CHAPTER #

Solar Ultraviolet Irradiance and Cancer
Incidence and Mortality

William B. Grant*

Introduction
ates for many cancers are generally higher with increased distance from the equator. The
Riirst paper positing a link between sunlight and reduced risk of cancer was published in
937.! Persons in the US Navy with greater “skin irritation” (actinic keratosis and skin
cancer) had lower risk of internal cancers. A second paper appeared then reported that residents of
sunnier states had lower cancer risk.! Although many studies have tried to explain these geographic
variations, including differences in dietary factors and socioeconomic status, the most promising
is that solar ultraviolet-B (UVB) (290-315 nm), through production of vitamin D, reduces the
risk of cancer incidence and increases survival chances. Data at the World Health Organization®
indicated large latitudinal gradients in cancer mortality rates recorded as early as 1955 for breast,
colon, intestinal, lung, prostate, rectal and renal cancer. However, rates were also low for countries
where much fish was consumed, such as Iceland and Japan and in countries where animal products
were a small fraction of the total energy supply, such as Egypt. Thus, it would have taken a clever
researcher to suggest that solar UVB and fish were important sources of vitamin D and could
explain much of the variance.
This chapter reviews the observational support for the UVB/vitamin D/cancer theory, outlines
the supporting evidence and discusses the level of certainty for the theory. It also presents the
evidence for beneficial effects of UVB and vitamin D for other diseases and conditions.

Cancer

Solar UVB of Geographic Location as the Index of Vitamin D

Production— Single-Country Studies
The solar UVB/vitamin D/cancer theory was proposed in 1980 by Cedric and Frank Garland,
then associated with the Johns Hopkins School of Public Health. They heard a lecture on the
geographic variation of cancer mortality rates in the United States that was based on the Atlas of
Cancer Mortality for US Counties: 1950-1969.* Maps had age-adjusted mortality rates for various
cancers displayed in color for five categories:
e significantly high, in highest decile;
e significantly high, not in highest decile;
o in highest decile, not significant;
e not significantly different from the United States; and
e significantly lower than the United States.
For most of the cancers, the color for “not significantly different from the US” dominated the
atlas. However, for large-intestine-except-rectum cancer for males, Arizona, southern California
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and New Mexico were colored “significantly lower than the US;” as were parts of the southern
states cast of the Mississippi River, whereas the northeast had the highest rates. They knew that it
was sunny in the southwest and hypothesized that since the most important physiological effect of
solar radiation was the production of vitamin D, vitamin D levels must be higher in the southwest.
Vitamin D, they posited, reduced the risk of cancer mortality. They did an ecologic study of colon
cancer mortality rates for 17 metropolitan and 32 nonmetropolitan states® with respect to annual
hours of solar radiation on the basis of cancer data in Lilienfeld et al.®

Their work was slowly extended over the next two decades. They showed that dietary vitamin
D and calcium were inversely correlated with colorectal cancer” and that serum 25-hydroxyvitamin
D (calcidiol) levels were inversely correlated with colon cancer.® They also extended their ecologic
studies to include breast”!® and ovarian cancer.!! Their account of their work on vitamin D was
recently published as a commentary'? along with the republication of their seminal paper in the
International Journal of Epidemiology," along with commentaries by others on the progress
and status of the understanding of the roles of UVB and vitamin D in cancer risk reduction.'*!
Schwartz and coworkers added prostate cancer to the list of vitamin D-sensitive cancers in the
1990s as well."”?° Freedman added nonHodgkin’s lymphoma (NHL) in 1997 through a study of
residential and occupational exposure to sunlight and mortality.”!

However, the 1990s saw little progress on the UVB/vitamin D/cancer theory, partly because
the ecologic approach was considered only a hypothesis-generating approach® and since the
case-control and cohort studies designed to test the hypothesis were based primarily on dietary
vitamin D. Diet provides about 250-300 international units (IU) (6-8 g) of vitamin D per day
in the United States, primarily from vitamin D3-fortified foods such as dairy.”® Dietary sources of
vitamin D are too low to have an easily discernible effect on colorectal cancer risk since it takes about
1,000-1,500 IU/day to reduce the risk by about 50%.2*2° Supplements could provide that much, but
the US recommended daily allowance is about 400 IU/day and both vitamin D2 (ergocalciferol)
and vitamin D3 (cholecalciferol) are used in US supplements. Vitamin D2 is much less effective
than vitamin D3,” and most researchers did not consider whether the vitamin D used was D2 or
D3. Thus, there was little support provided for the theory for about two decades.

Two ongoing concerns: 1) many think that UV irradiance is associated primarily with risk of
skin cancer and cutaneous malignant melanoma (CMM) and 2) market-based economic systems
have little incentive to promote solar UVB irradiance and oral vitamin D consumption to reduce
the burden of disease. However, the risk of skin cancer and CMM should generally be of much
less concern than the health benefits of vitamin D for most people.

The case for the UVB/vitamin D/cancer theory was bolstered in 2002 when I, then working
in atmospheric sciences at the NASA Langley Research Center in Hampton, Virginia, published
a paper identifying 14 UVB/vitamin D-sensitive cancers [Grant, 2002b] (Tables 1 and 2). After
publishinga few ecologic studies of dietary links to Alzheimer’s disease,” heart disease,” prostate
cancer,’® and rheumatoid arthritis,?! I focused on cancer in the United States after the more recent
Atlas of Cancer Mortality in the United States, 1950-94,%* became available. After determining
that dietary factors could not explain the up to a factor-of-two variation in mortality rates between
the southwest and northeast, I posed two questions: how many cancers were UVB sensitive and
how many Americans died prematurely from cancer annually because of insufficient UVB and
vitamin D. Since my position at NASA dealt with stratospheric ozone, I knew about the surface
solar UVB map for July 1992 derived from the NASA Total Ozone Mapping Spectrometer
(TOMS) satellite instrument.’® The overall variation of the UVB doses seemed to match the
maps in the Atlas, with highest UVB in the southwest, lowest in the northeast and intermediate
elsewhere. I digitized the map to provide values to use with the approximately 500 state economic
areas of cancer mortality rate data. [ omitted some states from the analysis since some of the high
cancer rates near the Mexican border were apparently unrelated to solar UVB and other cancer
risk-modifying factors were not included in the analysis. The finding in this study was that about
14 cancers were UVB/vitamin D sensitive and that 17,000-23,000 Americans died prematurely
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Table 2. Vitamin D-sensitive cancers with moderate support

Cancer Mortality Rate, 1970-942 M,F North America Europe
Leukemia 8.80, 5.16 39,98

Lung 69.4, 23.93 34,37

Multiple myeloma 3.10, 2.08 39 66, 67, 56
Oral 3.99, 1.41 38,98

Ocular melanoma, uveal 121

Small intestine 39

Thyroid 0.33, 0.42 39 56

Totals 7 2

* deaths/100,000/year in the United States

from cancer annually.** This study prompted others on the role of solar UVB and vitamin D in
reducing cancer risk.

Soon, Freedman reported her findings regarding sunlight and mortality from breast, ovar-
ian, colon, prostate and nonmelanoma skin cancer (NMSC) on the basis of a composite death
certificate-based case-control study.*> Only female breast and colon cancer, however, also showed
significant negative associations with jobs with the highest occupational exposure to sunlight
(odds ratio [OR], 0.82 (95% confidence interval [CI], 0.70-0.97) for female breast cancer; OR
0.90 (95% CI,0.86-0.94) for colon cancer). NMSC was directly correlated with sunlight, yielding
evidence that the index of solar UVB was reasonable.

Since the ecologic study using the TOMS UVB doses did not include data for other cancer
risk-modifying factors, more studies were conducted in which such factors were included. Lung
cancer mortality rate was used as the index of the health effects of smoking, based on an analysis
of lung cancer mortality rates with respect to other cancer mortality rates for black American
males.*® Other factors included alcohol consumption per capita rates, fraction of the popula-
tion living below the poverty level, fraction of the population living in urban regions and ethnic
background. Mortality rate data in the United States are divided into those for white and black
Americans, white Americans including Hispanics. Thus, the data for black Americans could be
treated scparatcly, whereas for Hispanic hcritagc, the fraction of the population with Hispanic
heritage was used as a factor. Since the data for several of these factors was most readily available
by state, the state was adopted as the geographical unit in these studies.

Fifteen types of cancer were then identified as UVB/vitamin D sensitive’”*® (Tables 1 and 2).
Three minor cancers, gallbladder and oral cancer and Hodgkin’s lymphoma, were added to that
list. They could be added because 1) by using state-averaged data, the statistical uncertainties were
reduced and 2) by including the other factors, their effects on the geographic variations could be
accounted for. Three cancers reported as having significant correlations with UVB—cervical,
laryngeal and pancreatic cancer—were later determined to have a spurious correlation due to
an interaction with other factors rather than an effect of solar UVB. The correlations with other
risk-modifying factors other than the poverty index generally agreed with the journal literature.
However, it was recently realized that the criterion for statistical significance at the 95% confidence
level (p < 0.05) is valid only for univariate regressions; in multiple linear regression analyses, the
correct value is 0.05/7, where 7 is the number of factors in the model. Thus, many of the factors
identified in boldface font in Refs. 37 and 38 as statistically significant at the 95% confidence level
but with p > 0.009 were found not to be significant in a later analysis that also included dietary
factors [Grant, in preparation]. The poverty index was no longer correlated with cancer risk when
dietary factors were included.

More recently, Boscoe and Shymura® did an ecologic study of US cancer incidence and mor-
tality rates. They used data from a set of 3.1 million incident cancer cases and 3.1 million cancer
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deaths from the North American Association of Central Cancer Registries® and the National
Cancer Institute’s SEER*Stat database.? They processed TOMS UVB data to obtain annual aver-
age data with a 1-degree by 1-degree (approximately 100 km X 100 km) grid. They found strong
inverse correlations with cancers at 12 sites, weaker inverse correlations for eight sites and inverse
correlations for three cancers that were different for the sexes. For some cancers, mortality rates
had a higher correlation with UVB than did incidence rates: bladder, colon, other biliary, ovarian,
rectal, renal, soft tissue, uterine corpus and vulvar cancer and NHL, whereas for others, the situ-
ation was reversed: gastric, pancreatic and prostate cancer, leukemia and multiple myeloma. The
effect of vitamin D may be apparently stronger with respect to mortality rates than with incidence
rates since cancer initiation and progression is affected by many factors, whereas metastasis may
be affected by fewer factors and vitamin D reduces metastasis. Also, some of the cancer screen-
ing programs such as mammography often identify types of cancer that might not become life
threatening if left untreated.

Diet is also important in cancer etiology. In previous work, I assumed that dietary macro- and
micronutrients were too uniformly consumed in the United States to determine their effect.
However, I recently found dietary data for the four quadrants of the United States for 1988-94%%
and included these data in the analysis of US cancer mortality rates for 1970-94. Dietary zinc
was inversely correlated with 12 types of cancer, whereas dietary iron was directly correlated with
10 and solar UVB was inversely correlated with 11 cancers for which the iron and/or zinc index
was significantly correlated [Grant, in preparation]. Thus, adding more factors to the ecologic
study did not eliminate solar UVB as a risk reduction factor for US cancer. However, the dietary
sources of zinc include whole grains, beans/legumes, red meat and seafood, whereas the primary
dietary source of iron is red meat. Many components of the dietary sources probably contribute
to cancer risk modification, so taking zinc supplements to try to reduce the risk of cancer would
be premature.

Two case-control studies found NHL inversely correlated with solar UVB. An Australian study
found odds ratios (ORs) of 0.5-0.6 for increased solar irradiance, with greater benefit correlated
with nonworkday exposures.* A Swedish study found ORs of 0.6-0.7 for the highest levels of
solar irradiance.” Interestingly, both countries have many light-skinned white people who live in
countries with near highest and lowest solar UVB doses. However, a recent study conducted in
Connecticut, USA, found direct correlations between several measures of solar UV irradiance and
risk of NHL.% In addition, it was noted that several other papers had reported similar results. It
could be the case that UVB, through production of vitamin D, reduces the risk of NHL, while UVA,
through other mechanisms, increases the risk of NHL. Further research is clearly indicated.

Five independent reviews of single-country ecologic studies of solar UVB irradiance and cancer
risk have been conducted recently. Two were from those actively developing and extending the
theory.” Two others were from some who have devoted most of their careers to studying the ill
effects of solar UV irradiance such as a risk factor for CMM and NMSC.#** Another was from
a group with little investment either way.>' All five reviews agreed that, at least for some cancers,
there is reasonably strong evidence for a beneficial effect.

Critique of Geographic Location as the Index of Solar UVB Irradiance

Despite the general agreement among these three US ecologic studies, the concerns have been
raised that either UVB irradiances are not well correlated with UVB doses or that in summer,
vitamin D production rates from solar UVB irradiance are practically independent of latitude.>
Kimlin et al’s objection is surprising in light of the large variation of US solar UVB doses in July,”
as well as a recent estimate of vitamin D production rates as a function of latitude in Australia,
finding a strong latitudinal gradient.> The US July variation is due primarily to two factors: 1)
higher surface elevation from the Rocky Mountains to the west and 2) lower stratospheric ozone
column over the western United States because of the prevailing westerly winds pushing the tro-
popause height upward as the air masses prepare to cross the Rocky Mountains.
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NMSC as the Index of Vitamin D Production

Several studies have addressed the first objection by using NMSC incidence or mortality rate
as the index of UVB irradiance at the population level. For fair-skinned individuals, approximately
80% of NMSC deaths are due to squamous cell carcinoma (SCC).>* The most important risk factor
for SCC is integrated lifetime UVB irradiance.”

I recently used NMSC morrtality rates as the index of UVB irradiance at the population level in
an ecologic study of cancer morality rates in Spain.*® In a country such as Spain, where the inhabit-
ants descended from people who have lived there long enough that their skin phenotype has adapted
to normal UV doses, they are fairly well protected against skin cancer and CMM.” Thus, NMSC
mortality rates should reflect UVB irradiance rather than merely being related to latitude, as it is
in countries such as the United States, where most inhabitants have skin phenotypes that are not
well suited for the usual UV doses in the southern portion of the country. Lung cancer mortality
rates were used for the effects of smoking and both latitude and CMM mortality rates were used
in an exploratory fashion. Age-adjusted mortality rates for various cancers for 48 continental
provinces for 1978-92 were used. Seventeen cancers had mortality rates inversely correlated with
NMSC mortality rates,* including both lung cancer and CMM. UVA irradiance appears to be the
primary risk factor for CMM in association with light pigmentation, whereas UVB and vitamin
D reduce the risk. Latitude was not as useful an index for UVB as was NMSC in this case.

A second study was a meta-analysis of discovery of a second cancer after diagnosis of NMSC.
The data for each type of second cancer had to be adjusted for smoking rates for each population
by using lung cancer rates since smoking is a risk factor for basal cell carcinoma (BCC)** and SCC*
but a risk reduction factor for CMM.#! Several cancers were found to have rates significantly less
than 1.00 for average lung cancer rates: for a diagnosis of SCC, risk ratios for subsequent colon,
gastric and rectal cancers were significantly reduced, with that for renal cancer being marginally
insignificant. For NMSC, risk ratios for cervical, esophageal, gastric and rectal cancer were sig-
nificantly reduced; those for colon and gallbladder cancer were marginally insignificant, whereas
those for female breast, laryngeal, ovarian, renal and uterine corpus cancers were insignificantly
reduced.®?

Several other studies correlated diagnosis of NMSC with reduced risk of other cancers. A
study in The Netherlands found that skin cancer patients were at decreased risk of developing
prostate cancer compared with the general population (standardized incidence ratio [SIR], 0.89,
95% CI, 0.78-0.99), especially shortly after diagnosis.®® The risk of advanced prostate cancer was
significantly decreased (SIR, 0.73, 95% CI, 0.56-0.94), indicating a possible antiprogression ef-
fect of ultraviolet radiation. A UK study correlated all measures of solar UVB irradiance (c.g.,
skin phenotype, childhood sunburning and sunbathing) with reduced risk of prostate cancer.**
Although reduced risk of prostate cancer was always correlated with increased risk of BCC, this
seems a small price to pay, especially since BCC is easy to treat and when similar effects would
be expected for many UK cancers. Thus, the studies involving diagnosis of or death from NMSC
strongly support the UVB/vitamin D/cancer theory.

Solar UVB Doses or Geographic Location as the Index of Vitamin D

Production—Multicountry Studies

Single-country ecologic studies prove that cancer incidence and mortality rates often increase
with increasing latitude. This phenomenon can also be seen in a comparison of cancer mortality
rates versus latitude for common cancers in several countries. However, there is not a good cor-
relation of cancer rate with latitude per se for such data since many factors affect cancer risk in
addition to solar UVB. Thus, other factors such as diet,*> smoking rates and alcohol consumption
should be included in the model for multicountry ecologic studies. A second challenge is to find
an appropriate index for solar UVB. Latitude is the easiest index to use, but better indices are
based on either UVB measurements or models to estimate UVB doses on the basis of latitude,
stratospheric ozone, cloud cover and perhaps surface elevation. The third challenge is that health
care systems differ in screening and treatment for cancer and other diseases. Including countries
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with similar health care systems or including as many countries as possible to overcome the effect
of different health care systems is one solution.

I presented the first multicountry study to investigate the role of UVB in reducing the risk of
cancer.®*?” [ used cancer mortality rates for 1989-91 for 16 Western European countries in an eco-
logic study. The first study used latitude as the index of solar UVB doses, whereas the second used
annual average solar UVB doses from the European Light Dosimeter Network.®® Dietary supply
factors including alcohol for 1974-76 or 1979-81% were used for the effects of diet. It takes about
15-20 years for cancer to go from initiation to discovery or death,” so there should be a similar
lag between dietary supply data and cancer rates. Eight cancers had significant correlations with
increasinglatitude (‘Tables 1 and 2). Latitude or solar UVB doses were not a good index for vitamin
D for the Nordic countries, where fish and supplements provide much of the vitamin D.”!

I conducted an ecologic study of breast cancer by using mortality rates for 1989-96, dictary
supply data from 1974-76 and 1979-81 and latitude from 35 countries.”” The countries were studied
asall, all less Asian and all less Asian and Latin American countries. The fraction of energy derived
from animal products (risk) combined with that from vegetable products (risk reduction), followed
by solar UV-B radiation and, to a lesser extent, energy derived from alcohol (risk) and fish intake
(risk reduction), explained 80% of the variance of breast carcinoma mortality rates. The dietary
factors identified in this study are now generally accepted as important for breast cancer risk.

There have been a few multicountry ecologic studies of prostate cancer with respect to solar
UVB. In one study, mortality rates in 32 countries with white people as the predominant popula-
tion were used with latitude and dietary supply factors.”® Latitude was not a significant factor in
a multiple linear regression analysis. In the second study, mortality rate data for 71 countries in
2000 were used with UVB data that were obtained from the Tropospheric Emission Monitoring
Internet Service,”* and dietary factors were obtained from the FAO.®” The normalized correlation
coefficient for the UVB index was —0.27 (95% CI, —0.58 to 0.04). Thus, this study found UVB to
be marginally insignificantly inversely correlated with prostate cancer mortality rates.

Cancer incidence and mortality rates for 17 Western developed countries in 200276 were recently
used in a multicountry study with latitude and maximum temperature used as UVB indices, along
with dietary supply factors for 1985, fraction of energy derived from animal products, alcohol, fruit
and sweeteners (added sugar).” Interestingly, for breast cancer, the UVB index was important for
mortality rates but not incidence rates, possibly reflecting the effect of mammographic screening
on incidence rates. For NHL and renal cancer, the adjusted R? was higher for mortality rates than
for incidence rates. Perhaps more factors affect cancer incidence than cancer mortality, so that the
UVB/vitamin D effect is more pronounced for mortality rates.

The multicountry ecologic approach is now being applied to cancer incidence rates on a truly
global scale by the group at UC-San Diego led by Garland. They developed a UVB index based
on solar UVB at the top of the atmosphere, the angle with respect to the surface and either cloud
cover in winter’® or stratospheric ozone amount.” For renal cancer, solar UVB was significantly
inversely correlated with incidence rates, as was fraction of dietary energy derived from animal
products, whereas cloud cover was inversely correlated.”® For ovarian cancer, solar UVB and fertility
rate were inversely correlated with incidence rates, whereas ozone was directly correlated.” More
investigations using this approach are under way.

CMM

Several studies indicate that CMM is also a vitamin D-sensitive cancer. Sunscreen use was
linked to CMM risk in the 1990s.* The reason proposed was that sunscreen in widespread use
at the time blocked UVB well but not UVA. Diffey essentially conceded that point when point-
ing out that modern sunscreen formulations should provide good protection against CMM.#' A
study reported that risk of CMM among fair-skinned people living at different latitudes changes
more slowly than that for SCC and BCC.*? The difference is attributed to the slower latitudinal
variation of UVA than UVB. Osborne and Hutchinson® reviewed the evidence for vitamin D.
Another study reported that CMM rates in a multicountry study were correlated with the ratio
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of UVA to UVB.* A dietary study found that risk of CMM was inversely correlated with oral
vitamin D.% The finding of the ecologic study in Spain that CMM mortality rates were inversely
correlated with NMSC further indicates a beneficial role of UVB.5¢

UVB is considered an important risk factor for CMM partly because CMM rates are strongly
correlated with solar UV doses where fair-skinned white people live in countries considerably
equatorward of their Northern European ancestral homelands and little effort is made to separate
the effects of UVA and UVB. However, inspection of data in the Atlas of Cancer Mortality in the
United States, 1950-94,%2 provides more evidence for the role of UVA, not UVB, in the etiology
of CMM. First, between 1950-69 and 1970-94, mortality rates for NMSC decreased by 31%
for white males and 47% for white females, whereas the corresponding changes for CMM were
increases of 89% and 42%, respectively. Second, in an ecologic study of cancers that includes such
factors as smoking, poverty and dictary data, CMM rates are linked to latitude, whereas NMSC
rates are linked to solar UVB doses for July [Grant, submitted]. Latitude here is assumed to be an
index for solar UVA doses since UVA is much less affected by surface elevation than UVB and is
not affected by ozone.

Causality

Most evidence supportinga beneficial role of solar UVB for cancer is observational and generally
ecologic. Thus, examining the ecologic approach’s validity and determining whether the criteria
for causality in a biological system are generally satisfied is worthwhile.

Ecologic Approach

The ecologic approach has long been used. A famous early work was John Snow’s use of a
map of cholera cases in London to identify the Broad Street well as source of the outbreak and
take effective action, even though the mechanism of transmission was unknown.* A well-known
ecologic study of the relation between diet and various forms of cancer appeared in 1975.° Many
types of cancer were found correlated with animal fat in a multicountry ecologic study, providing
the strongest evidence up to that time of diet’s importance in cancer risk. However, a paper by
one of the same authors later suggested that ecologic studies could be used only for generating
hypotheses, not in proving links.?? Ecologic studies are considered prone to overlook confounding
factors that more likely explain the correlations identified. The ecologic approach has been held in
low regard for many years partly because seemingly well-designed cohort studies could not confirm
the findings of the ecologic studies.”” However, when overall dietary patterns were considered,
the cohort studies identified that the Western diet was associated with colorectal cancer risk.® A
case-control study found meat directly correlated and fish inversely correlated with breast cancer
incidence.® The vegetable to meat consumption ratio was a relevant factor in cancer studies.”
Thus, systematic problems with the cohort studies may sometimes be used to downplay ecologic
study results. One limitation is that many of those in the cohort have similar dietary patterns.
This effect was recently highlighted in the Women’s Health Initiative study of a “low-fat diet”
and risk of colorectal cancer; the low-fat diet had the women consuming about 30%-32% of their
energy in the form of fat compared with 40% in the control group or at the start of the study;”!
no significant risk reduction was found.

Another way to judge the effectiveness of ecologic studies is to look for ecologic studies that
first identified the link between a risk factor and a disease. Some examples from my work include
the first study to link dietary factors to risk of Alzheimer’s disease (total fat and total energy as
risk factors, fish and cereals/grains as risk reduction factors),” sugar as a risk factor for coronary
heart disease for women,” meat as a risk factor for the expression of rheumatoid arthritis,”* and
the addition of nine cancers to the list of UVB/vitamin D-sensitive cancers.?* All these findings
have been well supported in subsequent observational studies.

Yet another way to judge the validity of a hypothesis or theory is to examine whether predictions
based on the model can be verified. There are several ways this has been done for the UVB/vitamin
D/cancer theory:
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¢ Determining whether oral vitamin D reduced the risk of cancer. This prediction was
satisfied for colorectal cancer’”? and breast cancer.”

e Determining whether serum calcidiol is inversely correlated with cancer risk, which it
is.®

e Determining whether cancer rates correlate inversely with indices for solar UVB irradi-
ance in individual countries. This assertion has been found true for Japan,”” Australia,*
Norway,® Spain,*® China [Grant, submitted] and France [Grant, submitted].

Criteria for Causality

Hill laid out causality criteria for a biological system in his Presidential Address to the Royal
Medical Society in 1965.” They were based on those postulated by Robert Koch in 1882, which
Koch had used to help justify his finding that a bacterium caused tuberculosis.” Criteria are use-
ful because cause-effect relations in biology do not generally have tight equations as they do for
physics and engineering.

The primary criteria for diseases such as cancer are strength of association, reproducibility in
different populations, a generally linear dose-response relation, identification of mechanisms, ac-
counting for confounding factors and experimental verification.

Strength of Association
Strong inverse correlations have been found for many cancers with respect to solar UVB doses
or irradiances (Tables 1 and 2).

Reproducibility

The ecologic study results have been repeated in many populations and under many different
conditions, as indicated in Tables 1 and 2. Some earlier studies on dietary vitamin D or serum
calcidiol failed to find a significant effect on cancer risk reduction because the amounts considered
in the study were generally too low, often because the contributions from solar UVB irradiance
were overlooked.*® However, there are some puzzling results in the literature, such as for pancreatic
cancer. The data from two cohorts in the United States found a statistically significant risk reduc-
tion with respect to dietary vitamin D.” However, a study of male Finnish smokers found that
higher prediagnostic serum calcidiol was associated with a threefold increased risk of pancreatic
cancer.”

Dose-Response Relation

Dose-response relations are generally linear, although there may be some saturation at the
higher doses.?* Meta-analyses of studies of oral intake of vitamin D and serum calcidiol have es-
timated the dose-response relations for colorectal cancer, with 1,000-1,500 IU/day required for
a50% reduction®? and breast cancer (4,000 IU/day for a 50% reduction).”” Giovannucci et al**
estimated that 1,500 IU/day would reduce male cancer mortality rate by 29%.

However, several studies have questioned the dose-response relation for prostate cancer. The
most recent, one in the Nordic countries,” found that both low and high levels of serum calcidiol
were associated with increased risk for prostate cancer. This finding is still being investigated.

Mechanisms

The well-known mechanisms whereby vitamin D reduces the risk of cancer include increased
cellular differentiation and apoptosis, increased calcium absorption, attenuation of growth signals,
reduced angiogenesis around tumors and reduced metastasis.!?!*

Accounting for Confounding Factors
Recent studies of solar UVB and cancer mortality rates have included several other risk-mod-
ifying factors such as smoking, alcohol consumption, ethnic background,?”* and diet.”7”78
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Experimental Verification

Lack of experimental verification in a prospective double-blind, randomized, placebo-controlled
study is the primary weakness in linking solar UVB and vitamin D to cancer risk reduction. The
health systems used to qualify synthetic pharmaceutical drugs for disease treatment and generally
require such a study showing effectiveness before drugs can be marketed. There has been at least
one prospective double-blind study on vitamin D plus calcium supplementation and colorectal
adenoma, a precursor to colorectal cancer,'” which found a beneficial effect of the two substances
combined. The largest related trial to date, the Women’s Health Initiative study,'** had the partici-
pants take only 400 IU of vitamin D3/day and found no effect on risk of either colon cancer or
hip fracture rate. This amount was too low to have a pronounced effect. However, those women
with higher oral intake of vitamin D before starting the study had a 40% reduced colorectal
cancer risk.!®

In summary, the UVB/vitamin D/cancer theory generally satisfies the criteria for causality,
lacking only a well-designed and conducted double-blind study. I believe that such a study would
readily provide the desired experimental verification.

Other Diseases for Which Solar UVB

and Vitamin D Are Beneficial/Protective

Although solar UVB and vitamin D are hot topics in cancer risk reduction, these factors are also
beneficial for other problems, including bone conditions and diseases, muscles and neuromuscular
control, autoimmune diseases and infectious diseases. Table 3 summarizes these conditions and
discases and the strength of the evidence for the beneficial effect of solar UVB and/or vitamin D.
There are also several recent reviews on the health benefits of vitamin D.'?1%

Summary and Conclusion

Evidence supporting the UVB/vitamin D/cancer theory continues to mount with little detrac-
tion, although there are some inconsistent results, such as some from Nordic countries, with respect
to serum calcidiol levels. Also, studies designed and conducted before it was realized that dietary
sources are largely inadequate to have a pronounced effect on cancer risk were largely unable to
confirm a beneficial role for vitamin D in reducing the risk of cancer.?*

The analysis of the economic burden of solar UVB irradiance and vitamin D deficiencies com-
pared to excess solar UV irradiance for the United States yielded interesting findings. One was
that the US economic burden due to vitamin D insufficiency from inadequate exposure to solar
UVB irradiance, diet and supplements was estimated at $40 billion to $56 billion in 2004, whereas

Table 3. Conditions and diseases for which solar UVB and/or vitamin D are beneficial

Condition or Disease Hypothesis Latitudinal Studies  Case-Control, Mechanisms
Cohort Studies

Bone health 107, 108
Muscle pain avoidance 109

Hypertension 110

Periodontal disease 111

Parkinson’s disease 112

Multiple sclerosis 113, 114 115, 116
Type 1 diabetes mellitus 17 118

HIV 119

Influenza 120
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the economic burden for excess UV irradiance was estimated at $6 billion to $7 billion.!*® These
findings are probably still approximately correct, if not on the low side, with respect to vitamin D
because of the additional benefits found recently, such as protection against infectious diseases.
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