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Exposure to solar UV radiation is a double-edged sword: the benefits include vitamin D3
production and tanning, while the risks include diseases linked to free-radical production
and DNA damage. Research during the past few years has demonstrated that the health
benefits of solar UVB (290–315 nm), the primary source of vitamin D3 for many people, now
include reduced risk for bone diseases, many types of cancer and, to a lesser extent,
autoimmune diseases such as multiple sclerosis and infectious diseases such as
tuberculosis and influenza. Solar UVB may also play a beneficial role in other diseases and
conditions. Recent studies indicate that the daily vitamin D3 requirement for optimal health
is between 1000 and 4000 IU. The adverse health effects include skin cancer and
melanoma, cataract development, premature skin aging and other lesser effects.
However, the risk of melanoma seems to be due primarily to UVA (315–400 nm), and use of
sunscreen that successfully blocks erythemal UV but does not provide good blockage of
UVA seems to be associated with both reduced production of vitamin D and an increased
risk of melanoma. In general, the health benefits of solar UVB irradiance greatly outweigh
the risks of solar UV, taken in moderation. However, since solar UVB is not always an
adequate or, for some, a safe source of vitamin D3, other sources of vitamin D3 should be
considered as well, including supplements, dietary sources such as fish and fortified food,
and supervised artificial UVB irradiance.
Expert Rev. Dermatol. 2(5), 563–577 (2007)

Human skin pigmentation evolved to suit local
solar UV doses as humans moved from the
plains of Africa to the far corners of the earth. In
the native African population, dark pigmentation protects against the effects of UV in generating free radicals and destroying folate, while permitting sufficient UVB (290–315 nm) to
penetrate the epidermis to produce adequate
amounts of vitamin D [1], with pigment levels
adjusted to UVB doses in fall [2]. In the tropical
forested regions, brown skin suffices [1]. However, as humans migrated farther to the north,
skin pigmentation lightened to permit
vitamin D production with much lower levels of
solar UVB. At latitudes of greater than approximately 60°, there is too little UVB for more than
6 months of the year to produce vitamin D, so
people living there had to rely on marine fish and
mammals for their vitamin D requirements.
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As people transitioned from being farmers to
city dwellers, they received less solar UVB. An
early manifestation of this change was the
widespread development of rickets in England
in the 18th Century [3]. A study of the causes
of rickets eventually led to the use of cod liver
oil with vitamin D to prevent rickets in the
20th Century. Another effect of increased
urbanization was the association of fair complexion with aristocracy, since aristocrats did
not have to work outdoors. In the 1920s and
1930s, sun exposure became more popular
after it was realized that solar UVB produced
vitamin D with its associated health benefits
and Coco Chanel made the sun-tanned look
fashionable [4]. However, by mid-century, it
was realized that solar UV caused skin cancer,
so the pendulum began to swing back toward
reduced sun exposure [5].
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Health benefits of UVB & vitamin D
Bone health

The original benefit of solar UVB and vitamin D was in the
prevention of rickets [3]. Vitamin D plays an important role in
the absorption and metabolism of calcium. Many studies have
found the benefit of calcium and vitamin D in reducing the
risk of osteoporosis and hip fractures [6]. The risk of hip fracture
among the elderly is still high in many countries [7].
Cancer

Although the health benefit of vitamin D in regulating calcium
absorption and metabolism was recognized early in the 20th
Century, the other health benefits were not recognized until
much later. Perhaps the most important noncalcemic benefit of
vitamin D is the reduced risk of cancer. In 1980, Cedric and
Frank Garland proposed the UVB-vitamin D-cancer theory,
after observing from the map of US colon cancer mortality
rates, that rates were much lower in the southwest than in the
northeast [8]. They later added breast and ovarian cancer to the
list of vitamin D-sensitive cancers [9,10]. Prostate cancer was
added in 1990 [11] and non-Hodgkin’s lymphoma (NHL) in
1997 [12]. After an updated cancer mortality rate atlas became
available in the USA [13,201], nine more cancers were added by
the author to the list of those where increased levels of UVB
and vitamin D potentially reduce the risk [14]. Several other
ecological and observational studies based on geographical location have strengthened the link between solar UVB and
vitamin D and cancer risk reduction, bringing the list of cancers for which UVB and vitamin D are possibly beneficial to
more than 20 [15–19]. It was estimated that 85,500 premature
deaths from cancer for males in the USA (29% of all male cancer deaths) could be prevented if men increased their
vitamin D3 from all sources by 1500 IU per day [16]. Several
studies have also found that cancer survival depends on the season
of discovery in Norway [20,21], the USA [22] and England [23]:
being improved for discovery in summer or fall when serum
25-hydroxyvitamin D (calcidiol) levels are higher.
One of the criticisms of the ecological studies is that solar
UVB irradiance at the population level may not be correlated
with UVB doses on the basis of location of residence. One way
to evaluate this criticism is to find and apply some index of solar
UVB irradiance at the group or population level. An appropriate
index is incidence or death from squamous cell carcinoma
(SCC) and, to a lesser extent, basal cell carcinoma (BCC). SCC
comprises approximately 80% of nonmelanoma skin cancer
(NMSC) deaths in the USA [24], and is primarily due to lifetime
solar UVB irradiance (as discussed later), so NMSC mortality
rates can also be used as an index of solar UVB. A study from
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The Netherlands reported results of a study on men diagnosed
with NMSC or melanoma in 1970 and monitored until 2005,
regarding development of prostate cancer. Compared with the
general population, skin cancer diagnosis was associated with a
statistically significant risk reduction for prostate cancer, with a
stronger effect found for advanced prostate cancer [25]. A study
in England found that risk of prostate cancer was reduced by the
same sun-exposure factors as increased the risk of BCC [26].
In my own meta-analysis study of second cancer diagnosis,
following a diagnosis of NMSC in which I used lung cancer
incidence rates in each population to account for the effects of
smoking on both NMSC and other cancer risks, I found, for a
diagnosis of SCC, relative risks (RRs) for subsequent colon,
gastric and rectal cancers were significantly reduced, with that
for renal cancer being marginally nonsignificant. For NMSC,
RRs for cervical, esophageal, gastric and rectal cancer were significantly reduced; those for colon and gallbladder cancer were
marginally nonsignificant, whereas those for female breast,
laryngeal, ovarian, renal and uterine corpus cancers were nonsignificantly reduced [27]. This study paved the way for an ecological study of cancer mortality rates in Spain in which NMSC
mortality rates were used as the index of solar UVB irradiance
at the group level. The assumption was made that those living
in Spain had skin well suited for the prevailing UV doses [1] and
that increased risk of NMSC was generally associated with
increased UV irradiance probably due to occupation. A total of
17 types of cancer were found to be inversely correlated with
NMSC in this study [19]. FIGURE 1 shows the correlation
between NMCS and breast cancer mortality rates for females
using data employed in that study.
More recently, a linkage study was conducted using cancer
registry data from three sunny countries (Australia, Singapore and Spain) and eight less-sunny countries [28].

Breast cancer mortality rate (RR)

To suggest a modern policy toward sun exposure, one must
first review what is known regarding the beneficial and adverse
health effects of solar UV irradiance and how they vary with
geographic location, season and age. The next task is to evaluate how the health benefits of solar UVB irradiance can be
achieved while minimizing the health risks.
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Figure 1. Relation between relative risk of breast cancer to that of
nonmelanoma skin cancer for females in 48 continental provinces of
Spain, 1978–92.
RR: Relative risk.
Created using data from [19].
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Although there were too few cases of BCC and SCC in the
sunny countries to find statistically significant correlations
for second cancers, the standardized incidence ratios (SIRs)
for all solid tumors except skin and lip were 0.79 (95% confidence interval [CI]: 0.68–0.19) for mostly SCC and 0.86
(95% CI: 0.80–0.92) for BCC. The SIR for melanoma was
1.03 (95% CI: 0.99–1.08). One of the tests of a hypothesis is
whether predictions based on it are found to be correct. For
the linkages to second cancers after diagnosis of skin cancer
in sunny countries [28], the SIRs are as expected based on
their relation to UVA and UVB, discussed later. There were
no inverse relations between skin cancer and solid tumors for
the less sunny countries, which is consistent with annual
average vitamin D production from solar UVB being so low
as to have little effect on cancer incidence rates in general.
The evidence for a beneficial role of solar UVB in reducing
the risk of the various cancers ranges from very strong to preliminary. The higher the incidence or mortality rate, the easier it is to conduct epidemiological studies. One measure of
the strength of the evidence is the number of studies that
have reported a statistically significant inverse correlation
between a measure of UVB and cancer incidence or mortality
rate. My summary is given in TABLE 1. A total of 28 cancers
are included. For the 15 cancers with five or more reports,
the evidence is reasonably strong. Some of the other 12 are
similar to other cancers so are also probably vitamin D sensitive. Other types of studies support a role of vitamin D for
17 of the 28 types of cancer, including melanoma [29].
The vitamin D–cancer dose–response relationships have
been developed in three studies. A meta-analysis of five observational studies of serum calcidiol found that it takes approximately 1500 IU of vitamin D3 per day to reduce the risk by
50% for colorectal cancer, based on the assumption that calcidiol levels of the population are low [30]. In a cohort study of
male health professionals, it was found that 1500 IU of
vitamin D3 per day should reduce all-cancer mortality rates
by 30% for males in the USA [16]. For breast cancer, based on
two studies of calcidiol and breast cancer risk, it was determined that it takes approximately 4000 IU/day for a 50%
reduction in risk for breast cancer [31].
Admittedly, the studies discussed so far are either ecological
or observational. Although ecological studies have been criticized because of inconsistencies with observational intervention studies, they have an important advantage that is slowly
being realized – they incorporate the effects of diet and lifestyle over a long period, perhaps starting in utero. Since cancer
can take 15–40 years to progress from initiation to detection
or death, this feature is an important advantage.
However, the criteria for causality in a biological system laid
down by Hill [32] can be used to help evaluate vitamin D as a
cancer risk-reduction factor. The primary criteria are strength
of association, reproducibility in different populations,
accounting for confounding factors, identification of the
mechanisms and experimental confirmation. The strength of
this association is strong in many studies and similar findings
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Table 1. Number of epidemiological studies that found
various types of cancer inversely correlated with a
measure of solar UVB
n

Cancer

>16

Breast, colon

10–15

Non-Hodgkin’s lymphoma, ovarian, prostate, rectal

7–9

Gastric, lung, esophageal, pancreatic

5–6

Bladder, gallbladder, Hodgkin’s lymphoma, renal,
uterine corpus

3

Multiple myeloma

2

Cervical, leukemia, melanoma, oral, thyroid

1

Biliary, brain, pharyngeal, pleural, small intestine,
soft tissue, vulvar

have been made in many populations. There are, however,
some discrepancies for several types of cancer. Solar UV doses
or irradiances are inversely correlated with risk of NHL at
lower latitudes [12,33] but increased at higher latitudes [34]. A
recent report indicated that vitamin D polymorphisms affect
the risk of NHL in relation to solar UVB irradiance [35].
Although good observational data exist on the relation
between serum calcidiol and risk of breast and colorectal cancer, the findings are mixed for pancreatic [36,37] and prostate [38]
cancer. Some of the negative results are from Nordic countries, where solar UVB is not strong enough other than in
summer to stimulate much vitamin D production. Perhaps
the beneficial role of vitamin D occurs much earlier in life
than within 20 years prior to cancer detection, and that recent
serum calcidiol levels do not adequately reflect early calcidiol
levels. Confounding factors have been included in at least one
report on UVB doses and cancer mortality rates, with the
finding that other cancer risk-modifying factors were correlated with cancer mortality rates, but did not detract from the
correlation with solar UVB [17].
The mechanisms whereby vitamin D reduces the risk of
cancer are generally well known from laboratory studies [39,40].
The most convincing evidence of a beneficial effect of
vitamin D in reducing the risk of cancer would be a prospective, population-based, double-blind randomized placebocontrolled study. Unfortunately, the Women’s Health Initiative study failed to find a protective effect of vitamin D and
calcium for either hip fractures [41] or colon cancer [42]. However, they used only 400 IU of vitamin D3 per day along with
1200 mg of calcium, which was too little vitamin D [30,43].
However, a more recent study in which the postmenopausal
women with an average age of 67 years at enrolment were
given 1500 mg of calcium and 1100 IU of vitamin D3 per
day found that from the end of the first year to the end of the
fourth year, incidence of all cancers was 77% lower for those
taking calcium plus vitamin D compared with those taking
the placebo [44]. The cancer incidence rates for those taking
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the placebo were similar to those for the general population in
that age range. Thus, the main criteria for causality in a biological system [32] appear to be satisfied for solar UVB and
vitamin D with respect to cancer-risk reduction.
This sentiment is echoed in several recent reviews that concluded that the evidence for protective roles of solar UVB and
vitamin D against cancer was strong for at least some of the
cancers [15,40,45–49]. Cancers for which the evidence is not as
strong tend to be less frequent cancers, making studies more
difficult. The Canadian Cancer Society recently reviewed the
evidence and recommended that people should try to obtain
1000 IU of vitamin D3 when they cannot get a similar
amount from solar UVB [202].
Infectious diseases

UVB and vitamin D are immunoprotective against Mycobacterium tuberculosis (TB) [50], and the mechanisms of action
have recently been uncovered, including induction of human
cathelicidin by calcitriol [51–54]. High doses of vitamin D2
have been used to treat TB [55]. A prospective, randomized,
double-blind vitamin D supplement placebo-controlled study
found that one dose of 2.5 mg (100,000 IU) of vitamin D
enhanced immunity to TB [56]. While the role of vitamin D
in reducing the risk of bacterial infections has been studied
mostly for TB, the mechanisms seem to be applicable to a
wide range of bacterial infections.
Chronic periodontitis is caused by enhanced resorption of
the alveolar bone supporting the teeth and is associated with
intraoral inflammation after infection with certain bacteria [57].
Vitamin D receptor gene polymorphism is associated with risk
of periodontitis [57]. Calcidiol levels have been found inversely
correlated with gingival inflammation [58].
Vitamin D has been hypothesized to reduce the risk of
infectious diseases caused by viruses. A number of studies
reported that hepatitis B infection was affected by polymorphism of vitamin D receptors [59]. More recently, Cannell
and colleagues proposed that the annual solar UVB cycle
explained much of the annual influenza cycle [60]. A study in
support of this hypothesis was quickly published on results
of a double-blind, placebo-controlled vitamin D study with
208 postmenopausal African–American women (mean age
60 ± 6 years) living in New York State (USA). During the
3-year period, 30 of the placebo group developed colds or
influenza, compared with eight taking 800 IU/day and one
taking 2000 IU/day of vitamin D3 [61]. However, another
similar study in England and Scotland (UK) involving 3444
participants of mean age 77 ± 6 years in which 800 IU/day
of vitamin D3 supplements were taken daily found only an
insignificant reduction of risk for self-reported infections [62].
However, the participants were much older than those in the
study in New York (NY, USA), and immune system
response deteriorates with age due, in part, to reduced lymphocyte count and functionality. Another recent report
investigated the relation between meteorological parameters
and the incidence of respiratory syncytial virus during the
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year in nine cities, finding that solar UVB explained 13% of
the variance in Miami (FL, USA), 5% in Buffalo (NY, USA)
and 0.6% in Winnipeg (Manitoba, Canada) [63]. The mechanism may be through enhancement of the number and
function of lymphocytes [64].
Although these findings on viral infections should be considered preliminary, if confirmed in larger studies they could
have important implications for the control of viral diseases
including, perhaps, pandemic influenza. In fact, during the
1951 influenza epidemic, mortality rates were higher in Canada and England than in the USA [65], which is consistent
with there being higher calcidiol levels in the population in
the USA than in the other two countries in winter.
One further extension of the increased understanding of the
role of vitamin D in fighting infectious diseases is that it
appears that low calcidiol level is a significant risk factor for
sepsis or infections of the blood. Sepsis is due primarily to
bacterial infections, but viral infections can pave the way for
bacterial infections [66]. The primary epidemiological features
of sepsis in the USA, such as seasonality, geographic variation,
racial differences, age dependence and comorbidity with other
diseases [67–69] are all highly correlated with the epidemiological features of solar UVB and vitamin D [GRANT WB; UNPUBLISHED DATA], thereby providing further support to the role of
vitamin D in supporting the immune response.
Autoimmune diseases

There are several autoimmune diseases that appear to be
affected by solar UVB and vitamin D, the most prominent of
which is multiple sclerosis (MS). MS prevalence increases
markedly with increasing latitude in Europe [70], the USA [71]
and Australia [72]. Solar UVB irradiance has been found
inversely correlated with prevalence of MS directly [72,73] or
inferred from linkage to skin cancer in England [74].
Vitamin D has also been found inversely correlated with risk
of MS in observational studies [75,76], and mechanisms to
explain the link have been proposed [77]. There is emerging
evidence that UVB and vitamin D also reduce the risk of
Type I diabetes mellitus [78] and rheumatoid arthritis [79].
Other diseases

Several other diseases have also been reported to be reduced
by solar UVB and vitamin D, including hypertension [80,81]
and heart disease [82]. A recent study reported significantly
poorer risk factors for cardiovascular disease for those with
calcidiol levels less than 21 ng/ml versus those with levels
greater than 37 ng/ml [83]. Although the study was cross-sectional, its findings suggest that vitamin D affects the risk of
cardiovascular disease. A number of comprehensive reviews
of the health benefits of solar UVB and vitamin D have been
published recently [84–88].
Therefore, there are many health benefits from solar UVB
and vitamin D. Although many of the studies that have identified these benefits are ecological or observational studies,
the general consensus in the literature is that the beneficial
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effects of vitamin D especially for bones, cancer, autoimmune diseases, and regulation of the immune system have
been well substantiated, and that additional benefits are
highly likely [40,88,89].
There are also some reviews that take a more skeptical viewpoint regarding the health benefits of solar UVB and
vitamin D. A comprehensive review was commissioned by the
WHO [90,203]. The review of the effects of UVB and
vitamin D on cancer examined four cancers in detail – breast,
colon, prostate and NHL – concluding that the evidence of a
protective effect for each was weak or contradictory and that
ecological studies could not be used to establish causality.
Effects for other diseases such as cardiovascular effects and
psychiatric disorders were also discussed briefly. Most of the
report dealt with the adverse health effects of solar UV irradiance, which were deemed better substantiated. However, in
the summary the authors stated that although globally excessive solar UV exposure contributed to 0.1% of the total global
burden of disease and 60,000 premature deaths in 2000, a
counterfactual of no UV exposure would not result in a minimum disease burden but rather a high disease burden owing
to diseases of vitamin D deficiency. (This finding compares
with 740,000 deaths estimated to be associated with hip fracture and 1.75 million disability adjusted life-years lost, representing 0.1% of the global burden of disease worldwide [91].)
A related report was published in which the authors stated
that gains were being made in reducing skin cancer and that it
was time to also consider the health benefits of solar UVB [92].
I commented on this report, stating that the evidence of the
beneficial effects of solar UVB were much stronger than in
this report [93]. In response, the lead author of the report
agreed that the economic and disease burden due to insufficient UVR exposure may be greater than that associated with
excessive UVR exposure [93,204].
Another review from study groups more concerned with
the adverse health effects of solar UV irradiance concluded;
‘that there is accumulating evidence that UVR exposure,
either directly or via stimulation of vitamin D production,
has protective effects on the development of some autoimmune diseases, including multiple sclerosis and Type I
diabetes mellitus. Adequate vitamin D may also be protective for the development of several internal cancers and
infections’ [94]. Although this report for the United Nations
Environmental Program was a considerable advancement
over the 2003 report [95], in that it demonstrated a much
better recognition of the health benefits of solar UVB, it was
felt that the report fell short on the benefits side, so a commentary was submitted pointing out evidence providing
more support for the benefits of UVB and vitamin D,
including some results not available when the report was
written [96]. The authors’ response was that ‘while the adverse
health effects of solar UVB exposure are well recognized, the
evidence available currently to link solar UVB with protection
against various diseases through the production of vitamin D
is less certain’ [97].
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Health risks of UV
Melanoma & NMSC

The risk of both melanoma and NMSC is generally given as
the reason people should limit their exposure to UV irradiance [98,99]. From my reading of the literature and analyzing
various ecological datasets, I have formed an opinion regarding the wavelength regions and sun exposure practices associated with each of the three major forms of skin cancer that I
present here:
• SCC appears to arise from integrated lifetime UVB
irradiance [100];
• BCC appears to arise from both UVA and UVB
irradiance [101], with sunburning also a risk factor;
• Melanoma, conversely, more probably arises from UVA
irradiance [102].
Key support for these statements comes from a pair of ecological studies of the variation of BCC, SCC and melanoma for
those of northern-European ancestry with respect to latitude.
Solar UVB has a faster decline with increasing latitude than
does UVA due to the absorption by ozone and scattering by the
molecular atmosphere. Therefore, skin cancers linked to UVB
will have a greater decrease with increasing latitude than those
linked to UVA. In a study in the USA, SCC had a steep slope,
BCC an intermediate one and melanoma a gradual one [103]. In
a study of people of northern-European descent living in different countries a similar result was found [104]. Sunburning and
excess UV irradiance is also an important risk factor, especially
in childhood [105]. Total UV irradiance is also a risk factor for
melanoma for those of European ancestry, with odds ratios
between 1.4 and 2.1 for higher levels of UV irradiance as found
in one study in Australia and the USA, although occupational
sun exposure was not associated with increased risk [105]. Data
from GLOBOCAN 2002 [106,205] show that melanoma rates
increase with increasing latitude since darker pigment’s provide
protection against melanoma near the equator. Chronic UV
irradiance for people living where their skin is suited for the
usual ambient UV doses is generally associated with reduced
risk for melanoma [19,107–109]. Both vitamin D production [29]
and melanogenesis [110] appear to play roles in reducing risk
from UVB irradiance and may help explain why occupational
or chronic solar UV irradiance is often associated with reduced
risk of melanoma [19,100–102]. Conversely, people of Scottish
ancestry developed a gene for increased risk for melanoma
approximately 1600 years ago [111], so those with red hair and
freckles and who generally cannot tan are advised to limit their
UV irradiance.
However, there is some literature supporting the role of UVB
as the primary spectral region of risk for melanoma. The work
on initiation of melanoma in neonatal mice supports the UVB
hypothesis [112,113]. However, as pointed out in the literature,
eumelanin predominates in the mouse melanoma cells and
melanocytes; they are less likely than human cells to provide a
satisfactory model for human solar melanomagenesis [114].
Those with more pheomelanin have an increased sensitivity to
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UV [115] and a greater risk of melanoma [111]. In addition, use of
animal models with darker pigmentation finds melanoma risk
associated with UVA and not UVB [109]. UVA causes DNA
damage via photosensitized reactions, which result in the production of oxygen-free radical species [116]. The finding that
dietary factors that increase free radical production are associated with risk of melanoma, whereas dietary factors that provide antioxidants are associated with reduced risk [117], supports
the role of free radicals in the etiology of melanoma.
Other work that supports the UVB hypothesis includes ecological studies. A study billed as showing a link to mid-range
UV but implying that this was mainly UVB used data based on
the Robertson–Berger meter that is sensitive from 290–330 nm
and, therefore, contains a large contribution from the UVA
spectral region [118]. Another study found strong correlations
for melanoma with the National Oceanic and Atmospheric
Administration/Environmental Protection Agency UV Index
and with latitude [119]. This UV Index is an erythemal UV
index [119] and again has a large contribution from the UVA
spectral region.
The current epidemic of melanoma appears to be due to two
primary factors: increased travel to sunny locations [120,121] and
use of sunscreen that does not provide adequate protection
against UVA [102]. Sunscreen that blocked the erythemal region
well but not the UVA region came into widespread use after the
development of sunscreens based on para-aminobenzoic acid in
the 1960s [122]. That such sunscreen was an important factor in
the divergent trends for melanoma and NMSC is corroborated by
a recent study suggesting that with full-spectrum blocking, melanoma rates will be reduced [123]. An earlier review of case–control
studies of sunscreen use and risk of melanoma concluded that sun
sensitivity was a confounding factor that was not properly
accounted for in such studies, limiting their usefulness [124].
Inspection of the studies included in the meta-analysis finds that
two of the three with the largest reduction in odds ratio were from
Spain [125,126]. According to a review [127], one Spanish study [116]
did not provide an adequate description of sunscreen use. In addition, my study of cancer mortality rates in Spain found mortality
rates for NMSC inversely correlated with those for melanoma in
females [19]. However, a recent review stated that retrospective and
prospective epidemiological studies have shown that sunscreen use
is associated with a moderately increased risk for melanoma [128].
Use of sunscreen is also associated with increased duration in the
sun for those in the sun intentionally, alongside higher sunburning rates [129]. This finding may support the role of UVA in the
etiology of melanoma as most sunscreens block UVB better than
UVA. Trends for melanoma and NMSC mortality rates in the
USA also support a role of sunscreen use. As seen in TABLE 2, mortality rates for NMSC fell in 1970–1994 compared with
1950–1969, whereas mortality rates for melanoma rose. Since the
guidelines for preventing melanoma and NMSC were the same,
the divergent results would not be expected unless their etiologies
are much different, which appears to be the case [130]. Whereas
NMSC mortality rates in western-European countries decrease
with latitude except for a high rate in Ireland, those for melanoma

568

increase with latitude [131]. Both facultative skin pigmentation
and vitamin D [29,117] probably play important roles. These results
suggest that the results reported based on erythemal UV [118,119]
may have missed the importance of longer-wavelength UVA in
explaining their observations.
Other adverse health risks of UV irradiance

UV irradiance entails other risks as well, such as increased risk
of cataracts from solar UVB irradiance [132], increased skin
aging [133], flare-up of herpes simplex virus infections [134], and
aggravation of systemic lupus vulgaris [135]. Various pharmaceutical drugs are photosensitive and produce free radicals under
UV and visible irradiance, with adverse effects on the skin [136].
Vitamin D sources

The studies discussed previously indicate that vitamin D is
essential for optimal health and that solar UVB is an important source. If diet provided enough vitamin D, it would not
be so easy to do ecological studies with respect to vitamin D,
unless some other factor was involved. Since there health risks
are associated with UV irradiance and since UVB is not
always available, the various sources of vitamin D should be
considered and evaluated.
Photoproduction

Many people obtain most of their vitamin D from solar UVB
irradiance [137]. UVB interacts with 7-dehydrocholesterol, producing pro-vitamin D3 [138]. The precursor converts into
vitamin D3 through a thermal process in the epidermis. Since
UV radiation up to approximately 330 nm also destroys
vitamin D3 [139], the maximum production of vitamin D3 in a
day is at least 10,000 IU [140]. Several reports have indicated the
time required to produce given amounts of vitamin D on the
basis of solar elevation angle expressed in season and time of
day [141,142]. The Australian study based times on production of
200–600 IU for lightly pigmented young individuals with 15%
of their body exposed, whereas the European study based times
on production of 1000 IU for 25% of the body exposed. The
use of 200–600 IU is unfortunate since the emerging scientific
consensus is that at least 1500–4000 IU of vitamin D3 per day
is required for optimal health [16,30,31,80,143]. Data from Webb
and Engelsen suggest that, at latitudes grater than approximately 45° N, there are 6 months of the year when it would
take more than 1 h to produce 1000 IU of vitamin D [142].
Vitamin D production rates depend strongly on skin pigmentation, with very dark-skinned people requiring approximately
five times longer for the same amount of vitamin D as lightskinned individuals [144]. Vitamin D production rates also
decline with age: those aged 20–30 years were found to produce
vitamin D at four times the rate of those aged 62–80 years [145],
and older people generally spend less time in the sun than
younger people [146]. Since sunscreen blocks UVB radiation,
using sunscreen reduces vitamin D production, especially during short UV exposures [147]. Although sunscreen use was not
found to affect serum calcidiol levels in a placebo-controlled
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Table 2. Mortality rates and their ratio for cutaneous malignant melanoma and nonmelanoma skin cancer for
Caucasian–Americans for two periods of time.
Cancer

Sex

Mortality rate*
(1950–1969)

Mortality rate*
(1970-1994)

Ratio
(1970–1994:1950–1969)

CMM

Male

1.57

2.96

1.89

Female

1.13

1.61

1.42

Male

1.70

1.17

0.69

Female

0.81

0.43

0.53

NMSC

*Deaths/100,000/year
CMM: Cutaneous malignant melanoma; NMSC: Nonmelanoma skin cancer.
Data from [13, 201].

study in Australia, 1,25-dihydroxyvitamin D3 (calcitriol) levels
increased only 1.5%, compared with 13.3% for those not using
sunscreen [148].
Solar UVB doses may be too low for sufficient vitamin D production for optimal health year round at higher latitudes,
although patients diagnosed with cancer in England in summer
and Norway in fall have better survival outcomes than those
diagnosed with cancer in winter or spring [20,21]. In England,
UVB irradiance was found to reduce cancer incidence rates for
outdoor workers in a statistically significant manner for only
three cancers: bladder, gallbladder and pharyngeal, and nonsignificantly for several more [149]. NMSC incidence rates were
significantly increased for males. However, analysis of cancer
incidence rates for England (50.5°–56°N) [150] with respect to an
annual UV index [34] shows an inconsistent relationship between
the rates of cancers found to be UVB sensitive in other studies
[GRANT WB; UNPUBLISHED DATA].
The time of day for solar UV irradiance is important. The optimal time for vitamin D production is near solar noon, when time
required for vitamin D production is minimal [138]. Thus, the
shadow rule [151], (seek cover when the solar elevation angle is
greater than 45°) is well intentioned and is useful for those spending prolonged times in the sun, but it presents a problem for
those trying to obtain their vitamin D in a short time, since solar
UVB intensities decrease with decreasing solar elevation angle: it
takes approximately 50% longer to produce the same amount of
vitamin D 2 h either side of solar noon in mid-latitude summer
and twice as long at 3 h either side [141,142].
For people planning to get vitamin D from solar UVB, preparing the skin gradually for higher UV doses is important. Doing
so could involve spending a few minutes a day in the sun in
spring or early summer. The skin adapts to UV irradiance by
increasing melanin production and thickening the stratum corneum. An induced tan provides an induced protection factor of
2–4 [103,152].
Sunbeds

Sunbeds are a possible source of vitamin D. One 5–10-min
exposure can produce over 10,000 IU of vitamin D3 in young,
lightly pigmented individuals [140]. In one study, a woman with
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Crohn’s disease was then exposed to UVB radiation in a tanning
bed wearing a one-piece bathing suit for 10 min, three times a
week for 6 months. After 4 weeks, her serum calcidiol level
increased from 7 to 32 ng/ml [153]. In a study of 43 women and
7 men with an average age of 34.2 ± 2.0 years who used tanning
beds at least once a week were compared with 106 control subjects. Subjects who used a tanning bed had serum calcidiol concentrations 90% higher than those of control subjects
(46.2 ± 3.2 and 24.1 ± 1.2 nmol/l, respectively; p < 0.001).
Tanners had significantly higher bone mineral density and
z scores at the total hip than did nontanners [154].
Supplements

The easiest way to obtain vitamin D without any of the risks associated with UV irradiance is from vitamin D3 (cholecalciferol)
supplements. Although easy at the individual level, relying on this
source may be more difficult to implement at the population level.
First, vitamin D3 supplements must be made widely available.
Vitamin D2 (ergocalciferol), made from vegetable sources, is considered much less effective than vitamin D3 [155]. Second, the
amount of vitamin A taken with vitamin D3 should be no greater
than 1500 IU per day [156]. Vitamin A (retinol), which competes
with vitamin D [157], has been linked to increased risk of hip fracture [156]. My inspection of vitamin D supplements in vitamin and
other stores in the USA indicates that there are few acceptable supplements for sale, either because they are ergocalciferol or contain
too much vitamin A. Third, the health agencies and major disease
organizations would have to promote the use of vitamin D supplements, as is now being done in Australia [206] and Canada [50]. The
UK recently released a study on vitamin D that found benefits but
did not go beyond the standard recommendation of 400 IU of
vitamin D3 per day [158, 207].
Dietary sources

Another source of vitamin D3 is through dietary sources with
either native vitamin D3, such as cold-water oily fish [159], or
vitamin D3 fortification. Although diet can supply some of the
daily vitamin D3 requirements, it does not in general provide
enough for optimal health. First, most countries do not fortify
food with vitamin D [160,161]. Even in the USA, where milk and
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orange juice are fortified, the average person obtains approximately 200–300 IU of vitamin D3 per day [161]. Additional
foods, such as bread, could be fortified with vitamin D3 [162].
However, not all food sources of vitamin D3 are healthy choices;
fish can have mercury and other toxins [163]. There are many
health problems associated with milk, such as increased risk of
Type I diabetes mellitus in infancy [164], teenage acne [165], prostate cancer [166] and Parkinson’s disease [167] and not everyone is
lactose tolerant. Furthermore, ocean fish stocks are being rapidly
depleted through over-fishing. In addition, milk consumption is
not significantly associated with reduced hip fracture rate
among postmenopausal women, although dietary vitamin D
and dark fish are, based on an 18-year prospective analysis in
72,337 postmenopausal women [168]. Orange juice [169] has too
much simple sugar to be consumed in large amounts. Thus,
since eating too much of any type of food is not healthy, the
more commonly consumed foods that are fortified with
vitamin D3, the better.
Balancing benefits & risks

Public and individual guidelines should be based first on recognizing the profound health benefits of vitamin D3, and then on
how to obtain vitamin D3 based on several factors related to
obtaining vitamin D3 as well as balancing the health benefits
against the health risks of UV irradiance [91,170,171]. A study was
conducted regarding the economic burden of the health benefits and risks for the USA and the UK on the basis of the health
benefits for cancer, hip fractures, and MS and the risks for
actinic keratoses, cataracts, melanoma and NMSC. For the
USA, the economic burden from insufficient UVB and
vitamin D was estimated at US$40–56 billion in 2004,
whereas the economic burden from excess UV irradiance was
estimated at $6–7 billion [172]. Since more benefits of
vitamin D3 are known now, the estimate of the benefits would
be higher.
One action that all organizations recommending limited
UV irradiance could take is discussing the health benefits of
UVB and vitamin D and suggesting how individuals can
obtain 1000–2000 IU of vitamin D3 per day [173]. Publichealth agencies could also recommend an effective intake of
vitamin D3 [89].
There is still uncertainty regarding the benefits of vitamin D
and the risks associated with UVB irradiance and food sources
of vitamin D. Nonetheless, the health benefits of vitamin D3
are great enough that individuals, organizations, and agencies
should move forward with efforts to increase serum calcidiol
levels in those they can influence.
A note on paradigm shifts

Paradigm shifts always take time and are met with considerable
resistance by those who are aligned with the status quo. In my
career as a scientist I watched at fairly close hand the development of the theory of ozone destruction by chlorofluorocarbons, saw the global warming/climate change controversy, and
helped precipitate some myself with my pioneering study on
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dietary links to Alzheimer’s disease [174,208] and my identification of an additional nine cancers that had mortality rates
inversely correlated with solar UVB in the USA [14]. Revolutionary ideas are always greeted with resistance by those
entrenched in positions of authority. One need only recall the
trials of Galileo Galilei after he announced the heliocentric theory in 1610 to see how contentious revolutions can be. In modern times, corporate interests can thwart adoption of revolutionary ideas by challenging the scientific findings, often based
on minor problems that are eventually resolved.
The medical and popular attitudes toward UV light exposure
have gone through several phases during the past 100 years,
fluctuating between welcoming and fearing the sun. During
1900–1920, vigilance against significant sun exposure, a relic of
the 19th Century, was eroding and, medically, the view of sunlight as salutary was bolstered by the success of phototherapy,
which was introduced in the 1890s [175]. In the 1920s and
1930s, the discovery that UV wavelengths played a role in
vitamin D synthesis in the skin ushered in a period of enormous popularity for UV light exposure. It was also thought that
UV had many health benefits, including increased resistance to
disease [4]. In the 1940s and 1950s, the role of UV in the etiology
of skin cancer was increasingly realized [5]. Starting in the 1960s
and accelerating in the 1970s and 1980s, sunscreen use was advocated as a way to reduce the risk of skin cancer [115]. The Australians adopted the Slip! Slop! Slap! program in 1980 [176], and
now it is recognized that serum calcidiol levels in Australia are
low at the population level, with season and latitude explaining
only a fifth of the variance [177]. It was suggested that guidelines
for sun exposure practices be modified or other ways found to
increase calcidiol levels. In addition, use of sunscreen that does
not block UVA effectively can actually increase the risk of melanoma. The past decade has seen a large body of research documenting the noncalcemic health benefits of UVB and
vitamin D, and the emerging scientific consensus is that the
health benefits of UV irradiance greatly outweigh the harmful
effects. However, nearly all stories in the popular press regarding UV irradiance emphasize the risks of skin cancer and melanoma. Admittedly, one can obtain vitamin D from supplements and dietary sources, but solar UVB is still the most
important source for most people. Thus, in my opinion, the
pendulums of public and medical opinion are again swinging
toward acceptance of solar radiation as being generally beneficial. However, as for everything else, UV is best partaken in
moderation and with care.
Expert commentary

For the past 20–30 years, public-health messages regarding
solar UV irradiance have focused on the health risks while
either ignoring or undervaluing the health benefits. Research
findings during the past decade or more have documented the
profound noncalcemic health benefits from solar UVB and
vitamin D3. The health benefits greatly outweigh the health
risks. As with any food, drink, or activity, people should avoid
too much solar UV exposure. Without adequate solar UVB
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irradiance, people should seek other sources of vitamin D3.
Public-health policies should be revised in light of the emerging
scientific findings, as is being done already in several countries.
Five-year view

The health benefits of solar UVB irradiance and vitamin D3
will be well understood for cancer, respiratory diseases arising
from bacterial and viral infections, autoimmune diseases, heart
diseases, periodontal disease and several other diseases. Recommendations for oral vitamin D3 intake and solar UVB irradiance will be revised upward to reflect the emerging scientific
findings. Public announcements of the UV index will also
include information on time required near solar noon to produce 1000 IU of vitamin D3. More countries will permit and
encourage vitamin D3 fortification of commonly consumed
foods, including bread and other grain products. All health

practitioners, including dermatologists, will become well
versed in the health benefits of vitamin D3 and will evaluate
patients’ health and treatment in terms of serum calcidiol levels
and will recommend additional vitamin D3 as warranted for
both disease prevention and treatment.
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Key issues
• Solar UVB irradiance is the major source of vitamin D3 for most people.
• Solar UVB and vitamin D3 have been reported to reduce the risk of over 16 types of cancer.
• The evidence for UVB and vitamin D3 reducing the risk of cancer generally satisfies the criteria for causality in biological systems
for several cancers.
• Recent studies have provided evidence that solar UVB and vitamin D3 reduce the risk of respiratory diseases linked to infection,
explaining in part why such diseases are more common in winter.
• Solar UVB and vitamin D3 reduce the risk of autoimmune diseases such as multiple sclerosis.
• Emerging scientific evidence suggests that humans require 1000–4000 IU of vitamin D3 per day for optimal health.
• Although nonmelanoma skin cancer is not desirable, it is generally not life threatening, and several recent studies found that
development of nonmelanoma skin cancer is associated with reduced risk of numerous internal cancers, as long as the effects of
smoking are considered, as well as multiple sclerosis.
• At latitudes greater than approximately 45°, it is difficult to obtain sufficient vitamin D3 year round from casual solar UVB
irradiance to reduce the risk of cancer.
• Human epidemiological studies suggest that solar UVA is a more important risk factor for melanoma than UVB.
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