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Food-based strategies for prevention of vitamin D
deficiency as informed by vitamin D dietary
guidelines, and consideration of minimal-risk UVB
radiation exposure in future guidelines

Kevin D. Cashman

There is widespread acknowledgement of the presence of vitamin D deficiency in the community and the

pressing need to address this. From a public health perspective, emphasis has been placed on addressing

vitamin D deficiency through dietary means. However, naturally rich food sources of vitamin D are few

and infrequently consumed, and nutrition survey data from various countries have indicated that habitual

vitamin D intakes in the community are much lower than the current vitamin D dietary guidelines. This

review will briefly overview the extent of vitamin D deficiency within the community, its causes, and how

our food chain, once its embraces the evidence-based practise of food fortification and potentially bio-

fortification, can cater for meeting the dietary vitamin D needs of the community. Finally, international

authorities, briefed with establishing vitamin D dietary guidelines over the past decade, have struggled

with uncertainties and gaps in our understanding of the relative contribution of sunshine and diet to

vitamin D status and vitamin D requirements for health maintenance. The review will also consider how

emerging evidence of a possible minimal-risk UVB radiation exposure relative to skin cancer that also

enables vitamin D production could greatly inform future vitamin D dietary guidelines.

1. Introduction

While there are many areas of controversy and debate within
the vitamin D field, some points are undisputed. For example,
vitamin D is undoubtedly an essential nutrient for the human
body1 and, worryingly, there is widespread acknowledgement
of the presence of vitamin D deficiency in the community.2

There is a pressing need to tackle this deficiency and it
requires implementation of corrective and preventive public
policy.3 Estimates of dietary requirements for vitamin D are
crucial from a public health perspective in providing a frame-
work for prevention of vitamin D deficiency and optimizing
vitamin D status of individuals.4 In recognition of these
points, over the last 10 years there has been re-evaluations of
vitamin D recommendations by at least six expert bodies
within the Northern hemisphere and these have established
intake requirements between 10 and 20 μg d−1, reviewed in
detail elsewhere.5–7 Habitual vitamin D intakes by many
within the community are below these estimates of intake
requirement,1,8,9 which contribute to increased risk of vitamin
D deficiency when ultraviolet B (UVB)-induced synthesis in the

skin is limited. This clearly points towards the necessity for
creative, and sustainable, food-based solutions to bridge the
gap between current dietary intakes and recommendations.
This review will briefly overview the extent of vitamin D
deficiency within the community, its causes, and how our food
chain (current and future) can cater for meeting the dietary
vitamin D needs of the community, especially if components
of it are modernised in relation to fortification with vitamin
D. Lastly, as most of this decade’s vitamin D recommendations
were established in the context of presumed absence or mark-
edly diminished dermal production of vitamin D, the review
will consider how emerging evidence of a possible minimal-
risk UVB radiation exposure relative to skin cancer that also
enables vitamin D production could greatly inform future
vitamin D dietary guidelines.

2. Extent of vitamin D deficiency
within the community

While universal agreement on the definition of vitamin D
deficiency is yet to be reached, the majority of expert bodies
have suggested serum 25(OH)D concentrations below 25 or
30 nmol L−1 are indicative of increased risk of clinical vitamin
D deficiency as it relates to nutritional rickets and
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osteomalacia.1,10–15 Estimates of the prevalence of vitamin D
deficiency using serum 25(OH)D < 30 nmol L−1 in representa-
tive population samples in the US (n = 16 180),16 Canada (n =
11 336)17 and Europe (n = 55 844)18 have been reported as
5.0%, 7.4% and 13%, respectively. It should be stressed that
these prevalence data, based on average yearly population-wide
estimates, do not capture the differences by ethnicity in these
regions, which can be significant. For example, across ethnic
groups in the National Health and Nutrition Examination Survey
(NHANES) 2011–2014 in the US, the prevalence of serum 25
(OH)D < 30 nmol L−1 in non-Hispanic white, Hispanic, non-
Hispanic Asian and non-Hispanic blacks have been recently
reported as 2.1%, 5.9%, 7.6% and 17.5%, respectively.16 A
recent analysis of ethnic differences within the Canadian
Health Measures Survey Cycles 1–3 showed that the prevalence
of serum 25(OH)D < 30 nmol L−1 was 6% in white versus 20%
in non-white Canadians.19 Dark-skinned ethnic groups within
Europe are also worryingly at much increased risk of vitamin D
deficiency compared to their white counterparts (prevalence <
30 nmol L−1 in the range 28–65%, depending on the country
and the ethnic group).18,20

3. Why is vitamin D deficiency
prevalent within the community?

There is no one single underlying reason for vitamin D
deficiency, but the combination of low UVB availability and/or
exposure coupled with a low dietary vitamin D supply are of
key importance.21 The major source of vitamin D in humans is
via the action of UVB radiation (290–315 nm) in sunshine on
skin,1 with estimates of synthesis in the skin providing
80–100% of the vitamin D requirements of the body.22

However, there are several environmental factors that impede
year-round synthesis, such as season, latitude and prevailing
weather conditions, which determine the availability of UVB to
stimulate the conversion of 7-dehydrocholesterol in the skin to
pre-vitamin D3.

21 This vitamin D-effective UVB availability was
recently modelled for nine European countries/regions using a
validated UV irradiance model.23 The results showed that UVB
availability decreased with increasing latitude (from 35°N to
69°N), while all locations exhibited significant seasonal vari-
ation in UVB. The number of months in which UVB availability
was too low to allow for synthesis of vitamin D in the skin,
referred to as the “vitamin D winter”, was estimated to range
from being largely absent in the very south of Europe to
lasting for as long as 7 or 8 months in Northern Europe.23

Beyond vitamin D-effective UVB availability, personal charac-
teristics, such as skin pigmentation, age, attire, sunscreen
usage, working environment, outdoor physical activity and sun
exposure behaviour, can also prevent or impede vitamin D
synthesis.1,24 For example, melanin in skin reduces the pene-
tration of UVB,25 and thus contributes, at least in part, to
lower vitamin D status in dark-skinned individuals, as men-
tioned above.16,18–20 Dermal synthesis of vitamin D is less
efficient in older than in younger adults.26

In the absence of sufficient UVB availability/exposure to
enable synthesis in the skin, dietary supply of vitamin D is
critical to meeting population requirements and prevention of
vitamin D deficiency.21 However, national nutrition surveys in
Europe and the US highlight how mean population intake of
vitamin D is in the range 3–8 μg d−1, depending on the
country.8 There are also ethnic-related differences in vitamin D
intake within some of these populations. As an example, while
data from the National Diet and Nutrition Survey [NDNS]
rolling programme in the UK suggest median vitamin D
intakes of 3 to 4 μg d−1 for adults and older adults (86.3%
white),27 of note, data from the UK Biobank cohort (with 8024
South Asians, aged 40–69 years) suggest a median vitamin D
intake of only 1.0, 1.5, 3.0 μg d−1 for Indian, Pakistani and
Bangladeshi, respectively.28 This lower intake coupled with
skin pigmentation contributes to the higher prevalence of
serum 25(OH)D < 30 nmol L−1 among Asian participants
(59.6%; n = 52) compared with 19.6% in white participants (n
= 1359) within the NDNS.18

From a public health perspective, the percentage of the
population with a habitual daily nutrient intake lower than the
Estimated Average Requirement (EAR) is taken as an estimate
of the percentage of the population with probable inadequate
intakes.29 Thus, there is a significant gap between the afore-
mentioned typical intakes and the EAR for vitamin D of 10 μg
d−1 and, on this basis, the vast majority of individuals in
North America and Europe, with the exception of some Nordic
countries, have inadequate intakes of vitamin D.9,30–34 While
often referred to as a possible means of closing this gap,
relying on supplements as an appropriate public health strat-
egy to increase intakes across the population has intrinsic
limitations because supplements are only effective in those
who consume them, and their uptake across the population is
usually lower than ∼40%, on average.34–36 There is also the
potential for overdosing with vitamin D supplements. For
example, the NHANES assessment of trends in supplemen-
tation shows that daily supplemental vitamin D intake of
100 μg (the current Tolerable Upper Intake Level [UL] for
vitamin1), or more, prior to 2005–6 was less than 0.1%, but
thereafter climbed to 3.2% in 2013–14.37 Instead, emphasis
has been placed on food-based approaches for addressing
inadequacy of dietary vitamin D within the population.2,5,8,38

4. The current food supply of vitamin
D and how its needs to change to
cater for meeting the dietary vitamin D
needs of the community

There are very few food sources rich in vitamin D. For
example, out of a total of approximately 2000 food codes in the
UK’s food composition database,39 expressed per 100 g of
food, only 3% of foods have vitamin D contents in the range
1.5–5 μg per 100 g and a mere 1% each have vitamin D con-
tents in the range 5–10 and >10 μg per 100 g, respectively (see
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Table 1). In the case of the latter two higher content categories,
fish and fish products made up 70% and 78% of the foods
codes, respectively,39 but fish are not frequently consumed by
many in the population.27,34 Even within the 1.5–5 μg per
100 g category, 35% of food codes were again fish, with eggs
and egg products as well as meat and meat products making
up 17% and 10%, respectively.39 While collectively accounting
for between approximately a third to two-thirds of the mean
daily vitamin D intake, in quantitative terms, these three food
groups still only each contributed ≤1 μg d−1 towards the mean
vitamin D intakes of adult participants in the Irish and UK
national nutrition surveys.27,34

While encouraging greater consumption of these relatively
vitamin D-rich foods within the community would undoubt-
edly enhance vitamin D intakes, of note, there have been
recent calls for a radical transformation of the global food
systems, with emphasis on increased consumption of plant-
based foods and reductions in animal-derived foods for many
as part of a more sustainable flexitarian type diet.40 It is now
feasible, however, to further increase the vitamin D content of
some of these animal-derived foods by use of a vitamin
D-biofortification process, which at minimum could mitigate a
potential decrease in population vitamin D intakes in
Westernised countries which adopt such food systems trans-
formations, if not facilitating an increase in vitamin D intake
in those countries that maintain the more typical western diet.
In the biofortification process, the animal-derived food
produce has increased vitamin D and/or 25-hydroxyvitamin D

contents by virtue of addition of vitamin D and/or 25-hydroxy-
vitamin D (where permissible) to the respective farmed fish,
livestock, or poultry feeds.5 Encouragingly, data from recent
animal feeding trials highlight how this approach can increase
the total vitamin D content of eggs, beef, pork and farmed
Atlantic salmon by 1.7- to 3.6-fold, depending on the food as
well as the form and dose of vitamin D added to the
feedstuffs.41–45 Furthermore, and of importance, evidence
from randomized controlled trials (RCTs) with these eggs and
salmon highlight their effectiveness in positively influencing
serum 25(OH)D status in adults and older adults;41,45 however,
such studies with vitamin D-biofortified beef or pork have yet
to be undertaken.21

A traditional fortification approach (i.e., exogenous nutrient
is added to the food in controlled amounts; whether on a man-
datory or voluntary/optional basis) to increasing intakes of
vitamin D within the population has been implemented by
many countries.46 The WHO–FAO have suggested that of the
three strategies that can be considered for addressing micronu-
trient inadequacies, food fortification has potentially the
widest and more sustained impact, and is generally more cost-
effective than other interventions.38 Such traditional fortifica-
tion of breakfast cereals with vitamin D explains how they can
contribute 5% and 13% to the mean daily intake in UK and
Irish adults, respectively,27,34 when most plant-based foods,
including cereals, naturally have no or very low vitamin D
content.39 Approximately 26% of participants in the Irish
nutrition survey consumed vitamin D-fortified breakfast

Table 1 Vitamin D content of top 5 percent of food codes with richest content within the UK food composition database39

Category Food(s)a
Vitamin D content
(μg per 100 g)

≥10 μg vitamin D per 100 g (23
food codes)

Cod liver oil 210
Herring (salted and smoked, grilled, pickled) 10.9–25
Cod roe 18
Salmon (pink or red – canned in brine, smoked, wild – baked or grilled) 10.1–13.6
Sprats 13
Jackfish 13
Chicken egg yolk 12.6–12.8
Kippers (cooked, grilled) 10.1–11.1
Chicken whole egg, dried 12.2

5–10 μg vitamin D per 100 g
(27 food codes)

Salmon (wild or farmed – steamed, rock salmon, smoked, grilled) 6.8–9.8
Kippers (flesh only grilled) 9.0
Baking fat/margarine 5.8–8.8
Mackerel 8.2–8.5
Trout 7.1–8.2
Sardines 5.1
Breakfast cereal 8.3
Duck eggs 5

1.5–5 μg vitamin D per 100 g
(69 food codes)

Fish and fish products, various (24 codes, including fish fingers, herring roe, sushi,
salmon, eel, sardines, tuna, red snapper, pangasius)

1.5–4.9

Powdered drinks 2.1–4.5
Meat and meat products (pork ribs, weiner schnitzel, chicken skin, beef burger, minced
veal, pork fat)

1.5–2.1

Egg and egg dishes (omelette, fu yung, scrambled eggs, fried eggs, boiled eggs, poached
eggs, fried eggs)

1.8–4

Breakfast cereal, various (9 codes) 3.9–4.7
Fat spreads 3–4.5
Milk (evaporated, dried) 1.5–3.1

aMay contain the same food but cooked/processed in different ways, in which case content range is provided.
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cereals.34 It has been suggested that optimal food vehicles
selected to deliver adequate vitamin D to the majority of the
population are those that are frequently consumed population
wide, affordable, and accessible.6 Data from NHANES
2011–2014 in the US and the 2015 Canadian Community Health
Survey—Nutrition both show that ∼40% of the mean daily
vitamin D intake of adults is from milk and dairy alone.30,47

The US and Canada have a long experience of traditional forti-
fication of food, especially of milk/dairy foods and margarine,
a practice which has its origins in these countries’ response to
childhood rickets.8 From a European perspective, Finland is
the country with the most progressive vitamin D fortification
of milks and spreads, and the beneficial impact of this on
population vitamin D status has been illustrated recently.48,49

In other European countries where fortification of milk is
voluntary and the uptake is far less than in the US or Finland,
the impact of vitamin D-fortified milk and dairy on adequacy
of intake of the vitamin is understandably low. For example,
data from national nutrition surveys in the UK and Ireland
show that in general the percentage contribution that milk
and dairy makes to the mean daily intake of vitamin D are low
(≤7%) for those aged 11 years upwards in both
populations.27,34 It has been suggested that compared to man-
datory, voluntary fortification is less likely to produce an
impact on micronutrient status, as it does not create a level
playing field for food producers, thereby increasing the risk
that industry may focus on higher cost or niche products
rather than ones aimed at higher risk consumers who have
limited vitamin D intake from other sources.50

The problem of fortifying a single food staple, e.g., milk, or
focusing on a commodity sector such as dairy, is that it does
not increase the vitamin D supply in non- or low consumers.51

Thus, while acknowledging the valuable contribution fortified
milk makes to vitamin D intakes among consumers, particu-
larly in children, and the continued need for fortification of
milk and other dairy products, it has been suggested that
additional strategic approaches to fortification, including
potentially biofortification, of a wider range of foods, have the
potential to increase vitamin D intakes in the population.8,51

In terms of diversification of food fortification, there is good
evidence from both food-based RCTs and dietary data model-
ling exercises that fortification of flour for bread baking with
vitamin D can have significant impact in terms of improving
vitamin D intakes and status.52–55 It should also be said that
the safety profile of vitamin D-fortified bread and/or milk in
terms of risk of intakes exceeding the UL for vitamin D in
population intake data modelling exercises has been shown to
be very good.32,53 Also, as mentioned above, in light of recent
calls for a more sustainable flexitarian type diet,40 the fortifica-
tion of non-animal derived foods, such as cereals, bread,
edible oils, and possibly biofortification of edible mushrooms
using UV irradiation, with vitamin D may be of increasing
importance for the World’s population.21

The WHO has suggested that one of the greatest challenges
facing the global health community is how to take proven
interventions and implement them in the real world.56 Food

fortification with vitamin D is one such example where the evi-
dence of its effectiveness is of a very high order, and progress
towards its implementation becomes key for those countries
where the prevalence of serum 25(OH)D < 30 nmol L−1 warrant
it. While there is no one-size fits all, there are general prin-
ciples and guidance in terms of food fortification, particularly
in the form of the FAO–WHO guidelines,38 as well as the
experience of countries like the US, Canada and Finland. Not
only implementation, but subsequent evaluation of any
vitamin D fortification policies considered relevant in those
countries where is its deemed necessary, are of critical impor-
tance in terms of addressing vitamin D inadequacy in the
community.3

5. Vitamin D dietary guidelines as
target intakes for food-based
strategies, and the potential impact of
minimal-risk UVB radiation exposure
on their future guidelines

Uncertainty and gaps in the available data about the relative
contribution of sunshine and diet to vitamin D status and
vitamin D requirements for health maintenance have pre-
sented considerable difficulty for each of the international
authorities who have set new dietary recommendations for
vitamin D over the last decade.1,10–12 Consequently, each have
followed an approach that prioritizes the identification of
vitamin D intake values that will maintain serum 25(OH)D
concentrations above chosen cut-offs when dermal production
of vitamin D is absent or markedly diminished. While not
focussed on establishing dietary recommendations for vitamin
D, the Public Health England Advisory Group on Non-Ionising
Radiation did comprehensively consider and report on sunlight
exposure of the skin’s contribution to vitamin D production
and status.57 On completion of their respective exercises, the
various international authorities have highlighted vitamin D
research recommendations and needs, several of which relate
to sun and UVB (see Table 2).

While the need to further clarify how physiological factors
(e.g., skin pigmentation, genetics, age, body weight and body
composition) and environmental factors (e.g., sunscreen use)
affect vitamin D synthesis has been stressed,1,10,11 one key rec-
ommendation, set out by the US Institute of Medicine (IOM)
in 2011, was the need to investigate whether a minimal-risk
UVB radiation exposure relative to skin cancer exists that also
enables vitamin D production.1 It has been shown that high-
level ultraviolet radiation (UVR) exposure conditions (such as
those attained during sunbathing or ski holidays) increase not
only serum 25(OH)D concentrations in white individuals but
also biomarkers of epidermal DNA damage, such as urinary
levels of cyclobutane pyrimidine dimers (CPD).58,59 Of impor-
tance, since publication of the IOM report in 2011, there have
also been a limited number of studies which have tried to
address the balance between minimal-risk UVB exposure and
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synthesis of vitamin D in skin. These highlight how UVR
exposure pattern and dose as well as skin phototype may
colour conclusions drawn on the concurrent beneficial and
hazardous impact of sunlight exposure.60–62 For example,
Felton et al. performed an experimental study to determine
the dual impact of repeated simulated low-level summer sun-
light exposures on vitamin D status and DNA damage/re-pair
in light-skinned (phototype II, n = 10) and brown-skinned
adults (phototype V, n = 6).60 The UV exposure (1.3 standard
erythema dose; 35% skin surface area exposed, 3 times a week
via an irradiation cabinet) over 6 weeks was provided in
January and February when ambient UVB is negligible at UK
latitudes,23 and was intended to approximate 13–17 minutes
exposure to June midday sunlight exposure for most days of
the week. Mean serum 25(OH)D concentration increased sig-
nificantly from 36.5 to 54.3 nmol L−1 in phototype II subjects,
and from 17.2 to 25.5 nmol L−1 in phototype V subjects, over
the 6 weeks of UV exposure. In addition, the low-level UVR
exposures induced CPD (as assessed using immunostaining of
keratinocyte nuclei in sections of skin biopsies) in the white
phototype II skin, and, to a much less extent, in the brown
phototype V skin.60 Comparison of CPD following a single
UVR exposure with that after 6 weeks of repeated exposures
provided no evidence for regular low-level exposures leading to
DNA damage accumulation, pointing towards effective repair
between exposures. Nevertheless, the CPD-positive nuclei
biopsy data also showed that a substantial proportion of
damaged cells were still present 24 hours post-UVR in the
white skin, which led the authors to caution that potential
remained for mutagenesis after each DNA-damaging event.60

In a dose–response study, healthy subjects of all skin types
(I–VI, n = 6–20) were exposed to low sub-sunburn doses of UVR
(20–80% their individual sunburn threshold dose or minimal
erythema dose [MED]).61 For context, UVR levels at 20% MED
are profoundly lower than those causing visibly detectable
erythema. These doses were achieved using an irradiation
cabinet (35% skin surface area exposed), with a month
allowed between exposures. Blood was sampled immediately
before and 1 week after UVR exposure and analysed for 25(OH)
D. Skin biopsies, taken unexposed as well as 15 minutes and

48 hours after UVR, were used for estimation of total CPD
levels. The study showed that there was no influence of skin
type on response of serum 25(OH)D or on CPD in skin biop-
sies, with mean UVR effects over the dose range of 1.6 nmol
L−1 increase in serum 25(OH)D and 0.13 arbitrary unit
increase in CPD for every 20% MED increment.61 Of note, no
dose could be identified at which 25(OH)D was produced
without detectable DNA damage, irrespective of skin type. This
is in contrast to a report of lower DNA damage in individuals
with skin type II than IV given an equivalent 65% MED.62

Assessment of CPD levels at 48 hours after UVR showed that
most of the CPD evident immediately after UVR (15 min) had
been repaired.61 Also of note, while all skin types gained equi-
valent serum 25(OH)D and total epidermal CPD levels, people
with the lightest skin (types I–III grouped) showed little CPD
gradient across the epidermis, whereas those with the darkest
skin (types IV–VI grouped) showed a steep gradient, with
highest measured CDP levels in the superficial epidermis and
virtually no detectable damage in the germinative basal
layer,61 where UVR is most likely to initiate skin cancers. This
is suggestive of an increasingly favourable balance of vitamin
D and DNA damage responses toward dark skin types, and in
lighter skin types, even low sub-sunburn UVR levels produce
DNA damage in basal cells, where carcinogenic risk is greatest,
despite concurrent vitamin D synthesis. This is consistent with
the much lower skin cancer incidence seen in people with
darker skin types.63

Overall, the findings of these controlled low-dose summer
sunlight equivalent exposure studies are encouraging in that
they provide evidence of benefits in terms of enhancement of
vitamin D status in light-skinned people which are concurrent
with low-level, non-accumulating DNA damage. However, they
also raise a caution in that unrepaired cutaneous DNA
damage, especially at a basal cell level, were seen at
24–48 hours following even these low, sub-erythema, UVR
doses.60,61 Agreement on whether such findings support or
challenge guidance on gaining vitamin D “safely” through
brief sun exposures below their visible sunburn level,64,65 is of
high priority in terms of informing future vitamin D dietary
guideline evaluations. For example, should it be the latter

Table 2 Research recommendations related to areas of vitamin D photobiology arising from vitamin D dietary reference value revision exercises

International expert group responsible for vitamin D
dietary guidelines (year of their report) Research recommendations related to sun/ultraviolet B (UVB) and vitamin D

The US Institute of Medicine (2011)1 Clarify the influence of age, body weight, and body composition on serum 25(OH)D
levels in response to intake/exposure

The US Institute of Medicine (2011)1 Investigate whether a minimal-risk UVB radiation exposure relative to skin cancer
exists that also enables vitamin D production

The US Institute of Medicine (2011)1 Clarify how physiological factors such as skin pigmentation, genetics, age, body
weight, and body composition influence vitamin D synthesis

The US Institute of Medicine (2011)1 Clarify how environmental factors such as sunscreen use affect vitamin D synthesis
The UK Scientific Advisory Committee on Nutrition
(2016)10

Further research is required on the effect of aging on cutaneous vitamin D synthesis

The European Food Safety Authority (2016)11 There is a need for further research to study the respective impact of vitamin D dietary
intake and sunlight exposure on serum 25(OH)D concentrations

The European Food Safety Authority (2016)11 Future studies should investigate food-based strategies to ensure adequate vitamin D
intakes accounting for latitude, sunlight exposure and diet
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case, then the various international authorities, at least for
light-skinned people, are likely to retain their current approach
that prioritizes the identification of vitamin D intake values
that will maintain serum 25(OH)D concentrations above
chosen cut-offs when dermal production of vitamin D is
absent or markedly diminished. There is an increasing evi-
dence-base which supports the tailoring of recommendations
for different skin types both with regards to skin cancer/DNA
damage and vitamin D production,60,61,63,66 and these could
be taken account of. If on the other hand, there is agreement
there is a threshold UVR level, below which risk of DNA
damage in epidermis is minimal in white skin, and yet is
sufficient to allow meaningful synthesis, it could have very
important impact on future vitamin D dietary guideline
evaluations.

For example, it would allow more emphasis be placed on an
approach which quantifies the sun exposure required to meet
vitamin D status targets year-round and whether this can be
achieved in a simply defined manner as an alternative to
increasing the oral intake of vitamin D to meet dietary rec-
ommendations. Webb et al. recently performed calculations
and modelling of the time necessary to be spent outdoors in
the UK to ensure adequacy of vitamin D status (i.e., serum 25
(OH)D ≥ 25 nmol L−1) year-round, without being sunburnt
under the differing exposure scenarios evaluated.67 The model-
ling showed that, in specified conditions, white individuals
across the UK need 9 minutes of daily sunlight at lunchtime
from March through to September so as to maintain serum 25
(OH)D concentration ≥25 nmol L−1 during winter, when status
would naturally be at its nadir.67 This estimate assumes that
forearms and lower legs (representing 35% skin surface area)
are exposed unprotected from June to August, while in the
remaining, cooler months only unprotected hands and face
need to be exposed (representing 10% skin surface area). The
modelling also found that exposing only unprotected hands
and face throughout summer did not maintain serum 25(OH)
D concentration ≥25 nmol L−1 during winter.67 It should be
stressed that a 25 nmol L−1 threshold is the minimum used by
an international authority with many agencies selecting 40 or
50 nmol L−1 as the basis for their dietary
recommendations.1,11–13 Thus, to achieve these higher serum
25(OH)D thresholds via the sun exposure route only will dra-
matically increase the required minutes of summer sun
exposure needed. It is also acknowledged by both research
groups and agencies that there is a need for further research
based on natural sunlight exposure to complement existing
data which is based on extrapolation of UVR from artificial
sources to solar UVR.10,60

Guzikowski et al.65 in their data modelling showed how
10 minutes of near-noon sun exposure of 10% and 33% skin
surface area by white young (<21 years) adults in the UK
during each month of the year could be translated to vitamin
D intake-equivalent estimates. These estimates allow us to see
how UVR exposure under different constructs goes some, if
not all, of the way towards meeting existing dietary vitamin D
recommendations. Using the UK Scientific Advisory

Committee on Nutrition’s recommended vitamin D intake of
10 μg day−1 (needed to maintain 97.5% of the population with
serum 25(OH)D ≥ 25 nmol L−1 (ref. 10)) as a benchmark
shows that during the “vitamin D winter” in the UK (i.e.,
October–March23) even exposing 33% of the whole body for
that 10 minutes would only equate to an oral vitamin D intake
of between 2–7 μg day−1 (0–2 μg day−1 with 10% of the whole
body exposed),65 dependent on the month. In contrast, the
10 min exposure during April to September (the sunnier part
of the year) would equate to an intake in the range of 14–28 μg
day−1 (4–8 μg day−1 with 10% of the whole body exposed),
dependent on the month. The Guzikowski et al.65 data would
also predict that a 10 min exposure, but using the exposure
pattern suggested by Webb et al.67 above i.e. 35% from June to
August and 10% for March–May plus September, would
provide for vitamin D intake equivalent estimates in the range
of 21–18 μg day−1 and 2–7 μg day−1, respectively, dependent on
the month. Thus, summer UVR exposure of unprotected skin,
if agreed to be “safe”, is highly effective in satisfying vitamin D
needs, but is relatively ineffective during the “vitamin D
winter” months at Northerly latitudes. This is why the various
current dietary recommendations were established in the
context of presumed absence or markedly diminished dermal
production of vitamin D.

Finally, should there be agreement that it is possible to
gain vitamin D “safely” through brief sub-erythemal summer
sun exposure, this could still impact on dietary recommen-
dations, even if authorities wish to continue establishing such
vitamin D intake values to cover needs during the winter
period when UV’s contribution would be expected to be
minimal. For example, similarly to the impact of brief summer
sunshine exposure on winter prevalence of serum 25(OH)D
concentration ≥25 nmol L−1, as highlighted by Webb et al.,67

we had shown previously that when self-reported data on
summer sun exposure by older adults (>64 years) were incor-
porated into the modelling to establish the dietary require-
ments for vitamin D in winter-time; the vitamin D intakes that
maintained serum 25(OH)D concentrations ≥25 nmol L−1 in
97.5% of individuals were 7.9 μg d−1 in those who were
exposed to a minimum of 15 min d−1 of summer sunshine
and 11.4 μg d−1 in those who were not.68 We found a similar
effect of sun preference in younger adults (20–40 years).69

The above example is just one where collaboration between
photobiologists and nutritionists can make important contri-
butions to public health guidelines and policy; there are many
other examples but these are outside the scope of the present
review.

6. Conclusions

There have been a number of re-evaluations of dietary guide-
lines for vitamin D by expert groups in the Northern hemi-
sphere over the last 10 years. Despite this, however, vitamin D
deficiency is still common. This is largely as a consequence of
a vitamin D winter with limited UVB availability, limited per-
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sonal UVB exposure for some individuals even in the presence
of ample UVB, and inadequate dietary supply, amongst other
factors. Accordingly, increasing vitamin D intakes across the
population distribution is important from a public health per-
spective to reduce the high degree of inadequacy of vitamin D
intake, and fortification, including biofortification, of a range
of foods, which accommodate diversity, is key in this regard.

The current dietary guidelines for vitamin D were beset by
uncertainty and gaps in the available data about the relative
contribution of sunshine and diet to vitamin D status and
vitamin D requirements for health maintenance.1,10–12

Consequently, they were established using an approach that
prioritizes the identification of vitamin D intake values that
will maintain serum 25(OH)D concentrations above chosen
cut-offs when dermal production of vitamin D is absent or
markedly diminished. Should there be agreement on whether
a minimal-risk UVB radiation exposure relative to skin cancer
that also enables vitamin D production exists, it could have a
major bearing on further revisions of dietary guidelines for
vitamin D. The increasing evidence-base on differential impact
of UVR in relation to skin cancer/DNA damage and vitamin D
production in different skin types will also be of importance in
further revisions of dietary guidelines for vitamin D. Such
skin-type specific recommendations for safe sunlight exposure
are evident in recent vitamin D advice around the Covid-19
pandemic.70
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