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Background: The public health relevance of true vitamin D deficiency is undisputed, although contro-
versy remains regarding optimal vitamin D status. Few contemporary cross-ethnic studies have inves-
tigated the prevalence and determinants of very low 25-hydroxyvitamin D [25(OH)D] concentrations.
Methods: We conducted cross-ethnic analyses on the prevalence and determinants of vitamin D defi-
ciency (25(OH)D � 25 nmol/L) using data from 440,581 UK Biobank participants, of which 415,903
identified as White European, 7880 Asian, 7602 Black African, 1383 Chinese, and 6473 of mixed ancestry.
Determinants of vitamin D deficiency were examined by logistic regression.
Results: The prevalence of vitamin D deficiency was highest among participants of Asian ancestry (57.2%
in winter/spring and 50.8% in summer/autumn) followed by those of Black African ancestry (38.5% and
30.8%, respectively), mixed (36.5%, 22.5%), Chinese (33.1%, 20.7%) and White European ancestry (17.5%,
5.9%). Participants with higher socioeconomic deprivation were more likely to have 25(OH)D deficiency
compared to less deprived participants (P ¼ <1 � 10�300); this pattern was more apparent among those
of White European ancestry and in summer (Pinteraction �6.4 � 10�5 for both). In fully-adjusted analyses,
regular consumption of oily fish was associated with reduced odds of vitamin D deficiency across all
ethnicities, while outdoor-time in summer was less effective for Black Africans (OR 0.89, 95% CI 0.70, 1.12)
than White Europeans (OR 0.40, 95% CI 0.38, 0.42).
Conclusions: Severe vitamin D deficiency remains an issue throughout the UK, particularly in lower
socioeconomic areas. In some groups, levels of deficiency are alarmingly high with one-half of Asian and
one-third of Black African ancestry populations affected across seasons.
Key messages: The prevalence of vitamin D deficiency in the UK is alarming, with certain ethnic and
socioeconomic groups considered particularly vulnerable.

© 2020 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.

1. Introduction

Vitamin D is a hormone precursor synthesized in the skin during
exposure to UVB radiation. The active hormone regulates wide-
spread biological functions, with receptors for vitamin D located
throughout the body [1,2]. A primary role of the hormonal vitamin
D system is the mediation of osteogenic-related mineral absorption
and utilisation [2], with skeletal development and maintenance
constituting principal foci of public health strategies [3].

25-hydroxyvitamin D [25(OH)D] is the primary circulating
vitamin D metabolite. As 25(OH)D reflects both dietary intake and
sunlight-induced synthesis, it is often used as an indicator for
nutritional vitamin D status [4]. Severe skeletal diseases, such as
rickets, arise when 25(OH)D concentrations fall too low [3], with
symptoms of skeletal maldevelopment and degradation becoming
evident when serum concentrations fall below 25 nmol/L [5]. To
this end, the scientific community broadly accepts <25 nmol/L as
the cutoff point for overt vitamin D deficiency [6].

Since the National Academy of Medicine (NAM) (formerly
Institute of Medicine) released their 2010 update on vitamin D di-
etary reference intakes, a decade of varied, and sometimes
controversial commentary has ensued regarding optimal 25(OH)D
serum concentrations for an increasing range of health issues
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[7e10]. Although debate and exploration of these matters are
essential, such dialogue should not overshadow the continuing
reality of severe deficiency, as evidenced by the persistence of
rickets in the twenty-first century, with 2011 rickets-attributable
hospitalization rates in the UK being the highest in 50 years [11].

There are long-held concerns regarding vitamin D deficiency in
the UK, both at the population level and within particular at-risk
groups, such as South Asians and other immigrant populations

[12e15]. In contrast tomany other high-latitudeWestern countries,
there is no mandatory vitamin D food fortification program in the
UK that is designed to mitigate deficiency at a population level [16],
aside from the small additions of vitamin D to margarine. Not
surprisingly, recent reviews indicate that the UK has lower overall
vitamin D status when compared to much of Western Europe [17],
in addition to having the lowest level of adherence to infant vitamin
D supplementation guidelines [18]. In this study, we examine

Fig. 1. Study population and participant inclusion criteria.
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Table 1
Demographic characteristics of UK Biobank participants.

N ¼ N (%) 25(OH)D Vitamin D supplementationa Oily Fishb Use of sun protectionc Outdoor time winterd Outdoor time summere

Geometric mean No Yes Never >1 per wk Avoid sun Mostly >1hr �3hrs >1hr �3hrs

440,581 355,990 81,893 47,748 79,138 2,646 245,498 82,698 96,553 18,424 267,912

Mean (95% CI) % % % % % % % % % %

All 440,581 (100) 43.8 (43.8, 43.9) 80.80 18.59 10.91 18.09 0.60 55.90 19.94 23.28 4.44 64.58
Sex
Men 204,927 (46.5) 43.7 (43.6, 43.8) 81.56 18.44 11.22 17.66 0.53 43.96 15.65 30.19 3.63 67.94
Women 235,654 (53.5) 44.0 (43.9, 44.0) 75.58 24.42 10.65 18.46 0.67 66.26 23.76 17.15 5.17 61.58
Pg 0.01 4.33 � 10�261 3.81 � 10�31 <1.0 � 10�300 <1.0 � 10�300 <1.0 � 10�300

Age
<60 250,909 (57.0) 42.0 (41.9, 42.1) 78.62 21.38 13.11 14.98 0.57 57.13 23.95 19.25 5.56 56.98
�60 189,672 (43.1) 46.4 (46.3, 46.5) 78.21 21.79 8.01 22.20 0.65 54.27 14.60 28.66 2.96 74.64
Pg <1.0 � 10�300 0.40 <1.0 � 10�300 1.21 � 10�41 <1.0 � 10�300 <1.0 � 10�300

Ethnicity
White European 415,903 (94.4) 44.9 (44.9, 45.0) 78.82 21.18 10.75 17.86 0.53 57.78 19.64 23.09 4.19 64.95
Chinese 1,383 (0.3) 32.1 (31.3, 32.8) 72.50 27.50 4.34 18.69 2.41 27.21 43.04 13.52 19.51 36.15
Asian 7,880 (1.8) 24.3 (24.0, 24.5) 73.37 26.63 27.01 14.58 2.08 16.42 28.27 22.96 11.10 50.14
Black African 6,896 (1.6) 30.3 (29.9, 30.6) 66.82 33.18 5.17 30.59 2.02 14.83 21.47 35.45 6.89 67.95
mixed ethnicity 6,473 (1.5) 32.9 (32.5, 33.3) 72.03 27.97 9.61 22.39 1.47 33.01 23.69 26.08 7.25 60.42
Missing 2,046 (0.5) 36.0 (35.1, 36.8) 79.18 20.82 10.60 24.59 1.79 41.33 20.82 24.90 5.64 62.93
Pg <1.0 � 10�300 7.18 � 10�88 <1.0 � 10�300 <1.0 � 10�300 1.17 � 10�120 1.52 � 10�201

BMIf

Lowest 25% 109,184 (24.8) 46.8 (46.7, 46.9) 76.10 23.90 10.56 18.52 0.45 60.48 21.27 19.15 4.62 60.46
Middle 50% 218,453 (49.6) 45.1 (45.0, 45.2) 78.65 21.35 10.22 18.13 0.47 55.64 18.65 24.32 3.84 66.06
Highest 25% 109,233 (24.8) 39.1 (39.0, 39.3) 80.28 19.72 12.57 17.47 0.97 52.22 21.06 25.35 5.41 65.82
Missing 3,711 (0.8) 35.0 (34.4, 35.6) 78.66 21.34 13.60 22.11 2.21 42.14 25.11 24.10 7.24 61.33
Pg <1.0 � 10�300 6.85 � 10�32 7.25 � 10�59 9.93 � 10�159 1.17 � 10�15 2.93 � 10�52

Latitudinal location
�51� 155,928 (35.4) 44.8 (44.7, 44.9) 76.76 23.24 9.57 18.32 0.64 54.11 19.94 21.59 4.70 61.64
52�e53� 201,429 (45.7) 44.2 (44.1, 44.3) 79.05 20.95 11.17 18.51 0.59 56.36 20.34 23.87 4.40 65.75
54�- �55� 83,224 (18.9) 41.3 (41.2, 41.5) 80.05 19.95 12.82 16.63 0.56 58.12 18.98 25.04 4.04 67.33
Pg 6.67 � 10�181 6.11 � 10�47 3.02 � 10�107 1.14 � 10�109 9.97 � 10�41 1.91 � 10�156

Smoking
Non-smokers 240,002 (54.5) 44.0 (43.9, 44.1) 78.11 21.89 10.76 17.71 0.60 57.82 21.38 21.03 4.84 61.40
Ex-smokers 152,475 (34.6) 45.4 (45.3, 45.5) 78.27 21.73 9.62 19.35 0.51 55.78 18.18 25.03 3.80 67.84
Current smokers 45,900 (10.4) 38.7 (38.5, 38.9) 80.75 19.25 15.94 15.79 0.91 46.41 18.35 28.95 4.52 70.04
Missing 2,204 (0.5) 39.2 (38.3, 40.1) 79.54 20.46 14.43 20.14 0.87 50.84 17.90 34.01 4.41 73.53
Pg <1.0 � 10�300 5.87 � 10�20 3.18 � 10�136 1.03 � 10�305 3.93 � 10�169 8.31 � 10�299

Physical activity
Low 132,941 (30.2) 40.4 (40.3, 40.5) 82.72 17.28 12.27 14.76 0.91 54.00 32.84 14.79 8.07 54.17
Moderate 212,201 (48.2) 44.9 (44.8, 45.0) 80.81 19.19 9.78 18.72 0.43 57.84 16.43 20.76 3.06 64.52
High 84,449 (19.2) 48.3 (48.1, 48.4) 79.82 20.18 10.68 22.18 0.34 55.35 7.17 42.25 1.30 80.97
Missing 10,990 (2.5) 36.2 (35.8, 36.5) 85.09 14.91 18.94 14.35 2.32 44.77 47.15 18.91 17.11 53.06
Pg <1.0 � 10�300 1.48 � 10�86 <1.0 � 10�300 2.21 � 10�167 <1.0 � 10�300 <1.0 � 10�300
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ethnic and social distributions in the prevalence of vitamin D
deficiency (25(OH)D < 25nml/L) using data from over 440,000 UK
participants.

2. Methods

The UK Biobank is a large-scale prospective cohort containing an
expansive collection of phenotypic and genotypic data. The study
was established to provide high-quality data to the scientific com-
munity for the betterment of the public's health [19]. The UK Biobank
recruited 502,316 men and women aged 40e69 years (10% response
rate) [20], from within the United Kingdom (England, Scotland and
Wales), between March 2006 and July 2010 [19]. Participants had to
reside within 10 miles of a UK Biobank assessment centre, and were
requested to take part in questionnaire surveys and physical assess-
ments, and to provide biological samples [21]. The present analysis
was limited to UK Biobank participants with data on serum 25(OH)D
concentration (n ¼ 440,581) (Fig. 1).

2.1. Measurement of vitamin D status

Serum 25(OH)D concentrationwas measured using the LIAISON
XL 25(OH)D assay (DiaSorin, Stillwater, USA), from blood samples
(hours of fasting time: mean 3.8, SD 2.4) collected at baseline. The
LIAISON XL is a fully automated chemiluminescence immunoassay
device with magnetic microparticle separation technology for the
direct measurement of 25(OH)D from human serum [22]. Func-
tional sensitivity, the concentration at which coefficient of variation
(CV) exceeds 20%, was �4.0 ng/ml, as determined over multiple
runs in accordance with the Clinical Laboratory and Standards
Institute (CLSI) EP17-A protocols [22]. Assay precision (CLSI EP5-
A2), conducted using 6 samples and 2 controls gave CV 2.3%
(intra-run) and CV 7.8% (total) [22]. Due to unexpected issues with
sample dilution [23], we conducted sensitivity analyses restricting
to the sample which were not affected by related problems
(430,413 participants, 9960 excluded).

2.2. Covariates

Covariates were chosen for their relevance to outdoor exposure
(latitude, use of sun protection, outdoor time - winter/summer,
employment/shiftwork, and leisure time - TV/PC use) [2], vitamin D
intake (vitamin D supplementation and oily fish consumption)
[24,25], or their independent potential to affect 25(OH)D concen-
trations (smoking, body mass index [BMI] and physical activity)
[26,27]. All covariates were self-reported at baseline, with the
exception of latitude and socioeconomic status, which were derived
from assessment center location and residential data, respectively.

Socioeconomic status was assessed using the Townsend depriva-
tion index [28]. Each participant was assigned a score corresponding
to socioeconomic data attributed to their postcode; this was derived
from the preceding UK census of population and housing [29].
Ethnicitywas self-reported at baseline and thedata collapsed intofive
primary ethnic groups, namely 1) White European (White, British,
Irish, and any other White background), 2) Chinese, 3) Asian (Asian
British, Indian, Pakistani, Bangladeshi, and any other Asian back-
ground), 4) Black African (Black British, Caribbean, African, and any
other Black background), and 5) mixed (“Other” ethnic group, White
and Black Caribbean, White and Black African, White and Asian, and
any other mixed background). Season was determined based on
month of blood sampling and determined as summer (JulyeSept),
autumn (OcteNov), winter (JaneMarch) and spring (AprileJune).

Body mass index was assessed at baseline from height and
weight measures (calculated as body weight [kilograms] divided by
height squared [meters]) [30]. For our study, we divided the cohortTa
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into ethnicity-specific BMI quartiles, with data presented for lowest
25%, middle 50% and highest 25% (ethnic-specific BMI ranges:
White European 12.1e24.09, 24.1e29.8, 29.8e74.7 kg/m2, Chinese
16.3e21.6, 21.7e26.1, 26.2e45.7 kg/m2, Asian 14.9e24.19,
24.2e29.4, 29.4e60.0 kg/m2, Black African 16.2e25.8, 25.8e32.2,
32.2e68.1 kg/m2, and mixed 14.6e24.1, 24.1e30.3, 30.3e56.8 kg/
m2).

2.3. Statistical methods

Serum 25(OH)D concentration was categorized as <25.0,
25.0e49.9, 50.0e74.9, and�75.0 nmol/L. For analyses using 25(OH)D
as a continuous indicator,weusednatural logarithmic transformation
to adjust for skewed distribution. Linear and logistic regression
models were fitted to examine the associations of log 25(OH)D and
risk for vitamin D deficiency with individual, dietary and lifestyle in-
dicators. All models were weighed by 1 e kinship coefficient [31] to
account for relatedness, and adjusted for age, sex, smoking, physical
activity,month ofmeasurement, assessment centre, Townsend index,
sample aliquots for 25(OH)D measurement and fasting. For each di-
etary or lifestyle indicator, we further examined if the association
pattern with log 25(OH)D varied by seasons by introducing dietary/
lifestyle-indicator-by-season interaction terms to the model. Evi-
dence of interaction was examined using the likelihood ratio test
comparing the log-likelihood of nested models with and without the
interaction term(s). The same interaction analysis was performed for
latitudinal locations and ethnic groups, followedby stratified analyses
where relevant. Sensitivity analyses were conducted, but as this had
no implications on the results, data are presented for the full sample.
STATA, version 14.1 (StataCorp LP, College Station, Texas, USA) was
used for all analyses.

2.4. Ethics

Ethics approval for the UK Biobank was granted by the National
Information Governance Board for Health and Social Care and
North West Multicenter Research Ethics Committee (11/NW/0382)
[32]. The present analysis operates under UK Biobank application
20,175.

3. Results

Of the 440,581 participants included in this analysis, 415,903
(94.4%) were White European, 1383 (0.3%) Chinese, 7880 (1.8%)
Asian, 6896 (1.6%) Black African, and 6473 (1.5%) mixed ethnicity
(Table 1). The overall mean 25(OH)D concentration was 43.8 nmol/
L, with 7.5% of participants in summer/autumn and 18.8% inwinter/
spring having 25(OH)D < 25 nmol/L. Therewere large differences in
the average 25(OH)D concentration by ethnic group, ranging from
44.9 nmol/L in White Europeans to 24.3 nmol/L in Asian ancestry
participants. Asian participants tended to consume less oily fish and
use vitamin D supplements less frequently compared to other
ethnicities, while intakes of both oily fish and vitamin D supple-
mentation were highest in Black African participants (Table 1).

Serum 25(OH)D concentrations followed a seasonal pattern,
with a trough in FebruaryeMarch and peak in AugusteSeptember
(Fig. 2). Season modified the associations between all covariates
and 25(OH)D concentrations (Table 2, all Pinteraction �0.01). There
was a clear seasonal contrast in the prevalence of vitamin D defi-
ciency among White Europeans, with smaller differences in other
ethnic groups. From the Asian participants, more than one-half
were affected throughout the year. A consistently high rate was
also seen in Black African participants of whom a minimum of
30.78% were affected throughout the year. For the most affluent
group, the contrast in the prevalence of vitamin D deficiency be-
tween winter and summer was larger, while the most socioeco-
nomically deprived group showed smaller differences.

Greater time-spent-outdoors was associated with higher
25(OH)D concentrations in summer months, with a similar but
weaker trend seen in winter (Fig. 3, all Pinteraction �0.05). The sea-
sonal differences in 25(OH)D concentrations were smaller in par-
ticipants who used vitamin D supplements and who ate oily fish
regularly compared to others (Pinteraction �7.04 � 10�35 for both
comparisons).

There was a strong north-south gradient in the prevalence of
vitamin D deficiency across the seasons (Fig. 4, Pinteraction
7.10 � 10�32). Nearly one-third of participants living �55� latitude
(Edinburgh and Glasgow assessment centers) had 25(OH)D con-
centrations <25 nmol/L in winter, while 7.38% of participants also
remained deficient during the summer. Lower income was associ-
ated with higher prevalence of vitamin D deficiency in all ethnic
groups except for Black Africans, while educational status was

Fig. 2. Distribution of categorical 25(OH)D concentration (stacked bar chart) and geometric mean of 25(OH)D concentration (line chart) by months.
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Table 2
25(OH)D concentration in UK Biobank participants, by season and demographic characteristics.

Subjects N (%) Summer and Autumn 25(OH)D Concentrations Winter and Spring 25(OH)D Concentrations

<25.0% 25.0e49.9% 50.0e74.9% >75.0% Geometric
mean (95% CI)

<25.0% 25.0e49.9% 50.0e74.9% >75. % 0 Geometric mean

All 440,581 (100) 7.50 36.59 40.32 15.59 49.8 (49.7, 49.9) 18.83 46.45 27.36 7.36 39.3 (39.2, 39.4)
Sex
Male 204,927 (46.5) 7.43 35.86 40.52 16.19 50.2 (50.1, 50.4) 19.20 47.18 26.88 6.74 38.8 (38.7, 39.0)
Female 235,654 (53.5) 7.57 37.23 40.14 15.06 49.5 (49.4, 49.6) 18.51 45.81 27.77 7.90 39.7 (39.6, 39.8)
Pb 7.24 x 10-28 6.28 x 10-26 1.31 x 10-29 3.29 x 10-33

Age
<60 250,909 (57.0) 8.99 38.10 38.12 14.79 48.3 (48.2, 48.5) 21.89 47.72 24.13 6.26 37.3 (37.2, 37.4)
�60 189,672 (43.1) 5.53 34.59 43.24 16.64 51.9 (51.8, 52.1) 14.80 44.77 31.62 8.81 42.1 (42.0, 42.3)
Pb 1.09 x 10-242 < 1.0 � 10-300 < 1.0 � 10-300 < 1.0 � 10-300

Ethnicity
White European 415,903 (94.4) 5.90 35.98 41.79 16.33 51.3 (51.2, 51.4) 17.45 46.62 28.26 7.68 40.1 (40.0, 40.2)
Chinese 1,383 (0.3) 20.68 59.13 18.58 1.62 34.6 (33.5, 35.7) 33.12 53.14 12.57 1.18 30.1 (29.2, 31.1)
Asian 7,880 (1.8) 50.80 39.93 8.19 1.08 25.2 (24.8, 25.6) 57.18 34.21 7.48 1.13 23.4 (23.0, 23.7)
Black African 6,896 (1.6) 30.78 52.41 14.14 2.67 31.8 (31.3, 32.3) 38.47 47.62 12.10 1.80 29.1 (28.7, 29.6)
mixed ethnicity 6,473 (1.5) 22.48 49.38 23.47 4.67 36.4 (35.8, 37.0) 36.53 46.25 14.81 2.42 30.2 (29.8, 30.7)
Missing 2,046 (0.5) 20.29 41.56 27.63 10.53 39.5 (38.2, 40.9) 30.07 45.86 19.14 4.94 33.3 (32.3, 34.4)
Pb < 1.0 � 10-300 < 1.0 � 10-300 < 1.0 � 10-300 < 1.0 � 10-300

BMIa

Lowest 25% 109,184 (24.8) 6.36 31.23 41.67 20.73 53.1 (52.9, 53.3) 16.83 42.63 30.34 10.20 41.7 (41.5, 41.8)
Middle 50% 218,453 (49.6) 6.29 35.07 42.43 16.21 51.2 (51.1, 51.3) 16.69 46.55 29.05 7.71 40.5 (40.4, 40.6)
Highest 25% 109,233 (24.8) 10.73 45.22 35.02 9.03 44.5 (44.3, 44.6) 24.51 50.01 21.47 4.02 35.2 (35.1, 35.4)
Missing 3,711 (0.8) 22.46 42.60 25.91 9.03 37.9 (36.9, 38.9) 31.88 43.69 19.37 5.05 33.0 (32.2, 33.7)
Pb < 1.0 x 10�300 < 1.0 x 10�300 < 1.0 x 10�300 < 1.0 x 10�300

Latitudinal location
�51� 155,928 (35.4) 7.01 35.71 41.60 15.68 50.4 (50.3, 50.6) 17.44 47.22 28.15 7.20 39.8 (39.7, 40.0)
52�-53� 201,429 (45.7) 7.19 36.13 40.71 15.97 50.2 (50.1, 50.4) 17.50 46.01 28.60 7.88 40.2 (40.1, 40.3)
54�- �55� 83,224 (18.9) 9.14 39.29 37.00 14.58 47.9 (47.7, 48.1) 24.95 46.22 22.58 6.25 36.0 (35.9, 36.2)
Pb 2.01 � 10�31 1.48 � 10�35 1.25 � 10�131 3.6 � 10�162

Townsend index
Q1 e least deprivation 110,010 (25.0) 4.37 33.05 44.69 17.89 53.5 (53.3, 53.7) 14.85 45.96 30.82 8.37 41.8 (41.6, 41.9)
Q2 110,006 (25.0) 4.88 34.30 43.35 17.46 52.7 (52.5, 52.8) 15.31 46.71 29.95 8.02 41.3 (41.1, 41.4)
Q3 109,998 (25.0) 7.37 37.39 39.94 15.30 49.7 (49.5, 49.9) 18.60 47.10 27.02 7.28 39.2 (39.0, 39.4)
Q4 e most deprivation 110,031 (25.0) 13.82 42.01 32.79 11.39 43.7 (43.5, 43.9) 26.21 46.02 21.92 5.85 35.4 (35.2, 35.5)
Missing 536 (0.1) 10.26 38.46 34.07 17.22 47.7 (45.2, 50.4) 20.15 47.53 26.24 6.08 38.0 (35.8, 40.3)
Pb <1.0 � 10�300 <1.0 � 10�300 <1.0 � 10�300 <1.0 � 10�300

a Constructed using ethnic specific BMI quartile ranges.
b All models were weighed by 1-kinship coefficient, and adjusted for sex, age, latitude, month and year of measurement, aliquot and fasting upon serum acquisition.
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associated with deficiency in Asians but not in others (Fig. 5, all
Pinteraction �8.36 � 10�7).

The associations between lifestyle factors and the odds of
vitamin D deficiency varied by ethnic group (Pinteraction <3 � 10�5

for all comparisons, Table 3, Supplementary Table 1, appendix A).
Similar patterns were observed at a 25(OH)D < 50 nmol/L cutoff
(Pinteraction <8.34 � 10�3 for all comparisons, Supplementary
Table 2, appendix A), while no ethnicityecovariate interactions
were seen under 75 nmol/L (data not shown). Time spent outdoors,
leisure time TV and PC use were all strongly associated with the
odds of deficiency in White Europeans while weaker or no asso-
ciations were seen for other ethnicities. Oily fish consumption and
vitamin D supplementation were associated with the odds of
deficiency across all ethnicities, with the estimates for regular oily
fish consumption ranging from OR 0.29 (95% CI 0.23, 0.38) in Black
Africans to OR 0.45 (95% CI 0.43, 0.47) in White Europeans, and for
supplementation, from OR 0.36 (95% CI 0.35, 0.37) in White Euro-
pean to 0.45 (95% CI: 0.39, 0.51) in participants of Black African
ancestry.

4. Discussion

The National Academy of Medicine and The Endocrine Society
respectively recommend 25(OH)D concentrations should be at least
50 nmol/L [7] and 75 nmol/L [33] for maximal bone health. Our
analysis showed that the average vitamin D status in the UK Bio-
bank is below the more conservative of these recommendations,
and uncovered striking rates of vitamin D deficiency. We confirmed
the strong patterns by season and latitude [34] and also showed
high rates of deficiency within certain socioeconomic subgroups. In
line with previous research [13,14,35], we report very high risks of
deficiency in non-White populations. Indeed, it was alarming to
find >50% of Asian participants and >30% of Black African partici-
pants to have year-round vitamin D deficiency, which is a finding
warranting urgent consideration and action.

Asian participants in our study were found to engage in vitamin
D promoting behaviors the least, which is congruent with previous
research and commentary [36,37]. However, with UK cross-ethnic
qualitative analyses demonstrating relatively greater knowledge of

Fig. 3. Distribution of 25(OH)D concentration by seasons and socioeconomic, dietary, or lifestyle indicators.
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vitamin D in Asian populations [36], our analysis may further indi-
cate a possible disconnect between vitamin D awareness and action
in this population. Our study also suggests environmental factors
(i.e. time spent outdoors) may have less impact in reducing vitamin
D deficiency among Asians. These findings emphasize the need to
explore the psychocultural determinants of engaging in vitamin D
promoting behaviors in Asian minority groups living in the UK.

The greater prevalence of vitamin D deficiency in higher
latitude locations was anticipated due to the incrementally lower
UVB exposure associated with increasing latitudinal degrees
[38]; however, the extent of vitamin D deficiency (one-third) in
the northernmost locations of the UK over winter was alarming.
Alongside latitude, there may be other explanations for the
strong north-south pattern in the prevalence of vitamin D

deficiency in the UK. Northern England and Scotland have his-
torically demonstrated higher socioeconomic deprivation
[39,40], and in our analyses we observed social patterns in the
prevalence of vitamin D deficiency. Our study also shows that
participants from higher latitudinal locations engage in vitamin
D supplementation and dietary-based behaviors to a lesser
extent than people living in the southern parts of the UK, as
might be expected with affordability and accessibility challenges
[41]. These findings may offer some explanation for the consis-
tently higher rates of mortality observed among UK northern
populations [42]. Low 25(OH)D concentrations have been asso-
ciated with increased mortality [43,44], which may in part
contribute to regional health disparities between the southern
and norther parts of the UK [45].

Fig. 4. Distribution of categorical 25(OH)D concentration, across seasons and UK latitudinal zoning.
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Our research highlights the need for effective public health in-
terventions to reduce theprevalenceof vitaminDdeficiency in theUK,
at both the population level and within at-risk groups, specifically
Asian populations. At the date of this publication, the topic of vitamin
D fortification in the UK is gaining unprecedented traction, with calls
for the fortification of wheat-flour [46]; in fact, some fortified bread
products are now available to the UK public via limited high-end su-
permarkets. Dietary analysis of ethnic minorities in the UK, however,
has highlighted that although someSouthAsiangroupswere found to
consume wheat-based staples, in way of roti and chapattis, Indians
from the Gujarat region and Bangladeshis tended to primarily use
millet and rice, respectively [47]. The question therefore remains as to
whether fortification of any single item alone would be enough to

redress abject rates of severe vitamin D deficiency across ethnicities.
Asothershave recently indicated, fortificationmeasures in theUKwill
likely need to consider specific at-risk groups and vulnerable life
stages, and proceed in conjunction with robust and accountable
supplementation programs [48].

4.1. Strengths and limitations

Our study benefits from a large sample size with ethnic group
diversity and the collection of comprehensive sociodemographic
and lifestyle information. This level of granularity has allowed us to
explore the determinants for a relatively severe form of vitamin D
deficiency, defined as 25(OH)D < 25 nmol/L. A primary limitation of

Fig. 5. Distribution of 25(OH)D deficiency (<25 nmol/L) by ethnic groupings and income (A) and by ethnic groupings and education (B). Educational level terms: National Vocational
Qualification (NVQ), Certificate of Secondary Education (CSE), and A-levels (i.e. common name for the General Certificate of Education Advanced Level certificate.
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our study is the lack of representativeness between the UK Biobank
and the general UK population, with variations across a range of
physical, sociodemographic, lifestyle and health-related charac-
teristics underpinning an established ‘healthy volunteer’ bias
[49,50]. This type of bias may explain why older participants
appeared to be more active and spend more time outdoors than
their general population counterparts [51] or indeed, the working-
aged individuals within the UK Biobank cohort. However, possible
preferential self-selection of healthy volunteers to the cohort sug-
gests that the abject deficiency rates reported in our analysis may
be even greater in magnitude within the general population.
Furthermore, previous work suggests that despite the lack of
representativeness with respect to disease prevalence and

incidence rates, the UK Biobank can yield valid assessment of
exposureeoutcome relationships [49].

Additionally, although our analyses looked at ethnic differences in
health behaviors and their association with vitamin D deficiency, we
lacked explicit insight regarding culturally specific eating habits,
which if available, could have bolstered inferencesmade from dietary
analyses. Furthermore, the use of a single test of serum 25(OH)D
concentration may raise some questions about the reliability of the
vitamin D measurements, with repeat measures otherwise being
able to afford greater insight into individual changes over time. The
UK Biobank's sample dilution issues [23] were not seen to pose
concern for our study, with sensitivity analysis demonstrating no
notable differences in the primary findings.

Table 3
Association of 25(OH)D deficiency (<25 nmol/L) with selected risk factors by ethnic groups.

Subjects N (%) White Euroa Chineseb Asianc Black Africand Mixede

OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI)

BMIf,o

Lowest 25% 109,184 (24.78) 1.02 (1.00, 1.05) 0.53 (0.37, 0.75) 0.70 (0.62, 0.79) 1.13 (0.99, 1.28) 0.85 (0.73, 0.98)
Middle 50% 218,453 (49.58) Reference Reference Reference Reference Reference
Highest 25% 109,233 (24.79) 1.67 (1.63, 1.71) 1.18 (0.86, 1.60) 1.26 (1.11, 1.42) 1.17 (1.03, 1.34) 1.35 (1.17, 1.55)
P <1.0 � 10�300 2 � 10�4 6.30 � 10�16 0.04 1.37 � 10�7

Latitudinal location
�51� 155,928 (35.39) Reference Reference Reference Reference Reference
52�e53� 201,429 (45.72) 1.15 (1.12, 1.18) 1.08 (0.82, 1.44) 1.39 (1.25, 1.55) 1.33 (1.18, 1.49) 1.12 (0.99, 1.27)
54�- �55� 83,224 (18.89) 1.65 (1.60, 1.70) 1.19 (0.78, 1.80) 1.33 (1.07, 1.66) 1.64 (1.13, 2.37) 1.30 (1.04, 1.63)
P 1.33 � 10�286 0.68 2.53 � 10�9 8.26 � 10�7 0.03

Vitamin D Supplementsg

No 355,990 (80.80) Reference Reference Reference Reference Reference
Yes 81,893 (18.59) 0.36 (0.35, 0.37) 0.30 (0.21, 0.44) 0.40 (0.36, 0.46) 0.45 (0.39, 0.51) 0.52 (0.44, 0.60)
P <1.0 � 10�300 9.53 � 10�10 3.52 � 10�48 1.84 � 10�32 4.54 � 10�17

Oily Fishh

Never 47,748 (10.84) Reference Reference Reference Reference Reference
1 per wk or less 310,582 (70.49) 0.67 (0.65, 0.69) 0.44 (0.24, 0.79) 0.71 (0.63, 0.80) 0.59 (0.46, 0.75) 0.81 (0.66, 0.99)
>1 per wk 79,138 (17.96) 0.45 (0.43, 0.47) 0.28 (0.14, 0.54) 0.41 (0.35, 0.49) 0.29 (0.23, 0.38) 0.50 (0.39, 0.63)
P <1.0 � 10�300 7 � 10�4 3.97 � 10�25 1.08 � 10�32 2.47 � 10�11

Time Outdoor Summeri

<1 hr 18,424 (4.18) Reference Reference Reference Reference Reference
1e2 h 128,535 (33.36) 0.65 (0.62, 0.68) 0.95 (0.65, 1.38) 0.83 (0.7, 1.00) 0.97 (0.76, 1.25) 0.60 (0.47, 0.78)
�3 hrs 267,912 (94.16) 0.40 (0.38, 0.42) 0.58 (0.39, 0.87) 0.72 (0.6, 0.86) 0.89 (0.70, 1.12) 0.62 (0.48, 0.79)
P <1.0 � 10�300 4 � 10�3 4 � 10�4 0.31 2 � 10�4

Time Outdoor Winterj

<1 hr 82,698 (18.77) Reference Reference Reference Reference Reference
1e2 h 235,453 (53.44) 0.80 (0.78, 0.82) 0.80 (0.59, 1.08) 0.86 (0.76, 0.97) 1.07 (0.92, 1.25) 0.87 (0.74, 1.01)
�3hrs 96,553 (22.91) 0.65 (0.62, 0.67) 0.62 (0.38, 1.00) 0.81 (0.69, 0.94) 1.03 (0.88, 1.21) 0.90 (0.76, 1.08)
P 2.28 � 10�132 0.10 0.01 0.64 0.20

Leisure TVk

<1 hr 35,011 (7.95) 1.20 (1.16, 1.25) 0.99 (0.65, 1.51) 0.90 (0.75, 1.06) 0.86 (0.70, 1.06) 0.93 (0.76, 1.13)
1e2 h 172,769 (39.21) 1.02 (1.00, 1.04) 0.86 (0.64, 1.14) 1.08 (0.97, 1.20) 0.93 (0.82, 1.04) 1.05 (0.93, 1.20)
�3hrs 228,525 (51.87) Reference Reference Reference Reference Reference
P 3.74 � 10�19 0.52 0.07 0.23 0.42

Leisure Computerl

<1 hr 211,891 (48.09) 0.80 (0.77, 0.83) 0.83 (0.57, 1.20) 1.11 (0.96, 1.30) 0.92 (0.79, 1.08) 0.84 (0.71, 1.00)
1e2 h 180,905 (41.06) 0.79 (0.77, 0.82) 0.70 (0.49, 0.99) 0.97 (0.83, 1.13) 0.95 (0.82, 1.10) 0.94 (0.80, 1.11)
�3hrs 43,284 (9.82) Reference Reference Reference Reference Reference
P 4.24 � 10�40 0.12 0.04 0.59 0.09

Use of Sun Protectionm

Avoid sunshine 2,646 (0.60) 3.63 (3.23, 4.08) 1.91 (0.82, 4.47) 1.18 (0.81, 1.70) 1.02 (0.68, 1.51) 1.62 (1.00, 2.63)
Never - sometimes 191,043 (43.36) Reference Reference Reference Reference Reference
Mostly/always 245,498 (55.72) 0.76 (0.75, 0.78) 0.63 (0.46, 0.86) 0.88 (0.77, 1.00) 0.87 (0.74, 1.01) 0.84 (0.73, 0.95)
P 2.77 � 10�259 3 � 10�3 0.10 0.19 2 � 10�3

Smokingn

Non-smokers 240,002 (54.47) 0.54 (0.52, 0.56) 0.61 (0.38, 0.98) 0.99 (0.83, 1.17) 0.64 (0.54, 0.75) 0.73 (0.62, 0.86)
Ex-smokers 152,475 (34.61) 0.53 (0.51, 0.54) 0.60 (0.34, 1.05) 0.79 (0.64, 0.96) 0.79 (0.65, 0.96) 0.64 (0.53, 0.76)
Current smokers 45,900 (10.42) Reference Reference Reference Reference Reference
P <1.0 � 10�300 0.11 6 � 10�3 6.36 � 10�8 6.62 � 10�6

Ethnicity N for: a415,903 (94.40%); b1,383 (0.31%); c7,880 (1.79%); d6,896 (1.57%); e6,473 (1.47%); Missing 2046 (0.46%).
Missing N for: f3,711 (0.84%); g2,698 (0.61%); h3,113 (0.71%); i25,710 (5.84%): j25,877 (5.87%); k4,276 (0.97%); l4,501 (1.02%); m1,394 (0.32%); n2,204 (0.50%).
oConstructed using ethnic specific BMI quartiles.
All models were weighed by 1ekinship coefficient, and adjusted for age, sex, latitudinal location, 25(OH)D acquisitionmonth, 25(OH)D aliquot, fasting upon serum acquisition,
Townsend deprivation index, BMI, physical activity, smoking.
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5. Conclusion

Vitamin D deficiency remains a major public health issue
throughout the UK, particularly in lower socioeconomic areas and
Asian and Black African populations. These findings justify the
provision of effective and targeted public health measures aimed at
reducing vitamin D deficiency at a population level, and in
vulnerable subgroups.
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