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Abstract

A systematic review of publications addressing change in vitamin D status 
(25-hydroxyvitamin D (25OHD)) after exposure to UV radiation identified 2001 independent 
peer-reviewed publications. Of these, 21 used artificial sources of UV radiation, met all 
inclusion criteria and were quality assured; 13 publications used solar radiation and met 
sufficient inclusion criteria to be retained as supporting evidence; 1 further included 
publication used both solar and artificial sources. The review consistently identified that 
low dose, sub-erythemal doses are more effective for vitamin D synthesis than doses 
close to a minimum erythema dose; increasing skin area exposed increases the amount 
of vitamin D synthesised although not necessarily in a linear manner; constant dosing 
leads to a dose-dependent plateau in 25OHD, and dose–response is greatest at the start 
of a dosing regime; there is a large interpersonal variation in response to UV exposure. 
Fourteen of the studies using artificial sources of radiation were used to determine a 
dose–response relationship for change in 25OHD on whole-body exposure to repeated 
sub-erythemal doses of UV radiation, taking the form Δ25OHD (nmol/L) = A ln(standard 
vitamin D dose) + B. This helps quantify our understanding of UV as a source of vitamin 
D and enables exposure regimes for safe synthesis of vitamin D to be assessed. Specific 
studies of people with pigmented skin (Fitzpatrick skin types 5 and 6) were rare, and this 
dose–response relationship is only applicable to white-skinned individuals as skin type 
is a determinant of response to UV radiation. Findings provide information for vitamin D 
guidance updates.

Introduction

It is established that vitamin D is an essential part of 
maintaining a healthy musculoskeletal system, and it 
is hypothesised to play a role in a range of other diseases 
including support for the immune system (1).

There are two routes to acquiring vitamin D, by 
ingestion either through the diet or as supplement and 
through cutaneous synthesis initiated by the exposure 
of skin to UV radiation, specifically its UVB component. 
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Modern diets do not, in general, provide for the body’s 
vitamin D needs, leading to public health decisions to 
fortify certain foodstuffs (2) or to recommend vitamin D 
supplements for some or all of the population (3, 4, 5) in 
light of evidence that large proportions of the population 
have low vitamin D status some, or all, of the time (6, 7). 
Given the often stated assessment that 90% of the body’s 
vitamin D supply is synthesised within the skin, low vitamin 
D status, determined by circulating 25-hydroxyvitamin D 
(25OHD) level, also implies a significant lack of exposure 
to the UV in sunlight. However, encouraging more sun 
exposure contradicts long-running health campaigns, 
at least in white-skinned populations, to restrict UV 
exposure and therefore sunburn, which acts as proxy for 
skin cancer risk. While ‘little and often’ sun exposure for 
the benefits of vitamin D status can avoid the majority of 
skin cancer risks, providing such a public health message is 
complex, especially as ‘little and often’ requires a personal 
prescription dependent on an individual’s characteristics 
and location. More heavily pigmented people (brown- or 
black-skinned) retain their melanin protection against 
UVB even when ambient sunlight levels are low. Thus, 
they require more sun exposure than their white-skinned 
neighbours to serve their vitamin D needs, yet they often 
retain cultural behaviours of sun avoidance. Despite these 
complexities, to assess needs or modifications to the 
ingested route for vitamin D, supply through cutaneous 
synthesis must be understood and quantified.

Question to be answered

This systematic review aims to quantify the effects of UVB 
exposure on vitamin D status. An ideal outcome would be 
a dose–response curve for UVB dose and change in vitamin 
D status response, but there are many confounders and 
caveats to such a dose–response curve, as detailed below.

Complexities of the vitamin D pathway: from 
sunlight to status

Along the pipeline from UVB exposure of the skin to 
circulating 25OHD, several interruptions can occur. These 
are illustrated in Fig. 1 where the photoisomers (orange) 
of either previtamin D or vitamin D can, with prolonged 
exposure, accumulate at the expense of their parent isomer 
and reduce the end product of vitamin D (8, 9). The isomer 
mixture, especially around previtamin D, is also dependent 
on the spectrum of the irradiating source (10).

Vitamin D enters the circulation attached to vitamin 
D binding protein (DBP). DBP is produced in the liver 

and binds all circulating vitamin D metabolites, with 
greatest affinity for 25OHD (11), the hydroxylated form 
of the vitamin. This maintains a large circulating pool 
of 25OHD, reducing the impact of irregular supply of 
vitamin D (11). A further hydroxylation in the kidney to 
1,25-dihydroxyvitamin D (1,25OH2D) is tightly controlled 
by the endocrine system and varies little with 25OHD 
status, until reaching clear deficiency.

In a controlled clinical environment, the change in 
25OHD to a known UV dose is (usually) measured 24 h after 
UV delivery. Quantifying the response to solar UV received 
over a prolonged period in daily life is more challenging. 
A single measure of 25OHD represents a dynamic balance 
between supply of vitamin D from skin and gut, storage 
in adipose/other tissue, and use. Given the half-life of 
circulating 25OHD of several weeks, that single measure 
represents the multiple sources and sinks of vitamin D 
integrated over the previous weeks/months.

There are two major personal characteristics that 
can affect the skin’s ability to synthesise vitamin D upon 
UV exposure. First, skin type, or the amount of melanin 
in the epidermis, which is evolutionarily matched to 
solar intensity at the location of historical habitation. 
White-skinned immigrants at low latitudes have a 
greatly increased risk of sunburn and over time skin 
cancer; dark-skinned immigrants at high latitudes have 
a high risk of vitamin D deficiency, if relying on the sun  
as a source.

Secondly, age may influence vitamin D supply 
through the skin. Ability to synthesise vitamin D is 
thought to decline because the skin content of the 
precursor, 7-dehydrocholesterol (7DHC), reduces with 
age (12). However, it is unclear whether 7DHC or UV 
exposure is the limiting factor for the ambulatory older 
adult. While elderly care home residents were reported 
to show low vitamin D status (13, 14), they may also have 
very limited access to sunlight; in healthy older adults 
spending regular time outdoors, vitamin D deficiency can 
be avoided (15).

Finally, the Commission Internationale de l'Eclairage 
(CIE) action spectrum for the conversion of 7DHC to 
previtamin D (16), used here to quantify all sources of UV 
radiation in comparable units, is not universally accepted. 
It has been questioned (17, 18) and other action spectra 
suggested (19), but to date, no alternative has proven better 
supported by experimental outcome than the CIE action 
spectrum (20).

The review was commissioned to inform the  
updating of Food and Agriculture Organisation-WHO 
nutrient requirements.
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Methods

Systematic review

The preferred reporting items for systematic reviews and 
meta-analyses guidelines were used to aid reporting.

Search criteria and databases

The databases searched were Embase (including 
MEDLINE https://www.elsevier.com/solutions/embase-
biomedical-research) and Cochrane Central (https://www.
cochranelibrary.com/central/about-central). Searches were 

conducted on 19 October 2020, and eligible publications 
from the date of inception of the database were identified, 
without limitation on language.

Search terms for all databases required a term for 
vitamin D/25OHD plus a term for sunlight or UV radiation. 
For Embase and MEDLINE, an additional term indicating 
a human trial or study was required. Animal trials were 
excluded, as were conference abstracts. Full details of search 
terms are given in Supplementary data (see section on 
supplementary materials given at the end of this article).

The initial Embase and MEDLINE search returned 
1658 eligible records while Cochrane Central returned 602  

Figure 1
The cutaneous synthesis of vitamin D and path to its measured and active forms. UV radiation (specifically UVB), naturally present in sunlight, falling on 
unprotected skin, initiates vitamin D synthesis when it causes 7-dehydrocholesterol to photoisomerise to previtamin D. This is a rapid reaction. 
Thereafter, a slow heat isomerisation taking several hours results in the change from previtamin D to vitamin D. The vitamin D binds to a vitamin D 
binding protein and enters the circulation, from whence it is hydroxylated in the liver to form 25-hydroxyvitamin D, the measure of which is used to 
define vitamin D status. There are therefore several steps between the delivery of a dose of UVB to the skin, and the measurement of the response 
quantified as a change in the circulating 25OHD. The basic pathway is represented by black text in boxes. Photoproducts in orange are biologically inert 
and limit the supply of vitamin D despite prolonged exposure to UV radiation. 7DHC, 7-dehydrocholesterol; DBP, D binding protein; 25OHD, 
25hydroxyvitamin D; 1,25(OH)2D, 1,25 dihydroxyvitamin D; Transvit., transvitamin.
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Figure 2
Flow diagram of record screening and data extraction.
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(Fig. 2). On combination, 259 duplicates were removed 
leaving 2001 unique records to screen. These were uploaded 
to the Covidence system (https://www.covidence.org/) 
through which the screening was managed.

Screening criteria and screening results

Inclusion criteria were healthy children and adults (<65 
years age) of any skin type; a quantified measure of UV 
exposure that was <1 minimal erythema dose (MED), that is, 
below the threshold dose for sunburn erythema, per dose; 
baseline and outcome 25OHD levels stated; intervention 
studies, including randomised control trails (RCTs), non-
randomised control trials and non-controlled (before–
after) interventions. Exclusion criteria were pregnancy 
or lactation; any illness that might impact vitamin D or 
calcium status or metabolism; observational, case–control, 
cross-sectional, ecological and animal studies; reviews. 
Observational studies involving sun exposure and meeting 
all other criteria were later added solely to contextualise 
the intervention study findings (mainly conducted with 
artificial sources of UV). Only peer-reviewed journal 
publications with full text available were included. (Full 
inclusion/exclusion criteria are in Supplementary data).

Initial screening of titles and abstracts (by ARW and 
KC) resulted in 139 publications, reduced to 95 at initial 
full-text screening prior to data extraction. The majority of 
exclusions at the full-text stage were trial abstracts whose 
resulting publications had either already been captured or 
are not yet available, the wrong study type (cross-sectional/
observational), or patient volunteers. The process of 
selecting included studies is shown in Fig. 2.

Data extraction criteria

Manuscripts were separated into three sets for data 
extraction (RA and RK) – 32 where solar radiation was the 
source of UV, 61 using non-solar sources of UV, hereafter 
referred to as artificial UV, and 2 studies that documented 
both sources. Any uncertainties were resolved on  
discussion with a further author.

The solar exposure papers were further reduced to 
12 (21, 22, 23, 25, 26, 27, 28, 29, 30, 31, 32, 33), mainly 
by lack of sufficient information on UV exposure (e.g. 
‘normal lifestyle’ with no quantification) and/or change 
in 25OHD associated with specific exposures. Most studies 
worked with adult volunteers, but there were two groups of 
adolescents, and a small amount of work with infants (age 
<1 year). Solar exposure is quantified in one of two ways: 
by dosimetry or description of time in the sun. Dosimetry 

does not provide any indication of skin area exposed or use 
of sun protection, so supplemental information is required 
to make the best use of the data. Time in the sun, either 
quantified via a sun exposure diary or through following a 
prescribed behaviour, also requires substantial additional 
detail to enable an accurate dose to be determined (location, 
time of day, weather, skin exposure and sunscreen use, with 
an indication of behaviour, e.g. sitting in full sun/under a 
tree). Both methods of quantifying exposure are subject 
to challenges of compliance. Despite the complexities of 
determining sun exposure, it is an individual’s relationship 
with sun exposure over the course of the year that will have 
a major impact on their vitamin D status at any point in 
time. Therefore, studies were selected for analysis where 
there was a clear attempt to quantify unprotected skin 
exposure, by intermittent dosimetry, exposure diary or 
prescribed time and hour of day in the sun. To this is added 
the appropriate data from the remaining record that used 
both solar and artificial sources of UV (24). In addition, we 
added a study not originally identified in our search but 
meeting the above criteria in a large sample, albeit that 
25% of the participants were older than 65 years (34).

Artificial UV exposure manuscripts (including data 
from the record using both sources (24)) were reduced to 
22 (20, 24, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 
48, 49, 50, 51, 52, 53, 54) mainly due to lack of sufficient 
information on UV source deployed, the exposure regime 
and/or lack of before and after 25OHD measurements. All 
remaining studies represented work with adult volunteers, 
provided with a course of standardised, artificial UV 
exposures, but UV source and dosing regime varied 
significantly between studies. They were first stratified with 
respect to type of UV source used, that is, narrowband UVB 
(NB-UVB), broadband (BB) or simulated solar radiation 
(SSR), and within that by skin type of volunteer. The 
majority of studies used White Caucasian volunteers (skin 
types 1–4), two studies looked exclusively at skin type 5, 
and one at skin type 6. Several studies included volunteers 
across the full range of skin types.

The dosing regimes for artificial UV were varied 
and specified in different ways. Many of the trials used a 
standard phototherapy dosing regime, beginning with a 
low dose (skin type or MED dependent) and increasing this 
steadily with each dose to a defined maximum, or until 
adverse effect (e.g. erythema). In these cases, individual 
dose regimes were not provided, and at best the treatment 
was summarised by a mean or median cumulative dose 
over the treatment period. The most common exposure 
regimes were two or three irradiations per week for 8 
or 12 weeks, with this level of variation existing within 
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some studies without any further breakdown in reporting 
results. However, across all studies, irradiations ranged 
from a single dose to repeated dosing over 24 weeks.

Artificial UV studies did not record solar UV exposure, 
but the vast majority were conducted during the winter, 
when the effects of solar exposure are expected to be 
negligible. The main exception is the study by McKenzie 
et  al. (20) which is discussed where appropriate. Dietary 
vitamin D was not routinely determined in most studies, 
though supplement use was usually either an exclusion 
factor, recorded, or in one case (39) the UV regime was in 
addition to prescribed supplements.

Quality assessment of studies

The methodological quality of the 22 studies using 
artificial sources of UV was assessed by two researchers 
(RA and ARW), and scoring was further checked (LER), 
according to a 12-point (before–after studies) or 14-point 
scale (RCTs), to determine risk of bias as high, medium 
or low (https://www.nhlbi.nih.gov/health-topics/study-
quality-assessment-tools).

The solar UV studies have been retained as supporting 
data rather than as inputs to the dose–response curve and 
were therefore not quality assessed in this manner.

Combined dose–response

An aim of this systematic review was to explore a dose–
response relationship between UV dose and change in 
circulating 25OHD (Δ25OHD). Given the very different 
spectra of the artificial UV sources used, and in turn their 
difference from sunlight, combining data from different 
sources is only valid if all UV doses are converted to vitamin 
D effective (VDE) UV, that is the spectral UV of the source 
weighted by the vitamin D action spectrum (16). However, 
the vast majority of studies provided a UV dose in units of 
SED, where 1 SED is 100 Jm−2 of erythema effective (EE) UV 
(55). If the spectrum of the irradiating source is known, 
then the ratio of VDE:EE UV (VDE:EE) can be calculated 

and applied to the doses delivered. The vast majority of 
publications did not provide either full spectral detail of 
the specific lamps used or information on the VDE dose. 
Therefore, we have calculated the VDE:EE ratios for typical 
lamp models, using measurements of phototherapy units 
in Manchester. Where other authors have also made this 
calculation, the data are shown in Table 1 to indicate the 
degree of consistency in the ratio for the lamp type. The 
mean of all available ratios for a lamp type was applied to 
all doses specified in SED for that lamp type, to provide VDE 
doses, except in cases where the original authors supplied 
conversion factors of their own.

The solar spectrum is not constant; it changes with 
solar elevation and to a lesser extent with column ozone 
amount across the UVB part of the spectrum. The VDE:EE 
ratio therefore changes with solar elevation and ranges 
from about 2 at low latitudes/mid-summer/noon to 
around 1 or below at high latitudes/mid-winter/sunrise 
or sunset. Study (20) illustrates this with the VDE:EE 
ratios of noontime sunlight in New Zealand, these being 
1.22 in winter and 2.01 in summer. In Manchester, UK, 
the equivalent figure is 1.89 (midsummer noon). Given 
that low elevation sunlight is ineffectual for vitamin D 
synthesis and also represents a small part of most summer 
day doses, a representative VDE:EE ratio of 1.89 was used 
for Manchester data and locations at equivalent latitudes, 
while 2.0 was used for locations closer to the equator.

Having converted all data from artificial UV sources 
to VDE doses, data from all studies with 'whole-body' 
exposure (i.e. just eyes and genitalia covered, ~90% 
skin surface area exposed) at sub-erythemal doses were 
combined to provide a single dose–response relationship. 
(56) has suggested that a dose ~1 MED marks the point 
where production and loss of vitamin D are balanced, 
suggesting both an exponential response to UV and a limit 
to the dose–response. Furthermore, UV doses that produce 
erythema are not to be encouraged as they clearly induce 
skin damage. The VDE doses are reported in standard 
vitamin D dose (SDD), which by analogy with SED is taken 
as 100 Jm−2 VDE radiation (57).

Table 1 The ratio of vitamin D effective UV to erythema effective UV (VDE:EE) for a range of standard UV sources.

Source VDE:EE (Manchester) VDE:EE (other authors) VDE:EE (mean)

TL-01 2.15 2.3 (24); 2.27 (20) 2.24
TL-12 1.29 1.3 (32); 1.16 (20) 1.25
UV6 1.48 1.62 (59) 1.55
Arimed B 1.83 1.83
Wolff Life Sun 1.85 1.85
Sun 1.89 (summer) 2.01 (NZ summer (20)); 1.9–1.99 (summer (32))

1.22 (NZ winter (20))
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Statistical details

Data have been extracted with the statistical detail provided 
by the original authors. Values in tables are averages: in 
most cases, this is the mean, but some studies provided a 
median. Due to the non-linearity of the 25OHD response 
to UV exposure of the skin, we used a linear log plot for 
the dose–response, in conjunction with a logarithmic line 
fit to minimise residuals and display a linear relationship 
between the change in 25OHD and SDD (58).

Results

Of the original 2001 searched publications, a total of 
22 studies with artificial sources of UV radiation and 14 
supporting studies with solar radiation were retained after 
all screening and data extraction requirements had been 
met (Fig. 2). The 22 artificial source works consisted of 
12 RCTs and 10 interventional before–after studies. With 
the exception of one single dose, before–after study, all 
solar studies were observational, and either monitored 
solar exposure or prescribed a time of day and duration 
for solar exposure. Extracted data are shown in Tables 2, 
3, 4 and 5 which provide numbers and demographics of 
volunteers in subsections according to UV source. Data are 
from studies with healthy volunteers as the main focus or 

as healthy controls in comparison with patients. Figure 3 
shows example spectra of the sources.

Quality assurance of the 22 studies using artificial 
sources of UV indicated that 2 were at high risk of bias, 5 
had medium risk and the remaining 15 were at low risk of 
bias (Tables 2, 3 and 4).

Narrowband-UVB studies

The NB-UVB studies all used phototherapy units, most 
commonly defined as ‘narrowband, 311 nm’ and identified 
as TL-01 lamps or equivalent. These are variously described 
as having an output covering the wavelength range  
310–315 nm, with peak 311/312 nm, and 85% output 
between and 311–313 nm. A typical output spectrum is 
shown in Fig. 3.

Analysis of NB-UVB treatment was limited to seven 
studies on healthy adults or healthy controls undertaking 
treatment alongside patients (Table 2).

With the exception of study (35), all studies gave UV 
doses defined by skin type/MED and that increased steadily 
(according to different protocols) with time, stopping or 
pausing the increase for participant if there were adverse 
reactions. No study gave information about individual 
doses – at best there was an indication of the mean total 
dose provided. Where this was not given (37, 38), a crude 
estimate has been calculated by current authors based on 

Table 2 NB-UVB treatment studies using TL-01 lamps on healthy subjects. QA is quality assessment score giving low, medium or 
high risk of bias. N is the number completing the study, if detailed and different from those recruited. Data in normal type are 
taken directly from the original publication, and where averaged is the mean or median as provided by the original publication. 
Data in italics have been inferred or calculated by current study authors. Where the original 25OHD was given in ng/mL, this has 
been converted to nmol/L (×2.5) without further noting the change.

Study (QA score) N Skin type
 

Total dose SED
 

Total dose SDD
Change in  

25OHD nmol/L nmol/L/SED nmol/L/SDD

Karppinen et al. (35) (low) 16 2–4 25
19

57.5
42.6

11.7
26.2a

0.47
1.38

0.20
0.61

Bogh et al. (36) (medium) 16 2–6 52.9 118.5 55.8 1.05 0.47
Bosman et al. (37) (low) 12F −Sb

9F +S
1–3 3.5 7.84 10.1

3.8
2.88
1.08

1.29
0.48

Ponda et al. (38) (medium) 58 1–6 38.7 86.7 35c 0.90 0.40
Ala-Houhala et al. (39) (low) 15 +S2b 2–4 25.7 57.6 17 0.66 0.29
Ala-Houhala et al. (40) (low) 33 2–4 48.4 108.4 41 0.84 0.38
Mckenzie et al. (20)d (low) 58 1-3,4,5,6 268 608 48.9 Raw

62.8 Adj.
0.18e

0.23e
0.08e

0.10e

aMaximum change in 25OHD observed after 20 weeks, after which values declined with dosing for a further 6 weeks; b−S, no supplement, +S, course of 
supplements (1000 IU+/day) prior to dosing, +S2 800 IU/day for average 3.4 months prior to dosing; cafter 2 months consistent treatment, maintenance 
phase not included; dstudy (69) reports on the same participants in the same study, but study (20) provides more detail on the radiation sources; eraw 
data calculated (by the current authors) from Table 4 of the original study (20). Adjusted data (adjusted by the original study authors) are taken from 
Table 5 of study (20) and represent a modelled adjustment for exposure to solar radiation. The original study (20) quotes the 'adjusted sensitivity' as 0.4 
nmol/L/SED and 0.2 nmol/L/SDD, these being the means of the individual participant sensitivities, and not calculated, as here, from mean data in Tables 4 
or 5 of the original publication (R Mckenzie, personal communication).
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information given in the paper. All dosing was to ‘whole 
body’, with eyes and genitalia protected.

The studies underscore a number of points about 
the response of 25OHD to vitamin D supply, either 
individually or in concert. Between studies lasting 
several weeks, those with the least response are studies 
(35) and (39) where starting 25OHD was already >70 
nmol/L, while the greatest response was seen in study 
(36) where participants started with vitamin D deficiency 
(<20 nmol/L). High starting 25OHD was achieved by 
supplementing participants for at least 3 months before 
the study (39), or beginning at end summer when 25OHD 
is at a peak (35). The aim of study (35) was to determine 
whether summer 25OHD levels could be maintained 
throughout winter with a fortnightly dose of 2SED 
NB-UVB (for white-skinned people). This proved to be 
the case, with the control group observing −11.1 nmol/L 
change over the 6-month period. There is good agreement 
in response to this NB-UVB between studies (24) and (27), 
especially if the results at maximum 25OHD are taken 

from study (35): it has been shown previously (21, 22, 59) 
that with consistent dosing 25OHD levels plateau after 
several weeks. This is underscored by the two studies with 
the greatest duration and the smallest nmol/L/SDD at the 
final time point (20, 35).

The outlier in this group of studies is study (37), taking 
place over a single week. It indicates much greater response 
to NB-UVB than the other studies but does conform with 
the expectation that the greatest response to increased 
vitamin D supply is observed early in the period of 
increased supply. This study is also the one that internally 
confirms the impact of starting 25OHD status. Finally, the 
estimation of total dose should be treated with caution as 
it was not provided within the reference.

Broadband UVB (TL-12, UV6) studies

These two common BB phototherapy sources are not 
identical, though they cover the same waveband range. 
They are more similar to each other than to either NB-UVB 

Table 3 Broadband treatment studies using TL-12 and UV6 sources. QA is quality assessment score giving low, medium or high 
risk of bias. N is the number completing the study, if detailed and different from those recruited. S.A. is skin surface area exposed, 
and = ‘whole body’ (eyes and genitalia covered) unless otherwise specified. Data in normal type are taken directly from the 
original publication, and where averaged is the mean or median as provided by the original publication. Data in italics have been 
inferred or calculated by current study authors. Where the original 25OHD was given in ng/mL, this has been converted to nmol/L 
(×2.5) without further noting the change.

Study
N Skin type, S.A.

 
Total dose SED

 
Total dose SDD

Change in  
25OHD nmol/L nmol/L/SED nmol/L/SDDSource (QA)

Bogh et al. (41)
TL12 (low)

55 1–4
24%

1.5
3.0
6.0

12.0

1.95
3.90
7.80

15.60

14.2
19.9
18.6
24.8

9.47
6.63
3.1
2.07a

7.28
5.1

2.38
1.59

Osmancevic et al. (42)
TL-12 (high)

2
1

6 481
436

601
545

30
6

0.06
0.014

0.05
0.01

Bogh et al. (43)
TL-12 (low)

92 1–4
6%,12% or 24%

3.0
6.0

12.0

3.90
7.80

15.60

1.9–19.9
13.5–19.7

22.7–25.0 (6–24%)

6.63
3.28

2.08a (24%)

5.30
2.62

1.60 (24%)
Mckenzie et al. (20)
TL-12 (low)

61 1–3,4,5,6 17.1 19.8 19.5 Raw
31.7 Adj. 

1.14b

1.85b
0.98b

1.60b

Sallander et al. (44)
UV6 (medium)

23
23A

1–5 2.62
2.7

4.25
4.38

11.6
13.6

4.43
5.03

2.73
3.10

Datta et al. (24)
UV6 (low)

22 2–4
80%

19.24 29.8 49 2.49 1.60

Yesudian et al. (45)
UV6 (medium)

8M 5 21 32.5 22.9 1.09 1.69

Bogh et al. (46)
UV6 (high)

15c

14
12

1–4 17c

9
5

26.35
13.95

7.75

12.6
−4.7
−8.6

0.74
Insuff
Insuff

0.48

M, male participants; A, UVB lamps supplemented with UVA lamps not considered to initiate vitamin D synthesis; asame participants and doses reported in 
two publications; braw data calculated (by the current authors) from Table 4 of the original study (20). Adjusted data (adjusted by the original study 
authors) are taken from Table 5 of study (20) and represent a modelled adjustment for exposure to solar radiation. The original study (20) quotes the 
'adjusted sensitivity' as 2.2 nmol/L/ and 1.9 nmol/L/SDD, these being the means of the individual participant sensitivities, and not calculated, as here, from 
mean data in Tables 4 or 5 of the original publication (R McKenzie, personal communication); cNumber of participants in three groups receiving three 
different exposure regimes (1 SED once per week, once every 2 weeks, once every 4 weeks for 16 weeks); Insuff, dose insufficient to increase 25OHD.
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or sunlight – real or simulated (Fig. 3). They have a greater 
proportion of UVB radiation in their output than other BB 
sources, particularly at the short-wavelength end of the 
range. As Table 1 shows, the VDE:EE ratio is different for 
the two sources, and so the VDE dose is required even when 
comparing Δ25OHD values from these two sources. Details 
are shown in Table 3.

The studies used a wide variety of dose regimes, skin 
surface area exposed, skin type and duration, making them 
difficult to compare directly. Studies (41, 43) and (46) were 
exploring the effects of different dosing regimens, with 
studies (41, 43) reporting on some of the same participants; 
therefore, close agreement between these studies is not 
surprising. Comparisons of dosing regimes were made 
between small groups of different people. They show that 
small doses of UV on a regular basis (four doses, each 2–3 
days apart) are more efficient for vitamin D synthesis than 
larger doses – increasing dose by a factor of 8 less than 
doubled the vitamin D response (41). Increasing skin area 
exposed (from 6% to 24%) increased the overall response 

in 25OHD, but, at least for the small groups concerned, 
this was most obvious at low doses of UV, while the dose–
response was most clear at small skin areas.

Where changes in 25OHD are negative, the term 
‘insufficient’ has been used for the response – that is, the 
dose was insufficient to cause a measurable positive change 
in 25OHD. Anything produced was less than the body’s 
use of available 25OHD. This is a similar situation to the 
‘vitamin D winter’, that is, when 25OHD declines through 
the winter months because of low elevation sun, short 
days and little skin area exposure. It is not impossible to 
synthesise vitamin D in skin at these times, but biologically 
relevant amounts are unlikely and it is either impractical 
or impossible (depending on location) to gain enough to 
maintain summer vitamin D status throughout the winter.

Study (46) explored the winter-time dose regime that 
would be necessary to maintain summer vitamin D status 
throughout the winter. A single whole-body irradiation 
of 1 SED once per week resulted in a modest increase in 
circulating 25OHD for White Caucasian participants over 

Table 4 Studies using solar-simulated radiation (SSR), from a range of similar sources. QA is quality assessment score giving low, 
medium or high risk of bias. N is the number completing the study, if detailed and different from those recruited. S.A. is skin 
surface area exposed, and = ‘whole body’ (eyes and genitalia covered) unless otherwise specified. Data in normal type are taken 
directly from the original publication, and where averaged is the mean or median as provided by the original publication. Data in 
italics have been inferred or calculated by current study authors. Where the original 25OHD was given in ng/mL, this has been 
converted to nmol/L (x2.5) without further noting the change. Dose was scaled to skin type – that given is for the majority, skin 
types 3 and 4.

Study
N

Skin type 
S.A. Total dose SED

 
Total dose SDD

Change in  
25OHD nmol/L nmol/L/SED nmol/L/SDDSource (QA)

Rhodes et al. (47)
Arimed B+ Cleo 

Natural (low)

109 1–4
35%

23.4 42.8 26.0 1.11 0.61

Langdahl et al. (48)
Cleo Swift (low)

11 2,3  4.55 8.32 4.5 0.99 0.54

Farrar et al. (49)
Arimed B (low)

51 5
35%

11.7
23.4
35.1
46.8
58.5
70.2

21.4
42.8
64.2
85.6

107
128.5

9.0
11.5
16.8
16.8
31.5
23.8

0.76
0.48
0.48
0.36
0.54
0.34

0.42
0.37
0.26
0.20
0.30
0.19

Felton et al. (54)
Arimed (low)

10
6

2
5

35%

23.4
23.4

42.8
42.8

17.8
8.3

0.76
0.35

0.42
0.19

Biersack et al. (50)
Arimed (low)

2F
18F

1
2,3

3.5
4.375

6.4
8.0

13.9 3.18 1.74

Lagunova et al. (51)
Wolff (high)

11
11a

1–4 23.8
23.8

44.0
44.0

19.8
5.1a

0.83
0.21a

0.45
0.11a

Carbone et al. (52)
Wolff (medium)

15b

10b
2–5 30.24 55.9 85

30
2.81
0.99

1.52
0.54

Porojnicu et al. (53)
Wolff (low)

10 1,2 18.7 SED
12.1SEDc

34.2
23.2c

26 0.76
1.17c

0.41
0.63c

aCross-over study, second arm had received a period of supplementation before UV dosing; bparticipants divided into those with mean starting 25OHD of 
50 nmol/L (top 15) and mean starting 25OHD of 122 nmol/L (bottom 10);  c25OHD measured weekly, this is the dose at which 25OHD first plateaued. 
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a 4-month period, while the same dose given every 2 or 4 
weeks did not maintain starting levels of 25OHD.

Other dose regimes lasting several months were given 
in studies (20) and (24), at 12 and 9 weeks, respectively. 
The average total dose (skin type-matched dosing across all 
skin types) for study (20) was very similar to that of study 
(46), but provided over 12 rather than 16 weeks, and with 
a regime of increasing rather than fixed doses, resulting in 
a greater overall efficiency of 25OHD production. Study 
(24) explored interpersonal differences in response to UVB 
exposure, which were considerable, for example, the mean 
change in 25OHD was 48 nmol/L, but the range across 22 
participants of similar skin type, given the same increasing 
dose regime, was 3–139 nmol/L. The average response 
was similar to that of study (20) and for a comparable 
total dose. Personal responses supported a non-linear, 
albeit personal, dose–response (i.e. plateauing response 
at constant dose). 25OHD baseline level did not influence 
the slope significantly; this was expected as baselines were 
relatively high.

The majority of studies were conducted with White 
participants (skin type 1–4), though study (20) had 
participants classed as European, Maori and Pacific, 
covering the full range of skin types (1–6) with dose 
matched to skin type for the three groups. Only studies 
(45) and (42) studied solely the higher skin types, 5 and 6, 
respectively. Study (45) gave three whole-body irradiations 
of 7 SED to South Asian males on consecutive days and 
elicited a rise in 25OHD. The efficiency (nmol/L/SDD) is 

at first glance similar to that for some White Caucasian 
results, for example, studies (24, 41). However, the White 
Caucasian skin type results were achieved at lower dose on 
24% skin area, or over 9 weeks respectively, rather than 3 
days full-body exposure (45). Study (42) was the only one 
to study and analyse skin type 6 independently, but only 
three participants completed the study and those were split 
between two different skin areas (upper body or hands and 
face); the study is on the borderline of acceptability for this 
review (N ≥ 2) and also classified as high risk of bias. The 
rise in 25OHD over 12 weeks was significant and greater 
for two participants with the greater skin area exposed. 
The efficiency of 25OHD change per SDD was the lowest 
of all the studies – again as might be expected for a highly 
pigmented skin.

Solar-simulated radiation (Arimed B/Cleo  
Natural/Wolff Life Sun) studies

These lamps, often identified as providing SSR, are closer to 
the solar spectrum than the previous lamp classifications, 
in particular the shape of the short UVB wavelength 
part of the spectrum that is most effective for erythema 
and vitamin D synthesis (see Fig. 3). The UVA portion of 
the spectrum is less like sunlight, the lamps containing 
a greater proportion of shorter-wavelength UVA  
(UVA2) radiation.

Extracted data from studies that used SSR cabinets are 
given in Table 4. Publications (47) and (49) are work by 
the same group, using the same protocols of three fixed 
doses per week for 6 weeks. Study (49) was a dose–response 
study in skin type 5 adults, for comparison with the White 
Caucasian study (47). It showed that to reach the same 
absolute change in 25OHD, skin type 5 individuals need 
2.5–3 times larger UV doses as white-skinned individuals. 
All groups, at all doses and skin types, showed a plateauing 
effect, with the rate of change of 25OHD decreasing with 
time. The efficiency is calculated after the final irradiation 
and as expected is greater for white-skinned than skin type 
5 individuals. In the dose–response study, the greatest 
efficiency was seen at the lowest dose, albeit this still 
resulted in the smallest absolute change. This concurs 
with studies (41) and (43) (Table 3) where the smallest, oft-
repeated doses were most efficient at raising 25OHD.

Study (50) gave three doses on 3 consecutive days, 
which is similar to the first week of study (47) (three doses 
over 5 days), and with a similar total dose for 1 week. 
However, study (50) used whole-body radiation (~90% 
skin area) vs 35% for study (47). Given that the increase in 

Figure 3
Spectra of commonly employed artificial UV sources and a summer solar 
UV spectrum measured in Manchester, UK. Spectra have been normalised 
at peak wavelength for each source. Source data for the artificial sources 
of UV courtesy of Dr Donald Allan, University of Manchester.
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25OHD was greatest in the first weeks of study (47), these 
sets of results are reasonably consistent.

Study (48) provides a similar dose to study (50), both as 
whole-body irradiations. However, study (48) is provided 
in one dose, and at a level that must be close to an MED for 
the participants, leading to the lower efficiency observed 
with other radiation sources when the dose is (too) high 
(41, 43, 60).

Study (51) included some participants taking vitamin 
D supplements. It was a cross-over study with one group 
receiving whole-body irradiation twice per week for 5 
weeks and the other group 2000 IU/day. Then the groups 
were swapped, meaning that the second irradiation group 
began with a much higher 25OHD status than the first 
group and experienced a more modest Δ25OHD as a result, 
supporting earlier observations. This publication deemed 
that whole-body irradiation twice per week (an initially 
increasing, but sub-erythemal, dose) was equivalent to 
2000 IU/day in raising and then maintaining vitamin D 
status. The influence of starting 25OHD on response to UV 
radiation is again illustrated by study (52) when there is a 
clear difference in response between those starting with 
25OHD averaging 50 nmol/L, compared to 122 nmol/L.

Finally, study (53) measured 25OHD weekly, both 
during the period of UV dosing and for 8 weeks afterwards. 
Table 3 shows Δ25OHD/SDD both for the peak 25OHD and 
after all doses. As in previous studies, the 25OHD increased 
and then plateaued as dosing continued, so efficiency of 
UV dosing is greatest if calculated when maximum 25OHD 
is first reached. Once dosing was complete, this trial split 
the participants into two groups, one receiving 200 IU/day 
vitamin D and the other with no supplement. Both groups 
saw a decline in status, almost back to baseline, after 8 
weeks, with no statistical difference between the (small, 
n = 5) groups, although the supplemented group had 
marginally higher 25OHD levels than the unsupplemented 
group. The conclusion was that 200 IU/day is insufficient 
supplement to maintain post-irradiation vitamin D status.

Solar exposure studies

Studies using the sun as UV source and including some 
quantified measure of exposure, plus changing vitamin D 
status related to the exposure, have been included in the 
analysis for comparison but are insufficiently defined to 
be included in a dose–response and have not been quality 
assessed. The works fall into two groups, those using 
dosimetry to quantify UV exposure and those describing it 
by time in the sun at location. For most of the latter, there 
is insufficient information to enable UV in SED, or SDD, to 

be quantified, and the results must be discussed in terms 
of what local sun exposure can do for the vitamin D status 
of local people (with skin type typical of region). Data are 
provided in Table 5. Solar studies are also less well defined 
in terms of skin area exposed, although it is clear that in 
everyday life whole-body exposure is not expected. Kift 
et al. (61) reporting on exposure patterns from studies (22, 
23) and other UK studies showed that across a range of skin 
types and ages, the maximum reported skin exposure was 
for White Caucasian adults in summer at weekends when 
the median (interquartile range (IQR)) skin area exposed 
was 17(14–26)%.

Three studies (including four cohorts) measured 
sun exposure with polysulphone film badges for 1 week 
per season and sampled for 25OHD in each season. Sun 
exposure, and the circulating 25OHD, follow a seasonal 
cycle at UK latitudes, with 25OHD representing the 
cumulative UV exposure over several weeks before the 
blood sample is taken. Maximum (summer) and minimum 
(winter) values are shown above for both sun exposure and 
25OHD. Within this constantly changing cycle, winter 
nadir 25OHD status is to a large extent determined by the 
late summer peak, which in turn depends on summer sun 
exposure. Therefore, summer to winter change in 25OHD 
was equated with summer UV exposure. The results are 
remarkably consistent, with the two Manchester studies 
(different years, different cohorts, different ages) falling 
very close to each other. The two cohorts from Surrey 
(21) show less apparent response to UV exposure. For one 
group, the South Asian women, this is explained by skin 
type and is consistent with other studies showing that skin 
type 5 requires two to three times more UV than White 
Caucasian skin types to produce the same vitamin D (49). 
The postmenopausal Caucasian cohort appears at first 
glance to be different, but this group has by far the greatest 
exposure and reaches the highest vitamin D status. It is 
known that the efficiency of vitamin D synthesis declines 
with prolonged exposure and that circulating 25OHD 
plateaus with continuous UV exposure. It is consistent 
with the evidence that either or both of these effects may be 
occurring and some of the UV exposure has therefore been 
‘wasted’ in terms of vitamin D synthesis. Alternatively, this 
cohort may have exposed less skin area than other cohorts 
or may have somewhat decreasing 7DHC capacity in the 
skin as they are all close to the top of the age range for 
inclusion. However, these latter two arguments would also 
apply to the South Asian cohort and if this was the case one 
would expect a greater difference between the two cohorts.

This analysis is not the same as a direct before–
after exposure from artificial sources but is nonetheless 
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representative of practical year-round natural exposures, 
at least at a location where there is a prolonged vitamin D 
winter, so that winter can represent ‘before UV’ and summer 
can represent ‘after UV’. The only solar UV exposure study 
with a pre-specified dose (2 SED) comes from Brazil (33) 
and provides a consistent result in terms of response/
SDD. While this was a single dose it was in the context 
of participants at a conference who had presumably had 
some regular sun exposure prior to the study date and is 
more representative of seasonal dosing regimes than a UV 
dose from an artificial source given in winter, isolated from 
other UV input.

The time in the sun studies are much harder to analyse 
collectively, being disparate in location, duration, exposure 
doses, ethnicity, skin type and age. With one exception, 
they all showed an increase in 25OHD after prescribed 
UV exposure (more than participants would normally 
experience). The exception was a study of Thai women 
(29), comparing UV exposure only with UV exposure and 
a supplement. Results showed that for the UV exposure 
group, their monitored exposure time for the study was 
only 5 min per day more than their normal everyday 
exposure. Furthermore, the study took place in the rainy 
season when UV is at its lowest. Thus, it appears that 
despite the study aims the women were very likely getting 
less UV exposure than in the rest of the year, and so it is not 
surprising that their 25OHD status declined.

The clearest response to sun exposure was that of Arab 
women (30) since the majority of them declared they 
normally had zero sun exposure. They were asked to expose 
face and full arms to the sun, in private, for 15 min in the 
middle of the day, twice a week for 4 weeks. This limited 
exposure increased 25OHD by 5.4 nmol/L over the study 
period and shows the advantage of encouraging even short 
exposures in a vitamin D-deficient cohort.

A group of non-Western immigrants (skin types 4–6) 
in the Netherlands were followed for 6 months (25OHD in 
March, June and September, covering the summer half year 
with sufficient sun for vitamin D synthesis) (31). According to 
exposure diaries, they had a mean of 2 h exposure to sunlight 
daily (time of day not specified), both at baseline and after 
3 months, exposing hands and face, with just under half 
exposing forearms. In June, 25OHD had risen by 9.7 nmol/L 
from a low starting level, but by September, after 3 months of 
declining solar intensity 7 nmol/L of that increase had been 
lost. This underscores that highly pigmented individuals can 
make some vitamin D in their skin with exposure to middle/
high latitude sunlight but struggle to reach or maintain a 
sufficient level for much of the year.

Indian men in Pune were able to increase vitamin D 
status over 6 months by spending 20 min in the sun in the 
middle part of the day (27). A similar increase was achieved 
over 8 weeks by a Korean cohort (32), provided they spent 
more than 30 min in the sun daily. Compliance in this 
latter study was poor, and those spending less than 20 min 
in the sun per day showed little improvement in 25OHD 
status, especially if the rolling 2-month period was not in 
the middle of summer.

Finally, two studies had infant, breastfed, participants. 
In an Indian study (26), the mothers’ vitamin D status was 
clearly deficient and used as the baseline 25OHD. After 6 
months of rather low sun exposure (17 min to 6% skin area 
daily), infant 25OHD had increased but remained low. By 
contrast, a study in Beijing (28) exposed the hands and face 
of infants for about 2 h per day for 2 months in September 
and October. Their already good 25OHD (70 nmol/L) 
increased further to 100 nmol/L.

Dose–response relationship

Data from all studies with sub-erythemal UV dosing by 
sources of artificial UV radiation have been combined in 
an attempt to provide a dose–response relationship. Since 
skin area exposed is one of the determining factors in 
response (41, 43), only studies with whole-body exposures 
are included in Fig. 4. As it is not clear whether all skin 
synthesises vitamin D equally, care must be taken in 
extrapolating these results to other skin areas. All but one 
of the whole-body exposure studies had either all White 
Caucasian participants, or majority White Caucasian 
participants. Where mixed skin type participants were 
included, dose was applied according to skin type. Only 
one study was focused on skin type 5 and gave three doses 
of 7 SED (close to MED) on 3 consecutive days. No skin type 
6 studies are included in Fig. 4.

The dose–responses derived from Fig. 4 are:

D25OHD nmol/L SDD( ) ( ) -= 9 51 7 6. ln .  (1)

This is the red line in Fig. 4 using the seasonally adjusted 
data (red points) from (20), with r2 = 0.66, and

D25 8 69 6 6OHD SDD= ( ) -. ln .  (2)

Derived using the raw data from study (20) (green points 
and green line), with r2 = 0.52
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Note that these results inherently include dietary 
vitamin D, but not supplements. Where dietary intake was 
assessed, it was low and consistent throughout the year, for 
example, studies (21, 22).

Discussion

The aims of this systematic review were to quantify the 
impact of UV exposure on vitamin D status and determine 
a dose–response relationship between UV dose and change 
in circulating 25OHD. The many factors that influence a 
dose–response at the personal level have been illustrated 
by the collected works identified in the review. A dose–
response for sub-erythemal, whole-body exposures (~90% 
skin surface area) to multiple doses of UV has been derived 
for the first time across a broad range of studies and sources 
of UV, including SSR.

Consistent messages from the entire collection of 
studies retained after data extraction show that:

Low dose, sub-erythemal doses are more effective 
for vitamin D synthesis than doses close to a personal 
minimum erythema dose. Short, frequent (e.g. daily or 

several times per week) exposures maximise vitamin D 
while minimising the risk of skin damage (54, 62).

Increasing the skin area exposed increases the amount 
of vitamin D synthesised. However, it is not clear whether 
all skin sites synthesise vitamin D equally, and this – or 
some other limit – may explain indications that there is 
not a linear scaling of skin area and change in 25OHD (43). 
Thus, care must be taken in extrapolating a whole-body 
dose–response to other exposure regimes.

Constant dosing leads to a plateau in 25OHD, though 
the level of plateau is dose dependent. To continue to 
increase vitamin D status, dose must increase. The response 
to UV dose also depends to some extent on starting levels 
of 25OHD, though this is most apparent at low vitamin 
D status (35, 36, 37, 39). A final related statement is that 
dose–response is greatest at the start of a dosing regime (or 
for a short duration study vs long duration). Few studies 
detailed anything more than start and finish 25OHD so 
these impacts are incorporated into the uncertainty in the 
dose–response relationship.

There is a large interpersonal variation in response 
to UV exposure, even accounting for the effects and 
unknowns above. Caution is required when comparing 
treatments between small groups of participants.

Solar studies, while more complex and less precisely 
quantified, show that solar UV exposure is subject to the 
same general principles. Little and often sun exposure, 
on maximum skin area that convenience allows, in the 
middle of the day (at least at temperate latitudes) is the 
most effective prescription for vitamin D synthesis (34).

We also recognise a number of other potential impacts 
on the 25OHD response to UV radiation. Studies used 
to determine the UVR-25OHD dose–response involved 
volunteers with unprotected skin UVR exposure, and 
the majority had a normal BMI, with a BMI range 
representative of the population in the larger sample sizes 
(20, 47). In real life, a variety of factors including use of 
sunscreens and obesity could influence the UVR-25OHD 
relationship (3, 63). A limitation of our work concerns the 
reliability and comparability of the 25OHD data, in view 
of inter-laboratory and assay-specific differences in 25OHD 
measurement (63).

Despite the above variables, sunlight exposure remains 
a major source of vitamin D, and vitamin D status declines 
if individuals are deprived of sunlight (64), unless sufficient 
alternative source of the vitamin is provided. When 
sunlight is available, determining the exposure parameters 
to enable suitable vitamin D synthesis is dependent on 
location, personal characteristics and behaviour. However, 
with sufficient input data, these can be constrained as 

Figure 4
Change in 25 hydroxyvitamin D (Δ25OHD) as a function of standard 
vitamin D dose (SDD) for sub-erythemal, whole-body exposures to all 
artificial sources of UV. The red and green points are from study (20): raw 
data (green points) are used only for the green line dose–response 
relationship, while seasonally adjusted data (red points) are used only for 
the red line dose–response relationship. Grey points are all other data, 
achieved during winter months and using the full duration of UV 
exposures from the original publications. Symbols indicate the source of 
UV radiation: upward triangle, TL-01; circle, TL-12; diamond, UV6; square, 
Arimed B and/or Cleo Natural; downward triangle, Wolff. The yellow stars 
are estimates from sunlight studies: bottom left from study (34) and 
centre from studies (61, 68) (see discussion).
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illustrated by studies (65, 66), based on earlier human 
data (47, 49), that indicate ~10 min of sun exposure at 
lunchtime in UK for white-skinned individuals wearing 
season-appropriate clothing and ~25 min for skin type 5.

A dose–response (Δ25OHD per UV dose) as derived 
here provides useful information for the debate on 
reducing the prevalence of vitamin D deficiency. However, 
the conditions of the dose–response must be constrained 
due to the variables of skin photobiology. Additionally, 
there are no available studies with suitably standardised 
and quantified doses of solar UV exposure on which to base 
a dose–response analysis, and so studies using artificial 
sources of UV have been used. However, the advantage 
of artificial sources, for the purposes of this assessment, 
is that they allow a specific, quantified dose of UV to  
be delivered.

To enable comparison between studies with different 
lamps, enough detail should be available to allow the 
VDE dose delivered to be calculated, as performed in this 
review: the source must be accurately defined within the 
publication (ideally with spectral characteristics), and 
the dose measured in a meaningful way with the units 
and any biological and/or instrument response function 
clearly stated. Further challenges to direct comparison 
of different sources exist, especially when doses are large 
and photochemistry beyond the initial conversion of 
7DHC to previtamin D has been possible (Fig. 1). Also, the 
isomer mixture in skin changes with irradiating spectrum, 
altering the total amount of previtamin D (and hence 
finally vitamin D) that a source might enable (10). This 
cannot be accounted for by expressing the dose in SDD, 
but the impact is reduced if individual exposures are short 
and photochemistry beyond previtamin D synthesis is 
limited. It is clear from Fig. 4 that no one source provides 
for systematically high or low 25OHD response compared 
with the others. This provides a level of confidence 
both in our decision to limit the dose–response to short 
exposures and in the action spectrum for previtamin D 
synthesis that we have used.

The dose–response (red line) in Fig. 4 provides a link 
between UV dose and change in 25OHD represented by the 
equation:

D25 9 51 7 6OHD nmol/L SDD( ) ( ) -= . ln .  (1)

This is in reasonable agreement with study (20), 
though note 2 of the data points (red in Fig. 4) used in 
equation (1) come from this publication so the results 
are not entirely independent. Their dose–response, 

based on data from two lamps at two time points, and 
with seasonally adjusted data (also used in deriving  
equation (1)) was:

D25 8 6 2OHD nmol/L SDD( ) ( )= +. ln  (2)

The ‘seasonally adjusted data’ was a model adjustment 
to account for sun exposure of participants during 
the rolling recruitment in the original study and was 
provided in the publication (20). The authors of (20) 
also added an ‘origin’ point to their regression at close to 
(0,0) but avoiding errors with logarithms (R McKenzie, 
personal communication). We have not taken this route 
in Fig. 4, on the basis that with no UV exposure vitamin D 
will decline, rather than stay constant. Adding an ‘origin’ 
point at (1,0) to Fig. 4 to match study (20) would result in 
equation (1) becoming:

D25 8 95 5 4OHD nmol/L SDD( ) ( ) -= . ln .  (3)

which is then in good agreement with study (20) despite 
the addition of many other studies to the regression.

Using the raw data from study (20) in our calculation 
(Fig. 4 green points and green line, no origin point) reduces 
both the slope and intercept of our regression line as shown 
in equation (2).

The consistency in the above results can be summarised 
in a single dose–response of the form:

D25 9 0 5 7 1 0 5OHD nmol/L SDD( ) ( ) ( ) - ( )= ± ±. . .ln  (4)

This applies strictly to equations (1) and (2), and in all but 
intercept to equations (3) and (4) that had an origin point 
included. The intercept is hard to interpret but as noted 
above would not be expected to go through the origin.

The authors of study (67) also attempt a dose–response 
relationship, from otherwise unpublished data using a 
UV6 lamp and a series of doses accumulating to 10 SED, so 
at the lower range of the studies included here. They find 
a linear dose–response relation at these doses, as indeed 
could current authors if only low accumulated dose studies 
are included. However, the (assumed mean) change in 
25OHD in (67) is much greater than observed in the studies 
identified for this review, at ~50 nmol/L after 10 SED (5 × 2 
SED) of full-body exposure, and does not easily fit our dose–
response curve. The closest comparative study in our review 
was study (44), also providing five doses from a UV6 lamp 
over about 2 weeks but with each dose of 0.85 SDD rather 
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than 3.1 SDD (2 SED): study (44) is identified as the lowest 
cumulative dose in Fig. 4. It is worth noting that the lower 
personal Δ25OHD in (67) (individual points identified) 
would fit neatly into our dose–response, and several 
authors have identified the large interpersonal differences 
in response to UV radiation (24) so it is possible that the 
small number of participants (10) represented in (67) has 
resulted in this different dose–response relationship.

While we have been able to construct a dose–response 
relationship between whole-body UV dose from a range 
of phototherapy sources and Δ25OHD, it still remains 
to translate this into an everyday setting. For the great 
majority of people, the sun is their only source of UV 
radiation, and in daily life is accessed intermittently and 
with limited skin area exposed. The sun exposure studies 
(Table 5) show that sun exposure on limited, although not 
fully quantified, skin surface area can and does increase 
vitamin D status. Where it fails to do so, the exposure 
was less than that which induced the starting 25OHD 
(29), or exposure was minimal (25) and starting 25OHD 
taken from mother not infant. The generally unquantified 
skin area exposed, and lack of long-term monitoring of 
exposure, precludes calculations equivalent to those for 
artificial sources. Nonetheless, whole-body exposures 
from SSR (Table 4) are incorporated into Fig. 4, giving some 
confidence that whole-body sunlight exposures would 
also fit the dose–response relationship, if they could be 
precisely quantified.

The impact of reducing the skin area exposed from 
whole body to the more practical everyday range of 
10–35% (representing hands and face only or attire 
equivalent to modest shorts and T-shirt) is difficult to 
assess. Simple scaling by skin area exposed may not be 
appropriate; indeed, there is evidence that such scaling 
is not appropriate (41, 43, 67), though note that all these 
studies used small groups of different people exposing 
different skin areas, which could distort the results. A 
longitudinal study would be more informative. There is 
also an argument that skin synthesis of vitamin D may be 
different between regularly exposed skin areas and those 
that are habitually covered because of changes in pigment 
and epidermal thickness for regularly exposed skin. This 
too needs further clarification.

Despite the above caveats, we can make a crude 
attempt to confirm whether or not the above dose–
response relationship might also apply to sunlight 
using the data from studies (61, 68) that both used 
data from the same original study. Mean values from 
the participant cohort of 109 White Caucasian adults 
are used – just as average (mean or median) values 

were used in constructing Fig. 4. Total summer sun 
exposure increased 25OHD by a mean of 25.3 nmol/L. 
Exposure in the monitored weeks in spring (April) and 
summer (July) was on average 4 SED/week, reducing 
to 1 SED by October and 0.1 SED in January (65). We 
estimate total exposure across the summer to be 96 SED  
(181 SDD for Manchester summer sun). Median skin 
area exposed was 11% in spring and 14% in summer 
(IQR 8–17% in both seasons) (59). We take median skin 
area exposed across the spring and summer to be 12% 
and scale exposure from whole body (actually ~90% skin 
area) to 12% in a linear fashion, resulting in an effective 
24.1 SDD. The point (24.1, 25.3) is shown by the middle  
star in Fig. 4.

A further sunlight data point can be added from 
study (34). This was a study of 512 New Zealanders of four 
different ethnicities covering skin types 1–4. A quarter of 
participants were older than our age cut-off of 65 years, 
but they cannot be separated from the other participants 
in the results and so are accepted here for inclusion. We 
have taken the median sun exposure recorded for a 4-week 
period, scaled up to full-body exposure by the original 
authors, and converted from SED to SDD using an estimated 
scale factor of 1.5 (see Table 1, all exposures in the autumn, 
winter, spring period). This is plotted in Fig. 4 against the 
median change in 25OHD over the same 4-week period. 
The point (2.04, −0.8) is shown by the lower left star in Fig. 
4 and illustrates the approximate threshold at which long-
term, low-dose UV ceases to maintain vitamin D status. 
An alternative calculation by the original authors, using 
the 512 participants stratified by sun exposure, estimated 
the threshold to be 0.5 SED/week (full-body equivalent 
exposure).

These two sunlight data points are not out of place 
in Fig. 4, and even changing the estimated SDD by up 
to 50% in either direction would leave the solar data 
fitting the dose–response as well as the underlying lamp 
studies on which it is based. This gives some confidence 
that the dose–response relationship derived from 
controlled studies with artificial sources of UV radiation 
is not unrepresentative of the same response in sunlight, 
provided that both units of exposure and skin area 
exposed can be suitably specified.

The limitation that the dose–response is based on 
predominantly White Caucasian skin types persists. Farrar 
et al. (49) showed that skin type 5 people need about 2.5 
times as much simulated sun exposure as white-skinned 
people, delivered as small doses three times weekly, to 
enable equivalent vitamin D synthesis, which implies that 
equation (1) may not be appropriate to non-white skin 
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types. More data on only skin types 5 and 6 are required to 
confirm this and allow targeted sun exposure guidance for 
different sub-groups of the population, as recommended 
by study (63).

Conclusion

There are relatively few intervention studies that explore 
vitamin D synthesis following UV exposure while fully 
quantifying the UV dose and unprotected skin area 
exposed. There is no such study of solar exposure over 
a prolonged period, which may reflect the difficulties 
of constraining the variables. There is also limited data 
on non-white skin types from studies of either solar or 
artificial UV sources; thus, the quantitative results here are 
applicable to white skin. There is no reason to believe that 
the more qualitative findings do not apply to all skin types.

Findings include that small UV doses on a regular 
basis are more efficient for vitamin D synthesis than larger 
sub-erythemal doses; that darker skin needs a larger UV 
dose to give the same absolute change in 25OHD; that 
even accounting for different skin types there are large 
interpersonal differences in response to UV exposure; 
and increasing UV doses over a longer period gives greater 
overall efficacy of 25OHD production.

A dose–response relationship, based on whole-body 
exposure to a range of artificial sources of UV has been 
determined, following definition of the dose delivered in 
SDD to account for the spectra of the different sources. 
The dosing regimes and duration of the underlying studies 
varied considerably, but all used sub-erythemal doses of 
UV. The dose–response may also apply to solar exposure, 
although this is subject to a number of caveats. Nonetheless, 
it can provide a guide to exposure regimes that enhance 
vitamin D status while limiting risks from sun exposure.

This work synthesises and extends knowledge of UV 
impact on vitamin D status and is informative for updates 
on guidance for human nutrition in vitamin D.
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