra-marathon
runners

Hepcidin
Negative effect

Newly diagnosed
inflammatory bowel
disease patients

Intervention group: oral dose of
250,000 IU, vitamin D3.
Control group: oral placebo
Treatment group: single oral dose
of 100,000 IU vitamin D
Control group: nothing
Treatment group: 4000 UI of
vitamin D daily for 2 weeks
Control group: no treatment

Hepcidin levels decreased in the
group supplemented with 100,000 IU
vitamin D3 but not in the group
supplemented with 50,000 IU or
placebo.
Hepcidin levels decreased by 73%
after one week in the treatment
group.
Hepcidin levels decreased by 34%
after 24 hours in the treatment group.
Hepcidin levels decreased in the
treatment group. However, there was
no correlation between 25(OH)D
levels and hepcidin at baseline.

No effect
(Kasprowicz et al.,
2020)
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Treatment group: 10,000 UI
vitamin D daily for two weeks
before the marathon
Control group: placebo

No observed difference in hepcidin
levels between study groups.

(Braithwaite et al.,
2019)

1134

United
Kingdom

Women early in their
pregnancy with
singleton pregnancy

Treatment group: vitamin D 1000
IU/day for about 24 weeks
Control group: placebo

No observed difference in hepcidin
levels between study groups.

(Panwar et al., 2018)

40

USA

>19 years

Patients with stage 3
and 4 CKD

Treatment group: oral calcitriol 0.5
mcg daily for 6 weeks
Control group: placebo

No observed difference in hepcidin
levels between study groups.

(Dahlquist et al., 2017)

10

Columbia

18–45 years

Professional men
cyclists

Treatment group: sports drink with
5000 IU vitamin D3 + 1000 mcg
vitamin K
Control group: sports drink

No observed difference in plasma
hepcidin between study groups.

(Kasprowicz et al.,
2020)

10

Poland

Mean age
40.75 ± 7.15
years

Ultra-marathon
runners

No observed difference in sTfR
levels between study groups.

(Hennigar et al., 2016)

152

USA

18–42 years

Recruited soldiers
undergoing basic
military training

(Toxqui et al., 2013)

109

India

18–35 years

Iron deficient women

Treatment group: 10,000 UI
vitamin D daily for two weeks
before the marathon
Control group: placebo
Treatment group: 2000 mg/day Ca
and 25 μg/day vitamin D in a
fortified food product during 9
weeks of military training
Control group: placebo
Treatment group: iron and vitamin
D-fortified skim milk for 6 weeks
Comparator group: iron-fortified
skim milk

sTfR (no effect)

No observed difference in sTfR
levels between study groups.

No observed difference in sTfR
levels between study groups.

Transferrin (no effect)
(Panwar et al.,
2018)

40

USA

>19 years

Patients aged with
stage 3 and 4 CKD

Treatment group: oral calcitriol 0.5
mcg daily for 6 weeks
Control group: placebo

No observed difference in transferrin
levels between study groups.

(Miskulin et al.,
2016)

276

USA

≥18 years

CKD Patients

Treatment group: 50,000 IU weekly
for 6 months
Control group: placebo

No observed difference in transferrin
levels between study groups.
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(Toxqui et al.,
2013)

109

India

18–35 years

Iron deficient women

Treatment group: iron and vitamin
D-fortified skim milk for 6 weeks
Comparator group: iron-fortified
skim milk
Treatment group: bread fortified
with 400 IU of vitamin D
Control group: placebo bread

No observed difference in transferrin
levels between study groups.

(Trautvetter et al.,
2014)

60

Germany

20–70 years

Healthy adults

85

Israel

Mean age
13.5 ± 3.4
years

Newly diagnosed
inflammatory disease
patients

Treatment group: 4000 UI of
vitamin D daily for 2 weeks
Control group: no treatment

Serum iron levels increased in the
treatment group.

125

Saudi Arabia

13–17 years

Apparently healthy
Saudi adolescents
with VDD

Treatment group: vitamin D
supplement tablets (1000 IU/day)
for six months
Control group: fortified milk with
40 IU/200 mL

Serum iron levels decreased in the
treatment group.

(Kasprowicz et al.,
2020)

10

Poland

Mean age
40.75 ± 7.15
years

Ultra-marathon
runners

No observed difference in serum iron
levels after supplementation.

10

Columbia

18–45 years

Professional men
cyclists

252

Norway

18–50 years

Adults from South
Asia, Middle East
and Africa who were
living in Norway

Treatment group: 10,000 UI
vitamin D daily for two weeks
before the marathon
Control group: placebo
Treatment group: sports drink with
5000 IU vitamin D3 +1000 mcg
vitamin K
Control group: sports drink
Treatment groups: 10 μg vitamin D
or 25 μg vitamin D for 16 weeks
Control group: placebo

(Dahlquist et al.,
2017)
(Madar et al., 2016)

No observed difference in transferrin
levels between study groups.

Serum iron
Positive effect
(Moran-Lev et al.,
2019)
Negative effect
(Masoud et al.,
2018)

No effect
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No observed difference in serum iron
concentrations between study groups.
No observed difference in serum iron
concentrations between study groups.

(Toxqui et al.,
2013)

109

India

18–35 years

Iron deficient women

Treatment group: iron and vitamin
D-fortified skim milk for 6 weeks
Comparator group: iron-fortified
skim milk
Treatment group: Bread fortified
with 400 IU of vitamin D
Control group: placebo bread

No observed differences in serum iron
concentrations between study groups.

(Trautvetter et al.,
2014)

60

Germany

20–70 years

Healthy adults

125

Saudi Arabia

13–17 years

Apparently healthy
Saudi adolescents
with VDD

Treatment group: 1000 IU vitamin
D supplement tablets daily for six
months
Comparator group: vitamin D
fortified milk (40 IU/200 mL)

TSAT decreased in the treatment
group.

(Hennigar et al.,
2016)

152

USA

18–42 years

Recruited soldiers
undergoing basic
military training

No observed difference in TSAT in
either group.

Norway

18–50 years

60

Italy

Mean 56.8
(16.8) years

Adults from South
Asia, Middle East
and Africa who were
living in Norway
Patients with stage
3b-5 chronic kidney
disease (CKD),

Treatment group: 2000 mg/day Ca
and 25 μg/day vitamin D in a
fortified food product during 9
weeks of military training
Control group: placebo
Treatment groups: 10 μg vitamin D
or 25 μg vitamin D for 16 weeks
Control group: placebo

(Madar et al., 2016)

252

(Riccio et al., 2015)

No observed differences in TSAT in
either the group.

109

India

18–35 years

Treatment group: 0.5 mcg/day
calcitriol for 6 months
Comparator group: 1 mcg/day
paricalcitriol
Treatment group: iron and vitamin
D-fortified skim milk for 6 weeks
Comparator group: iron-fortified
skim milk

(Toxqui et al.,
2013)

No observed differences in serum iron
concentrations between study groups.

TSAT
Negative effect
(Masoud et al.,
2018)

No effect

Iron deficient women
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No observed difference in TSAT in
either group.

No observed differences in TSAT in
either the group.

(Trautvetter et al.,
2014)

60

Germany

20–70 years

Healthy adults

Treatment group: bread fortified
with 400 IU of vitamin D
Control group: placebo bread

No observed differences in TSAT in
either the group.

Treatment group: iron-fortified
breakfast cereal with 1500 IU
vitamin D3 supplements
Control group: iron-fortified
breakfast cereal with placebo
Treatment groups: 50,000 IU
vitamin D3 or 100,000 IU vitamin
D3 daily for 5 days
Control group: placebo
Treatment group: iron and vitamin
D-fortified skim milk for 6 weeks
Comparator group: iron-fortified
skim milk

Haemoglobin levels increased in the
vitamin D3 group but not in the placebo
group.

Haemoglobin and anaemia1
Positive effect
(Ahmad Fuzi and
Mushtaq, 2019)

50

UK

Range 19–
49 years

Healthy non-pregnant
women

(Smith et al., 2018)

30

USA

≥18 years

Mechanically
ventilated critically ill
adults

(Toxqui et al.,
2013)

109

India

18–35 years

Iron deficient women

(Albitar et al.,
1997)

12

France

Mean age 18
months

Erythropoietin dependent anemic
patients on
hemodialysis with
moderate hyperparathyroidism

Patients received oral alfacalcidol at
a dosage of 6–7 mg per week and
calcium carbonate during the first
12 months, calcium carbonate
without alfacalcidol during the next
3 months, and again alfacalcidol
and calcium carbonate during the
last 3 months

60

Italy

Mean 56.8
(16.8) years

Patients with stage
3b-5 chronic kidney
disease (CKD),

Treatment group: 0.5 mcg/day
calcitriol for 6 months.
Comparator group: 1 mcg/day
paricalcitriol (an analog of
1,25(OH)2D).

Haemoglobin levels increased in the
100,000 IU vitamin D3 group but not
in the 100,000 IU or the placebo group.
Women that received iron- and vitamin
D-fortified milk had higher values of
erythrocytes (p = 0.01), hematocrit (p =
0.05), and haemoglobin (p = 0.03)
compared to those who received ironfortified milk alone.
Haemoglobin levels increased in the
patients after alfacalcidol treatments.

Negative effect
(Riccio et al., 2015)
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Haemoglobin levels decreased in the
group that received calcitriol at an
average monthly rate of -0.10 g/dL
(95% CI -0.17, -0.04; p<0.001) but
increased in the group that received
paricalcitol at an average monthly rate

of +0.16 g/dL, 95% CI 0.10, 0.22;
p<0.001).
No effect
(Panwar et al.,
2018)

40

USA

>19 years

Patients aged with
stage 3 and 4 CKD

Treatment group: oral calcitriol 0.5
mcg daily for 6 weeks
Control group: placebo

No observed difference in haemoglobin
levels between study groups.

(Ernst et al., 2017)

172

Germany

18–79 years

Adult heart failure
patients

Treatment group: oral dose of 4000
IU of vitamin D3 daily
Control group: placebo

No observed effect on haemoglobin
levels or anaemia status between study
groups.

(Jastrzebska et al.,
2017)

36

Poland

Average age
17.5 yr.

Adolescent soccer
players

Treatment group: 5,000 IU of
vitamin D daily for eight weeks
Control group: sunflower oil

No observed effects on haemoglobin
levels between study groups.

(Dahlquist et al.,
2017)

10

Columbia

18–45 years

Professional men
cyclists

No observed difference in haemoglobin
levels between study groups.

(Ernst et al., 2017)

172

Germany

18–79 years

Heart failure patients

Treatment group: sports drink with
5000 IU vitamin D3 + 1000 mcg
vitamin K
Control group: sports drink
Treatment group: 4000 IU vitamin
D3 daily for 3 years
Control group: placebo

(Ernst et al., 2016)

200

Germany

≥18 years

Adult hypertensive
patients

Treatment group: 2800 IU vitamin
D3 daily for eight weeks
Control group: placebo

No observed effect on haemoglobin
and anaemia status between study
groups.

(Hennigar et al.,
2016)

152

USA

18–42 years

Recruited soldiers
undergoing basic
military training

No difference in levels of
haemoglobin, ferritin, sTfR, or
transferrin saturation between study
groups.

(Madar et al., 2016)

252

Norway

18–50 years

Participants from
South Asia, Middle
East and Africa who
were living in
Norway

Treatment group: 2000 mg/day Ca
and 25 μg/day vitamin D in a
fortified food product during 9
weeks of military training
Control group: placebo
Treatment groups: 10 μg vitamin D
or 25 μg vitamin D for 16 weeks
Control group: placebo
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No observed difference in prevalence
of anaemia or haemoglobin levels
between study groups.

No observed difference in levels of
ferritin, haemoglobin, serum iron or
transferrin saturation between study
groups.

(Sooragonda et al.,
2015)

30

India

15–60 years

Patients diagnosed
with VDD and ID

Treatment group: intramuscular
administration (IM) of 600,000 IU
of vitamin D3 once
Control group: placebo

There was no significant correlation
between 25(OH)D and haemoglobin
levels at baseline. Vitamin D
replacement (IM) did not result in a
significant difference in haemoglobin
or ferritin levels.

Rural women with
singleton pregnancies
and their children

Treatment group: pregnant women
were given 60 mg elemental iron as
ferrous fumarate daily from 13–23
weeks of gestation until 1 month
postpartum.
Control group: placebo.

Pregnant women in the treatment group
had lower 25(OH)D levels than the
control group.

Effect of iron intervention on 25(OH)D levels
Negative effect
and no effect
(Braithwaite et al.,
2021)

433
pregnant
women

Kenya

Average age
25.0 years

414
neonates
Positive effect
(Heldenberg et al.,
1992)

Neonates of rural
women with
singleton pregnancies

No observed difference in 25(OH)D
levels (in cord blood) between the
neonatal treatment and control groups.

25

Israel

6–24 months

Infants with iron
deficiency anaemia

Treatment group: intramuscular
injection with iron-dextran
(Imferon) and 10μg vitamin D
orally daily. Control group: ironfortified formula and 10μg vitamin
D orally daily.

Intramuscular administration of irondextran or iron-fortified formula
increased levels of 25(OH)D levels.

41

Spain

18–35 years

Iron-deficient women

Treatment group: iron-fortified fruit
juice.
Control group: placebo fruit juice.

No observed difference in 25(OH)D
levels between the treatment and
control groups.

No effect
(Blanco-Rojo et al.,
2012)

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25-dihydroxyvitamin D(calcitriol); VDS, vitamin D sufficiency; VDI, vitamin D insufficiency; VDD,
vitamin D deficiency; ID, iron deficiency; IDA, iron deficiency anaemia; sTfR, soluble transferrin receptor; SD, standard deviation; AGP, α-1-acid glycoprotein;
intramuscular administration (IM). 1Studies that investigated the association between vitamin D and anaemia, or haemoglobin were numerous (>3,000), hence I included
only those published between 2019 and May 2021.
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CHAPTER 6. GENOME-WIDE ASSOCIATION STUDY OF VITAMIN D
STATUS IN AFRICAN CHILDREN
6.1 Background
Genetic factors contribute substantially to variability in vitamin D status. Twin and family
studies report that genetic factors explain between 43% to 80% of the variability of vitamin D
status (Hiraki et al., 2013). Many studies have reported several genetic variants and
associated genes that are associated with 25(OH)D levels (Berry and Hypponen, 2011).
Recent GWAS in Europeans reported that common genetic variants explained about 16% of
genetic variability in 25(OH)D levels (Manousaki et al., 2020, Revez et al., 2020).
Knowledge of genetic variants that influence vitamin D status is important in determining
individuals at risk of vitamin D deficiency and investigating the association between vitamin
D status and various diseases through Mendelian randomization analyses (Berry and
Hypponen, 2011).
Eight vitamin D GWAS studies have been conducted to date, including six in Europeans
(Ahn et al., 2010, Wang et al., 2010b, Lasky-Su et al., 2012, Manousaki et al., 2020,
Anderson et al., 2014, O'Brien et al., 2018), one in Asian Indians (Sapkota et al., 2016) and
one in Hispanic Americans (Engelman et al., 2010). The largest vitamin D GWAS, which
was conducted in more than 400,000 individuals of European ancestry, reported 143
independent genomic loci that are associated with 25(OH)D levels (Revez et al., 2020,
Manousaki et al., 2020). Many of these loci are found in genes that are linked to vitamin D
and steroid metabolism such as Vitamin D Binding Protein (GC), Cytochrome P450 Family 2
Subfamily R Member 1 (CYP2R1), 7-Dehydrocholesterol Reductase (DHCR7), NAD
Synthetase 1 (NADSYN1) and Cytochrome P450 Family 24 Subfamily A Member 1
(CYP24A1) (Figure 6.1) (Revez et al., 2020, Manousaki et al., 2020). Other loci that were
reported in the GWAS are found in genes involved in determining skin properties such as
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Kallikrein Related Peptidase 10 (KLK10) and Filaggrin (FLG); and lipid and lipoprotein
metabolism such as Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9), Dedicator Of
Cytokinesis 7 (DOCK7) and Cadherin EGF LAG Seven-Pass G-Type Receptor 1 (CELSR).
The vitamin D GWAS in Asian Indians found two loci that reached genome-wide
significance, namely SSTR4 (encodes Somatostatin Receptor 4, a receptor for the hormone
somatostatin) and IVL/FOXA2 (IVL encodes Involucrin, a component of the human skin, and
FOXA2 encodes the transcription factor Forkhead Box A2) (Sapkota et al., 2016). The
vitamin D GWAS in Hispanic Americans did not find any SNPs that reached genome-wide
significance (Engelman et al., 2010).
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Figure 6.1. Genes associated with 25(OH)D levels in previous GWASs that are involved
with vitamin D metabolism

©Reagan.Mogire

Abbreviations: DBP, vitamin D binding protein; 7-DHC, 7-dehydrocholesterol; DHCR7, 7dehydrocholesterol reductase; GC, vitamin binding protein; CYP2R1, 25-hydroxylase;
CYP24A1, 24-hydroxylase; NADSYN1, NAD Synthetase 1.
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Information on the genetic determinants of vitamin D status in Africans is limited to a few
candidate gene studies in African Americans that focused on selected SNPs in vitamin D
metabolism genes. This includes a study that evaluated the association between 25(OH)D
levels and 39 SNPs located in three vitamin D metabolism genes (GC, CYP2R1 and
DHCR7/NADSYN1) and found that most of the SNPs that were associated with vitamin D
status in European Americans (n = 405) did not have any effect in African Americans (n =
652), and vice versa (Batai et al., 2014). Similarly, another genetic study that included 989
African Americans reported that 10 SNPs (from previous European GWASs) located in
vitamin D metabolism genes (GC, CYP2R1 and DHCR7/NADSYN1) were not associated with
25(OH)D levels in African Americans (Hansen et al., 2015). In addition, a study that
compared determinants of vitamin D status (including 67 SNPs in vitamin D metabolism
genes) in African American and European American women found differences in the genetic
determinants, although demographic and lifestyle determinants were similar (Yao et al.,
2017). A recent study that was aimed at replicating findings from a previous vitamin D
GWAS in Europeans (Jiang et al., 2018) reported SNPs that were significantly associated
with 25(OH)D levels in the GC and KIF4B genes in a pooled sample of African Americans,
Hispanic Americans and Europeans (Hong et al., 2018).
The high genetic diversity between African populations (Yu et al., 2002) may provide novel
insights into the genetics of vitamin D status (Gurdasani et al., 2015). In addition, people of
African ancestry have shorter linkage disequilibrium blocks which are efficient for finemapping and the identification of causal variants (Lonjou et al., 2003). However, to date there
has been no GWAS study of vitamin D status in an African population (Jiang et al., 2019)
and the large genetic differences between Africans and other ethnic groups (Yu et al., 2002)
limits generalization of their findings to Africans. Besides, previous vitamin D genetic studies
suggest that Africans may have a different genetic architecture from Europeans (Batai et al.,
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2014, Hansen et al., 2015, Yao et al., 2017). Genetic determinants of vitamin D status may
also differ between Africans living in the African continent and African Americans because
of genetic admixture (African Americans have about 20% European admixture (Smith et al.,
2004)), lifestyle and behavioural differences. In this chapter, I describe the first GWAS study
of vitamin D status in Africans including three diverse populations living in Africa.

6.2 Methods
6.2.1

Population Cohorts and study design

This GWAS was based on data from cohorts living in Entebbe, Uganda; Soweto, South
Africa; and Banfora, Burkina Faso. The cohorts and methods that were used to measure
25(OH)D and CRP levels have been described in Chapter Two.

6.3 Association testing
Regression analyses are commonly used to test for the association between genetic variants
and phenotypic traits because they allow for inclusion of covariates to reduce the risk of
biases due to confounding and increase the power to detect true associations (Pirinen et al.,
2012). Linear regression models are used to assess the association between quantitative traits
and genetic variants (Equation 6.1), where the trait of interest is the outcome variable y
(25(OH)D levels in the current GWAS), the genotypes are the explanatory variables xi
(commonly coded as additive dosages of the minor allele: 0, 1 or 2), !! is the y intercept, !"
is the slope of the line which denotes the effect estimate of the genetic variant on the trait,
and ε is the residual error after fitting the line:
# = !! + !" &# + '

(6.1)

I included age, sex, and CRP levels as covariates in my genetic association analyses to
increase the power of the model to detect genetic variants that are associated with 25(OH)D
levels. Inclusion of covariates that are strongly correlated with quantitative traits has been
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shown to significantly increase the statistical power of GWASs to identify true association
signals (Pirinen et al., 2012). I used a stepwise forward-reverse selection as implemented in
the step R function to select the covariates that I included in my association analyses. I
normalised the distribution of 25(OH)D and CRP levels by inverse normalisation using the
qqnorm function in R (version 2.3) before their inclusion in the association tests.
Individuals with high relatedness are often excluded from genetic association analyses to
control for cryptic relatedness and population structure. However, this approach reduces
statistical power and hence modern association methods instead adjust for cryptic relatedness
and population structure within the models. One such approach is the linear mixed model
(LMM), also called mixed linear model (MLM), which implements a genetic relatedness
matrix (GRM) to control for cryptic relatedness and population structure (Yang et al., 2014).
For the current GWAS, I used Genome-wide Complex Trait Analysis (GCTA) software
(https://cnsgenomics.com/software/gcta/) which implements a LMM to control for population
structure and cryptic relatedness and has the ability to include imputation probabilities which
are lacking in many modern genetic association software (Zhou and Stephens, 2014).
6.3.1

Representation of genome-wide association results

I visualized GWAS results using Manhattan and quantile-quantile (QQ) plots which I plotted
using the qqman package in R (version 2.3) (Anderson et al., 2010). Manhattan plots show
SNPs base pair positions in the X-axis and their -log10(p) in the Y-axis, such that SNPs with
the strongest association (the smallest p-values) appear at the top of the plot while the
surrounding SNPs with lower significance appear below. SNPs in high LD with a causal SNP
will often have strong associations and hence form a pile up of SNPs at that locus. QQ plots
are used to test for differences between the distribution of p-values that are observed in
genetic association tests compared to what is expected if the null hypothesis (H0) is true, that
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is no association. QQ plots can be used to identify underlying spurious effects due to biases
that were not fully accounted for in the association tests. Early separation of thousands of
SNPs from the middle line in QQ plots, which is reflected by high genomic inflation factor
values (λ >1.05), may indicate population stratification, strong association between SNPs and
phenotype, strong LD between SNPs, or systemic bias (Zheng et al., 2006).
6.3.2

Meta-analysis

GWAS results from separate studies are often combined to increase statistical power to detect
more associations and investigate the heterogeneity of observed associations across study
cohorts. Methods used to meta-analyse GWAS results can be grouped broadly into fixed
effects (FE) or random effects (RE) methods (Evangelou and Ioannidis, 2013). RE methods
are preferred if substantial heterogeneity exists between the individual effect estimates,
however, it is conservative and less powerful (Han and Eskin, 2011). FE models are optimal
if the individual studies are expected to have similar effect sizes (Evangelou and Ioannidis,
2013). Individual study populations are weighted through an inverse weighting approach in
FE meta-analyses such that the studies with higher precision (smaller variance) are given
more weight than those with lower precision (larger variance). Both FE and RE models are
often applied to discover maximum number of associations and compare their results
(Evangelou and Ioannidis, 2013). I used RE and FE meta-analyses as implemented in
METASOFT software (Han and Eskin, 2011) to combine the association results from
individual cohorts in the current GWAS. I considered SNPs with association p value < 5 X
10-8 or < 1 X 10-7 to be genome-wide significant (Panagiotou et al., 2012).
6.3.3

Functional mapping

The majority of SNPs that are associated with the trait of interest in GWASs are non-coding
or intergenic and are often non-causal due to linkage disequilibrium (LD) with the causal
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SNP. Therefore, fine-mapping is necessary to identify causal variants from SNPs that reach
genome-wide significance. I conducted fine-mapping analyses using SNP2GENE function in
FUMA (https://fuma.ctglab.nl/) (Watanabe et al., 2017). SNP2GENE computes the LD
structure across SNPs based on the reference genome (I used the African reference genome in
1000G Phase 3); selects candidate SNPs for fine-mapping, including genome-wide
significant SNPs and SNPs in the GWAS and the reference genome that are in LD with the
significant SNPs; annotates functions to the candidate SNPs using information from multiple
biological resources; and identifies genes spanning the candidate SNPs. I defined independent
significant SNPs in my meta-analysis GWAS with p < 1 × 10−7 and r2 < 0.6; lead SNPs as
independent significant SNPs that are independent from each other (r2 < 0.1); and genomic
risk loci by merging LD blocks with independent significant SNPs that are < 250 kb apart. A
genomic risk locus may contain multiple independent significant SNPs or lead SNPs.
Candidate SNPs were mapped to genes based on their distance to a gene (< 10 kb). For
candidate SNPs that are located in a loci where multiple genes overlap, the candidate SNP
was mapped to the gene with most deleterious consequences attributed to the SNP based on
ANNOtate VARiation software (ANNOVAR) (Wang et al., 2010a). Combined Annotation
Dependent Depletion (CADD) scores were calculated for all the candidate SNPs. CADD is a
measure of deleteriousness of a SNP based on 63 functional annotations, and CADD score
> 12.37 is considered deleterious (Kircher et al., 2014). Finally, I performed gene-based
analyses using Multi-marker Analysis of GenoMic Annotation tool version (MAGMA v1.08)
as implemented in FUMA to test for the association between genes and 25(OH)D levels using
my GWAS summary data (de Leeuw et al., 2015).
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6.4 Results
6.4.1

Cohorts and study design

This GWAS included 2,499 children of African ancestry, including 1,391 from Entebbe,
Uganda; 755 from Soweto, South Africa; and 353 from Banfora, Burkina Faso. Summary
characteristics of the study cohorts are presented in Table 3.1. Sample power calculation
using the GWAS-power calculator in R (https://github.com/kaustubhad/gwas-power)
indicated that a sample size of 2,499 had 99.95% power to identify SNPs explaining 3% of
the variance of a quantitative trait with an alpha (p-value threshold of observing an
association due to chance) of 5 x 10-8. Common genetic variants have been reported to
explain 3.1% of the variance of 25(OH)D levels in a recent vitamin D GWAS (Manousaki et
al., 2020).
Table 6.1. Characteristics of the individuals included in the study after QC
Total number
Number of females (%)
Mean age in weeks at sampling (SD)

Entebbe, Uganda
1,391
655 (47.1%)

Banfora, Burkina Faso
353
176 (49.9%)

Soweto, South Africa
755
176 (49.9%)

54.1 (3.9)

87.4 (23.4)

26.4 (3.7)

Number of twins/ triplet sets (%)
Maternal Ethnicity, number (%)
Muganda
Munyankole
Munyarwanda
Musoga
Mutooro
Luo number

15 (1.1)

0 (0)

25 (3.3)

707 (50.8)
131 (9.4)
76 (5.5)
40 (2.8)
65 (4.7)
78 (5.6)

-

-

Other Ugandan ethnic group

294 (21.1)

-

-

0

167 (47.3)
65 (18.4)
19 (5.4)
6 (1.7)
8 (2.3)
89 (25.2)

278 (36.8)
186 (24.6)
112 (14.8)
54 (7.2)
51 (6.8)
22 (1.6)
72 (5.2)
2 (0.3)

Gouin
Karaboro
Turka
Peulh
Other Burkinabe ethnic group
Zulu
Sotho
Xhosa
Tsonga
Tswana
Venda
Other South African ethnic group
Unknown
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6.4.2

Genotype data quality control

A summary of QC results for each study cohort are presented in Table 6.2. A total of 61
individuals were excluded from the GWAS; five individuals had a low call rate, 31 had
excessive heterozygosity, five had discordant sex information, and 20 had an IBD > 0.9
(Table 6.4). A plot of individual heterozygosity against genotype missingness is presented in
Figure 6.2. A total of 2,499 individuals (out of 2560 that were genotyped) passed QC.
Overall, 73,135 SNPs had a very low call rates and 19,426 had HWE p <10-8 and hence were
excluded.
Table 6.2. Summary of QC steps by study population
Uganda

Burkina Faso

South Africa

Pre-QC
Total number of genotyped individuals

1,416

360

784

Total number of variants genotyped

2,328,340

2,328,340

2,328,340

2
13
2
8

1
5
1
0

2
13
2
12

73,540
27,002

79,400
11,647

66,464
19,629

1,391
2,176,695

353
2,186,190

755
2,191,144

QC
Individuals that failed QC
Very low call rate (<97%)
Excessive heterozygosity
Discordant sex information
Individuals with IBD >0.9
Autosomal SNPs that failed QC
SNPs with very low call rate
SNPs with HWE p <10-8
Post-QC
Total individuals remaining
Total autosomal variants remaining

This table shows the number of individuals and SNPs that were excluded for each QC step. Abbreviations: QC,
quality control; IBD, identity-by-descent; HWE, Hardy-Weinberg equilibrium.
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Figure 6.2. Plots of individual heterozygosity rates plotted against genotype missingness.

The brighter the colours of the points, the greater the density. The blue and red lines show
the mean heterozygosity ± standard deviations from the mean, respectively. Individuals with
heterozygosity that is out of range were excluded, that is <0.15 which may indicate
inbreeding, and >0.34 which may indicate sample contamination.
6.4.3

Population structure within study populations

Plots of the first and second principal components obtained from principal component
analysis (PCA) indicated little population structure within each population (Figure 6.3).
Participants within the study populations generally clustered together with the exception of a
few ethnic groups. The Luo ethnic group tended to cluster away from the rest of the Ugandan
cohort, probably because they are Nilotic while the rest of the ethnic groups are Bantus.
Similarly, individuals from the Peulh ethnic group (who are part of the Fulani tribe of West
Africa) clustered away from the rest of the ethnic groups in the Burkinabe cohort. There was
little evidence of population stratification in the South African cohort.
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Figure 6.3. Plot of the first and second principal components (PC1 and PC2) for individuals living in Uganda (A), Burkina Faso (B) and
South Africa (C).

Individual points are coloured by ethnicity.
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6.4.4

Population specific vitamin D GWAS

Association between genetic variants and inverse normal transformed 25(OH)D levels was
tested in each cohort using a LMM with age, sex and inverse normal transformed CRP levels
as covariates. Inspection of Manhattan plots for the Ugandan GWAS revealed a pile up of
SNPs in chromosome 11 in the NADSYN1/ DHCR7 and CYP2R1 loci (Figure 6.4). There was
one SNP that reached the genome wide significance threshold of 5 X 10-8 in the Ugandan
GWAS, namely rs75143148 with a p value of 8.48 X 10-8. However, there were no distinct
signals or SNPs that reached genome-wide significance in the Burkinabe and South African
GWASs, potentially due to their smaller sample sizes (Figure 6.4). QQ plots show some
inflation of test statistics suggestive of residual population stratification in the Burkina Faso
cohort (λ = 1.099) despite the use of an LMM to control for population stratification and
cryptic relatedness. There was little evidence of population stratification in the Ugandan and
South African cohorts (λ of 0.997 and 0.991 respectively).
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Figure 6.4. Manhattan and quantile-quantile (QQ) plots for genome-wide association of
25(OH)D levels in cohort in Uganda (A), Burkina Faso (B) and South Africa (C).
A. Entebbe, Uganda

B. Banfora, Burkina Faso

C. Soweto, South Africa

Coloured horizontal lines represent genome-wide significance threshold of 5.00 X 10-08 (red
line) and 1.00 X 10-07(blue line).
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Meta-analysis of GWAS of 25(OH)D levels
Inspection of Manhattan plots for the meta-analysis GWAS revealed peaks of significant
association with 25(OH)D levels (Figure 6.5A). Summary statistics of the top SNPs and
associated loci from the meta-analysis of the GWAS are summarised in Table 6.3.
Rs76097197 was the top SNP (p value of 5.04 X 10-09) and was found in NADSYN1. Other
vitamin D metabolism genes with significant SNPs (p value < 1 X 10-7) included DHCR7
(lowest p value of 2.52 X 10-08 for rs1044482), CYP2R1 (lowest p values 5.65 X 10-07 for
rs10500804), GC (lowest p value 1.73 X 10-07 for rs1352846). Other protein coding genes
included Colony Stimulating Factor 2 Receptor Subunit Beta (CSF2RB) which encodes the
beta chain of the high affinity receptor for Colony Stimulating Factor (CSF), interleukin 3
(IL-3), and interleukin 5 (IL-5) (lowest p value 5.65 X 10-07 for rs10500804); Dedicator Of
Cytokinesis 8 (DOCK8) which is involved in intracellular signalling networks (lowest p value
7.35 X 10-07 for rs73641534), Long Intergenic Non-Protein Coding RNA 1509 (LINC01509,
lowest p value 8.24 X 10-07 for rs3939697); Phosphodiesterase 3B (PDE3B) which is
involved in phosphodiesterase activity (lowest p value of 2.71 X 10-07for rs11529569); and
Proteasome 20S Subunit Alpha 1 (PSMA1) a component of 20S core proteasome complex
involved in the proteolytic degradation of most intracellular proteins (lowest p value 2.59 X
10-08 for rs11023272). Only two genes (DHCR7 and NADSYN1) had SNPs than met the
genome-wide significance threshold of p <5 X 10-8Other SNPs that were significantly
associated with 25(OH)D levels in chromosomes 3 and 18 were not linked to any gene.
Inspection of the QQ plot (Figure 6.5 B) and genomic control inflation factors (λ < 1.05)
demonstrated little evidence of population stratification and cryptic relatedness.
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Figure 6.5. Manhattan plot (A) and quantile-quantile (QQ) plot (B) of results from a
meta-analysis GWAS of 25(OH)D levels.
A.

B.

The Manhattan plot y-axis represents –log (two-sided P values) for association of genetic
variants with25(OH)D levels for meta-analysis using inverse-variance weighted fixed effects
model with 2499 individuals from Uganda, Burkina Faso, and South Africa. The horizontal
red dotted line indicates the threshold of genome-wide significance at 5 X 10-8.
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Table 6.3. Association statistics for top SNPs and their associated loci from a metaanalysis GWAS of 25(OH)D levels in three cohorts in Uganda, Burkina Faso, and South
Africa
Ref/alt
RSID
Chromosome
allele
Position Nearest gene
Beta
se
p
0.214
0.037
rs76097197*
11
A/G
71166982
NADSYN1
5.04 X 10-09
0.212
0.036
rs12270619
11
C/G
71167964
NADSYN1
5.95 X 10-09
0.211
0.036
rs78777272
11
G/T
71165031
NADSYN1
7.01 X 10-09
0.210
0.036
rs12284909
11
G/A
71168240
NADSYN1
7.51 X 10-09
0.177
0.031
rs11606033*
11
A/G
71154204
NADSYN1
1.31 X 10-08
0.173
0.031
rs1044482
11
C/T
71155171
DHCR7
2.52 X 10-08
0.171
0.031
rs3750997
11
A/C
71158841
DHCR7
2.54 X 10-08
-0.256
0.051
rs10500804
11
T/G
14910273
CYP2R1
5.65 X 10-07
-0.256
0.051
rs10766197
11
G/A
14921880
CYP2R1
5.86 X 10-07
-0.255
0.051
rs10766196
11
A/G
14913131
CYP2R1
6.03 X 10-07
-0.252
0.051
rs12794714
11
G/A
14913575
CYP2R1
8.67 X 10-07
0.360
0.069
rs5756407*
22
T/C
37316259
CSF2RB
1.99 X 10-07
0.316
0.062
rs2413435
22
G/T
37312264
CSF2RB
3.81 X 10-07
0.337
0.066
rs9610606
22
G/A
37315667
CSF2RB
3.96 X 10-07
0.314
0.062
rs4821561
22
C/T
37311877
CSF2RB
4.06 X 10-07
-0.280
0.054
rs1352846*
4
A/G
72617775
GC
1.73 X 10-07
-0.273
0.053
rs4588
4
G/T
72618323
GC
2.59 X 10-07
-0.285
0.056
rs28554102
4
A/G
72607483
GC
4.26 X 10-07
-0.277
0.057
rs1155563
4
T/C
72643488
GC
1.38 X 10-06
0.280
0.057
rs73641534*
9
C/T
368602
DOCK8
7.35 X 10-07
0.150
0.030
rs3939697
9
C/G 110191069
LINC01509
8.24 X 10-07
0.158
0.031
rs11529569
11
G/A
14761377
PDE3B
2.71 X 10-07
0.157
0.031
rs10832296
11
T/A
14756219
PDE3B
3.29 X 10-07
-0.207
0.041
rs12290926
11
A/G
14695046
PDE3B
4.06 X 10-07
0.157
0.031
rs7117967
11
G/A
14826078
PDE3B
4.49 X 10-07
-0.294
0.053
rs11023272*
11
T/C
14630370
PSMA1
2.59 X 10-08
0.159
0.031
rs1916043
11
C/T
14636956
PSMA1
3.01 X 10-07
0.161
0.032
rs111701460
11
C/T
14612802
PSMA1
3.40 X 10-07
0.159
0.032
rs1466129
11
A/G
14623370
PSMA1
4.46 X 10-07
-0.452
0.087
rs11663572
18
G/T
12388455
No gene
2.29 X 10-07
-0.452
0.087
rs11663554*
18
C/A
12388565
No gene
2.29 X 10-07
-0.474
0.094
rs113613295*
3
C/T 122885838
No gene
4.20 X 10-07
-0.437
0.087
rs111475132
18
A/G
12391631
No gene
4.85 X 10-07
-0.437
0.087
rs56658240
18
T/G
12391713
No gene
4.85 X 10-07
This table shows the top SNPs (sorted by p value) from a fixed effect meta-analysis GWAS of 25(OH)D levels that
include GWAS summary data from cohorts from Uganda, Burkina Faso, and South Africa. A maximum of four SNPs
are presented per loci. Abbreviations: se standard error, 25(OH)D, 25-hydroxyvitamin D. Independent genome-wide
significant SNPs as per FUMA results.
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6.4.5

Gene-based test

CYP2R1 was the gene that was most significantly associated with 25(OH)D levels in genebased association tests using MAGMA (Figure 6.6). CYP2R1 is the principal enzyme
involved in conversion of vitamin D to 25(OH)D. Other significantly associated genes
included PDE3B which is involved in phosphodiesterase activity, and NADSYN1 and DHCR7
which are vitamin D metabolism genes. Other top genes include CSF2RB in chromosome 22
which encodes the colony stimulating factor receptor beta chain, PSMA1 in chromosome 11
which encodes for a component of 20S core proteasome complex involved in the proteolytic
degradation of most intracellular proteins and GC in chromosome 4 which encodes the
vitamin D binding protein. Inspection of QQ plots demonstrated little evidence of population
stratification (Figure 6.6 B).
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Figure 6.6. Manhattan and QQ plots of results of MAGMA gene-based association test.
A.

B.

Manhattan plot shows the distribution and association of genes with 25(OH)D levels. The top
eight genes are labelled. The gene-based test was performed using MAGMA (v1.08) (de
Leeuw et al., 2015) as implemented in FUMA (https://fuma.ctglab.nl/).
6.4.6

Non-replication of European GWAS SNPs in African population

Most of the SNPs that were significantly associated with 25(OH)D levels in previous
European GWAS did not influence 25(OH)D levels in the current GWAS (Table 6.4).
However, a few SNPs were significantly associated with vitamin D status in both previous
European GWASs and the current GWAS, and these were in CYP2R1 (s12794714 and
rs10500804), GC (rs4588 and s1155563) and DHCR7/NADSYN1 (rs4944957 and
rs12800438). SNPs that were significantly associated with 25(OH)D levels in African
American genetic studies also reached genome-wide significance in the current GWAS.
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Table 6.4. Summary statistics of SNPs that were significantly associated with 25(OH)D levels in previous genetic studies in non-African
populations and their effect in the current GWAS

Author year

Study
participants

Chromosome

Previous study

Current GWAS

Position

Gene/loci

RS ID

Beta (se)

P value

Beta (se)

107669073
107632644
154567699
154565519
58680178
58678720
21294975
21225281
45412079
45411941
85603643
85639672
14929960
14956391
52732362
52714706
94839724
94839642
14913575
72617775
72609398
72608115
27730940
96375682
96382644
51517798
51516345
58723675
47144223

ABCA1
ABCA1
ADAR
ADAR
ALDH1A2
ALDH1A2
APOB
APOB
APOE
APOE
CADM2
CADM2
CALCB
CALCB
CYP24A1
CYP24A1
CYP26A1
CYP26A1
CYP2R1
GC
GC
GC
GCKR
HAL
HAL
KLK10
KLK10
LIPC
LIPG

rs13284054
rs11791258
rs10908419
rs11264223
rs261291
rs261290
rs541041
rs1042034
rs7412
rs429358
rs7652808
rs6782190
rs11023379
rs59536295
rs17216707
rs6123359
rs4418728
rs2068888
rs12794714
rs1352846
rs3755967
rs705117
rs1260326
rs10859995
rs7308827
rs10426
rs2739430
rs1800588
rs4121823

0.018 (0.003)
0.014 (0.003)
-0.012 (0.004)
-0.012 (0.004)
-0.027 (0.002)
-0.032 (0.001)
0.016 (0.003)
0.015 (0.002)
0.033 (0.004)
-0.023 (0.003)
0.021 (0.002)
0.019 (0.002)
-0.065 (0.002)
-0.073 (0.009)
-0.038 (0.001)
0.034 (0.003)
0.012 (0.002)
0.011 (0.002)
0.088 (0.002)
0.193 (0.003)
-0.207 (0.002)
0.034 (0.003)
-0.022 (0.004)
0.044 (0.002)
-0.04 (0.005)
0.026 (0.002)
-0.014 (0.003)
-0.033 (0.004)
0.019 (0.003)

5 X 10-09
5 X 10-08
7 X 10-10
4 X 10-09
3 X 10-40
1 X 10-20
1 X 10-10
1 X 10-09
4 X 10-20
1 X 10-15
1 X 10-23
2 X 10-20
5 X 10-226
3 X 10-23
6 X 10-48
7 X 10-26
1 X 10-09
3 X 10-08
1 X 10-300
1 X 10-300
1 X 10-300
3 X 10-34
4 X 10-28
5 X 10-100
9 X 10-52
8 X 10-27
3 X 10-08
2 X 10-43
1 X 10-11

-0.009 (0.039)
-0.079 (0.045)
0.059 (0.053)
0.06 (0.053)
0.004 (0.03)
-0.04 (0.03)
-0.038 (0.03)
0.018 (0.042)
0.048 (0.042)
-0.026 (0.035)
-0.004 (0.036)
-0.036 (0.03)
-0.207 (0.051)
0.065 (0.034)
-0.023 (0.077)
0.011 (0.051)
0.077 (0.034)
0.081 (0.035)
-0.252 (0.051)
-0.28 (0.054)
-0.138 (0.053)
-0.022 (0.037)
-0.023 (0.046)
-0.031 (0.031)
-0.083 (0.036)
0.033 (0.055)
-0.024 (0.038)
0.024 (0.029)
-0.052 (0.044)

P value

Non-African populations (GWAS)

(Revez et al.,
2020)

Europeans
(n = 417,580)

9
9
1
1
15
15
2
2
19
19
3
3
11
11
20
20
10
10
11
4
4
4
2
12
12
19
19
15
18
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0.810
0.077
0.267
0.259
0.901
0.182
0.210
0.678
0.261
0.449
0.920
0.220
4.47 X 10-05
0.057
0.765
0.828
0.024
0.019
8.67 X 10-07
1.73 X 10-07
0.009
0.550
0.623
0.324
0.022
0.545
0.536
0.404
0.241

(Ahn et al.,
2010)

European
(n= 4,501)

(Jiang et al.,
2018)

European
(n=79,366)

(O'Brien et al., European
2018)
(n=1,829)

(Wang et al.,
2010b)

European
(n=16,125)

18 47158186
LIPG
20 39231118
MAFB
11 71210070
NADSYN1
11 71182185
NADSYN1
11 71166337
NADSYN1
19 36342212
NPHS1
11 14876718
PDE3B
1
2339139
PEX10
1
2339395
PEX10
14 39552484
SEC23A
14 39556185
SEC23A
11 14012957
SPON1
11 13992159
SPON1
4 72608383
GC
11 14915310
CYP2R1
11 71194559
NADSYN1
10 124704149
C10orf88
11 71234107
NADSYN1
11 14910234
CYP2R1
12 96358529
AMDHD1
14 39556185
SEC23A
4 72618323
GC
11 14913575
CYP2R1
11 71168035DHCR7/NADSYN1
11 71171003DHCR7/NADSYN1
11 14913575
CYP2R1
11 14910273
CYP2R1
4 72618334
GC
4 72608383
GC
11 14915310
CYP2R1
11 71165625DHCR7/NADSYN1
11 14881771
CYP2R1
4 72609398
GC
4 72605517
GC
4 72643488
GC

rs10438978
0.017 (0.002)
rs6129648
0.014 (0.002)
rs11233933 -0.116 (0.002)
rs12278461 -0.129 (0.005)
rs1790373 -0.102 (0.004)
rs3814995 -0.013 (0.004)
rs116970203
0.377 (0.007)
rs6671730 -0.015 (0.003)
rs2494429
0.015 (0.003)
rs2144530
0.068 (0.004)
rs8018720
0.038 (0.003)
rs2618515 -0.042 (0.006)
rs1950039
0.037 (0.003)
-0.36 (0.05)
rs2282679
0.12 (0.03)
rs2060793
-0.10 (0.06)
rs3829251
-0.14 (0.03)
rs6599638
-0.19 (0.06)
rs11234027
0.34 (0.04)
rs1993116
rs10745742 0.041 (0.0071)
rs8018720 -0.017 (0.0029)
rs4588 -3.5 (-4.1, -3.0)
rs12794714 -1.8 (-2.2, -1.3)
n/a
rs4944957
n/a
rs12800438
n/a
rs12794714
n/a
rs10500804
n/a
rs7041
n/a
rs2282679
n/a
rs2060793
n/a
rs7944926
n/a
rs7116978
n/a
rs3755967
n/a
rs17467825
n/a
rs1155563
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7 X 10-11
2 X 10-11
1 X 10-300
5 X 10-228
4 X 10-84
3 X 10-09
1 X 10-300
8 X 10-14
3 X 10-08
4 X 10-55
2 X 10-49
2 X 10-35
1 X 10-27
4.1 X 10-22
1.4 X 10-5
8.8 X 10-7
3.3 X 10-7
1.0 X 10-3
1.6 X 10-17
1.88 X 10-14
4.72 X 10-09
4.5 X 10-38
3.8 X 10-12
8.70 X10-15
2.54 X10-15
1.84 X10-9
2.67 X10-9
6.31 X10-59
1.9 X10-109
1.73 X10-11
8.96 X10-16
4.99 X10-9
2.42 X10-75
6.75 X10-74
2.37 X10-73

-0.026 (0.029)
-0.006 (0.029)
-0.096 (0.036)
0.058 (0.034)
0.063 (0.038)
-0.004 (0.081)
0.283 (0.085)
0.022 (0.031)
-0.011 (0.033)
-0.07 (0.04)
-0.069 (0.04)
-0.038 (0.035)
0.013 (0.03)
-0.107 (0.056)
-0.014 (0.031)
-0.034 (0.033)
-0.024 (0.031)
0.031 (0.031)
0.001 (0.036)
0.043 (0.031)
-0.069 (0.04)
-0.273 (0.053)
-0.252 (0.051)
0.142 (0.029)
0.137 (0.031)
-0.252 (0.051)
-0.256 (0.051)
0.122 (0.053)
-0.107 (0.056)
-0.014 (0.031)
-0.003 (0.042)
-0.019 (0.031)
-0.138 (0.053)
-0.122 (0.054)
-0.277 (0.057)

0.370
0.826
0.008
0.089
0.096
0.962
0.001
0.480
0.728
0.084
0.088
0.285
0.669
0.054
0.650
0.295
0.447
0.321
0.976
0.163
0.880
2.59 X 10-07
8.67 X 10-07
7.73 X 10-07
9.45 X 10-06
8.67 X 10-07
5.65 X 10-07
0.020
0.054
0.650
0.946
0.532
0.0093
0.0251
1.38 X 10-06

4 72614267
GC
11 71167449DHCR7/NADSYN1
11 71187679DHCR7/NADSYN1
11 71221248DHCR7/NADSYN1
11 14914878
CYP2R1
11 14910234
CYP2R1
1 152890470
IVL
(Sapkota et al., Asian Indians
2016)
(n= 2,151)

20

22804107

FOXA2/SSTR4

20

22805061

FOXA2/SSTR4

n/a
rs2298850
n/a
rs12785878
n/a
rs3794060
n/a
rs4945008
n/a
rs10741657
n/a
rs1993116
rs11586313 0.17 (0.11, 0.23)
-0.16 (-0.24, rs6048371
0.08)
-0.16 (-0.24, rs2207173
0.08)

2.03 X10-71
2.12 X10-27
3.38 X10-15
4.55 X10-15
3.27 X10-20
6.25 X10-11
1.36 X 10-06
4.82 X 10-09
4.47 X 10-09

-0.195 (0.066)
-0.003 (0.042)
0 (0.046)
0.012 (0.046)
0.002 (0.036)
0.001 (0.036)
0.005 (0.03)

0.003
0.935
0.999
0.804
0.953
0.976
0.855

-0.001 (0.047)

0.976

-0.019 (0.049)

0.702

African population (genetic study)
11 14913575
CYP2R1
rs12794714
0.01
-0.252 (0.051)
8.67 X 10-07
11 14915310
CYP2R1
rs2060793
0.02
-0.014 (0.031)
0.65
African
(Batai et al.,
Americans
4 72643488
GC
rs1155563
0.048
-0.277 (0.057)
1.38 X 10-06
2014)
(n= 652)
11 14914878
CYP2R1
rs10741657
0.01
0.002 (0.036)
0.95
4 14910234
CYP2R1
rs1993116
0.02
0.001 (0.036)
0.98
Highlighted SNPs are significantly associated with 25(OH)D levels in the current and previous studies. Only SNPs that were available in both the past study and current
GWAS are included.
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6.4.7

Regional plots and linkage disequilibrium plots of the top SNPs

Regional association plots showed the distribution of SNPs in genomic risk loci in
chromosomes 11, 4, 9, and 22 (Figure 6.7 and Supplementary Figure 1). Many genome-wide
significant SNPs in genomic risk loci in chromosomes 11, 4, 9, and 22 were in LD with the
lead SNP in that loci. However, the lead SNP in chromosome 3 (rs113613295) was not in LD
with or close to another significant SNP and was not linked to a gene suggesting that it may
be a false positive association (Supplementary Figure 1). Pairwise linkage disequilibrium
plots for significant SNPs in chromosome 11 (Figure 6.8) demonstrated three distinct LD
blocks suggestive of multiple independent significant signals, two in the
CYP2R1/PDE3B/PSMA1 locus (labelled A and B) and one in the DHCR7/NADSYN1 locus
(labelled C). Further evaluation of LD patterns revealed that LD block C in the
DHCR7/NADSYN1 locus formed two sub-blocks (labelled C1 and C2) (Figure 6.8). Genetic
variants in LD block A and C were associated with increased 25(OH)D levels while those in
block B were associated with decreased 25(OH)D levels (Figure 6.8). Pairwise linkage
disequilibrium plots for significant SNPs in chromosome 4 demonstrated that the four
significant SNPs in the GC locus were in LD, although rs28554102 was in less LD with the
rest (Figure 6.9).
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Figure 6.7. Regional association plots for the DHCR7/NADSYN1 (A) and CYP2R1/PDE3B/ PSMA1 (B) loci in chromosome 11 and GC
locus in chromosome 4 (C).

Plots were generated using FUMA (https://fuma.ctglab.nl/). SNPs are coloured by the r2 measure of linkage disequilibrium with the top SNP (in
purple). Genes in these loci are shown in red below the graph.
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rs2917562
rs748093
rs1466129
rs11023272
rs12290926
rs10219313
rs4144487
rs10832296
rs10832297
rs7102037
rs10500804
rs10766196
rs12794714
rs79041455
rs11606033
rs77872619
rs17161531
rs76865413
rs1044482
rs3750997
rs10450662
rs59601821
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Figure 6.8. LD pairwise correlation plot, association statistics and annotation results for SNPs that are significantly associated with
25(OH)D in chromosome 11.
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Figure 6.9. LD pairwise correlation plot, association statistics and annotation results for SNPs that are significantly associated with
25(OH)D in the GC gene in chromosome 4.
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available.
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6.4.8

Fine-mapping

Fine-mapping by FUMA revealed eight independent genome-wide significant SNPs,
including seven lead SNPs that were distributed across seven loci (Table 6.5). Chromosome
11 had two genomic risk loci (DHCR7/NADSYN1 and CYP2R1/PDE3B/PSMA1), while
chromosomes 3 (no mapped gene), 4 (GC), 9 (DOCK8), 18 (no mapped gene) and 22
(CSF2RB) had a single locus each (Supplementary Figure 2). The eight independent
significant SNPs were distributed across the seven loci as follows: two in
CYP2R1/PDE3B/PSMA1; one each in DHCR7/NADSYN1, CSF2RB, GC, and DOCK8; and
two were not mapped to a gene (Table 6.3). Rs11023272 in chromosome 11 was the lead
SNP with the greatest number of tagged SNPs in the current GWAS (102 SNPs) and in the
African reference genome (40 SNPs) (Supplementary Table 1). All lead SNPs were intronic
except rs11663554 in chromosome 18 which was intergenic. The DHCR7/NADSYN1 locus in
chromosome 11 had the largest number of genome-wide significant SNPs, the largest
genomic risk locus size and largest number of mapped genes, this was followed by
CYP2R1/PDE3B/ PSMA1 locus in the same chromosome (Supplementary Figure 2).
Furthermore, a total of 72 genes were linked to significant SNPs, suggesting that they may be
involved in the biological mechanism of vitamin D status (Table 6.5). The majority of the
candidate SNPs were either intronic or intergenic (Supplementary Figure 3), with the
numbers distributed as follows: 141 intronic, 76 intergenic, seven upstream, three exonic, two
3’ untranslated region (3’ UTR), two downstream, two non-coding RNA intronic
(ncRNA_intronic), and one non-coding RNA exonic (ncRNA_exonic) SNPs. No candidate
SNP was in 5’ untranslated regions (UTRs), non-coding RNA splicing (ncRNA_splicing) or
splicing sites. Exonic non-synonymous SNPs that reached genome-wide significance include
rs4588 (GC), rs12794714 (CYP2R1), and rs1044482 (DHCR7/NADSYN1) (Figure 6.8 and
6.9).
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Table 6.5. Summary of fine-mapping of meta-analysis of GWASs of 25(OH)D levels in
cohorts from Uganda, Burkina Faso and South Africa
Variable

Number

Genomic risk loci*

7

†

Lead (top) SNPs

7

Independent significant SNPs‡

8

§

Candidate SNPs

236
¶

Candidate GWAS tagged SNPs

181

Mapped genes#

72

Fine-mapping analyses were performed using FUMA version v1.3.6a (https://fuma.ctglab.nl/). *Genomic
risk loci were determined by merging LD blocks that had significant SNPs and were close (< 250 kb
apart). †Lead (top) SNPs are the SNPs that were most significantly associated with 25(OH)D in a
genomic risk locus. ‡Independent significant SNPs are significant SNPs that reached genome-wide
significance and are not in LD with each other (r2 < 0.1). §Candidate SNPs are the SNPs in the current
GWAS or 1000G Phase 3 African reference genome that are in LD (r2 > 0.6) with the independent
significant SNPs. ¶Candidate GWAS tagged SNPs are candidate SNPs that were included in my GWAS.
#
Mapped genes are the genes in which candidate SNPs are found in or are in close proximity to (<10
kb).
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6.5 Discussion
Information on the genetic variants that influence vitamin D status is useful in the
management of vitamin D deficiency and investigation of its association with diseases.
Previously, there has been limited information on vitamin D-associated genetic variants in
African populations. In this chapter, I describe the first vitamin D GWAS in Africans, which
includes 2,499 individuals from Uganda, Burkina Faso and South Africa. I found eight
independent signals across six chromosomes that were significantly associated with 25(OH)D
levels. Four of these signals were mapped to vitamin D metabolism genes that have been
reported in previous European GWAS, namely GC, CYP2R1, DHCR7, and NADSYN1, which
is suggestive of their validity. Other genes that were associated with 25(OH)D levels in the
current and previous GWASs include PDE3B and PSMA1. However, the majority of SNPs in
these loci that were associated with vitamin D status in previous European GWASs did not
have an effect in the current GWAS. I also found genome-wide significant signals in four
novel loci, namely CSF2RB, DOCK8, LINC01509 and PSMA1.
Many of the top SNPs in the current GWAS were located in the DHCR7/NADSYN1 locus in
chromosome 11. The DHCR7 gene encodes 7-dehydrocholesterol reductase which converts
7-dehydrocholesterol to cholesterol, away from the vitamin D synthesis pathway (Figure 1.3).
Therefore, mutations in DHCR7 are likely to reduce the effectiveness of this enzyme hence
increasing the availability of 7-dehydrocholesterol for vitamin D synthesis in the skin (Bikle,
2014). This may explain why genetic variants in this locus were associated with higher serum
25(OH)D levels in the current and previous GWASs (Wang et al., 2010b, Engelman et al.,
2010, Ahn et al., 2010, Revez et al., 2020, Manousaki et al., 2020). Heterologous carriers of
some mutations in DHCR7 have high levels of 7-dehydrocholesterol which have been
suggested to protect them from rickets and osteomalacia (Porter, 2002). More than 130
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recessive mutations in DHCR7 have been shown to cause Smith-Lemli-Opitz syndrome in
homozygous individuals, a condition that is characterised by very high levels of 7dehydrocholesterol and many severe birth defects in most organ systems (Porter, 2008).
NADSYN1, the other gene in the DHCR7/NADSYN1 locus pair, encodes the enzyme
nicotinamide adenine dinucleotide synthetase 1 which is involved in cholesterol synthesis and
production of nicotinamide adenine dinucleotide (NAD+), an essential coenzyme in lipid
synthesis and energy production (Hara et al., 2003). Most of the top SNPs in the current
GWAS were located in the NADSYN1 gene, suggesting that one or more causal SNPs are
likely to be located in this gene. However, all SNPs that reached genome-wide significance in
the DHCR7/NADSYN1 locus were in high LD, and metabolic pathways suggest that both
NADSYN1 and DHCR7 can independently influence vitamin D metabolism. LD patterns
(Figure 6.8) and FUMA fine-mapping analyses (Table 6.3) indicate there are at least two
independent association signals in the DHCR7/NADSYN1 locus. Fine-mapping analyses in
the current GWAS revealed two exonic and non-synonymous SNPs in this locus, one in the
DHCR7 gene (rs1044482 with a p value of 2.52 X 10-08) and another in the NADSYN1 gene
(rs2276360 with a p value of 2.05 X 10-05).
The CYP2R1 was the gene that was most strongly associated with 25(OH)D levels in genebased association tests in the current GWAS (Figure 6.6). Furthermore, several SNPs in
CYP2R1 were significantly associated with 25(OH)D levels in SNP-based GWAS (Table
6.3). These findings agree with previous GWAS studies in European populations which also
found several genetic variants in this gene that were associated with vitamin D status (Ahn et
al., 2010, Jiang et al., 2018, O'Brien et al., 2018, Wang et al., 2010b). Notably, a small
genetic study by Batai and colleagues reported that all of the SNPs that they genotyped in the
CYP2R1 gene had significant effects on vitamin D status in both African and European
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Americans, but mixed findings were observed in SNPs located in the GC and CYP24A1
genes (Batai et al., 2014). CYP2R1 is suggested to be the main enzyme involved in the
conversion of circulating vitamin D to 25(OH)D, the phenotype used in this GWAS (Cheng
et al., 2004). There is a paucity of studies that have investigated the clinical effects CYP2R1
gene polymorphisms, probably because mutations in the CYP2R1 gene are less likely to be
detrimental due to the redundancy of enzymes involved in the 25-hydroxylation step of
vitamin D activation (Bikle, 2014). A case report showed that a Nigerian man who had a
history of rickets had homozygous CYP2R1 mutations that inactivated the CYP2R1 enzyme
(Cheng et al., 2004). In a candidate gene study that aimed to assess the effects of CYP2R1
gene variants on the risk of type 1 diabetes (n=133), one of the SNPs that they genotyped
(rs10741657) was associated with increased risk of type 1 diabetes but another SNP
(rs12794714) had no effect (Ramos-Lopez et al., 2007). Rs12794714 was significantly
associated with lower 25(OH)D levels in the current GWAS (Figure 6.8).
Genetic variants in the vitamin D binding protein gene, GC, were also associated with
25(OH)D levels in the current GWAS. Vitamin D binding protein is the main transporter of
vitamin D and its metabolites, binding between 80-90% of circulating 25(OH)D (Bikle and
Schwartz, 2019). Several genetic studies have reported associations between vitamin D status
and GC genetic variants (Bikle and Schwartz, 2019), including GWAS studies in European
populations (Wang et al., 2010b, Ahn et al., 2010, Revez et al., 2020, Manousaki et al.,
2020). Genetic variants that influence the structure and function of this protein would also
influence vitamin D status, and hence are often used as genetic proxies of vitamin D status in
many studies (Bikle and Schwartz, 2019). The most commonly studied GC SNPs are rs7041
and rs4588, combinations of which determine the three major vitamin D binding haplotypes,
namely Gc1s, Gc1f, and Gc2 (Bikle and Schwartz, 2019). Regression analyses in Chapter 4
of this thesis indicate that GC haplotypes are also associated with vitamin D status in African
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children (Table 4.4). The rs4588 SNP is one of the few SNPs that was significantly
associated with 25(OH)D levels in the current and previous GWAS studies (Wang et al.,
2010b, Ahn et al., 2010, Revez et al., 2020, Manousaki et al., 2020). The rs4588 is nonsynonymous and exonic, suggesting that it is likely to be causal.
I found genes that were significantly associated with 25(OH)D levels in the current vitamin D
GWAS that have not been reported in previous GWASs, namely CSF2RB, DOCK8,
LINC01509 and PSMA1. CSF2RB, which is found in chromosome 11, encodes the beta chain
of the receptor for type 1 cytokines, including IL-3, IL-5 and CSF. CSF2RB has previously
been reported as one of the loci that is associated with multiple sclerosis in a GWAS (Wang
et al., 2016b). DOCK8 is a member of the DOCK-C family of proteins that are involved in
intracellular signalling networks, a family that includes DOCK7, which was reported to
influence 25(OH)D levels in recent European GWASs (Manousaki et al., 2020, Revez et al.,
2020). LINC01509 which encodes a Long Intergenic Non-protein Coding RNA (1509), is
likely to share the same causal variant as DOCK8 since they are found in the same genomic
loci. Similarly, PSMA1, which encodes the Proteasome 20S Subunit Alpha 1, is found in the
same genomic loci with CYP2R1 and PDE3B and hence likely to share a causal variant.
PDE3B, which encodes a phosphodiesterase involved in regulation of cardiac and vascular
smooth muscle contractility, has been reported to be associated with 25(OH)D levels in
recent European GWASs (Manousaki et al., 2020, Revez et al., 2020). There is need for
further studies to investigate the mechanism of action of the effect of these novel loci on
vitamin D status.
Some genes that have been reported to have an effect on 25(OH)D levels in previous GWASs
were not replicated in the current GWAS. These include European GWAS reported loci such
as the CYP24A1 which encodes the enzyme 24-hydroxylase that initiates catabolism of
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25(OH)D and 1,25(OH)2D; AMDHD1 which is involved in the catabolism of some amino
acids; and SEC23A which is involved in cellular protein trafficking (Wang et al., 2010b,
Manousaki et al., 2020, Jiang et al., 2018). In addition, a recent GWAS (n= 3538) reported
two loci that were associated with 25(OH)D levels in Asian Indians that did not have an
effect in the current GWAS, these include the IVL gene which encodes a protein component
of the human skin and FOXA2 which encodes a transcription factor (Sapkota et al., 2016).
These loci failed to replicate in the current GWAS perhaps because they have small effects
on 25(OH)D levels and require large sample sizes with sufficient power to be observed, as
was the case with recent large GWASs in Europeans (Manousaki et al., 2020, Revez et al.,
2020).
Many top SNPs in previous European GWAS did not have an effect in the current GWAS,
despite being located in loci that reached genome-wide significance in both populations. In
agreement with my study findings, a small study of selected SNPs in vitamin D metabolism
genes reported that the majority of the SNPs that had a significant effect in European
Americans did not have an effect in African Americans, and vice versa (Batai et al., 2014).
This suggests that Africans may have a different genetic architecture for vitamin D status
from Europeans Alternatively, some of the SNPs that had an effect in previous GWASs did
not have an effect in the current GWAS probably because the current study was less powered
to see these effects. This may be the case for SNPs that had a similar direction of effect
(betas). However, there were many SNPs that had different direction of effects suggesting
different genetic architecture of vitamin D status. Africans have relatively shorter LD blocks
and higher genetic diversity compared to other ethnic groups (Yu et al., 2002), which may
provide unique opportunities for the identification of novel variants that influence vitamin D
status and fine-mapping for causal variants (Choudhury et al., 2020).
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6.5.1

Strengths and limitations

To the best of my knowledge, this is the first GWAS to describe genetic variants that
influence vitamin D status in an African population. In addition, I included individuals from
community-based cohorts in South Africa, East Africa and West Africa. However, these
analyses had some limitations. First, the GWAS analyses did not include a replication cohort
which is essential to validate GWAS results. Nevertheless, several top loci in the current
GWAS have been reported in previous GWAS studies which suggests their validity. Due to
limitations of microarray genotyping used in the current GWAS, it is possible that causal
variants may not have been included in the current GWAS. Further fine-mapping, preferably
including complete sequences of some genomic loci that were associated with 25(OH)D
levels, may be required to identify causal variants. Furthermore, microarray genotyping is
limited to pre-existing genetic variant reference panels. Therefore, variations in LD patterns
across ethnic groups may result in poor microarray coverage in other ethnic groups. Lastly, I
only included children living in Africa, and differences in genetic and environmental factors
may limit the generalization of my findings to Africans in the diaspora.
6.5.2

Conclusion

In summary, I report genetic variants that influence vitamin D status in Africans using a
GWAS in three diverse population cohorts from across Africa. Many of the genome-wide
significant SNPs in the current GWAS are located in loci that are involved in vitamin D
metabolism and have been reported in previous European GWASs, namely
DHCR7/NADSYN1, CYP2R1 and GC. However, many SNPs that were reported to have an
effect on vitamin D status in European GWASs did not have an effect in the current GWAS.
Although some of these SNPs had a similar direction of effect and perhaps did not reach
significance because of the small sample size of the current GWAS, many other SNPs had
different direction of effects suggesting that Africans may have a different genetic
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architecture of vitamin D status compared to Europeans. I also found SNPs that were
significantly associated with 25(OH)D levels in CSF2RB, DOCK8, LINC01509 and PSMA1,
loci that have not been reported in previous vitamin D GWAS studies.
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CHAPTER 7. SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS
Vitamin D deficiency is common in many populations around the world and is a major public
health concern due to its association with many diseases in epidemiologic studies. However,
there has been limited information in the published literature on the epidemiology of vitamin
D deficiency in Africa. For example, previous reviews of vitamin D status included a few
studies conducted in Africa (Prentice et al., 2009, Green et al., 2015, Hilger et al., 2014a,
Arabi et al., 2010). Therefore, this thesis was aimed at describing the prevalence of vitamin D
deficiency in African children and its environmental and genetic risk factors. In this
concluding chapter, I summarise the contribution of this thesis, the possible implications of
my findings and discuss possible directions for future work.

7.1 Summary of contributions
In chapter 3, I performed a systematic review and meta-analysis of previous studies of
vitamin D status that were conducted in Africa. I found that, on average, one in five Africans
have vitamin D deficiency using the threshold of 25(OH)D levels <30 nmol/L. The abundant
all-year-round sunshine in Africa provides an adequate source of vitamin D and may give the
impression that populations living in Africa are less likely to be vitamin D deficient.
However, findings from my systematic review suggest that there is a high prevalence of
vitamin D deficiency in Africa, perhaps higher than the prevalence in Europe or the USA
(Bouillon, 2020). Similarly, previous reviews have also suggested a high prevalence of
vitamin D deficiency in Africa (Prentice et al., 2009, Green et al., 2015, Hilger et al., 2014a,
Arabi et al., 2010). I also found substantial heterogeneity in the prevalence of vitamin D
deficiency across different African populations, which agrees with a previous review that
suggested that populations living in Africa are likely to have large variations in vitamin D
status due to differences in latitude, geography, climate and lifestyles (Prentice et al., 2009). I
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also show in this review that vitamin D deficiency was more prevalent in newborn babies,
women, and populations living in urban areas and in northern Africa and South Africa,
factors that should be considered in vitamin D prevention and control strategies in Africa.
In chapter 4, I describe vitamin D status and its determinants in young African children. I
found a few studies that had evaluated the vitamin D status of young African children in the
systematic review described in chapter 3, and most of these studies had a case-control design
(Table 4.10). In this epidemiological study, I found that the prevalence of vitamin D
deficiency was relatively low in young African children, that is 0.6%, and 7.8% using cutoffs of 25(OH)D <30 nmol/L and 50 nmol/L, respectively. These findings show that young
children in Africa have one of the lowest prevalence of vitamin D deficiency worldwide, and
as findings from my systematic review reveal, lower than other age groups in Africa (Figure
3.3). However, I also found that about 45% of these children had 25(OH)D levels <75
nmol/L, which may be a health risk because levels below this threshold have been associated
with many extraskeletal diseases (Holick et al., 2011a). Therefore, there may still be a need
for public health interventions to improve the vitamin D status of young children in Africa. I
also showed that the prevalence of vitamin D deficiency in African children increased with
age, malaria, latitude, winter and rainy seasons and the Gc2 vitamin D binding genotype.
Lastly, I also found that vitamin D status was not associated with sex or nutritional measures,
such as stunting, wasting or underweight, which supports the argument that sunshine
exposure, rather than dietary intake, is the primary source of vitamin D in African children.
In chapter 5, I described the association between vitamin D and iron deficiency in African
children. Previous studies that investigated this association reported mixed findings and none
were conducted in Africa. In the current study, I found that low vitamin D status (25(OH)D <
50 nmol/L) was associated with 80% higher odds of iron deficiency, supporting the argument
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that one nutrient deficiency may lead to the other. Notably, I also found that 25(OH)D < 50
nmol/L were associated with lower transferrin and sTfR levels and higher TSAT and serum
iron levels suggesting better iron status. These findings suggest that vitamin D may have
different effects on different iron compartments, which may be consistent with the pleiotropic
nature of vitamin D (Bikle, 2014).
In chapter 6, I describe a GWAS aimed at identifying genetic variants that influence vitamin
D status in Africans. I found 13 independent SNPs distributed in 12 genomic loci that are
significantly associated with vitamin D status in Africans. The majority of the top significant
SNPs in my GWAS are located in vitamin D metabolism genes that have been reported in
previous GWAS studies, including NADSYN1/DHCR7, CYP2R1 and GC (Jiang et al., 2018,
Revez et al., 2020). I also found novel loci that reached genome-wide significance in the
CSF2RB, DOCK8, PSMA1 and ZNF311 genes, which may provide novel insights into the
physiology and metabolism of vitamin D. I also showed that the majority of genetic variants
that had genome-wide significant effects on vitamin D status in Europeans did not have
significant effects or had opposite effects in Africans.

7.2 Insights and implications
Taken together, my findings indicate that low vitamin D status is prevalent in Africa and that
there are a number of environmental and genetic risk factors that predispose to vitamin D
deficiency. In this section, I discuss the insights and implications of my findings with regard
to the methods I used, the biology of vitamin D status and public health and policy in Africa.
The methods used in this thesis had varied implications on my findings. First, the systematic
review and metanalysis of previous vitamin D studies provided an average estimate of the
prevalence of vitamin D deficiency in Africa, which to the best of my knowledge, has not
been reported in previous reviews. However, I found substantial heterogeneity in vitamin D
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status across African populations, which was not fully accounted for in subgroup metaanalyses that included age, pregnancy status, African region, vitamin assay and setting.
Perhaps this is because many more factors may be influencing vitamin D status in Africa than
is described in previous studies. I did not include cut-offs of 25(OH)D 30–50 nmol/L and 50–
75 nmol/L in the meta-analyses because very few or no studies reported these cut-offs.
Therefore, I recommend that future vitamin D studies should report prevalence of 25(OH)D
concentrations <30, 30–50, 50–75, and 75–150 nmol/L for easy comparison and metaanalysis with other studies and because there is no consensus yet on the definition of vitamin
D deficiency.
In the studies that I conducted and present in this thesis, I used 25(OH)D concentrations that
were measured using the chemiluminescence immunoassays in the Abbott Architect system,
which is comparable to the gold standard (LC-MS ) (Hutchinson et al., 2017), and provided
reliable results in internal and external quality control assays in our laboratory measurements.
Measurement of a range of iron markers was useful in showing the association between
vitamin D status and various aspects of iron status, which has been lacking in many previous
studies. The current vitamin D GWAS was successful in identifying loci from across the
whole genome that are associated with vitamin D status in Africans. Nevertheless, there is a
need for further fine-mapping analyses to identify causal variants since DNA microarrays
used in GWAS do not include all the genetic variants in a genome. No genome-wide
significant signals were observed in Burkina Faso and South Africa probably due to lack of
sufficient power to see an effect.
Findings from this thesis provide many insights and had several implications for the biology
of vitamin D deficiency in African populations. First, I showed that vitamin D deficiency is
prevalent in the general population in Africa, and risk factors include newborn status, female
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sex in adults (but not in children), living in high latitudes or urban areas, and diseases such as
malaria. However, African Americans have been shown to have lower rates of osteoporosis
and higher bone densities compared to other ethnic groups despite their lower vitamin D
status (Harris, 2006). It has not yet been established whether the high prevalence of vitamin
D deficiency in Africa results in higher rates of bone diseases such as rickets or osteomalacia,
or non-skeletal diseases such as cardiovascular disease, cancer, and infection (Holick,
2007b). Therefore, there may be a need for African-specific definitions of vitamin D
deficiency. The low prevalence of vitamin D deficiency in young African children in my
review and the epidemiological study suggests that vitamin D deficiency is not a major
problem in African children. Nevertheless, about 45% of the children had low vitamin D
status based on a threshold of 25(OH)D < 75 nmol/L. 25(OH)D concentrations between 75 150 nmol/L are recommended for optimum health because 25(OH)D concentrations < 75
nmol/L have been associated with increased risk of many infectious and non-communicable
diseases in Africa and around the world (Holick et al., 2011a, Mogire et al., 2020). In
addition, the age-dependent decline of vitamin D status across all my study cohorts suggests
that these children do not obtain sufficient vitamin D as they grow older. In addition, I also
found that the Gc1f phenotype was the most frequent vitamin D binding protein and was
associated with higher 25(OH)D concentrations, while the Gc2 phenotype was the least
frequent and was associated with lower vitamin D status in African children, in agreement
with a study in Gambian children (Braithwaite et al., 2015). The lack of association between
vitamin D status and nutritional measures, such as stunting, wasting or underweight, supports
the argument that sunshine exposure, rather than dietary intake, is the primary source of
vitamin D in African children. In addition, it implies that the high rates of rickets in some
African children is less likely to be due to vitamin D deficiency. Other aetiologies, especially
calcium deficiency, are likely to be the cause of rickets and many bone deformities in Africa
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(Thacher et al., 2006). The association between 25(OH)D levels and transferrin, sTfR levels,
TSAT and iron levels suggest that vitamin D may have different effects on different iron
compartments and iron status markers, which is consistent with the pleiotropic nature of
vitamin D (Bikle, 2014). These findings differ from many previous studies in Europe and
Asia, perhaps because children living in sub-Saharan Africa have a high burden of iron
deficiency, infectious diseases, and undernutrition. The genetic variants that influence
vitamin D status described in chapter 5 are useful in calculating genetic risk scores for
vitamin D deficiency in Africans (Torkamani et al., 2018). This is important because genetic
risk scores based on previous GWAS (in other ethnic groups) have been shown to perform
poorly in African populations (Duncan et al., 2019). The loci that reached genome-wide
significance in the CSF2RB, DOCK8, PSMA1 and ZNF311 genes have not been previously
reported to be associated with vitamin D status and may provide novel insights into the
physiology and metabolism of vitamin D. However, many of the SNPs that reached genomewide significance in European populations did not have an effect in Africans, which supports
the argument that the genetic architecture of vitamin D status may differ between African and
European populations as previously suggested (Batai et al., 2014). Failure to replicate may be
attributed to differences in sample size, allelic frequency, linkage disequilibrium patterns, or
epigenetics.
Findings from this thesis have important implications for public health policy and health care
in Africa. First, the high prevalence of vitamin D deficiency in some African populations as
shown in my systematic review implies that there is a need for the introduction of vitamin D
deficiency prevention, monitoring and management strategies in Africa, which is currently
lacking in many African countries. The populations that are most at risk of vitamin D
deficiency, including newborns, women and populations living in high latitudes or urban
areas, should be prioritised in these strategies. Sunshine exposure has been shown to provide
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sufficient vitamin D (average serum concentrations of 115 nmol/L) in traditionally living
populations in East Africa (Luxwolda et al., 2012), and should be encouraged in populations
that have a high prevalence of vitamin D deficiency. I have also shown that children living in
Africa have a low prevalence of vitamin D deficiency, and many of them may not need such
interventions. Therefore, I recommend that such public health strategies should be focused on
children at higher risk rather than all children, such as older children or those living at higher
latitudes. Children who are at higher risk may also be given vitamin D supplements and or
vitamin D fortified food as is the case in North American and European countries (Calvo et
al., 2004, Spiro and Buttriss, 2014). The high heterogeneity in vitamin D status between
populations across Africa should also be considered in public health policy and planning in
Africa, with more emphasis on high-risk populations. To the best of my knowledge, no
nationally representative survey has been conducted in Africa and my review showed that
many African countries did not have any vitamin D study. Therefore, government officials,
health practitioners and biomedical researchers in Africa should consider conducting more
vitamin D surveys in Africa. Preferably, these surveys should be representative and
conducted periodically like the National Health and Nutrition Examination Survey
(NHANES) in the USA (Forrest and Stuhldreher, 2011). The positive association between
vitamin D and iron deficiency in African children may have important implications for public
health strategies in Africa due to their high prevalence and coexistence in Africa. For
instance, if vitamin D deficiency causes iron deficiency, then prevention and treatment of
iron deficiency will also require the prevention and treatment of vitamin D deficiency, or vice
versa. Nevertheless, there is a need to establish causality for these associations through RCTs
or Mendelian Randomization analyses before these findings are implemented in health care
or public health policy. Lastly, genetic risk scores obtained from genetic variants reported in
the current GWAS would be important in evaluating associations between vitamin D
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deficiency and various disease outcomes and making clinical risk predictions of individuals
with vitamin D deficiency in African populations, such as in personalised medicine.

7.3 Limitations and future directions
There are several limitations to the work presented in this thesis that warrant further research.
First, in my systematic review and metanalysis, I included studies that measured 25(OH)D
levels using different unstandardised assays. Although sensitivity analyses indicated that
assay type did not contribute significantly to heterogeneity in my meta-analyses, I
recommend that future epidemiological surveys should measure 25(OH)D using liquidchromatography-tandem-mass-spectrometry (LC-MS/MS), which is the gold standard
vitamin D assay (Bikle, 2017). Additionally, assays should be standardised to improve
comparability across studies (Sempos and Binkley, 2020). My systematic review was only
focused on populations living in Africa and cannot be generalised to other populations. There
is a need for similar systematic reviews for other regions and countries, especially in middleand low-income countries that do not have nationally representative vitamin D surveys.
Future vitamin D status studies in Africa should also be population-based to avoid biases that
are introduced in case-control designs.
I should also state that the findings from my epidemiological studies presented in Chapters 4
and 5 should not be taken to imply causality due to their observational nature. Future studies
should investigate causality in these associations, especially in the association between
vitamin D status and malaria, inflammation, and iron markers. In addition, due to the crosssectional nature of both studies, it was not possible to determine temporal changes in the
levels of 25(OH)D, markers of iron status and inflammation, or variation in their association
with time. Additionally, very few children in my study had <25(OH)D <30 nmol/L (0.6%),
and hence I could not investigate the effects of vitamin D deficiency using this cut-off in my
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association analyses. Therefore, it might be useful for future studies that investigate these
associations to have a longitudinal design and include participants with very low vitamin D
status. My association tests did not adjust for some factors that have been shown to influence
vitamin D status, including the duration of sun exposure, dietary intakes of vitamin D and
iron, serum calcium concentrations, vitamin D binding protein and parathyroid hormone
levels. Future studies that investigate the effects of vitamin D status should consider these
factors as potential confounders. In addition, future in vivo or in vitro mechanistic studies
should aim to describe the mechanisms of action of the association between vitamin D and
iron deficiency, which would be useful in designing biomedical interventions for the
treatment and control of vitamin D or iron deficiency.
My current GWAS had some limitations. First, I did not include an African replication
cohort. A GWAS involving an African population, different from the populations included in
this GWAS (Kraft et al., 2009), is ideal to replicate my GWAS findings, especially the novel
loci. Nevertheless, many of the top loci that reached genome-wide significance in my GWAS
have been reported in previous GWASs and are located in genes involved in vitamin D
metabolism (NADSYN1/DHCR7, CYP2R1 and GC). In addition, although the current GWAS
was sufficiently well-powered to observe effects of common variants (MAF >1%), it was not
sufficiently powered to detect effects of rare variants (MAF <1%) or variants with much
smaller effects. Larger GWAS studies are needed to identify variants that are rare or have
very small effects as was shown in a recent GWAS in Europeans (Revez et al., 2020,
Manousaki et al., 2020). I also recommend that future research on vitamin D genetics in
Africans should focus on the identification of causal variants, describe the molecular function
of the causal variants and the genes they affect, and how changes of the function or the
regulation of the causal genes lead to vitamin D deficiency (Gallagher and Chen-Plotkin,
2018).
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7.4 Future work
My future research plans include the addition of Kenyan and Gambian cohorts in the metaanalysis of the vitamin D GWAS. The Kenyan and Gambian cohorts were not included in the
GWAS results because their genotyping was delayed and hence were not analysed in time to
be included in the thesis. In addition, their genotyping was based on a different DNA
microarray chip (the H3Africa chip), which required more processing to be meta-analysed
with the rest of the cohorts. I will also perform a replication GWAS that will include African
Americans (n = 3200) and Africans in the UK Biobank (n = 7700), which is important in
ensuring the observed associations are credible and not due to chance or uncontrolled biases.
Finally, I plan to conduct Mendelian randomization studies to evaluate the association
between vitamin D and iron deficiency and infectious diseases in Africans. In these MR
studies, I will use genetic instruments of vitamin D status from the current vitamin D GWAS.
Some of the infectious diseases that will be evaluated in the MR studies include malaria,
pneumonia, bacteraemia, and tuberculosis.
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APPENDICIES
Supplementary Table 1. List of independent GWAS-significant SNPs with number of associated candidate and GWAS-tagged SNPs
RS ID

Position (hg19)*

Chromosome

P-value

Number of GWAS

Total number of

tagged SNPs

candidate SNPs

-07

4.20 X 10

1

2

rs113613295

3

122885838

rs1352846

4

72617775

1.73 X 10-07

3

6

368602

-07

6

8

-08

102

142

rs73641534

9

7.35 X 10

rs11023272

11

14630370

2.59 X 10

rs11606033

11

71154204

1.31 X 10-08

3

3

rs76097197

11

71166982

5.04 X 10-09

31

31

12388565

-07

16

22

-07

19

22

rs11663554
rs5756407

18
22

37316259

2.29 X 10
1.99 X 10

*

Genomic positions are based on human genome assembly GRCh37 (hg19) from Genome Reference Consortium.
Independence significant SNPs are the significant SNPs that reached genome-wide significance and are not in LD with
each other (r2 < 0.6). Candidate SNPs are SNPs that are in LD with the independent significant SNPs in the current GWAS
or 1000G African reference genome. GWAS tagged SNPs are the candidate SNPs that were present in my GWAS.
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Supplementary Figure 0.1. Regional association plots for the DOCK8 loci in chromosome 9 (A), CSF2RB in chromosome 22 (B) and
rs113613295 in chromosome 3 (no mapped gene) in a meta-analysis of vitamin D GWAS summary data from cohorts in Uganda,
Burkina Faso and South African.

Plots were generated using FUMA (https://fuma.ctglab.nl/). SNPs are coloured by the r2 measure of linkage disequilibrium with the top SNP (in
purple). Genes in these loci are shown in red below the graph.
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Supplementary Figure 0.2. Summary of seven genome risk loci based on meta-analysis of GWAS of 25(OH)D levels in cohorts from
Uganda, Burkina Faso and South Africa.

Loci are displayed by ‘chromosome:start position-end position’ on the Y-axis. Histograms from left to right show the size of the locus (A),
number of genome-wide significant SNPs in the locus (B), number of mapped genes by positional (C), and number of genes physically located
within the genomic loci (D), respectively.
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Supplementary Figure 0.3. Functional annotations of candidate SNPs associated with 25(OH)D.

This histogram shows the proportion of functional annotations of candidate SNPs (SNPs that are in LD with independent significant SNPs in the
current GWAS or 1000G Phase 3 African reference genome). The SNPs’ functions are based on ANNOVAR annotations (Wang et al., 2010a).
The bars are coloured based on enrichment (log2) compared to the African genome reference panel, while the asterisks represent the statistical
significance of this enrichment.
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Prevalence of vitamin D deficiency in Africa: a systematic
review and meta-analysis
Reagan M Mogire, Agnes Mutua, Wandia Kimita, Alice Kamau, Philip Bejon, John M Pettifor, Adebowale Adeyemo, Thomas N Williams,
Sarah H Atkinson

Summary

Background Vitamin D deficiency is associated with non-communicable and infectious diseases, but the vitamin D
status of African populations is not well characterised. We aimed to estimate the prevalence of vitamin D deficiency
in children and adults living in Africa.
Methods For this systematic review and meta-analysis, we searched PubMed, Web of Science, Embase, African
Journals Online, and African Index Medicus for studies on vitamin D prevalence, published from database inception
to Aug 6, 2019, without language restrictions. We included all studies with measured serum 25-hydroxyvitamin D
(25[OH]D) concentrations from healthy participants residing in Africa. We excluded case reports and case series,
studies that measured 25(OH)D only after a clinical intervention, and studies with only a meeting abstract or
unpublished material available. We used a standardised data extraction form to collect information from eligible
studies; if the required information was not available in the published report, we requested raw data from the authors.
We did a random-eﬀects meta-analysis to obtain the pooled prevalence of vitamin D deficiency in African populations,
with use of established cutoﬀs and mean 25(OH)D concentrations. We stratified meta-analyses by participant age
group, geographical region, and residence in rural or urban areas. The study is registered with PROSPERO, number
CRD42018112030.
Findings Our search identified 1692 studies, of which 129 studies with 21 474 participants from 23 African countries
were included in the systematic review and 119 studies were included in the meta-analyses. The pooled prevalence of
low vitamin D status was 18·46% (95% CI 10·66–27·78) with a cutoﬀ of serum 25(OH)D concentration less than
30 nmol/L; 34·22% (26·22–43·68) for a cutoﬀ of less than 50 nmol/L; and 59·54% (51·32–67·50) for a cutoﬀ of less
than 75 nmol/L. The overall mean 25(OH)D concentration was 67·78 nmol/L (95% CI 64·50–71·06). There was no
evidence of publication bias, although heterogeneity was high (I² ranged from 98·26% to 99·82%). Mean serum
25(OH)D concentrations were lower in populations living in northern African countries or South Africa compared
with sub-Saharan Africa, in urban areas compared with rural areas, in women compared with men, and in newborn
babies compared with their mothers.
Interpretation The prevalence of vitamin D deficiency is high in African populations. Public health strategies in Africa
should include eﬀorts to prevent, detect, and treat vitamin D deficiency, especially in newborn babies, women, and
urban populations.
Funding Wellcome Trust and the DELTAS Africa Initiative.
Copyright © 2019 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0
license.

Introduction
Vitamin D deficiency is reported worldwide1 and has
been associated with non-communicable and infectious
diseases.2 Africa has a high burden of infectious diseases,
and the prevalence of non-communicable diseases is
increasing. A 2014 report by WHO estimates that the
burden of non-communicable diseases will overtake that
of communicable diseases in Africa by 2030, a trend that
has been attributed to lifestyle changes related to rapid
urbanisation.3,4 Individuals of African ancestry living in
temperate regions have a poorer vitamin D status than do
other ethnicities, which has been associated with higher
prevalence of cardiovascular disease, diabetes, and some
cancers observed among African–American people.5 The

presence of vitamin D receptors in most tissues and cells
and the regulation of more than 200 human genes by
vitamin D suggest that vitamin D could have diverse roles
in maintaining health.6,7
Measurement of serum 25-hydroxyvitamin D
(25[OH]D) is widely accepted as a proxy for vitamin D
status.8 However, no consensus has been reached on
the definition of low vitamin D status. Rickets and
osteomalacia are associated with severe vitamin D
deficiency, characterised by very low concentrations of
25(OH)D, whereas extraskeletal diseases have been
associated with more modest vitamin D insuﬃciency.9
Rickets and osteomalacia caused by vitamin D deficiency
are considered unlikely at concentrations higher than
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Research in context
Evidence before this study
Low vitamin D status has been linked to disease. Although
Africa has a high burden of disease, the prevalence of vitamin D
deficiency in Africa and its association with disease has not been
well characterised. Previous reviews of vitamin D status globally
have reported that vitamin D deficiency exists in African
populations, but these reviews had few studies from Africa and
none quantified the overall prevalence. Between Sept 1, 2018,
and Aug 6, 2019, we searched PubMed, Embase, Web of Science,
African Journals Online, and African Index Medicus, without
restriction on language or date of publication, to identify
epidemiological studies that measured 25-hydroxyvitamin D
(25[OH]D) concentrations in African populations.

threshold of <30 nmol/L). The prevalence of vitamin D
deficiency appears to be higher in newborn babies, urban
populations, and in northern African countries and South
Africa. To the best of our knowledge, this is the first systematic
review and meta-analysis to quantify the prevalence of
vitamin D deficiency in African populations.
Implications of all the available evidence
Health professionals, policy makers, and the general public in
Africa should be aware of the high prevalence of vitamin D
deficiency and the associated health risks. Eﬀorts to reduce the
burden of diseases in Africa should also incorporate strategies
to prevent, detect, and treat vitamin D deficiency.

Added value of this study
We estimate that approximately one in five people living in
Africa have inadequate 25(OH)D concentrations (with a

25 nmol/L or 30 nmol/L,10,11 and the US National
Academy of Medicine (formerly called the Institute of
Medicine) recommends 25(OH)D concentrations of
higher than 50 nmol/L for optimum bone health.12 The
US Endocrine Society recommends a concentration of
higher than 75 nmol/L to reduce the risk of various noncommunicable and infectious diseases.9
The prevalence of vitamin D deficiency has been
estimated in temperate regions, but few prevalence
studies have been done in Africa.13–15 We did a systematic
review and meta-analysis of the prevalence of vitamin D
deficiency in populations living in Africa to guide
prevention, detection, and control strategies.

Methods

Search strategy and selection criteria

For the study protocol see
https://www.crd.york.ac.uk/
prospero/display_record.
php?RecordID=112030

See Online for appendix 2

2

We did a systematic review and meta-analysis in
accordance with the PRISMA guidelines.16 We searched
PubMed, Embase, Web of Science, African Journals
Online, and African Index Medicus for relevant articles
without date or language restrictions. All the search
terms were Medical Subject Heading terms, including
vitamin D terms (“vitamin D”, “vitamin D deficiency”,
“25-hydroxyvitamin D”, “calcifediol”, “ergocalciferols”,
and “cholecalciferol”) and terms for African people and
African countries (“African Continental Ancestry
Group” and names of all 54 African countries). The
search strategy used in PubMed was modified to suit
other databases. The full search strategy is provided in
the appendix 2 (p 1). We included all studies that met
the inclusion criteria and that had data available before
Aug 6, 2019. We also manually screened citations of
relevant articles to identify additional studies.
The inclusion criteria were as follows: an original
article published or accepted in a peer-reviewed journal;
participants residing in Africa; a cross-sectional or

longitudinal design with baseline data; and the study
measured 25(OH)D in blood. We excluded studies that
were conducted outside Africa; were case reports and
case series; measured 25(OH)D only after a clinical
intervention; or only had meeting abstract or unpublished
material available. For case-control studies, only data
from healthy population subgroups were considered in
the meta-analyses.
We began the study selection by screening titles and
abstracts of articles retrieved from the search. For articles
identified to be potentially relevant, the full text was then
reviewed. The full text was also reviewed if a decision
could not be made from reading the title and abstract
alone. Two investigators (RMM and AM)independently
screened the titles and abstracts of retrieved articles and
disagreements in the study selection were resolved by
consensus. We quantified the inter-rater agreement for
study selection using Cohen’s κ coeﬃcient.17 If multiple
studies used the same dataset or cohort, we included the
most comprehensive study with the largest number
of participants and excluded the others. Studies that
reported only median 25(OH)D values were excluded from
meta-analyses. The study protocol is available online.

Data analysis
Data extraction was done by two independent reviewers
(RMM and WK) and compared, with disagreements
resolved by discussion. We used a predefined and standardised data extraction form to collect information
from all the eligible studies. All non-English-language
studies were translated into English before data
extraction with use of Google Translate. From each
eligible study, we extracted the year of publication; first
author’s name; sample size; method of recruitment;
study design; dates or season of blood sample collection;
ethnicity; proportion of male participants; study country;
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method of 25(OH)D measurement; mean 25(OH)D
concentrations; prevalence of vitamin D deficiency; and
risk factors for low vitamin D status. If the required
information was not readily available from published
reports, we requested the raw data from the authors. If a
study only reported 25(OH)D means for population
subgroups or means for diﬀerent time-points, we
computed the overall mean for the cohort when
appropriate. In case-control studies, only the baseline
25(OH)D levels of healthy controls were used in the
meta-analysis.
We extracted data on mean 25(OH)D concentrations
and the prevalence of vitamin D deficiency with use of
three common cutoﬀs (<30 nmol/L, <50 nmol/L, and
<75 nmol/L). We also collected data on factors that might
influence vitamin D status, such as age, method of
vitamin D measurement, area of residence (urban or
rural), and geographical region.
The quality of the studies included in the meta-analysis
was evaluated by a tool developed by Hoy and colleagues.18
Each study was assessed according to ten items and a
score of one (yes) or zero (no) was assigned for each
item. The studies were classified as having a low (>8),
moderate (6–8), or high (≤5) risk of bias on the basis of
the overall score.
All data analyses were done using R (version 3.5.1).
We did meta-analyses of established cutoﬀs for vitamin D
status (<75 nmol/L, <50 nmol/L, and <30 nmol/L)
with the metaprop package,9,10,12 and a meta-analysis of
mean 25(OH)D levels with the metamean package.
We stratified meta-analyses by participant age group
(newborn babies [<2 days old], children [2 days to
17 years], pregnant women or new mothers [mothers of
newborn babies], and other adults), area of residence
(urban or rural) and geographical region (northern
African countries, South Africa, and sub-Saharan Africa).
A random eﬀects model was used because of high levels
of heterogeneity between populations.19 Heterogeneity
between studies was assessed using the Cochran’s Q, I²,
and H statistics, with an I² of more than 75% indicating
substantial heterogeneity.20 We explored sources of
heterogeneity with a meta-regression using the metafor
package. The covariates in the meta-regression included
age group, geographical region, vitamin D assay, risk
of bias, and area of residence. We did an influence
analysis to identify outliers on the basis of a method
proposed by Viechtbauer and Cheung.21 We did sensitivity analyses in which each of the following types of
studies were excluded: studies that had fewer than
50 or 100 participants; studies with newborn babies, or
pregnant women or new mothers; studies from northern
African countries and South Africa; studies with a
moderate or high risk of bias; studies that used assays
other than the gold standard (liquid chromatographytandem mass spectrometry); and studies published in
2009 or earlier, in 1999 or earlier, or in 1989 or earlier.
The overall mean 25(OH)D concentration for each

country was computed from all the eligible studies in the
country, and the results were illustrated on a map of
Africa using ArcGIS 10.6 (Esri, Redlands, CA, USA). To
assess for publication bias, we used the Egger test of
bias22 with p<0·05 indicating significant publication bias.
This study is registered with PROSPERO, number
CRD42018112030.

Role of the funding source
The funder of the study had no role in study design, data
collection, data analysis, data interpretation, or writing of
the report. The corresponding author had full access to
all the data in the study and had final responsibility for
the decision to submit for publication.

1692 articles identified by database search

32 articles identified
from citations of
relevant articles

43 duplicates removed

1681 records screened by title and abstract

1401 articles excluded on title and abstract

280 full-text articles assessed for eligibility

151 articles excluded after full-text
screening
30 conducted outside Africa
25 without 25-hydroxyvitamin D
measurements
29 with disease cases without
healthy controls
33 without full text
22 literature reviews and
commentaries
11 duplicates
1 used supplements or fortified
foods

129 articles included in systematic review

10 articles excluded from meta-analyses
9 articles reported only medians or
no prevalence data
1 outlier

119 articles included in meta-analyses*
90 in meta-analysis of 25(OH)D concentrations
79 in meta-analyses of prevalence
45 in <75 nmol/L 25(OH)D
66 in <50 nmol/L 25(OH)D
21 in <30 nmol/L 25(OH)D

Figure 1: Study selection
25(OH)D=25-hydroxyvitamin D. *Some studies reported both mean 25(OH)D
concentrations and prevalence of vitamin D deficiency, and some studies used
more than one cutoﬀ value.
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Morocco
44·5 (22·2) nmol/L
6 studies
1096 participants

Algeria
24·2 (10·6) nmol/L
2 studies
168 participants

Tunisia
45·0 (13·4) nmol/L
6 studies
998 participants

Libya
52·8 (29·4) nmol/L
1 study
455 participants

The Gambia
60·6 (13·3) nmol/L
2 studies
267 participants

Mean 25(OH)D concentration
No data
<50 nmol/L
50–75 nmol/L
>75 nmol/L

Egypt
74·3 (24·7) nmol/L
23 studies
1851 participants
Sudan
51·1 (21·9) nmol/L
1 study
50 participants

Ethiopia
46·5 (12·9) nmol/L
2 studies
379 participants

Guinea-Bissau
85·3 (34·8) nmol/L
1 study
494 participants

Uganda
82·5 (79·5) nmol/L
4 studies
190 participants

Côte d’Ivoire
77·4 (3·9) nmol/L
1 study
163 participants

Kenya
70·3 (92·1) nmol/L
3 studies
385 participants

Ghana
74·1 (8·5) nmol/L
2 studies
595 participants

Nigeria
87·1 (68·4) nmol/L
16 studies
1714 participants

Seychelles
72·9 (19·5) nmol/L
1 study
494 participants

Cameroon
52·7 (19·2) nmol/L
1 study
152 participants
Gabon
110·0 (42·5) nmol/L
1 study
28 participants

Tanzania
67·2 (24·4) nmol/L
6 studies
2574 participants
DR Congo
64·9 (38·9) nmol/L
1 study
33 participants
Botswana
77·1 nmol/L
1 study
41 participants

Malawi
86·0 (8·6) nmol/L
1 study
42 participants
South Africa
69·0 (23·8) nmol/L
14 studies
3112 participants

Zimbabwe
100 (27·1) nmol/L
1 study
63 participants

Figure 2: Mean 25(OH)D concentrations in African countries
Data are the mean (SD) 25(OH)D concentrations reported in studies done in each country. Pooled means were calculated if the country had more than one study,
and were computed only from studies that stated mean (SD) 25(OH)D concentrations. Studies that reported only median concentrations are not included in this
map, with the exception of Botswana, which had a single study that reported only median levels. 25(OH)D=25-hydroxyvitamin D.

Results
Our search yielded 1692 articles and conference abstracts,
and a further 32 articles were identified by manual
screening of citations (figure 1). 43 duplicate studies
were removed. After screening abstracts and titles, we
excluded 1401 studies that were not relevant to our metaanalysis. After screening of full texts, we excluded an
additional 151 studies that did not meet the eligibility
criteria. Therefore, 129 studies with 21 474 participants
from 23 African countries were included in the systematic
review. 119 of these studies were included in the metaanalysis.
Study characteristics and their corresponding mean
25(OH)D levels are provided in the appendix 2 (pp 4–8).
The studies were published between 1978 and 2019.
Egypt had the highest number of eligible studies
(31 studies), followed by Nigeria (21 studies) and South
Africa (19 studies; figure 2, appendix 2 pp 4–8). The age
of the study participants ranged from birth to 90 years
and age was associated with 25(OH)D concentration in
4

15 (48%) of 31 studies that assessed for an association
(appendix 2 p 12). 77 studies included only adult participants, 41 included only children, and 11 included both.
We found no evidence of publication bias (appendix 2
p 14).
79 studies reported data on prespecified cutoﬀs for
vitamin D status and were included in the metaanalyses of prevalence of low vitamin D status, with
21 studies reporting a cutoﬀ of less than 30 nmol/L,
66 studies reporting a cutoﬀ of less than 50 nmol/L,
and 45 studies reporting a cutoﬀ of less than 75 nmol/L.
The overall prevalence of low vitamin D status was 18·46%
(95% CI 10·66–27·78) for the less than 30 nmol/L cutoﬀ (figure 3); 34·22% (26·22–43·68) for the less than
50 nmol/L cutoﬀ (figure 4); and 59·54% (51·32–67·50)
for the less than 75 nmol/L cutoﬀ (appendix 2 pp 13).
90 studies included data on mean 25(OH)D concentration and were included in the meta-analysis of mean
25(OH)D concentration. The overall pooled mean 25(OH)
D concentration was 67·78 nmol/L (95% CI 64·50–71·06);
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Country
Newborn babies
Velaphi et al (2019)
South Africa
Ayadi et al (2016)
Tunisia
Random-eﬀects meta-analysis
Heterogeneity: I2=99·04%, τ2=0·19, p<0·0001
Children
Djennane et al (2014)
Algeria
Abd-Allah et al (2014)
Egypt
Yamamah et al (2016)
Egypt
Omole et al (2018)
Nigeria
Pfitzner et al (1998)
Nigeria
Thacher et al (2014)
Nigeria
Poopedi et al (2015)
South Africa
Bezrati et al (2016)
Tunisia
Random-eﬀects meta-analysis
Heterogeneity: I2=96·81%, τ2=0·04, p<0·0001
Adults (non-pregnant)
Botros et al (2015)
Egypt
Feleke et al (1999)
Ethiopia
Gebreegziabher et al (2013)
Ethiopia
Durazo-Arvizu et al (2014)
Ghana
Gernand et al (2019)
Ghana
El Maghraoui et al (2012)
Morocco
Durazo-Arvizu et al (2013)
Nigeria
Durazo-Arvizu et al (2014)
Seychelles
Chutterpaul et al (2019)
South Africa
Durazo-Arvizu et al (2014)
South Africa
George et al (2013, Africans)
South Africa
George et al (2013; Asian Indian)
South Africa
Ben Fradj et al (2016)
Tunisia
Nasri et al (2016)
Tunisia
Random-eﬀects meta-analysis
2
2
Heterogeneity: I =98·58%, τ =0·07, p<0·0001
Pregnant women and newborn mothers
Feleke et al (1999; pregnant)
Ethiopia
Velaphi et al (2019; mothers)
South Africa
Ayadi et al (2016; mothers)
Tunisia
Random-eﬀects meta-analysis
Heterogeneity: I2=98·58%, τ2=0·24, p<0·0001
Overall random-eﬀects meta-analysis
Heterogeneity: I2=98·64%, τ2=0·08, p<0·0001
Residual heterogeneity: I2=98·37%, p<0·0001
Test for subgroup diﬀerences: χ2=5·80, p=0·12

Cases

n

Prevalence (95% CI)

Weight (%)

96
78

290
87
377

33·10 (27·71–38·84)
89·66 (81·27–95·16)
63·72 (9·20–100·00)

3·8
3·7
7·4

35
36
12
0
4
18
5
92

435
120
79
103
198
257
99
225
1516

8·05 (5·67–11·01)
30·00 (21·98–39·04)
15·19 (8·10–25·03)
0 (0·00–3·52)
2·02 (0·55–5·09)
7·00 (4·20–10·84)
5·05 (1·66–11·39)
40·89 (34·40–47·62)
10·55 (3·25–21·14)

3·8
3·7
3·7
3·7
3·7
3·7
3·7
3·7
29·7

0
23
30
1
0
92
0
0
26
33
11
52
87
39

404
30
202
497
98
178
100
494
176
502
373
344
250
64
3712

0 (0·00–0·91)
76·67 (57·72–90·07)
14·85 (10·25–20·52)
0·20 (0·01–1·12)
0 (0·00–3·69)
51·69 (44·09–59·22)
0 (0·00–3·62)
0 (0·00–0·74)
14·77 (9·88–20·89)
6·57 (4·57–9·11)
2·95 (1·48–5·22)
15·12 (11·50–19·35)
34·80 (28·91–41·06)
60·94 (47·93–72·90)
12·59 (4·83–23·16)

3·8
3·5
3·7
3·8
3·7
3·7
3·7
3·8
3·7
3·8
3·8
3·8
3·7
3·6
52·0

17
46
76

31
290
87
408

54·84 (36·03–72·68)
15·86 (11·85–20·58)
87·36 (78·50–93·52)
52·86 (5·90–96·64)

3·5
3·8
3·7
10·9

6013

18·46 (10·66–27·78)

100·0

0

20

40
60
80
Prevalence (%)

100

Figure 3: Pooled prevalence of vitamin D deficiency in Africa with use of a less than 30 nmol/L 25(OH)D cutoﬀ
Cases are defined as participants in a study with a 25(OH)D concentration of less than 30 nmol/L, and n is the total number of participants in the study.
25(OH)D=25-hydroxyvitamin D.

the pooled mean was 69·38 nmol/L (64·82–73·95) for
adults, 65·73 nmol/L (45·65–85·81) for pregnant women
and new mothers, 50·60 nmol/L (38·91–62·29) for newborn babies, and 72·22 nmol/L (64·89–79·54) for children
(appendix 2 p 15).
Most studies that reported low 25(OH)D concentrations
were from northern African countries and South Africa
(figure 2, appendix 2 p 16). Populations in urban areas
had lower vitamin D status than those in rural areas
(appendix 2 pp 17, 18). Men had higher 25(OH)D concentrations than women in six (67%) of nine studies in
which a comparison by sex was provided, and mothers
had higher 25(OH)D concentrations than their newborn
babies in all studies that included both groups (appendix 2
p 18). Case-control studies reported that children with
rickets had significantly lower 25(OH)D concentrations
compared with healthy community controls, and lower
vitamin D status was also observed in patients with
other clinical conditions compared with healthy controls

(appendix 2 pp 9, 10, 18). 18 studies investigated seasonality
in 25(OH)D concentrations, of which 13 (72%) reported
an association (appendix 2 p 11); 12 of the 13 studies that
reported seasonal diﬀerences were from northern African
countries and South Africa, and one study was from subSaharan Africa (Tanzania).
The inter-rater agreement for study selection was
high (κ=0·85, 92% agreement). Two (2%) of 129 studies
were classified as having a high risk of bias, 84 (65%) were
classified as having a moderate risk, and 43 (33%) were
classified as having a low risk. Heterogeneity (I²) ranged
from 98·26% to 99·82%, indicating substantial heterogeneity between populations, most of which could not be
accounted for by age group, geographical region, residence
in rural or urban settings, vitamin D assay, or risk of bias
in meta-regression analyses (appendix 2 p 2).
Sensitivity analyses showed that excluding studies on
the basis of age group, geographical region, risk of bias,
vitamin D assay, sample size, or date of publication
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Country

Figure 4: Pooled prevalence
of vitamin D deficiency in
Africa with use of a less than
50 nmol/L 25(OH)D cutoﬀ
Cases are defined as
participants in a study with a
25(OH)D concentration of less
than 50 nmol/L, and n is the
total number of participants in
the study. 25(OH)D=25hydroxyvitamin D.

6

Newborn babies
Egypt
El Rifai et al (2014)
Kenya
Toko et al (2016)
Nigeria
Owie et al (2018)
South Africa
Velaphi et al (2019)
Tanzania
Luxwolda et al (2013)
Tanzania
Sudfeld et al (2017)
Tunisia
Ayadi et al (2016)
Random-eﬀects meta-analysis
Heterogeneity: I2=98·44%, τ2=0·11, p<0·0001
Children
Algeria
Djennane et al (2014)
Botswana
Ludmir et al (2016)
Egypt
Abd-Allah et al (2014)
Egypt
Abu Shady et al (2015)
Egypt
Albanna et al (2010)
Egypt
Azab et al (2013)
Egypt
El Sakka et al (2014)
Egypt
Fahim et al (2013)
Ethiopia
Wakayo et al (2015)
Kenya
Houghton et al (2019)
Kenya
Jones et al (2016)
Nigeria
Omole et al (2018)
Nigeria
Pfitzner et al (1998)
South Africa
Poopedi et al (2011)
South Africa
Poopedi et al (2015)
South Africa
White et al (2019)
Tanzania
Boillat-Blanco et al (2016)
Tunisia
Bezrati et al (2016)
Tunisia
Maalmi et al (2013)
Uganda
Cusick et al (2014)
Uganda
Nabeta et al (2015)
Random-eﬀects meta-analysis
Heterogeneity: I2=98·55%, τ2=0·11, p<0·0001
Adults (non-pregnant)
Egypt
Aboelnaga et al (2016)
Egypt
Ali et al (2017)
Egypt
Aly et al (2014)
Egypt
Botros et al (2015)
Egypt
Olama et al (2013)
Ethiopia
Ashenafi et al (2018)
Ethiopia
Bodin et al (2019)
Ethiopia
Feleke et al (1999)
Ethiopia
Gebreegziabher et al (2013)
Ghana
Durazo-Arvizu et al (2014)
Ghana
Fondjo et al (2017)
Ghana
Gernand et al (2019)
Guinea-Bissau
Wejse et al (2007)
Côte d’Ivoire
Cavalier et al (2019)
Kenya
Kagotho et al (2018)
Libya
Faid et al (2018)
Morocco
El Maghraoui et al (2012)
Morocco
Skalli et al (2018)
Nigeria
Abbiyesuku et al (2016)
Nigeria
Akinlade et al (2017)
Nigeria
Durazo-Arvizu et al (2013)
Nigeria
Gbadegesin et al (2017)
Nigeria
Glew et al (2010)
Seychelles
Durazo-Arvizu et al (2014)
South Africa
Basson et al (2015)
South Africa
Chutterpaul et al (2019)
South Africa
Durazo-Arvizu et al (2014)
South Africa
Hamill et al (2013)
South Africa
Lategan et al (2016)
South Africa
Sotunde et al (2017)
South Africa
Van der Walt et al (2016)
Sudan
Musa et al (2018)
Tanzania
Friis et al (2013)
Tanzania
Luxwolda et al (2012)
Tanzania
Luxwolda et al (2013; adults)
Ben Fradj et al (2016)
Tunisia
Nasri et al (2016)
Tunisia
Nansera et al (2011)
Uganda
Random-eﬀects meta-analysis
Heterogeneity: I2=99·06%, τ2=0·14, p<0·0001
Pregnant women and newborn mothers
Azzam et al (2019)
Egypt
El Rifai et al (2014; mothers)
Egypt
Younouss et al (2019)
Egypt
Feleke et al (1999; pregnant women)
Ethiopia
Toko et al (2016; mothers)
Kenya
Owie et al (2018; mothers)
Nigeria
Velaphi et al (2019; mothers)
South Africa
Gaﬀer et al (2019)
Sudan
Luxwolda et al (2013; pregnant women)
Tanzania
Ayadi et al (2016; mothers)
Tunisia
Random-eﬀects meta-analysis
Heterogeneity: I2=99%, τ2=0·26, p<0·0001
Overall random-eﬀects meta-analysis
Heterogeneity: I2=98·97%, τ2=0·14, p<0·0001
Residual heterogeneity: I2=98·91%, p<0·0001
Test for subgroup diﬀerences: χ2=4·54, p=0·21

Cases

n

Prevalence (95% CI)

Weight (%)

81
16
49
26
7
444
85

135
54
166
79
82
581
87
1184

60·00 (51·22–68·33)
29·63 (17·98–43·61)
29·52 (22·70–37·08)
32·91 (22·75–44·40)
8·54 (3·50–16·80)
76·42 (72·75–79·82)
97·70 (91·94–99·72)
49·07 (24·88–73·49)

1·3
1·3
1·3
1·3
1·3
1·3
1·3
9·2

130
7
54
23
8
12
79
37
73
0
3
0
51
65
40
6
21
191
8
3
7

435
41
120
200
40
40
96
100
174
500
22
103
198
295
99
84
358
225
225
20
41
3416

29·89 (25·62–34·43)
17·07 (7·15–32·06)
45·00 (35·91–54·35)
11·50 (7·43–16·75)
20·00 (9·05–35·65)
30·00 (16·56–46·53)
82·29 (73·17–89·33)
37·00 (27·56–47·24)
41·95 (34·53–49·66)
0 (0·00–0·74)
13·64 (2·91–34·91)
0 (0·00–3·52)
25·76 (19·82–32·44)
22·03 (17·44–27·20)
40·40 (30·66–50·74)
7·14 (2·67–14·90)
5·87 (3·67–8·83)
84·89 (79·53–89·30)
3·56 (1·55–6·89)
15·00 (3·21–37·89)
17·07 (7·15–32·06)
22·99 (12·03–36·14)

1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·2
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·2
1·3
27·6

20
7
0
291
15
63
86
29
170
24
60
13
65
18
44
364
117
123
0
2
24
134
11
40
105
100
176
26
14
28
31
131
15
0
0
156
59
10

77
33
176
404
50
78
95
30
202
497
100
98
494
203
253
455
178
146
49
30
100
461
51
494
199
176
502
98
339
209
50
132
347
60
60
250
64
50
7290

25·97 (16·64–37·23)
21·21 (8·98–38·91)
0 (0·00–2·07)
72·03 (67·38–76·35)
30·00 (17·86–44·61)
80·77 (70·27–88·82)
90·53 (82·78–95·58)
96·67 (82·78–99·92)
84·16 (78·38–88·90)
4·83 (3·12–7·10)
60·00 (49·72–69·67)
13·27 (7·26–21·62)
13·16 (10·30–16·46)
8·87 (5·34–13·65)
17·39 (12·93–22·63)
80·00 (76·02–83·58)
65·73 (58·26–72·67)
84·25 (77·31–89·74)
0 (0·00–7·25)
6·67 (0·82–22·07)
24·00 (16·02–33·57)
29·07 (24·96–33·45)
21·57 (11·29–35·32)
8·10 (5·85–10·86)
52·76 (45·58–59·86)
56·82 (49·15–64·25)
35·06 (30·88–39·41)
26·53 (18·12–36·41)
4·13 (2·28–6·83)
13·40 (9·09–18·78)
62·00 (47·17–75·35)
99·24 (95·85–99·98)
4·32 (2·44–7·03)
0 (0·00–5·96)
0 (0·00–5·96)
62·40 (56·08–68·43)
92·19 (82·70–97·41)
20·00 (10·03–33·72)
35·62 (24·56–47·50)

1·3
1·2
1·3
1·3
1·3
1·3
1·3
1·2
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·2
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
1·3
50·1

31
54
15
25
13
8
13
169
0
84

40
135
56
31
63
166
79
180
138
87
975

77·50 (61·55–89·16)
40·00 (31·67–48·78)
26·79 (15·83–40·30)
80·65 (62·53–92·55)
20·63 (11·47–32·70)
4·82 (2·10–9·27)
16·46 (9·06–26·49)
93·89 (89·33–96·91)
0 (0·00–2·64)
96·55 (90·25–99·28)
43·91 (15·14–75·07)

1·3
1·3
1·3
1·2
1·3
1·3
1·3
1·3
1·3
1·3
13·1

34·22 (26·22–42·68)

100·0

12865
0

20

40

60

80

100
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resulted in marginal diﬀerences in overall mean 25(OH)D
concentrations (appendix 2 p 3). We identified one outlier
study (by Abdel-Mohsen and colleagues23), which we
excluded from the analyses.

Discussion
In this systematic review and meta-analysis, we found
that vitamin D deficiency, as defined by three diﬀerent
thresholds, is common among African populations.
We found that one in five people living in Africa had a
low 25(OH)D concentration with use of a less than
30 nmol/L cutoﬀ; three in ten with use of the 50 nmol/L
cutoﬀ; and three in every five with use of the 75 nmol/L
cutoﬀ. Prevalence of vitamin D deficiency varied by
region, with the highest prevalences reported in
northern African countries and South Africa. Population
subgroups with the lowest 25(OH)D concentrations
were women, newborn babies, and urban populations.
We observed substantial heterogeneity in meta-analyses
estimates, which was not fully explained by age group,
geographical region, residence in a rural or urban
area, vitamin D assay, or risk of bias. We speculate
that substantial within-population variation could exist,
induced by other factors such as socioeconomic conditions, diet, custom, and coverage of skin with clothing,
as previously described.15
The prevalence of low 25(OH)D concentrations in Africa
was higher than might have been expected considering
the large amounts of sunshine on the continent, and
challenges the misconception that vitamin D deficiency,
as defined by 25(OH)D levels of less than 30 nmol/L, is
rare in Africa. Rapid urbanisation and associated lifestyle
changes in Africa could explain why 25(OH)D concentrations were lower than expected.4 We observed that
populations living in urban areas had lower 25(OH)D
concentrations than rural populations, perhaps due to
lifestyles that limit the duration of sunlight exposure or
reduce the dietary intake of vitamin D.24 The UN Report
on World Population Prospects estimates that more than
50% of people in Africa will live in urban areas by 2035,4
suggesting that the prevalence of vitamin D deficiency is
likely to increase. We found that some of the studies
with the highest 25(OH)D concentrations in Africa were
in populations that were still practising traditional
lifestyles, including nomadic animal rearing, hunting,
and gathering.25
Of note, we found that the prevalence of vitamin D
deficiency (using the <50 nmol/L cutoﬀ) in Africa was
similar to that in Europe. Nationally representative
surveys in Europe found that approximately 40% of these
populations have 25(OH)D concentrations of less than
50 nmol/L,26 compared with the prevalence of 34% that
we found in Africa. Additionally, Durazo-Arvizu and
colleagues27 observed that African people residing in
Africa had similar 25(OH)D concentrations to white
people residing in the USA.27 Prevalence of vitamin D
deficiency varies globally, with reported prevalences of

23–30% in the USA,28,29 30–90% in the Middle East,
20% in Australia, and 56% in China.30–32 The large
variation in vitamin D status could be accounted for by
diﬀerences in known determinants of vitamin D status.
For instance, supplementation and fortification of foods
with vitamin D is a common source of vitamin D in
North American countries and some parts of Europe,33,34
but it is rare in Africa. Vitamin D is likely to be mostly
obtained from exposure to the sun in Africa, because
many of the determinants of vitamin D status in the
prevalence studies included in this review were associated
with sun exposure.
People of African ancestry living in temperate regions
have been reported to have lower vitamin D status
compared with other ethnicities in the same setting,5
and compared with Africans living in sub-Saharan
Africa.27 This trend has been attributed to their skin
colour being less well adapted for vitamin D synthesis in
temperate climates that have less sunshine. For instance,
the prevalence of vitamin D deficiency (<50 nmol/L) in
African-American people living in the USA was reported
to be 82·1% compared with the US national average of
41·9%.29 Studies have also reported a decrease in
25(OH)D concentrations in Africans with increasing
distance from the equator35 and length of time since
migrating from Africa.36 Similarly, we found that
25(OH)D concentrations varied by region, with the
lowest concentrations observed in northern African
countries and in South Africa. The vitamin D status of
northern African countries was similar to populations in
the Middle East, which could be attributed to similar
climates and lifestyles as has been described in previous
reviews.14,30 For example, 12 of 13 studies that reported an
eﬀect of seasonality on vitamin D status were from
northern African countries and South Africa; a seasonality trend is common in temperate regions because
of distinct seasons of the year with variable sunshine
hours.
Several other factors could be aﬀecting vitamin D
status in Africa. In subgroup analyses, we found that
vitamin D status varied by age in African populations,
with the lowest 25(OH)D concentrations observed
in newborn babies. A systematic review reported that
25(OH)D concentrations were lower in newborn babies
than their mothers and that concentrations were highly
correlated between newborn babies and their mothers.37
In the three studies that included populations from
both urban and rural areas in Africa, participants from
urban areas had lower 25(OH)D concentrations than
those in rural areas (appendix 2 p 18).27 In agreement
with studies from other populations,14 we found that
women living in Africa tended to have lower 25(OH)D
concentrations than men in most studies. Meta-analysis
of prevalence results showed that pregnant women and
new mothers had a higher prevalence of vitamin D
deficiency (<50 nmol/L) than other adults (44% vs 36%),
a trend that was mostly observed in northern African
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countries. During pregnancy, 25(OH)D concentrations
are expected to increase to ensure that the fetus receives
suﬃcient calcium for growth and development.37,38
The prevalence of rickets is high in Africa, although
could be caused by calcium deficiency rather than
vitamin D deficiency in some populations.15 Some
African populations have been reported to have some of
the lowest dietary intakes of calcium globally, which is
concerning because calcium deficiency is an important
cause of rickets in Africa, particularly in combination
with poor vitamin D status.15,39 All of the case-control
studies included in this review reported that children
with rickets had lower 25(OH)D concentrations compared with healthy community controls (appendix 2
p 18), suggesting that vitamin D deficiency could also be
important in the pathology of rickets in Africa. Most of
the clinical illnesses investigated in this review were
associated with lower vitamin D status in cases compared
with control groups (appendix 2 pp 9, 10) and many
pathways and mechanisms of action have been suggested by which vitamin D could aﬀect susceptibility to
disease.7 However, the studies included in this review
were observational and could not provide evidence of
causality.
To the best of our knowledge, this is the first metaanalysis of the prevalence of vitamin D deficiency and
mean 25(OH)D concentrations in the general population
in Africa and includes the largest number of studies
from Africa. However, our findings should be interpreted
in the context of some limitations. Three studies included
in the meta-analyses were published before 1990 and
might not be representative of current vitamin D status,
although sensitivity analyses revealed that excluding
these studies resulted in only marginal changes in the
overall estimate of mean 25(OH)D concentration. In
addition, many African countries did not have any
studies that measured vitamin D status, and more
studies are needed to better reflect heterogeneity in
African populations. A more detailed analysis of the
factors associated with vitamin D status could have
been done with access to individual-level datasets, rather
than relying on published summary measures. Studies
included in this review used diﬀerent vitamin D assays,
which might have influenced our findings; recalibration
of studies, as was previously done in Europe,26 might
provide a better representation of vitamin D status.
However, sensitivity analyses showed that assay type did
not have a significant eﬀect on the overall estimate of
mean 25(OH)D concentration and contributed to only
about 5% of observed heterogeneity. Although we only
included studies with healthy participants in this review,
population-based studies are better at inferring the
vitamin D status of the general population, and few
studies of this type have been done in Africa.
In conclusion, we found that vitamin D deficiency, as
defined by three diﬀerent thresholds, is prevalent in
Africa, particularly in newborn babies, women, urban
8

populations, and populations living in northern African
countries and South Africa. Strategies to prevent, detect,
and treat vitamin D deficiency need to be incorporated
into public health and primary care in Africa. Therefore,
we recommend the development of governmental policies and nutritional guidelines to improve vitamin D
status, and dietary calcium intakes when appropriate, of
African populations as has been done in other continents
and countries.
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Abstract
Background: Children living in sub-Saharan Africa have a high burden of rickets and infectious diseases, conditions
that are linked to vitamin D deficiency. However, data on the vitamin D status of young African children and its
environmental and genetic predictors are limited. We aimed to examine the prevalence and predictors of vitamin D
deficiency in young African children.
Methods: We measured 25-hydroxyvitamin D (25(OH)D) and typed the single nucleotide polymorphisms, rs4588
and rs7041, in the GC gene encoding the vitamin D binding protein (DBP) in 4509 children aged 0–8 years living in
Kenya, Uganda, Burkina Faso, The Gambia and South Africa. We evaluated associations between vitamin D status
and country, age, sex, season, anthropometric indices, inflammation, malaria and DBP haplotypes in regression
analyses.
Results: Median age was 23.9 months (interquartile range [IQR] 12.3, 35.9). Prevalence of vitamin D deficiency using
25(OH)D cut-offs of < 30 nmol/L and < 50 nmol/L was 0.6% (95% CI 0.4, 0.9) and 7.8% (95% CI 7.0, 8.5), respectively.
Overall median 25(OH)D level was 77.6 nmol/L (IQR 63.6, 94.2). 25(OH)D levels were lower in South Africa, in older
children, during winter or the long rains, and in those with afebrile malaria, and higher in children with
inflammation. 25(OH)D levels did not vary by stunting, wasting or underweight in adjusted regression models. The
distribution of Gc variants was Gc1f 83.3%, Gc1s 8.5% and Gc2 8.2% overall and varied by country. Individuals
carrying the Gc2 variant had lower median 25(OH)D levels (72.4 nmol/L (IQR 59.4, 86.5) than those carrying the Gc1f
(77.3 nmol/L (IQR 63.5, 92.8)) or Gc1s (78.9 nmol/L (IQR 63.8, 95.5)) variants.
Conclusions: Approximately 0.6% and 7.8% of young African children were vitamin D deficient as defined by
25(OH)D levels < 30 nmol/L and < 50 nmol/L, respectively. Latitude, age, season, and prevalence of inflammation
and malaria should be considered in strategies to assess and manage vitamin D deficiency in young children living
in Africa.
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Background
Vitamin D deficiency is estimated to be common worldwide [1], including in Africa [2]. Vitamin D deficiency is
an important public health problem due to its link with a
growing number of diseases [1]. Children may be at a
higher risk of low 25-hydroxyvitamin D (25(OH)D) levels
and related diseases [3] including rickets, infectious diseases and impaired growth and development [1, 3]. Young
children living in Africa have a high burden of nutritional
rickets [4], infectious diseases, and account for more than
half of all under-5-year mortality worldwide [5].
Few studies have investigated the prevalence of vitamin
D deficiency in young African children and most have
followed a case-control design to determine associations
with specific disease conditions [2, 4, 6, 7]. Populationbased studies include a study from Nigeria with 218 preschool children aged between 6 and 35 months [8] and
two studies from Tanzania, one with 581 infants aged 6
months [9] and another with 948 HIV-exposed (uninfected) infants [10]. Similarly, little is also known about
the risk factors for vitamin D deficiency in African children. A single study found that 25(OH)D levels increased
with age in 21 infants of Malawian mothers living with
HIV [6], and seasonal variation in vitamin D status has
been reported in school children in Algeria (n=435) and
South Africa (n=385) [11, 12]. Vitamin D deficiency was
associated with severe wasting in 21 young Kenyan children with rickets [4], but was not associated with sex,
stunting, underweight or wasting in 581 Tanzanian infants
[9]. Studies have reported conflicting findings regarding
associations between vitamin D status and inflammation
[13, 14]; however, only a single study has been conducted
in African children [7]. Similarly, only a few studies have
evaluated the relationship between vitamin D status and
malaria, with mixed findings [9, 10, 15].
Genetic polymorphisms in the group-specific component gene, GC, in the 4th chromosome that codes for Gc
globulin (Gc), also known as the vitamin D binding protein (DBP), have been associated with vitamin D status
and many pathophysiological conditions [16]. More than
85% of circulating vitamin D metabolites (including
25(OH)D) are bound to DBP [16]. The combination of
two GC SNPs (rs7041 and rs4588) give rise to three
major DBP variants with different amino acid and glycosylation characteristics, Gc1f, Gc1s and Gc2, and six
DBP haplotypes: Gc1f/1f, Gc1f/1 s, Gc1f/2, Gc1s/1 s,
Gc1s/2 and Gc2/2 [16]. The DBP variants have been reported to differ in binding affinity and concentrations
[16–18]. The Gc1f allele is most frequent in individuals
of African ancestry, while Gc1s is more common in Europeans [17]. Nevertheless, little is known about the genetics of vitamin D and how it is related to vitamin D
status in populations living in Africa. To our knowledge,
only two small genetic studies in The Gambia (n = 237
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and n = 18) have assessed the association between
25(OH)D levels and DBP haplotypes in Africa [19, 20].
Information on the prevalence and predictors of low
vitamin D status in young African children is important
in guiding public health policy, however, this information is limited in African populations. In the current
study, we measured 25-hydroxyvitamin D (25(OH)D)
levels in 4509 children living in Kenya, Uganda, Burkina
Faso, The Gambia and South Africa and evaluated the
prevalence and predictors of vitamin D deficiency.

Methods
Study cohorts

This study included young children living in Kenya (n =
1361), Uganda (n = 1301), Burkina Faso (n = 329), The
Gambia (n = 629) and South Africa (n = 889). Details of
these cohorts have previously been described [21–25] and
are briefly summarised below.
Kilifi, Kenya (3.5° S, 39.9° E)

This is an ongoing community-based cohort aimed at
evaluating immunity to malaria in children [21]. Children were followed up from birth to eight years with
weekly follow-ups and annual cross-sectional surveys
during which anthropometric measurements and blood
samples were collected. Levels of 25(OH)D, CRP and
malaria parasitemia were measured in plasma samples
from a single cross-sectional survey, based on the availability of samples archived at − 80 °C.
Entebbe, Uganda (0.1° N, 32.5° E)

The Entebbe Mother and Baby Study (EMaBS) is a prospective birth cohort study that was originally designed
as a randomised controlled trial (ISRCTN32849447)
aimed at evaluating the effects of helminths and anthelmintic treatment during pregnancy and early childhood
on immunological responses to routine vaccinations and
incidence of infections in childhood [22]. Anthropometry and blood samples were collected at birth, and at
subsequent annual visits. Laboratory assays were conducted in samples from a single annual visit based on
the availability of stored samples archived at – 80 °C.
Banfora, Burkina Faso (10.6° N, 4.8° W)

The VAC050 ME-TRAP Malaria Vaccine trial tested the
effectiveness, safety and immunogenicity of a malaria
vaccine in children between the ages of six and 17
months [23]. Anthropometry and blood samples were
collected at multiple time-points after receipt of the experimental vaccine. Levels of 25(OH)D, CRP and malaria
parasitaemia were measured on stored plasma samples
archived at – 80 °C.
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West Kiang, The Gambia (13.3° N, 16.0° W)

This study included children aged between two and six
years recruited from 10 rural villages in the West Kiang
region of The Gambia as previously described [25]. Anthropometry and biomarkers were measured in samples
from a single cross-sectional survey at the start of the
malaria season.

September, October, November). In South Africa, the seasons correspond to summer, autumn, winter and spring; in
Uganda and Kenya, there are two rainy and two dry seasons;
and in Burkina Faso and The Gambia, there is a single rainy
and a single dry season, although the timing of the rains is
often unpredictable and may vary [12, 32, 33].
Genotyping and SNP quality control

Soweto, South Africa (26.2° S, 27.9° E)

The Soweto Vaccine Response Study included infants of
African heritage recruited from vaccine trials [24]. This
study used stored plasma samples collected from infants
that had received all of their routine Expanded Program
on Immunization vaccines. The study was conducted in
a non-malaria-endemic region and anthropometry and
haemoglobin levels were not measured in this cohort.

Genomic DNA from study participants were genotyped
using genome-wide SNP arrays (see Additional file 1: Supplementary Methods for more details). Two GC SNPs (rs7041
and rs4588) were retrieved from imputed data and their
combinations used to classify participants into Gc variants;
Gc1f (T and C), Gc1s (G and C) and Gc2 (T and A) and six
DBP haplotypes; Gc1f/f (TT, CC), Gc1f/s (TG, CC), Gc1f/2
(TT, CA), Gc1s/s (GG, CC), Gc1s/2 (TG, CA), and Gc2/2
(TT, AA).

Laboratory assays

Assays of 25(OH)D (chemiluminescent microparticle immunoassay, Abbot Architect) and C-reactive protein
(CRP) (MULTIGENT CRP Vario assay, Abbot Architect)
and α1-antichymotrypsin (ACT) (immunoturbidimetry,
Cobas Mira Plus Bioanalyser, Roche) were performed. A
verification of the 25(OH)D assay and the comparison of
its results with those from an LC/MS method have been
published previously [26]. In-house assessments of the
assay showed heparinized plasma to give results that were
on average 5.1% lower than those obtained on matching
serum. The assay’s performance was monitored by 12hourly quality control checks, with overall CVs that
ranged from 2.8% to 7.9% for mean 25(OH)D concentrations ranging from 21 to 116 nmol/L (Additional file 9:
Figure S1). Over a 6-month period that spanned the 20week period of analyses, three sets of external quality
assurance (DEQAS) data showed the method to have a
mean (SD) bias of − 2.7% (7.6) against the all-laboratory
trended values, and one of − 0.4% (7.7) against the target
values. Malaria parasitaemia was detected using Giemsastained thick and thin blood smears.
Definitions

Vitamin D status was defined using 25(OH)D cut-offs of <
30 nmol/L, < 50 nmol/L, and 50–75 nmol/L, as adapted from
the Endocrine Society and the US Institute of Medicine
guidelines [27–29]. Inflammation was defined as CRP level >
5 mg/L or ACT > 0.6 g/L [30]. Malaria parasitaemia was
defined as the presence of asexual malaria parasites at any
density. Height-for-age z-scores (HAZ), weight-for-age zscores (WAZ), and weight-for-height z-scores (WHZ) were
computed using the 2006 WHO child growth standards [31].
Stunting was defined as HAZ < − 2, underweight as WAZ <
− 2 and wasting as WHZ < − 2. Season was defined using 3
monthly intervals (1st season, December, January, February;
2nd, March, April, May; 3rd, June, July, August; 4th,
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Statistical analyses

All statistical analyses were conducted using Stata Statistical Software: Release 15 (College Station, TX: StataCorp LLC) and R version 3.5.1 (https://www.R-project.
org/). 25(OH)D levels were natural log (ln)-transformed
to normalise their distributions in regression analyses.
Medians and geometric means for 25(OH)D levels were
used to summarise average 25(OH)D levels for different
groups. Between-group differences in median 25(OH)D
levels were tested using Wilcoxon rank-sum test (two
categories) and Kruskal-Wallis equality-of-populations
rank test (more than two categories). Linear and logistic
regression analyses were performed to evaluate the association between vitamin D status (ln-25(OH)D levels
and 25(OH)D levels of < 50 and between 50 and 75
nmol/L compared to > 75 nmol/L) and country, age, sex,
season, stunting, underweight, wasting, inflammation,
malaria, and DBP haplotypes and variants. Since few
children had 25(OH)D levels < 30 nmol/L, further analyses did not include this group. Multivariable regression
analyses were adjusted for age, sex, season, inflammation, and study site, as appropriate.
We further searched PubMed and Embase for published studies that measured serum 25(OH)D levels in
healthy children aged 0–8 years in Africa without date of
publication or language restrictions. The search strategy
is presented in Additional file 2: Table S1. We then carried out meta-analyses of low vitamin D status categories
(25(OH)D levels < 50 and < 75 nmol/L) and mean
25(OH)D levels using random effects models (‘meta’ R
package).
Role of the funding source

The funders had no role in the study design, data collection, data analysis, data interpretation, or writing of the
report. The corresponding authors had full access to all
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the data and had final responsibility for the decision to
submit for publication.

Results

inflammation and asymptomatic malaria was 22.8% and
13.5%, respectively, and varied by country with the highest prevalence observed in Burkina Faso (33.9% and
21.1%, respectively) (Table 1).

Characteristics of study participants

A total of 4509 infants and children with an age range of
0.2 months to 8 years and a median age of 23.9 months
(interquartile range 12.3, 35.9) were included in the
study (Table 1). Approximately half (49.1%) of children
were female. Overall prevalence of stunting, underweight
and wasting was 25.4%, 15.6% and 6.4%, respectively,
and varied by country with the highest prevalence
observed in Kenyan children. Overall prevalence of

Vitamin D status

Overall median 25(OH)D level was 77.6 nmol/L (IQR
63.6, 94.2), and geometric mean 25(OH)D level was 77.0
nmol/L (95% CI 76.3, 77.7). Prevalence of vitamin D deficiency defined by 25(OH)D levels of < 50 nmol/L or <
30 nmol/L were 7.8% (350/4509) and 0.6% (28/4509),
respectively (Table 1). A total of 1674 children (37.1%)
had 25(OH)D levels between 50 and 75 nmol/L. The

Table 1 Characteristics of study participants
Overall

Kenya

Uganda

Burkina Faso

The Gambia

South Africa

No. of participants (%)

4509 (100%)

1361 (30.1%)

1301 (28.9%)

329 (7.3%)

629 (13.9%)

889 (19.7%)

Median 25(OH)D nmol/L (IQR)a

77.6 (63.6, 94.2)

81.0 (66.3, 101.6)

78.6 (65.1, 94.5)

78.4 (64.5, 91.3)

71.2 (59.1, 84.2)

76.2 (60.6, 91.9)

25(OH)D > 150 nmol/l

79/4509 (1.8%)

51/1361 (3.7%)

17/1301 (0.1%)

4/329 (1.3%)

1/629 (0.2%)

6/889 (0.7%)

25(OH)D > 75 nmol/l

2485/4509 (55.1%)

815/1361 (59.9%)

756/1301 (58.1%)

186/329 (56.5%)

265/629 (42.1%)

463/889 (52.1%)

25(OH)D 50–75 nmol/l

1674/4509 (37.1%)

464/1361 (34.1%)

479/1301 (36.8%)

123/329 (37.4%)

302/629 (48.0%)

306/889 (34.4%)

25(OH)D < 50 nmol/l

350/4509 (7.8%)

82/1361 (6.0%)

66/1301 (5.1%)

20/329 (6.1%)

62/629 (9.9%)

120/889 (13.5%)

25(OH)D < 30 nmol/l

28/4509 (0.6%)

4/1361 (0.3%)

5/1301 (0.4%)

0/329 (0%)

2/629 (0.3%)

17/889 (1.9%)

Median age (months)

23.9 (12.3, 35.9)

19.8 (12.7, 36.8)

24.1 (23.9, 35.9)

23.4 (19.7, 26.4)

46.6 (35.2, 58.7)

12.0 (11.9, 12.1)

< 12

816/4509 (18.1%)

300/1361 (22.0%)

24/1301 (1.8%)

19/329 (5.8%)

-

473/889 (53.2%)

12–24

1597/4509 (35.4%)

555/1361 (40.8%)

440/1301 (33.8%)

172/329 (52.3%)

15/629 (2.4%)

415/889 (46.7%)

24–36

1029/450 (22.8%)

153/1361 (11.2%)

587/1301 (45.1%)

138/329 (42.0%)

150/629 (23.9%)

1/889 (0.1%)

Vitamin D status

Age categories (months)

36–48

478/4509 (10.6%)

146/1361 (10.7%)

167/1301 (11.8%)

-

165/629 (26.2%)

-

48+

589/4509 (13.1%)

207/1361 (15.2%)

83/1301 (6.4%)

-

299/629 (47.5%)

-

2216/4509 (49.1%)

671/1361 (49.3%)

641/1301 (49.3%)

161/329 (48.9%)

297/629 (47.2%)

446/889 (50.2%)

Summer/short rains/dry

867/4503 (19.3%)

285/1361 (20.9%)

331/1296 (25.5%)

72/329 (21.9%)

-

179/889 (18.1%)

Autumn/dry

1475/4503 (32.8%)

896/1361 (65.8%)

295/1296 (22.8%)

123/329 (37.4%)

-

161/889 (18.1%)

Winter/long rains

1361/4503 (30.2%)

86/1361 (6.3%)

330/1296 (25.5%)

129/329 (39.2%)

536/628 (85.4%)

280/889 (31.5%)

Spring/dry

800/4503 (17.8%)

94/1361 (6.9%)

340/1296 (26.2%)

5/329 (1.5%)

92/628 (14.7%)

269/889 (30.3%)

Stunted

581/2289 (25.4%)

99/208 (47.6%)

203/1282 (15.8%)

103/307 (33.5%)

176/492 (35.8%)

n/a

Underweight

389/2487 (15.6%)

102/389 (26.2%)

103/1296 (8.0%)

58/309 (18.8%)

126/493 (25.6%)

n/a

Wasted

147/2285 (6.4%)

24/205 (11.7%)

59/1281 (4.6%)

20/307 (6.5%)

44/492 (8.9%)

n/a

Inflammationd

1019/4469 (22.8%)

363/1344 (27.0%)

306/1285 (23.8%)

109/322 (33.9%)

85/629 (13.5%)

156/889 (17.6%)

Malariae

445/3293 (13.5%)

227/1082 (20.8%)

89/1280 (7.0%)

64/303 (21.1%)

65/628 (10.4%)

n/a

Sex: females
Seasoneb

Nutritional statusc

South African children were not exposed to malaria
IQR inter-quartile range, n/a not available, 25(OH)D 25-hydroxyvitamin D
a
Medians (interquartile ranges) are presented. bSeasons were based on 3 monthly intervals: 1st season, December to February; 2nd season, March to May; 3rd
season, June to August; 4th season, September to November. In South Africa, the seasons correspond to summer, autumn, winter and spring, respectively, in
Uganda and Kenya there are two rainy and two dry seasons and in Burkina Faso and The Gambia there is a single rainy and dry season. However, timing of the
rains is often unpredictable and may vary from these times. cStunted was defined as height-for-age Z score < − 2; underweight as weight-for-age Z score < − 2,
wasted as weight-for-height Z score < − 2 (denominator number varied because anthropometry data was not available for South African children). dInflammation
as CRP > 5 mg/L or ACT > 0.6 g/L. ACT, but not CRP, was available for The Gambia. eMalaria as the presence of P. falciparum parasites on blood film
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prevalence of vitamin D deficiency varied by country,
with the highest prevalence observed in South African
children (Table 1 and Fig. 1). About 1.8% (79/4509) of
children had 25(OH)D levels above 150 nmol/L (51 Kenyan, 17 Ugandan, four Burkinabe, one Gambian and six
South African children).
Vitamin D status is associated with age and season, but
not with nutritional status

25(OH)D levels decreased with increasing age across all
age groups (Additional file 3: Table S2 and Additional
file 10: Figure S2), even after adjustment for potential confounders in multivariable regression analyses (Table 2).
Approximately 4.5% of the observed variation (R2 = 0.045)
in 25(OH)D levels was explained by age (Table 2). In a
multivariable linear regression analysis, study site, age, sex,
season and inflammation accounted for 12% (R2 = 0.12) of
observed variation in 25(OH)D levels. Each additional year
of age increased the odds of 25(OH)D levels < 50 and 50–
75 nmol/L by 69% (OR 1.69, [95% CI 1.52, 1.89]) and 43%
(OR 1.43, [95% CI 1.34, 1.52]), respectively (Additional
file 4: Table S3). Vitamin D deficiency (25(OH)D < 50
nmol/L) was more prevalent during the South African
winter and the long rains in sub-Saharan Africa (Fig. 1
and Additional file 4: Table S3). Seasonality explained
3.8% of the variation in 25(OH)D levels (R2 = 0.038)
(Table 2).
Median 25(OH)D levels were lower in stunted children
in univariable analyses, but this association was not observed after adjustment for potential confounding factors
in multivariable regression models (Table 2). Overall
25(OH)D levels were not associated with sex, underweight
or wasting although girls had a 32% higher risk of
25(OH)D levels of <50 nmol/L (Table 2 and Fig. 1), a finding that was mainly observed in The Gambia. Findings are
presented by individual countries in Additional file 3: Tables S2, Additional file 4: Table S3, Additional file 5: Table
S4 and Additional file 6: Table S5.

Children with asymptomatic malaria parasitaemia had
lower median 25(OH)D levels (71.3 nmol/L [IQR 58.9,
85.4]) than those without (77.1 nmol/L (IQR 63.1, 92.4)
(Table 2 and Additional file 10: Figure S2). Malaria was
further associated with lower vitamin D status in multivariable regression analyses adjusted for potential
confounders, although this association was observed
only in Kenya (Table 2, Additional file 4: Table S3 and
Additional file 6: Table S5). Malaria parasitaemia explained 0.4% of variation in 25(OH)D levels (R2 = 0.004)
(Table 2).
Vitamin D binding protein variants are associated with
vitamin D status

Overall, the most frequent DBP haplotype was Gc1f/f
(69.8%), followed by Gc1f/2 (13.6%), Gc1f/s (13.4%),
Gc1s/2 (1.7%), Gc1s/s (1.0%), and least frequent was
Gc2/2 (0.6%) (Table 3). The most frequent Gc variant
was Gc1f (83.3%), followed by Gc1s (8.5%), and the least
frequent was Gc2 (8.2%). Frequencies of DBP haplotypes
and variants varied by country, with the highest frequencies of Gc1f, Gc1s and Gc2 observed in South Africa
(87.3%), The Gambia (13.1%) and Uganda (10.2%), respectively (Additional file 7: Table S6). Median 25(OH)D
levels were lowest in children carrying the Gc2 variant
(72.4 nmol/L [IQR 59.4, 86.5]), but did not differ between the Gc1f (77.3 nmol/L [IQR 63.5, 92.8]) and Gc1s
variants (78.9 nmol/L [63.8, 95.5]). Median 25(OH)D
levels similarly differed by DBP haplotype (Table 3).
DBP haplotypes and variants explained 0.9% and 0.4% of
the variation in 25(OH)D levels, respectively (Table 3).
The Gc2 variant was associated with lower 25(OH)D
levels (β = − 0.08 [95% CI − 0.11, − 0.06] and a 69% (OR
1.69 [1.23, 2.31]) increased risk of vitamin D deficiency
(25(OH)D levels < 50 nmol/L) in adjusted regression
analyses (Table 3). The Gc2 variant was similarly associated with the highest prevalence of vitamin D deficiency
(Fig. 1). Country-specific analyses are presented in Additional file 7: Table S6).

25(OH)D levels are higher with inflammation and lower
with malaria

Meta-analysis

Children with inflammation (CRP > 5 mg/L or ACT >
0.6 g/L) had higher median 25(OH)D levels (81.9 nmol/L
[IQR 68.0, 99.5]) than those without inflammation (76.4
nmol/L [IQR 62.7, 92.3])) (Table 2 and Additional file 10:
Figure S2), a difference that was observed in all countries
except Burkina Faso (Additional file 3: Table S2).
Inflammation explained 1.2% (R2 = 0.012) of the total
variation in 25(OH)D levels (Table 2). Children with inflammation were 42% and 26% less likely to have
25(OH)D levels of < 50 and 50–75 nmol/L, respectively,
compared to those with 25(OH)D levels > 75 nmol/L
(Additional file 4: Table S3). CRP levels also varied by
country (Additional file 11: Figure S3).

Out of 18 previous studies that assessed the vitamin D
status of African children aged 0–8 years (Additional
file 8: Table S7), we included a total of 12 studies in the
meta-analyses. Six studies were excluded because they
lacked estimates of mean 25(OH)D levels, prevalence of
vitamin D status (25(OH)D < 50 or < 75 nmol/L) or did
not report estimates from children aged between 0 and
8 years. The meta-analyses included 2128 children from
five African countries with mean ages ranging from one
to 47 months and included estimates from healthy children in 9 case-control and three population-based studies in addition to the current study. Overall, mean
25(OH)D level in young African children was 73.2 nmol/
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Fig. 1 Prevalence of vitamin D categories by country (a), age categories (b), sex (c), season (d), stunting (e), underweight (f), wasting (g), inflammation
(h), malaria status (i), and vitamin D binding protein (DBP) haplotypes (j) and variants (k). Season was based on 3 monthly intervals. In South Africa the
seasons are summer, autumn, winter and spring, in Uganda and Kenya there are two rainy seasons and in Burkina Faso and The Gambia a single rainy
season. Stunting was defined as height-for-age Z score < − 2; underweight as weight-for-age Z score < − 2, wasting as weight-for-height Z score < − 2;
inflammation as CRP > 5 mg/L or ACT > 0.6 g/L (ACT, but not CRP was available for The Gambia); malaria as presence of P. falciparum parasites on blood
film. Prtest (STATA) was used to test the significance in the difference in the proportion of low vitamin status (25(OH)D levels < 50 or 50–75 nmol/L)
within each category with the first category as the reference
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− 0.05 (− 0.06, − 0.04)

Beta (95% CI)

71.2 (59.1, 84.2)

76.2 (60.6, 91.9)

The Gambia

South Africa
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Ref.

71.63 (69.68, 73.63) − 0.06 (− 0.09, − 0.03)

76.01 (75.26, 76.77) Ref.

82.11 (80.55, 83.69) 0.08 (0.06, 0.11)

75.53 (74.74, 76.3)

77.81 (74.45, 81.32) 0.03 (− 0.02, 0.08)

75.32 (74.40, 76.26) Ref.

74.90 (72.68, 77.18) − 0.02 (− 0.06, 0.01)

76.67 (75.72, 77.64) Ref.

73.58 (71.89, 75.31) − 0.03 (− 0.06, − 0.01)

76.13 (75.08, 77.19) Ref.

75.18 (73.55, 76.84) − 0.05 (− 0.08, − 0.02)

0.0001

–

< 0.0001

–

0.19

–

0.15

–

0.015

–

0.002

< 0.0001

0.0002

–

< 0.0001

< 0.0001

0.003

0.0002

–

0.15

–

< 0.0001

P

R

0.004

0.012

0.0008

0.0008

0.003

0.038

0.029

0.0005

0.045

− 0.04 (− 0.07, − 0.01)

Ref.

0.07 (0.05, 0.09)

Ref.

0.04 (− 0.01, 0.08)

Ref.

− 0.004 (− 0.04, 0.03)

Ref.

− 0.01 (− 0.04, 0.01)

Ref.

− 0.05 (− 0.08, − 0.02)

− 0.10 (− 0.12, − 0.07)

0.03 (0.01, 0.06)

Ref.

− 0.15 (− 0.18, − 0.12)

0.09 (0.05, 0.13)

− 0.05 (− 0.08, − 0.01)

0.01 (− 0.02, 0.03)

Ref.

− 0.02 (− 0.03, 0.001)

Ref.

− 0.07 (− 0.08, − 0.07)

Beta (95% CI)

0.02

–

< 0.0001

–

0.12

–

0.81

–

0.34

–

0.002

< 0.0001

0.014

–

< 0.0001

< 0.0001

0.012

0.51

–

0.066

–

< 0.0001

P

Adjusted regression analyses of 25(OH)D
levels

1.02 (0.65, 1.61)

Ref.

0.59 (0.43, 0.81)

Ref.

0.64 (0.29, 1.38)

Ref.

0.88 (0.54, 1.40)

Ref.

1.05 (0.69, 1.58)

Ref.

1.60 (1.07, 2.38

2.55 (1.75, 3.72)

0.65 (0.40, 0.96)

Ref.

2.89 (1.94, 4.29)

0.29 (0.17, 0.47)

0.81 (0.45, 1.44)

0.50 (0.34, 0.74)

Ref.

1.32 (1.04, 1.68)

Ref.

1.69 (1.52, 1.89)

OR (95% CI)

0.93

–

0.001

–

0.25

–

0.58

–

0.82

–

0.022

< 0.0001

0.032

–

< 0.0001

< 0.0001

0.47

0.001

–

0.021

–

< 0.0001

P

Adjusted logistic regression analyses 25(OH)D < 50
nmol/L

(2021) 19:115

Correlation coefficients and p values were obtained from linear regression analyses and odds ratios from logistic regression analyses. 25(OH)D levels were ln-transformed in linear regression analyses to make them normally
distributed. Covariates in the multivariable linear regression models included age, sex, season, inflammation and study site, as appropriate
25(OH)D 25-hydroxyvitamin D, n/a not available, OR odds ratio, 95% CI 95% confidence interval
a
Medians (IQR) and geometric means are presented.bSeason was based on 3 monthly intervals. In South Africa, the seasons were summer, autumn, winter and spring; in Uganda and Kenya, there are two rainy seasons; and
in Burkina Faso and The Gambia, there is a single rainy season. cStunting was defined as height-for-age Z score < − 2; dunderweight as weight-for-age Z score < − 2; ewasting as weight-for-height Z score < − 2; finflammation
as CRP > 5 mg/L or ACT > 0.6 g/L and gmalaria as presence of P. falciparum parasites on blood film. Analyses by country are presented in Additional file 4: Table S3 (logistic regression) Additional file 5: Table S4
(unadjusted linear regression), and Additional file 6: Table S5 (adjusted linear regression)

77.1 (63.1, 92.4)

71.3 (58.9, 85.4)

Without malaria

With malaria

Malariag

76.4 (62.7, 92.3)

81.9 (68.0, 99.5)

Without inflammation

With inflammation

Inflammationf

76.0 (62.9, 90.6)

79.2 (63.6, 94.5)

Not wasted

Wasted

Wastinge>

77.2 (63.8, 91.7)

75.6 (61.9, 91.3)

Not underweight

Underweight

Underweightd

77.1 (63.7, 91.0)

73.1 (61.2, 88.4)

Not stunted

76.3 (63.1, 91.4)

Stunted

Stuntingc

Spring/dry

73.3 (60.1, 87.0)

Winter/long rains

71.14 (69.96, 72.34) − 0.10 (− 0.13, − 0.08)

83.6 (67.1, 101.1) 82.72 (81.43, 84.02) 0.05 (0.02, 0.07)

78.77 (77.19, 80.39) Ref.

70.39 (68.95, 71.86) − 0.12 (− 0.14, − 0.09)

72.78 (71.15, 74.45) − 0.15 (− 0.18, − 0.12)

77.26 (74.98, 79.61) − 0.06 (− 0.10, − 0.02)

Autumn/dry

Summer/short rains/dry 78.8 (64.8, 95.8)

Seasonb

78.4 (64.5, 91.3)

Burkina Faso

78.27 (77.02, 79.54) − 0.04(− 0.07, − 0.02)

81.0 (66.3, 101.6) 81.85 (80.42, 83.30) Ref.

78.6 (65.1, 94.5)

Kenya

76.45 (75.43, 77.48) − 0.01 (− 0.03, 0.01)

77.50 (76.52, 78.49) Ref.

-

Means (95% CI)

2

Unadjusted regression analyses of 25(OH)D
levels

Uganda

Country

77.7 (64.1, 94.5)

77.2 (63.0, 94.0)

Males

-

Medians (IQR)

Females

Sex

Age in years

25(OH)D levels (nmol/L)a

Table 2 Environmental factors are associated with vitamin D status
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A

T

66/3851 (1.7%)

19/3851 (0.5%)

Gc1s/2

Gc2/2

72.7 (60.0, 86.8) 71.6 (69.7, 73.6)

656/7702 (8.5%)

629/7702 (8.2%)

Gc2
72.4 (59.4, 86.5) 71.3 (69.5, 73.1)

78.9 (63.8, 95.5) 77.9 (76.0, 79.7)

6417/7702 (83.3%) 77.3 (63.5, 92.8) 76.5 (75.9, 77.0)

Gc1s

63.9 (52.4, 79.7) 65.6 (58.0, 74.1)

74.6 (59.4, 87.6) 71.7 (66.1, 77.8)

81.8 (61.0, 95.7) 77.8 (69.7, 86.9)

Gc1f

Gc variantb

525/3851 (13.6%)

38/3851 (1.0%)

Gc1f/2

Gc1s/s

514/3851 (13.4%)

Gc1f/s
79.2 (65.5, 96.0) 78.7 (76.6, 80.8)

2689/3851 (69.8%) 77.7 (63.6, 93.0) 76.7 (75.8, 77.6)

− 0.07 (− 0.10, − 0.04)

0.02 (− 0.01, 0.043)

Ref

− 0.16 (− 0.29, − 0.02)

− 0.07 (− 0.14, − 0.01)

0.01 (− 0.08, 0.11)

− 0.07 (− 0.10, − 0.04)

0.03 (0.004, 0.05)

Ref

< 0.0001

0.15

–

0.027

0.081

0.78

< 0.0001

0.092

–

P

0.004

0.009

R2

Unadjusted regression analyses of
25(OH)D levels

Medians (IQR) Means (95% CI) Beta (95% CI)

25(OH)D levels (nmol/L)c

Gc1f/f

DBP
n/total (%)
Haplotypea

− 0.08 (− 0.11, − 0.06)

0.02 (− 0.01, 0.04)

Ref

− 0.18 (− 0.37, − 0.04)

− 0.08 (− 0.15, − 0.01)

0.01 (− 0.09, 0.10)

− 0.08 (− 0.11, − 0.05)

0.03 (− 0.0023, 0.05)

Ref

Beta (95% CI)

< 0.0001

0.16

–

0.009

0.026

0.85

< 0.0001

0.077

–

P

Adjusted regression analyses of
25(OH)D levels

1.69 (1.23, 2.30)

0.73 (0.52, 1.06)

Ref

2.34 (0.27, 20.40)

1.18 (0.43, 3.30)

0.73 (0.16, 3.29)

1.79 (1.26, 2.55)

0.71 (0.47, 1.08)

Ref

OR (95% CI)

0.001

0.096

–

0.44

0.75

0.69

0.001

0.11

–

P

Adjusted regression
analyses 25(OH)D < 50
nmol/L

DBP vitamin D binding protein, Gc group-specific component, IQR inter-quartile range, n/a not available, 25(OH)D 25-hydroxyvitamin D, OR odds ratio, 95% CI 95% confidence interval
a,b
DBP haplotypes and Gc variants are based on combination of rs7041 and rs4588 genotypes. cMedian (IQR) and geometric means (95% CI) are presented. Percentage is based on the successfully typed DBP, some
participants’ genotype data was not available or failed QC. DBP haplotype and Gc variant frequencies are presented by country in Additional file 7: Table S6

C

C

AA

TT

T

CA

TG

G

CA

CC

CC

TG

TT

CC

TT

GG

rs4588

rs7041

Combination of
genotypes

Table 3 Vitamin D binding protein haplotypes and variants are associated with vitamin D status

Mogire et al. BMC Medicine
(2021) 19:115
Page 8 of 14

Mogire et al. BMC Medicine

(2021) 19:115

Page 9 of 14

Fig. 2 Meta-analysis of studies that evaluated 25(OH)D levels in healthy young children in Africa. For case-control studies, we only included mean
25(OH)D levels of healthy controls in the meta-analysis. Means of age in months are presented. Studies that only measured 25(OH)D levels in
cord blood, reported only median values, or did not report estimates from young children (aged 0–8 years) separately from older children were
excluded from these analyses. Details of the studies are presented in Additional file 8: Table S7

L (95% CI 66.4, 80.1) (Fig. 2) and prevalence of
25(OH)D levels < 50 and < 75 nmol/L was 10.9% (95%
CI 6.9, 15.5) and 49.1% (95% CI 40.8, 57.5), respectively
(Additional file 12: Figure S4 and Additional file 13: Figure S5). Only a single eligible study reported prevalence
defined by 25(OH)D levels < 30 nmol/L [4] precluding
meta-analysis. There was high heterogeneity between
studies included in the meta-analyses with overall I2 ranging from 95.1% and 99.4% (p < 0.01).

Discussion
Little is known about the vitamin D status of African
children. In this study, overall median 25(OH)D level
was 77.6 nmol/L (IQR 63.6, 94.2) and prevalence of
25(OH)D cut-offs between 50 and 75, < 50, and < 30
nmol/L was 37.1%, 7.8%, and 0.6%, respectively, in young
African children. The prevalence of vitamin D deficiency
(25(OH)D levels < 50 nmol/L) was higher in South African children and during the South African winter or the
long rainy season in East Africa. Median 25(OH)D levels
decreased with increasing age and with inflammation
but did not differ by sex or nutritional status after adjustment for potential confounders in multivariable
models. Malaria parasitaemia was associated with lower
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25(OH)D levels overall and in Kenyan children, but not
in Ugandan, Burkinabe or Gambian children. The most
common Gc variant was Gc1f (83.3%), followed by Gc1s
(8.5%) and Gc2 (8.2%), with Gc2 being associated with
the lowest 25(OH)D levels and the highest prevalence of
low vitamin D status (25(OH)D levels < 50 and 50–75
nmol/L). In a meta-analysis of the current and previous
studies of young African children overall mean 25(OH)D
level was 73.2 nmol/L.
Our median 25(OH)D estimate of 77.6 nmol/L is comparable to values reported in previous studies of healthy
young children in sub-Saharan Africa including reported
levels of 80.4 nmol/L in Uganda, 78.6 nmol/L in Malawi,
and 72.4 nmol/L in Nigeria (Fig. 2). However, studies in
198 Nigerian children and 581 Tanzanian infants living
in urban areas reported lower mean levels of 64.8 and
64.9 nmol/L, respectively [8, 9]. The prevalence of vitamin D deficiency (25(OH)D levels < 50 nmol/L) was
7.8% overall, with a higher prevalence of 13.5% in South
Africa. Previous studies of healthy young children have
reported higher prevalence estimates of 13.6% in Kenya,
15.0% in Uganda, and 25.8% in Nigeria [4, 8, 15]. Prevalence estimates were also higher in young children from
other continents, including estimates of 15% in the USA,
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14% in Japan, and 11% in China [34–36]. Vitamin D deficiency is also more prevalent in northern African countries [2], and the higher vitamin D status observed in
our study might be explained by differences in latitude,
geography, skin pigmentation, clothing coverage, and religious and cultural practices across Africa [37]. The
year-round abundance of sunshine in sub-Saharan Africa
may also explain higher vitamin D status although vitamin D supplementation and food fortification is less
common. Since vitamin D deficient rickets is rare at
levels above 30 nmol/L, the very low prevalence of
25(OH)D levels < 30 nmol/l (0.6%) in the current study
suggests that rickets in African children is more likely to
be caused by calcium rather than vitamin D deficiency.
Conversely, we found very few children with 25(OH)D
levels above 150 nmol/L suggesting that even plenty of
exposure to sunlight rarely generates these high levels
probably because vitamin D production in the skin is
highly regulated [1].
In the present study, 25(OH)D levels decreased consistently with age overall and in all countries except The
Gambia (Additional file 3: Table S2), perhaps because of
older age in the Gambian children and corresponding
cultural habits. Age explained 4.5% of the variation in
25(OH)D levels. Previous studies of school children
(aged 5–18 years) from South Africa, Ethiopia and
Algeria have also reported that 25(OH)D levels decreased with age [11, 38, 39]. However, a single study in
Malawian pre-school children reported an increase in
25(OH)D levels with age; however, this study was small
(n=21) and included infants of mothers living with HIV
in Malawi [6]. Studies from high-income countries have
reported an increase in 25(OH)D levels with age, but
children in these studies received vitamin D supplementation or fortification [34, 35, 40]. In a meta-analysis of
previous studies from Africa, children had higher vitamin D status than adults in African populations [2] possibly due to increased time spent outdoors.
In addition, we found limited evidence of an association between 25(OH)D levels and sex, although overall girls had a 32% (95% CI 1.04, 1.68) increased risk of
vitamin D deficiency (25(OH)D < 50 nmol/L) compared
to boys. Similar studies from South Africa, China, and
Ecuador have not found sex-related differences in
25(OH)D levels [36, 38, 41]. We also found evidence of
seasonality in 25(OH)D levels with the strongest effect
in South Africa, and more variable effects observed
across the sub-Saharan African countries during the
rainy season. These findings may be explained by colder
winters in South Africa with greater coverage of skin by
clothing and more time spent indoors and in East Africa
by increased cloud cover and less time spent outdoors
during the long rains. Season explained 3.8% of the variation in 25(OH)D levels. These findings agree with
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previous studies that evaluated the effect of seasonality
in vitamin D status in Africa, although many of these
studies were in South Africa or northern African
countries [2].
We did not find associations between 25(OH)D levels
and stunting, underweight, or wasting in adjusted regression analyses. Similarly, studies in young children from
Tanzania (n = 948) and Nepal (n = 280) reported that
25(OH)D levels were not associated with stunting,
underweight or wasting [10, 42]. However, severe wasting was associated with 25(OH)D levels < 30 nmol/L in
21 Kenyan children with rickets [4]. In addition,
Mokhtar and colleagues reported that low 25(OH)D
levels (< 42.5 nmol/L) were more common among
stunted and underweight Ecuadorian children [41]. The
lack of association between vitamin D status and anthropometric indices in the current study suggests that
sunlight may be more important than dietary intake in
influencing vitamin D status in Africa.
We observed a positive correlation between 25(OH)D
levels and markers of inflammation overall and children
with inflammation had higher 25(OH)D levels than
those without after adjusting for potential confounders.
Our findings agree with results from a small casecontrol study in Egyptian children with sepsis (n = 40,
mean age 6 years) and a large community-based study of
children (n = 4274, mean age 9.9 years) in England,
which reported that 25(OH)D levels increased with increasing levels of CRP and IL-6 [7, 13]. In contrast, a recent meta-analysis of 24 randomised controlled trials
reported that vitamin D supplementation had an overall
effect of reducing IL6, but not CRP or other inflammatory markers, although many trial participants had medical conditions [14]. A nationally representative survey of
15,167 adults in the USA reported an inverse association
between 25(OH)D and CRP levels at 25(OH)D levels <
52 nmol/L and a positive association above this level
[43], suggesting that there may be a U-shaped association, which might explain previously mixed findings. In
our study, 90% of children had 25(OH)D levels > 52
nmol/L, perhaps explaining the positive association observed between inflammation and 25(OH)D levels.
However, the association between inflammation and
25(OH)D may not be clinically relevant since inflammation explained only 1.2% of the observed variation in
25(OH)D levels.
In this study, 25(OH)D levels between 50 and 75
nmol/L were associated with an increased risk of afebrile
malaria parasitaemia overall compared to levels > 75
nmol/L. In contrast, a study in western Kenya found no
association between 25(OH)D levels and malaria parasitaemia in newborns and their mothers [44]. However, another study in Uganda reported that children with
severe malaria had lower 25(OH)D levels than healthy
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community children [15]. Malaria explained only 0.4% of
the variation in 25(OH)D levels in our study, suggesting
that this association may not be clinically significant. No
clinical trials have yet investigated the effect of vitamin
D supplementation on malaria incidence or treatment
outcomes [45].
In the current study, we found that Gc1f was the most
frequent Gc variant (83.3%) and the Gc1s and Gc2 variants were less frequent (8.5 and 8.2%, respectively). The
Gc1f and Gc1s variants were associated with higher
25(OH)D levels compared to the Gc2 variant. In agreement with our study, a study involving 237 Gambian
children with similar Gc variant frequencies (Gc1f was
86%, Gc1s 11% and Gc2 3%) reported that Gc1f was associated with higher 25(OH)D levels than the other haplotypes combined [19]. Gc1f, the most frequent Gc
variant in Africans, has a higher binding affinity for vitamin D compared to the Gc1s and Gc2 variants which
are more frequent in Europeans and Asians [16, 18]. In a
study involving adults from The Gambia and the UK
(n=36), Gc1f was associated with higher total 25(OH)D
levels and shorter 25(OH)D half-life [20]. In addition,
DBP levels and genetic polymorphisms have been linked
to lower levels of 25(OH)D in black American adults
compared with white American adults [17]. In another
study involving multi-ethnic children, differences in DBP
polymorphisms were associated with lower vitamin D
status in African children and reduced response to vitamin D intake compared to Hispanic and Caucasian children [46]. The differences in 25(OH)D levels attributed
to DBP polymorphism has led to the suggestion that
DBP variants and levels should be considered in the
assessment of vitamin D status in different populations
[47].
Strengths and limitations

To the best of our knowledge, the current study, which
included a total of 4509 children, is the largest study to
date to evaluate vitamin D status and its predictors in
young African children. The study further evaluated the
effect of common genetic polymorphisms encoding the
vitamin D binding protein on 25(OH)D levels. However,
our findings should be interpreted in the context of
some limitations. First, due to the cross-sectional nature
of our study, we could not evaluate temporal changes in
25(OH)D and CRP levels or infer the direction of causality for the observed associations. We also did not measure vitamin D binding protein, parathyroid hormone,
calcium levels, dietary or supplementary vitamin D intake, or exposure to sunlight, factors which have been
shown to influence vitamin D status. DBP may also be a
better marker of the effect of inflammation since it is reduced during tissue damage and in inflammation resulting in the reduction of circulating 25(OH)D levels and
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other vitamin D metabolites [48]. Our study cohorts
were also diverse with different ethnicities and ages, and
hence may not be generalisable to other age groups or
African countries, although cohort-specific data and analyses were presented.

Conclusions
Approximately 0.6% and 7.8% of children in our study
had 25(OH)D levels of < 50 or < 30 nmol/L, and approximately one third of children had 25(OH)D levels between 50 and 75 nmol/L. Our data indicate that older
children and those who live further from the equator
may be at a higher risk of vitamin D deficiency. Stunting,
underweight and wasting were not associated with vitamin D deficiency suggesting that sunlight is a more important source of vitamin D than dietary intake in
children living in sub-Saharan Africa. Genetic differences
in DBP also altered 25(OH)D levels. Further research is
required to understand the effects of inflammation and
malaria on vitamin D status in Africa and to investigate
the causality between vitamin D status and infectious
diseases like malaria, which are common in African children. These findings may have important implications
for public health strategies involving young children in
Africa.
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92

Abstract

93

Background

94

Nutritional deficiencies, including vitamin D and iron deficiency, are prevalent among

95

children living in sub-Saharan Africa. Vitamin D inhibits the transcription of the iron

96

hormone hepcidin thus permitting efficient iron absorption, and iron deficiency alters vitamin

97

D metabolism. Studies have reported associations between vitamin D and iron status, but

98

little is known about their association in African populations.

99

Objective

100

We aimed to evaluate the association between vitamin D and iron status in African children.

101

Methods

102

In this cross-sectional study, we measured biomarkers of iron status, inflammation and 25-

103

hydroxyvitamin D (25(OH)D) levels in 4509 children aged 0.3 months to 8 years from

104

Kenya, Uganda, Burkina Faso, The Gambia and South Africa. We used regression analyses

105

to evaluate the association between vitamin D and iron status.

106

Results

107

Stunting, underweight, inflammation and malaria were highly prevalent. Overall prevalence

108

of iron deficiency was 35.1%, while the prevalence of vitamin D deficiency was 0.6% and

109

7.8% as defined by 25(OH)D levels of <30 nmol/L and <50 nmol/L respectively. Children

110

with 25(OH)D levels <50 nmol/L had an 80% increased risk of iron deficiency (OR 1.80

111

[95% CI 1.40, 2.31]) and had lower hepcidin levels than those with 25(OH)D levels >75

112

nmol/L. 25(OH)D levels were positively associated with ferritin, hepcidin and soluble

113

transferrin receptor levels and negatively associated with serum iron and transferrin

114

saturation in multivariable regression analyses. Vitamin D status was not associated with

115

hemoglobin levels or anemia.

116

Conclusions

4
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117

These findings suggest that vitamin D deficiency may variably influence different iron

118

compartments and measures of iron status in young African children. Additional research is

119

required to confirm these findings and determine direction of causality. The interplay

120

between vitamin D and iron status should be considered in strategies to manage these nutrient

121

deficiencies in African populations.

122

Keywords

123

Vitamin D deficiency, iron deficiency, hepcidin, ferritin, soluble transferrin receptor,

124

hemoglobin, serum iron, transferrin saturation, anemia, children, Africa.
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125

Introduction

126

Vitamin D and iron deficiency are two of the most common nutrient deficiencies worldwide

127

(1, 2). Approximately 23% and 52% of children living in Africa are estimated to have

128

vitamin D and iron deficiency, respectively (3, 4). Vitamin D deficiency has been linked to

129

rickets and many infectious diseases (1) while iron deficiency is a major cause of anemia,

130

impaired development and disability in children (2, 5).

131

Previous in vitro and animal studies point to a complex interplay between vitamin D and iron

132

metabolism (illustrated in Figure 1). Higher vitamin D status may improve iron status by

133

decreasing levels of hepcidin, the principal iron-regulatory hormone, through the binding of

134

the 1,25-dihydroxyvitamin D (1,25(OH)2D)–vitamin D receptor complex to the vitamin D

135

response element (VDRE) on the hepcidin gene (HAMP) thus inhibiting its transcription (6),

136

and by suppressing pro-inflammatory cytokines (IL6 and IL1B) (7), thus allowing iron

137

absorption. Conversely, iron deficiency may also cause vitamin D deficiency by decreasing

138

the activity of heme-containing vitamin D-activating enzymes such as 25- and 1α-

139

hydroxylase, as demonstrated in rats (8), or by increasing fibroblast growth factor 23

140

(FGF23) (9, 10), which suppreses the 1α-hydroxylation of vitamin D (11, 12). However,

141

observational studies and clinical trials have reported mixed findings, and there are few

142

studies in Africa or in young children. A study in African preschool children (n = 500)

143

showed that 25-hydroxyvitamin (25(OH)D) levels were positively correlated with

144

hemoglobin levels in a subgroup of Maasai children (13) and pregnant women supplemented

145

with iron had lower 25(OH)D levels than those receiving placebo, although levels did not

146

differ in cord blood (10). Studies in young, hospital-attending Indian and South Korean

147

children (n = 263 and n = 102, respectively) reported mixed findings, as have nationally

6
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148

representative surveys in older age groups in South Korea (n = 2526), the USA (n = 5456)

149

and Germany (n = 5066) (14-18).

150

The aim of the current study was to investigate the associations between vitamin D status,

151

iron deficiency, and anemia in 4509 young children living in countries across the African

152

continent.

153

Methods

154

Study population

155

This study included cross-sectional data from young children living in Kenya, Uganda,

156

Burkina Faso, The Gambia and South Africa, as described below.

157

Kilifi, Kenya (0.3 months–8 years): This is an ongoing community-based cohort aimed at

158

evaluating immunity to malaria in children living in Kilifi, Kenya (19). Children are followed

159

up from birth up to a maximum of 13 years with annual cross-sectional bleeds and weekly

160

monitoring for malaria. 25-hydroxyvitamin D (25(OH)D), iron and inflammatory biomarkers,

161

anthropometry, and malaria parasitemia were measured from a single cross-sectional bleed

162

based on the availability of plasma samples archived at -80°C.

163

Entebbe, Uganda (1–5 years): The Entebbe Mother and Baby Study (EMaBS) is a

164

prospective birth cohort study that was designed as a randomized controlled trial aimed at

165

evaluating the effects of helminths and anthelmintic treatment on immunological and disease

166

outcomes (20). Blood samples were collected at birth and at subsequent birthdays up to five

167

years of age. 25-hydroxyvitamin D (25(OH)D), iron and inflammatory biomarkers,

168

anthropometry, and malaria parasitemia were measured from a single annual visit based on

169

the availability of stored samples.
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170

Banfora, Burkina Faso (6 months–2.5 years): The VAC050 ME-TRAP Malaria Vaccine

171

Trial was a clinical trial aimed at testing the effectiveness, safety and immunogenicity of a

172

malaria vaccine in infants aged between six and 17 months (21). 25-hydroxyvitamin D

173

(25(OH)D), iron and inflammatory biomarkers, anthropometry, and malaria parasitemia were

174

measured at a single time point.

175

West Kiang, The Gambia (2–6 years): This study included children aged between two and six

176

years recruited from rural villages in the West Kiang district in The Gambia prior to the

177

malaria season as previously described (22). Biomarkers, anthropometry and malaria

178

parasitemia were measured during a single cross-sectional survey.

179

Soweto, South Africa (4 months–2.8 years): The Soweto Vaccine Response Study comprised

180

of children who were participating in clinical vaccine trials. Samples for the current study

181

were obtained from infants aged around 12 months. This cohort was not exposed to malaria

182

and did not have anthropometric or hemoglobin measurements (23).

183

Laboratory assays

184

25(OH)D levels, iron and inflammatory biomarkers were assayed as previously described (4,

185

24) and are summarized in Supplementary Methods 1. The assays showed satisfactory

186

performances as monitored by both external quality assurance schemes (including UK

187

National External Quality Assessment Scheme and DEQAS) and 4-hourly internal quality

188

control assessments. Overall coefficient of variation for 25(OH)D measurements ranged from

189

2.8% to 7.9%. Over the duration of analyses, three sets of external quality assurance

190

(DEQAS) data showed the 25(OH)D assay to have a mean (SD) bias of -2.7% (7.6) against

191

the all-laboratory trended 25(OH)D values, and one of -0.4% (7.7) against the target values.
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192

Malaria parasitaemia was detected by blood film microscopy using the Giemsa staining

193

technique.

194

Definitions

195

Vitamin D status was defined using 25(OH)D cutoffs of <30 nmol/L, <50 nmol/L and 50–75

196

nmol/L (25, 26). Inflammation was defined as CRP levels >5 mg/L or ACT >0.6 g/L (27).

197

Iron deficiency was defined using WHO guidelines as plasma ferritin <12µg/L or <30µg/L in

198

the presence of inflammation in children <5 years old, and as <15µg/L or <70µg/L in the

199

presence of inflammation in children ≥5 years old (28). Transferrin saturation (TSAT) was

200

calculated as (serum iron in µmol/L/transferrin in g/L x 25.1) x 100 (29). Anemia was

201

defined as hemoglobin <11 g/dL in children aged <5 years, or hemoglobin <11.5 g/dL in

202

children ≥5 years and iron deficiency anemia as the presence of both iron deficiency and

203

anemia (30). Malaria parasitaemia was defined as the presence of Plasmodium parasites in

204

blood. Stunting was defined as height-for-age z-scores (HAZ) <-2 and underweight as

205

weight-for-age (WAZ) <-2 according to 2006 WHO child growth standards (31).

206

Statistical analyses

207

Statistical analyses were conducted using STATA 15.0 (StataCorp., College Station, TX). All

208

biomarkers except transferrin and hemoglobin were natural log-transformed to normalize

209

their distribution for regression analyses. Logistic and linear regression analyses were

210

performed to evaluate the associations between vitamin D status (ln-25(OH)D levels and

211

25(OH)D levels of <50, between 50–75, and >75 nmol/L) and iron deficiency, anemia and

212

individual markers of iron status, where appropriate. Multivariable models were adjusted for

213

study site, age, sex, season and inflammation. Regression models inlcuded only obervations

214

with values for all the variables inlcuded in the model. Since inflammation alters markers of
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215

iron status, we stratified by inflammation in secondary multivariable regression analyses and

216

tested for interactions between inflammation and 25(OH)D levels in predicting individual

217

markers of iron status.

218

Results

219

Characteristics of study participants

220

The study included 1361 Kenyan, 1301 Ugandan, 329 Burkinabe, 629 Gambian and 889

221

South African children. The characteristics of study participants are presented in Table 1. The

222

children had a median age of 23.9 months (IQR 12.3, 35.9) and 49.1% were girls. Prevalence

223

of stunting, underweight, inflammation and malaria parasitemia were high and varied by

224

country. Overall median 25(OH)D levels were 77.0 (95% CI 76.3, 77.7) nmol/L. Prevalence

225

of vitamin D deficiency was 0.6% and 7.8% using 25(OH)D cutoffs of <30 nmol/L and <50

226

nmol/L respectively, while 35.4% of children had levels between 50–75 nmol/L. Since few

227

children had 25(OH)D levels <30 nmol/L, the <50 nmol/L cutoff was used for further

228

analyses. Prevalence of iron deficiency, iron deficiency anemia and anemia was 35.1%,

229

23.0% and 61.6%, respectively. South African children had the highest prevalence of low

230

vitamin D status (25(OH)D <50 nmol/L) and iron deficiency at 13.5% and 42.0%,

231

respectively.

232

Vitamin D status is associated with iron status

233

The prevalence of iron deficiency was higher in children with 25(OH)D levels of <50 nmol/L

234

(41.8%; 95% CI 36.7, 47.1) compared to those with levels >75 nmol/L (35.8% [95% CI 33.9.

235

37.2]). Similarly, the prevalence of vitamin D deficiency was higher in iron deficient children

236

(9.3% [95% CI 7.9, 10.8] compared to those who were iron replete (7.0% (95% CI 6.1, 8.0])

237

(Supplementary Figure 1). In overall multivariable logistic regression analyses, 25(OH)D
10
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238

levels <50 nmol/L increased the odds of iron deficiency by 80% (OR 1.80 [95% CI 1.40,

239

2.31]) compared to 25(OH)D levels >75 nmol/L although associations varied by country.

240

25(OH)D levels <50 nmol/L showed limited evidence of association with risk of IDA (OR

241

1.41 [95% CI 0.97, 2.07]) (Table 2). Ferritin levels were similarly lower in children with

242

25(OH)D levels <50 nmol/L (15.2 µg/L [95% CI 13.4, 17.2]) compared to those with

243

25(OH)D levels >75 nmol/L (20.5 µg/L [19.6, 21.3]) (Supplementary Table 2).

244

Children with 25(OH)D levels <50 nmol/L had lower hepcidin levels (5.3 µg/L (95% CI 4.6,

245

6.1) compared to those with 25(OH)D levels >75 nmol/L (6.4 µg/L (95% CI 6.1, 6.6)

246

(adusted beta -0.30 [95% CI -0.45, -0.16], p <0.0001) in keeping with iron deficiency.

247

However, sTfR, and transferrin levels were lower, and serum iron and TSAT levels were

248

higher, in children with 25(OH)D levels <50 nmol/L compared to those with 25(OH)D levels

249

>75 nmol/L in unadjusted (Figure 2), and adjusted models (Supplementary Table 2)

250

suggesting improved iron status. 25(OH)D levels were highly correlated with all of the iron

251

markers except hepcidin (Supplementary Figure 2) and in linear regression analyses

252

controlling for age, sex, season, inflammation and study site, 25(OH)D levels were positively

253

associated with ferritin, hepcidin, sTfR, and transferrin levels, and negatively associated with

254

serum iron concentrations and TSAT (Figure 3).

255
256

CRP levels also differed by vitamin D status and were lowest in children with 25(OH)D

257

levels <50 nmol/L, higher in those with levels between 50–75 nmol/ and highest in those with

258

levels >75 nmol/L (Figure 2 H). Since inflammation alters measures of iron status and also

259

differs by vitamin D status, we further stratified by the presence of inflammation and looked

260

for interactions between inflammation and 25(OH)D levels in predicting iron status. We

261

observed that 25(OH)D levels remained highly associated with measures of iron status in the
11
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262

absence of inflammation in multivariable linear regression analyses (Figure 3). We also

263

found an interaction between inflammation and 25(OH)D levels in predicting ferritin levels,

264

so that in children with inflammation a unit change in 25(OH)D levels was associated with a

265

smaller unit change in ferritin levels than in children without inflammation (Supplementary

266

Table 3).

267

Vitamin D status is not associated with hemoglobin levels or anemia

268

Hemoglobin levels did not differ by vitamin D status (Figure 2). Similarly, low vitamin D

269

status (25(OH)D levels <50 nmol/L) was not associated with anemia in overall multivariable

270

logistic regression analyses or in individual study sites, except in The Gambia where it was

271

associated with higher odds of anemia (OR 2.75 [95% CI 1.45, 5.17]) compared to 25(OH)D

272

levels >75 nmol/L (Table 2). Hemoglobin levels were similarly not associated with 25(OH)D

273

levels in multivariable regression analyses (Figure 3).

274

Discussion

275

Nutritional deficiencies, including iron deficiency, are highly prevalent among young

276

children living in Africa and may alter the metabolism of other nutrients. In the current study,

277

low vitamin D status (defined here as 25(OH)D levels <50 nmol/L) was associated with an

278

80% increased risk of iron deficiency and iron deficient children similarly had a higher

279

prevalence of low vitamin D status. Low vitamin D status was associated with reduced levels

280

of ferritin and hepcidin in keeping with increased iron deficiency, but was also associated

281

with reduced sTfR and transferrin levels and increased TSAT and serum iron levels

282

suggesting improved iron status in these iron compartments. These associations were

283

observed after adjusting for inflammation in multivariable models and in the absence of

284

inflammation. We found limited evidence of increased risk of iron deficiency anemia in
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285

vitamin D deficient children, and no evidence of association between vitamin D status and

286

anemia or hemoglobin levels.

287

Low vitamin D status was associated with increased risk of iron deficiency and low ferritin

288

levels in young African children in this study. This finding varied by country, with the

289

strongest association observed in South African children. These findings are consistent with a

290

nationally representative survey of 2526 children and young adults aged between 10 to 20

291

years from South Korea, which showed that vitamin D deficiency (25(OH)D levels <37.5

292

nmol/L) was associated with a 94% increased odds of iron deficiency (OR 1.94 [95% CI,

293

1.27–2.97]) (15). Vitamin D deficiency was also associated with increased risk of iron

294

deficiency in a national survey of women in South Korea (n=10,169) (32), female athletes in

295

Poland (n=219) (33) and pregnant women in Indonesia (n=203) (34). However, four other

296

observational studies including a national survey of 5066 German adolescents (aged from 11

297

to 17 years) found no association between vitamin D status and ferritin levels (Supplementary

298

Table 4). Vitamin D supplementation also had no effect on ferritin levels in 14 out of 15

299

clinical trials (Supplementary Table 5). We found that 25(OH)D levels more strongly

300

influenced ferritin and other iron measures in the absence of inflammation, suggesting that

301

inflammation may attenuate the effect of vitamin D status on these markers of iron status,

302

perhaps explaining the stronger association observed in South African children. We observed

303

limited evidence of association between low vitamin D status and increased odds of iron

304

deficiency anemia. In contrast, five studies have reported a positive association between

305

vitamin D deficiency and iron deficiency anemia (Supplementary Table 4), although the

306

causes of anaemia in African children are likely to be different from those in these studies.

307

In the current study, 25(OH)D levels were inversely associated with hepcidin levels in

308

multivariable models and hepcidin levels were lower in children with low vitamin D status
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309

compared to those with 25(OH)D levels >75 nmol/L. In agreement, Japanese patients with

310

rheumatoid arthritis with 25(OH)D levels <75 nmol/L had lower hepcidin levels than those

311

with 25(OH)D levels >75 nmol/L (35), although another study in patients with inflammatory

312

bowel disease found higher hepcidin levels (n=69), and no association was observed in

313

healthy Mexican adults (n=783) (Supplementary Table 4) (36). In contrast to our study, four

314

out of nine clinical trials conducted in the USA and Japan, including two in healthy adults,

315

reported that vitamin D supplementation (with doses ranging from 3000 – 250,000 IU per

316

day) decreased hepcidin levels, while five other trials (with doses ranging from 1000 IU to

317

10,000 per day) did not report any effects (Supplementary Table 5). In vitro and animal

318

studies indicate that vitamin D can decrease hepcidin levels by either directly inhibiting

319

transcription of the hepcidin gene (HAMP), suppressing the production of pro-inflammatory

320

cytokines IL-6 and IL-1B, or by activating the JAK-STAT3 pathway (Figure 1) (6, 7, 37).

321

The converse finding of lower hepcidin levels in vitamin D deficient children in our study is

322

likely due to the increased prevalence of iron deficiency in the vitamin D deficient children

323

since iron deficiency is known to exert a powerful inhibitory effect on hepcidin expression in

324

African children (38).

325

Low vitamin D status was however associated with improved iron status for other markers of

326

iron status, that is, increased serum iron and TSAT and decreased transferrin and sTfR levels

327

compared to 25(OH)D levels >75 nmol/L. A single study investigating the association

328

between TSAT and 25(OH)D levels observed that higher 25(OH)D levels were associated

329

with increased TSAT in healthy adolescent Saudi boys, although not in girls or in pooled

330

analyses (39). A clinical trial of 125 Saudi children also reported that 1000 IU of vitamin D

331

supplement per day decreased TSAT (40), although five other trials observed no effect

332

(Supplementary Table 5). In contrast to our study, seven observational studies reported no

333

association between vitamin D status and serum iron levels and two found that low vitamin D
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334

status was associated with reduced serum iron levels (Supplementary Table 4). Clinical trials

335

of the effect of vitamin D supplementation have reported mixed associations with one trial

336

reporting decreased and one increased serum iron levels in the treatment group, and others no

337

association (Supplementary Table 5). In contrast to our study, vitamin D deficiency was

338

associated with increased sTfR levels in two observational studies involving children and

339

adolescents in Germany (16) and in Polish athletes (33). However, vitamin D

340

supplementation had no effect on sTfR or transferrin levels in three clinical trials

341

(Supplementary Table 5). There may be a few explanations for the higher serum iron and

342

TSAT and lower sTfR levels observed in vitamin D deficient children in the current study. It

343

is possible that the lower hepcidin levels observed in vitamin D deficient children may have

344

led to increased iron absorption (41) resulting in higher serum iron levels and TSAT and

345

higher vitamin D status has been suggested to promote erythropoiesis (42) which may explain

346

lower sTfR levels in vitamin D deficient children.

347

In the current study, low vitamin D status was not associated with hemoglobin levels or

348

anemia. In agreement with our study, two studies involving healthy children from China (n =

349

1218, aged 0.5 – 14 years) and Jordan (n= 203, aged 0.5 – 3 years) did not find an association

350

between vitamin D status and hemoglobin levels or anemia, although other observational

351

studies (18 out of 22), including one in school going children aged between 3–5 years in

352

Kenya, reported a positive association (Supplementary Table 4). A systematic review and

353

meta-analysis of seven observational studies with 5183 participants showed that vitamin D

354

deficiency was associated with 84% higher odds of anemia (OR 2.25, 95% CI 1.47-3.44)

355

(43). Clinical trials that investigated the effect of vitamin D interventions on hemoglobin

356

levels or anemia status have also reported mixed findings with many studies showing no

357

effect (Supplementary Table 5). Hemoglobin levels are influenced by many factors, including
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358

malaria, undernutrition and sickle cell disease, in African children and this may explain why

359

we did not observe an association between vitamin D status and anemia in our study.

360

Conversely, iron status is also likely to have influenced vitamin D status and we observed a

361

higher prevalence of low vitamin D status in children with iron deficiency. Since our study

362

was observational we were unable to ascertain the direction of causality between vitamin D

363

and iron status. Iron deficiency may lead to vitamin D deficiency via a number of pathways

364

including by reducing the activity of heme-containing vitamin D metabolizing enzymes such

365

as 25-hydroxylase and 1-alpha-hydroxylase (8) or by reducing vitamin D absorption in the

366

gastrointestinal tract through impairing epithelial function (44) (Figure 1). Iron deficiency has

367

also been shown to increase levels of fibroblast growth factor 23 (FGF23) levels (9, 10)

368

which suppresses 1 α-hydroxylase activity (11, 12). Heldenberg and colleagues have also

369

reported that intramuscular administration of iron dextran or iron-fortified formula milk in 25

370

infants with iron deficiency anemia resulted in increased 25(OH)D levels, although no

371

placebo group was included (45). In contrast, pregnant Kenyan women (n = 433)

372

supplemented with iron from 13–23 weeks of gestation until 1 month postpartum had lower

373

25(OH)D levels than those who received a placebo, although no differences were observed in

374

cord blood (10). In addition, another study found no effects of iron fortified juice on

375

25(OH)D levels in 41 iron deficient women (46).

376

Our study had a number of strengths. To the best of our knowledge, this is the first study to

377

investigate the association between vitamin D status and iron deficiency in African children.

378

Children living in sub-Saharan Africa have a high burden of iron deficiency, undernutrition

379

and infectious diseases, which might explain why some of our findings differed from studies

380

in European populations. Additionally, we included a large number of healthy children (n =

381

4509) living in five different countries across Africa. We also measured a wide range of iron

16

260

382

biomarkers which enabled us to evaluate how vitamin D status is associated with various

383

aspects of iron status. However, our study had some limitations. First, the study was cross-

384

sectional, hence we could not evaluate temporal changes in the observed associations or

385

determine the direction of causality and there may have been other unmeasured confounders

386

that influenced our findings. Secondly, we only included young children in our study which

387

may limit the generalizability of our findings to other age groups. Our findings also varied by

388

country, which may be because different factors influence iron and vitamin D status across

389

the African continent. We also did not collect information that may have influenced vitamin

390

D or iron status such as dietary intake, sunlight exposure or hookworm infections.

391

In conclusion, our findings suggest that vitamin D status is linked with iron status in young

392

African children, with the direction of association varying depending on the iron status

393

marker. Low vitamin D status was associated with iron deficiency as indicated by reduced

394

ferritin and hepcidin levels, although reduced sTfR and increased serum iron and TSAT

395

suggests that these children may be more iron replete. There is a need for further studies to

396

understand the associations between vitamin D and iron deficiency and determine causality

397

and putative mechanisms of action in African populations.

398
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Figure 1. Metabolism of vitamin D and iron is interlinked. 1,25(OH)2D may influence
iron status by reducing hepcidin levels through directly binding to the vitamin D response
element (VDRE) in the promoter region of the hepcidin gene (HAMP), decreasing proinflammatory cytokines (e.g. IL6, IL1B) and supporting erythropoiesis (6, 7, 37, 47). Low
iron status may also influence vitamin D status by decreasing the activity of vitamin D
metabolising enzymes (25- and 1α-hydroxylase) (8) and increasing FGF23 (48). High levels
of FGF23 suppress 1α-hydroxylase activity thus reducing 1,25(OH)2D levels (14, 16).
Abbreviations: sTfR, soluble transferrin receptor; DMT1, divalent metal transporter 1; DBP
vitamin D binding protein; Cp, ceruloplasmin; FGF23, fibroblast growth factor 23; RBC, red
blood cell; 7-DHC, 7-dehydrocholesterol.
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Figure 2. Boxplot of iron markers and CRP levels by vitamin D status categories.
Children with 25(OH)D levels <50 nmol/L had lower levels of ferritin (A), hepcidin (B),
sTfR (C), transferrin (D), and higher serum iron levels (E) and TSAT (F) compared to
children with 25(OH)D levels >75nmol/L. CRP levels (H) were lower in the group with
25(OH)D levels <50 nmol/L. P values were obtained from two-sample Wilcoxon rank-sum
(Mann-Whitney) test. Median (IQR) values and associated p values are presented in
Supplementary Table 2. Abbreviations: TSAT, transferrin saturation; sTfR, soluble
transferrin receptor. Test of signficance p value; not significant (ns) > 0.05; * <0.05, **
<0.01, *** 0.001.
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Figure 3. Effect of 25(OH)D levels on iron markers overall (dark grey) and in children
with and without inflammation (black and light grey lines respectively). Both the
dependent and independent variables (except transferrin and hemoglobin) were logtransformed before inclusion in the linear model. Thus the beta values may be interpreted as
follows: a 1% change in 25(OH)D levels corresponds to a beta % change in the individual
iron markers. All models were adjusted for age, sex, season, and study site and the overall
model was additionally adjusted for inflammation. Inflammation was defined as CRP > 5
mg/L or ACT >0.6 g/L (ACT, but not CRP was available for The Gambia). Error bars
indicate 95% confidence intervals. Abbreviations: TSAT, transferrin saturation; sTfR, soluble
transferrin receptor.
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Supplementary Figure 1. Prevalence of iron status by vitamin D status categories (i) and
prevalence of vitamin D status by iron status categories (ii). Iron deficiency was defined
as plasma ferritin <12µg/L or <30µg/L in the presence of inflammation in children <5 years
old, or <15µg/L or <70µg/L in the presence of inflammation in children ≥5 years old.
Inflammation was defined as CRP > 5 mg/L or ACT >0.6 g/L (ACT, but not CRP was
available for The Gambia). A chi-squared test (prtest) was used to test the significance in
difference in proportion of low vitamin status (25(OH)D levels <50 or 50–75 nmol/L) within
each category with the first category as the reference.
Supplementary Figure 2. Scatter and regression plots of markers of iron status and Creactive protein against log 25(OH)D levels. Abbreviations: TSAT, transferrin saturation;
sTfR, soluble transferrin receptor; CRP, C-reactive protein.
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1546/4399 (35.1%)
661/2880 (23.0%)
1829/2971 (61.6%)

77.0 (76.3, 77.7)
2485/4509 (55.1%)
1674/4509 (37.1%)
350/4509 (7.8%)
28/4509 (0.6%)

Overall
4509
23.9 (12.3, 35.9)
2216/4509 (49.1%)
445/3293 (13.5%)
1019/4469 (22.8%)
581/2289 (25.4%)
389/2487 (15.6%)

21.4 (10.2, 46.4)
6.2 (2.2, 14.3)
17.2 (13.7, 22.7)
2.8 (2.4, 3.2)
6.7 (4.6, 9.8)
9.4 (6.2, 14.8)
10.4 (9.4, 11.2)

491/1322 (37.1%)
207/771 (26.9%)
556/793 (70.1%)

81.9 (80.4, 83.3)
815/1361 (59.9%)
464/1361 (34.1%)
82/1361 (6.0%)
4/1361 (0.3%)

Kenya
1361/4509 (30.2%)
19.8 (12.7, 36.8)
671/1361 (49.3%)
227/1082 (20.8%)
363/1344 (27.0%)
99/208 (47.6%)
102/389 (26.2%)

20.8 (10.0, 40.6)
7.2 (3.0, 15.9)
7.0 (4.7, 10.0)
2.7 (2.4, 3.1)
n/a
n/a
11.0 (10.1, 11.9)

433/1240 (34.9%)
209/1182 (17.7%)
623/1241 (50.2%)

78.3 (77.0, 79.5)
756/1301 (58.1%)
479/1301 (36.8%)
66/1301 (5.1%)
5/1301 (0.4%)

Uganda
1301/4509 (28.9%)
24.0 (23.9, 35.9)
641/1301 (49.3%)
89/1280 (6.9%)
306/1285 (23.8%)
203/1282 (15.8%)
103/1296 (8.0%)

20.9 (10.2, 45.1)
5.8 (2.2, 14.3)
17.3 (12.8, 24.7)
2.7 (2.4, 3.1)
6.1 (4.2, 8.7)
9.2 (5.9, 14.1)
9.7 (8.9, 10.5)

115/319 (36.1%)
96/304 (31.6%)
274/314 (87.3%)

77.3 (75.0, 79.6)
186/329 (56.5%)
123/329 (37.4%)
20/329 (6.1%)
0 (0%)

Burkina Faso
329/4509 (7.3%)
23.4 (19.7, 26.4)
161/329 (48.9%)
64/303 (21.1%)
109/322 (33.9%)
103/307 (33.5%)
58/309 (18.8%)

25.7 (15.3, 42.3)
7.9 (2.8, 16.6)
3.2 (2.7, 4.2)
n/a
8.7 (6.1, 12.3)
13.2 (8.6, 19.4)
10.8 (9.9, 11.5)

134/629 (21.3%)
107/623 (17.2%)
376/623 (62.4%)

70.4 (69.0, 71.9)
265/629 (42.1%)
302/629 (48.0%)
62/629 (9.9%)
2/629 (0.3%)

629/4509 (13.9%)
46.6 (35.2, 58.7)
297/629 (47.2%)
65/628 (10.4%)
85/629 (13.5%)
176/492 (35.8%)
126/493 (25.6%)

16.6 (9.1, 27.9)
8.7 (3.7, 18.8)
11.3 (8.9, 13.8)
2.8 (2.4, 3.1)
n/a
n/a
n/a

373/889 (42.0%)
n/a
n/a

72.8 (71.2, 74.5)
463/889 (52.1%)
306/889 (34.4%)
120/889 (13.5%)
17/889 (1.9%)

South Africa8
889/4509 (22.9%)
12.0 (11.9, 12.1)
446/889 (50.2%)
n/a
156/889 (17.6%)
n/a
n/a

The Gambia

20.5 (10.4, 39.5)
7.2 (2.7, 16.1)
11.3 (6.0, 16.8)
2.8 (2.4, 3.1)
7.0 (4.8, 10.5)
10.4 (6.7, 16.2)
10.6 (9.6, 11.5)

Table 1. Characteristics of study participants
Participant characteristics
Total participants, n/total (%)
Median age in months (IQR)
Females, n/total (%)
Malaria parasitaemia1, n/total (%)
Inflammation2, n/total (%)
Stunting, n/total (%)3
Underweight, n/total (%)4
Vitamin D status
Median 25(OH)D (nmol/L)
25(OH)D >75 nmol/l
25(OH)D 50–75 nmol/l
25(OH)D <50 nmol/l
25(OH)D <30 nmol/l
Iron status
Iron deficiency5, n/total (%)
Iron deficiency anemia6, n/total (%)
Anemia7, n/total (%)
Biomarker medians (IQR)
Ferritin (µg/L)
Hepcidin (µg/L)
sTfR (mg/L)
Transferrin (µg/L)
Iron (µmol/L)
TSAT (%)
Hemoglobin (g/dL)

25(OH)D, 25-hydroxyvitamin D; IQR, interquartile range; n/a, not available; CRP, C-reactive protein; sTfR, soluble transferrin receptors; TSAT, transferrin saturation. 1Malaria parasitaemia
was defined as presence of Plasmodium parasitaemia on blood film; 2inflammation as CRP > 5 mg/L or ACT >0.6 g/L (ACT, but not CRP was available for The Gambia); 3stunting as heightfor-age Z score <-2 and 4underweight as weight-for-age Z score < -2; 5iron deficiency as either plasma ferritin <12µg/L or <30µg/L in the presence of inflammation in children <5 years old, or
<15µg/L or <70µg/L in the presence of inflammation in children ≥5 years old; 6iron deficiency anemia as the presence of both iron deficiency and anemia; 7anemia as hemoglobin <11 g/dL in
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p

342/4399
78/1322
63/1240
19/319
62/629
120/889

n

1.41 (0.97, 2.07)
0.96 (0.41, 2.26)
1.85 (1.00, 3.45)
0.77 (0.24, 2.53)
1.66 (0.81, 3.42)
n/a

1.80 (1.40, 2.31)
0.94 (0.53, 1.67)
1.84 (1.07, 3.15)
0.95 (0.31, 2.89)
1.06 (0.53, 2.13)
4.80 (3.07, 7.52)

OR (95% CI)

0.075
0.93
0.052
0.67
0.17
n/a

<0.0001
0.84
0.027
0.93
0.86
<0.0001

p

<50 nmol/L
OR (95% CI)

0.14
0.27
0.68
0.67
0.35
<0.0001

201/2880
58/771
62//1182
19/304
62/623
n/a

50–75 nmol/L

Vitamin D status categories based on 25(OH)D levels

Table 2. Effects of vitamin D status on iron deficiency, iron deficiency anemia and anemia

children aged <5 years, or hemoglobin <11.5 g/dL in children ≥5 years. 8Anthropometric and hemoglobin measurements were not available for the South African children and they were not
exposed to malaria.

>75 nmol/L (reference)
n

1.11 (0.97, 1.28)
0.86 (0.65, 1.13)
0.95 (0.73, 1.23)
1.12 (0.66, 1.90)
0.82 (0.54, 1.24)
2.45 (1.78, 3.37)

0.51
0.68
0.57
0.98
0.96
n/a

350/4509 (7.8%)

n

1632/4399
450/1322
452/1240
122/319
302/629
306/889

0.93 (0.77, 1.14)
0.91 (0.61, 1.38)
0.91 (0.67, 1.25)
1.01 (0.57, 1.76)
0.98 (0.62, 1.57)
n/a

1674/4509 (37.1%)

2425/4399
794/1322
725/1240
178/319
265/629
463/889

1139/2880
293/771
430//1182
118/304
298/623
n/a

2485/4509 (55.1%)

Iron deficiency1
Overall
Kenya
Uganda
Burkina Faso
The Gambia
South Africa
1540/2880
420/771
690/1182
167/304
263/623
n/a

Proportion, n/total (%)

Iron deficiency anemia2
Overall
Kenya
Uganda
Burkina Faso
The Gambia
South Africa

Anemia3
Overall
1587/2971
1175/2971
1.00 (0.84, 1.18)
0.98
209/2971
1.30 (0.94, 1.80)
0.11
Kenya
430/793
301/793
0.65 (0.45, 0.93)
0.019
65/793
0.71 (0.38, 1.32)
0.28
Uganda
719/1241
457/1241
1.08 (0.84, 1.39)
0.55
65/1241
1.08 (0.62, 1.87)
0.79
Burkina Faso
175/314
119/314
1.37 (0.65, 2.88)
0.41
20/314
2.14 (0.26, 17.66)
0.48
The Gambia
263/623
298/623
1.35 (0.96, 1.91)
0.086
62/623
2.75 (1.45, 5.17)
0.002
South Africa
n/a
n/a
n/a
–
n/a
n/a
–
25(OH)D, 25-hydroxyvitamin D; n/a, not available. Odds ratios and p values were obtained from multivariable logistic regression analyses adjusted for age, sex, season,
inflammation and study site. 25(OH)D and CRP levels were ln-transformed to make them normally distributed. 1Iron deficiency was defined as either plasma ferritin <12µg/L or
<30µg/L in the presence of inflammation in children <5 years old, or <15µg/L or <70µg/L in the presence of inflammation in children ≥5 years old; 2iron deficiency anemia as the
presence of both iron deficiency and anemia; 3anemia was defined as hemoglobin <11 g/dL in children aged <5 years, or hemoglobin <11.5 g/dL in children ≥5 years; inflammation
as CRP > 5 mg/L or ACT >0.6 g/L (ACT, but not CRP was available for The Gambia).
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