
Abstract. Background: Solar ultraviolet B (UVB) irradiance
and vitamin D are associated with reduced cancer mortality
rates. However, the previous ecologic study of UVB and cancer
mortality rates in the U.S. (Grant, 2002) did not include other
risk factors in the analysis. Materials and Methods: An
ecologic study was performed using age-adjusted annual
mortality rates for Caucasian Americans for 1950-69 and
1970-94, along with state-averaged values for selected years for
alcohol consumption, Hispanic heritage, lung cancer (as a
proxy for smoking), poverty, degree of urbanization and UVB
in multiple regression analyses. Results: Models were developed
that explained much of the variance in cancer mortality rates,
with stronger correlations for the earlier period. Fifteen types
of cancer were inversely-associated with UVB. In the earlier
period, most of the associations of cancer death rates with
alcohol consumption (nine), Hispanic heritage (six), the proxy
for smoking (ten), urban residence (seven) and poverty (inverse
for eight) agreed well with the literature. Conclusion: These
results provide additional support for the hypothesis that solar
UVB, through photosynthesis of vitamin D, is inversely-
associated with cancer mortality rates, and that various other
cancer risk-modifying factors do not detract from this link. It is
thought that sun avoidance practices after 1980, along with
improved cancer treatment, led to reduced associations in the
latter period. The results regarding solar UVB should be
studied further with additional observational and intervention
studies of vitamin D indices and cancer incidence, mortality
and survival rates.

There is an increasing awareness that deficiency of vitamin
D is associated with an increased risk of internal cancer.
UVB and/or vitamin D have been identified as a risk
reduction factor for twelve types of cancer (1-11).
Epidemiologic studies of the geographic distribution of
these cancers have shown that indices of solar UVB (290-
315 nm) irradiation have strong inverse correlations with
cancer mortality rates. These and other studies found that
vitamin D, through photosynthesis or oral intake, was an
important cancer risk reduction factor. Observational
studies of individuals also support the role of vitamin D 
in reducing the risk of cancer, including studies of 
25-hydroxyvitamin D (25(OH)D) in stored sera and the
subsequent rates of development of colorectal cancer (2,
11), studies of dietary and supplementary sources of vitamin
D and the subsequent development of cancer (11), the
association of vitamin D receptor (VDR) alleles with risk of
cancer (12), the demonstration that many tissues are able to
convert circulating 25(OH)D to the active hormone 1 ·,25-
dihydroxyvitamin D (1,25(OH)2D) (13), and the elucidation
of the mechanisms whereby vitamin D reduces the risk of
cancer (14-16). 

While ecologic and other observational studies have
been used to make the link between UVB and cancer risk
reduction, a number of other factors also affect the risk of
cancer and the geographic distribution of cancer mortality
rates. This study incorporated additional factors into the
analysis in order to reduce the likelihood that the
associations with solar UVB radiation could be
confounded by other factors. This enabled a more accurate
assessment of the independent association of UVB and
vitamin D with reduced mortality rates of particular types
of cancer. It also enabled examination of the contribution
of other factors, including a proxy indicator of smoking,
alcohol intake, degree of urbanization, Hispanic heritage,
poverty and latitude. The U.S. is an appropriate country
for the study of the effects of specific factors on cancer risk
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since the relevant data on many environmental, geographic
and behavioral risk factors are available.

Materials and Methods

Methods. The ecologic approach was used in this analysis (1, 3-6, 8,
17-20). Populations defined geographically by state were treated as
entities, and average values for disease outcomes and potential
influence factors for each state population were used. The strengths
and limitations of the ecologic approach have been reviewed (21,
22). Generally, associations between suspected risk or protective
factors and disease outcomes are examined. Once associations have
been found, further analyses are conducted to determine whether
the associations satisfy standard criteria for causality (23, 24).

Cancer mortality data. Age-adjusted, sex- and race-specific cancer
mortality rates were obtained from the National Cancer Institute’s
Atlas of Cancer Mortality in the United States (25). State-averaged
data for Caucasians for the periods 1950-69 and 1970-94, age-
adjusted to the age distribution of the total U.S. population in
1970, were used. While data for approximately 500 state economic
areas (SEAs) had been used in the previous analysis (6), it was
deemed proper in this case to use state-averaged values since
values for many of the additional risk factors were generally
available only at the state level. However, it was possible to use
SEA data for lung cancer mortality rates, the index used for the
health effects of smoking. Table I presents age-adjusted mortality
rates for each cancer analyzed in this study. 

Indices for each factor in this study have been developed based
on factors most likely to affect cancer risk and for which readily
accessible data are available at the state level. Since it generally

takes about 15-25 years for cancer due to diet to progress from
initiation to detection or death (18-20, 26), a reliable data set for a
year near the beginning of each period was generally sought for this
work. It is noted that more accurate results would have been
obtained using data for a much larger period, suitably averaged.
However, it was decided that the use of one year would suffice in
this work.

Solar UVB irradiance. Solar UVB irradiance for July was used as
the primary surrogate for vitamin D variation in the population
since it appears that UVB irradiance, especially in summer, is the
strongest determinant of geographical variation in serum 25(OH)D
in the U.S. and much of the world (27, 28). 

DNA-weighted UVB data for July 1992, derived from total
ozone mapping spectrometer (TOMS) measurements (29), were
determined for each state. DNA-weighted UVB is defined as that
portion of the UV reaching the Earth’s surface that directly alters
DNA. This spectral region peaks near 300 nm, which is very similar
to the spectral region important for vitamin D production (52).
UVB radiation is absorbed by ozone, and the ozone layer is thinner
west of and over the Rocky Mountains (30), because the prevailing
westerly winds push the lower stratosphere higher in that region.
In addition, UVB is attenuated somewhat by molecular scattering,
so the generally higher surface elevation west of and including the
Rocky Mountains increases the amount of UVB reaching the
surface. July UVB irradiance is highest in the Southwest, lowest in
the Northeast, and there is a 5Æ- 8Æ shift of the iso-UVB lines
between the two regions. This asymmetry is an important signature
which can separate UVB from other factors such as UVA and
visible radiation and temperature, which have latitudinal variations
with much less asymmetry. (See the Appendix for more
information on the UVB index.) 
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Table I. Cancer mortality rates for white Americans for the periods 1970-94 and 1950-69 (25).

Mortality rate, Mortality rate, Ratio Mortality rate, Mortality rate, 
Cancer males, 1970-94 females, 1970-94 males/females, males, 1950-69 females, 1950-69 

(deaths/100 k/year) (deaths/100 k/year) 1970-94 (deaths/100 k/year) (deaths/100 k/year)

All 209.47 135.88 1.54 184.46 136.94
Bladder 6.56 1.87 3.51 7.38 2.64
Breast 0.25 26.89 0.009 0.30 26.43
Cervical 3.22 7.87
Colon 20.13 14.97 1.34 17.79 17.55
Endometrial 3.72 6.46
Esophageal 4.80 1.24 3.87 4.34 1.11
Gallbladder 0.57 1.10 0.52
Gastric 7.33 3.41 2.15 16.34 8.37
Hodgkin’s 1.10 0.67 1.64 2.33 1.36
Laryngeal 2.49 0.42 5.93 2.67 0.25
Lung 69.40 23.93 2.90 39.25 6.57
NHL 7.03 4.76 1.48 5.05 3.38
Oral 3.99 1.41 2.83 4.80 1.17
Other, unspecified 14.50 10.00 1.45 11.70 10.00
Ovarian 8.38 8.84
Pancreatic 10.21 6.84 1.49 10.20 6.26
Prostate 22.01 20.15
Rectal 4.40 2.54 1.73 8.18 5.20
Renal 4.90 2.24 2.19 3.99 2.07



While the TOMS DNA-weighted UVB index for July was
convenient for use in this project, it is correlated with vitamin D
production potential throughout the year at several locations,
based on an analysis of ground-based measurements (31).

Another index for UVB was also examined, namely that of
measurements made from 1970 to 1994 using the Robertson-
Berger (RB) meter. There were 19 stations extending from
Hawaii to Vermont, primarily located in urban regions in order
to measure UVB in relation to human exposure. The annual
values were averaged for each station, then used in a regression
analysis with respect to latitude and surface elevation to generate
values for 44 states. The states omitted from the tabulation were
Alaska, Delaware, District of Columbia, Hawaii, Mississippi, New
Jersey and West Virginia. The latitude explained 68% of the
variance, latitude and elevation, 91%, and latitude, elevation and
cloud cover, 97% (32, 33). It is noted that the spectral response of
the RB meter was matched to the erythema action spectrum and,
thus, had some sensitivity in the UVA range to about 325 nm.
Since there were only stations in the high-elevation western states
of New Mexico and Utah, the network had little sensitivity to
differences in stratospheric ozone. Nonetheless, it seemed useful
to consider this index in order to provide a check on the TOMS
UVB data.

Latitude was also used as an index for serum 25(OH)D levels in
winter in the case of prostate cancer.

Smoking. It generally takes 20-50 years for smoking to lead to adverse
health effects such as lung cancer, but reliable data by state on smoking
prevalence and quantity smoked were not available until the mid-1980s
(34). Data on cigarette smoking prevalence by state could be used as
one estimate of the effect of smoking on the risk of cancer. The number
of states for which data on the prevalence of smoking were available
increased from 15 in 1984 to 49 in 1992 (34). Linear regressions were
run with lung cancer mortality rates for four years: 1985, 1987, 1988 and
2000. The results are given in Appendix Table A2. 

An alternate index of the health effects of smoking are the lung
cancer mortality rates for the two periods (25). About 87-89% of
lung cancer cases for males and 78% for females in the U.S. can
be attributed to smoking (35), and lung cancer mortality rates
appear to be an index of long-term smoking in the population. It
was recently shown that lung cancer death rates were a good index
of tobacco smoke exposure for approximating non-lung cancer
death rates in colored males (36, 37). The temporal variation of
other cancers closely follows that of lung cancer, and variations in
lung cancer accounted for 60-67% of the non-lung cancer mortality
rates for this population. Since lung cancer mortality data are
available by time period and gender, they were used in this study. 

Alcohol consumption. For the period 1950-69, data on alcohol
consumption (gallons of ethanol per capita of the drinking age
population) for the period 1960-62 were obtained from the Center
of Alcohol Studies, Rutgers University (38). Additional data,
starting from 1970, were available from the National Institutes of
Alcohol Abuse and Alcoholism (NIAAA) (39). The 1970 data were
used for the period 1970-94, in view of the fact that alcohol
consumption rates vary slowly, and the relative consumption rates
stay relatively constant. 

Hispanic heritage. Hispanic heritage is a known risk factor for several
types of cancer (40-42). The category "Caucasian Americans" includes
those of Hispanic heritage. The proportion of Caucasian Americans
in each state considered Hispanic was included in the analysis. The
values used here were for 1980, the earliest year that comprehensive
data were available (43). It is noted that gastric cancer mortality rates
were highest near the U.S. - Mexico border, where Hispanics tend to
live. Nonetheless, using the fraction of those with Hispanic heritage
for each state seemed to yield reasonable results in the analysis.

Degree of urbanization. The proportion of each state’s population
living in urban areas from 1940 to 1970 was obtained from Ref. 44.
Definitions of urban and rural residence are given in Ref. 45. It
was determined that urbanization data for 1960 yielded the highest
regression result for the period 1950-69, while those for 1970 did
likewise for the period 1970-94. 

Poverty. Cancer rates are sometimes related to socioeconomic
status (SES) (7, 46), which could be due to differences in medical
care (47) or diet. For example, among those of lower SES, there
was a higher prevalence of smoking (48) and, among those of
higher SES, there was a greater intake of animal products in the
diet (49). Caucasians of lower SES in 1965 had diets judged to be
healthier than those of higher SES (50). It was also reported that
men in the lower SES levels had lower cancer mortality rates than
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Table II. Ranges of values of the variables used in this study for the 48
contiguous states plus DC. See the text for the data sources. Update using
the latest data and including Hawaii.

Factor Minimum Median Mean Maximum

Alcohol (ethanol), 0.38 1.96 2.09 5.56
(gallons/year) 1960-2

Alcohol (ethanol), 1.71 3.02 3.13 7.94
(gallons/year/person 
aged 21+years), 1970

Hispanic (%), 1970 0.3 1.3 3.5 37.4

Hispanic (%), 1980 0.5 1.8 4.3 36.6

Latitude 21.0 39.7 38.7 47.2

Lung cancer, 33.4 69.7 68.3 88.0
CM, CF, 1970-94 10.2 23.3 23.1 37.6
(deaths/100 k/year)

Lung cancer, CM, 21.1 38.1 36.9 54.0
CF, 1950-69 3.4 5.5 6.2 9.3
(deaths/100 k/year)

Poverty (%), 1969 7.2 12.5 14.9 35.4

Urbanization (%), 1960 35.0 63.0 62.9 100.0

Urbanization (%), 1970 32.0 66.5 66.4 100.0

UVB-July (kJ/m2) 4.0 5.2 6.0 9.2

CM, Caucasian males; CF, Caucasian females.



those in higher SES levels until 1985. This was also true for women
until 1995 (51). The index used for poverty in this study was the
fraction of inhabitants living below the poverty line in 1969 (52). 

Statistical analysis. The data were used in linear regression
analyses using SPSS Version 13.0 (53). The square roots of the
mortality rates were used in the analysis to reduce the effect of
extreme values (54). The number of independent factors that can
be used in a regression analysis is generally limited to about one
for every ten data values. For most analyses, six factors were
included in the analysis: alcohol consumption, Hispanic heritage,
lung cancer, poverty, urbanization and UVB; for prostate cancer,
latitude was also included. Including all factors, whether
significant or not, yielded results for the significant factors
adjusted for the insignificant factors. In the tables of results,
values of beta (normalized coefficient) and p (significance) are
reported for each factor, and the adjusted R2, F (F-test statistic)
and p are given for the model.

For a number of cancers, there were few deaths in some states
during the 25- or 30-year periods. It was determined that when
there were fewer than about 20 deaths, the uncertainty adversely
affected the regression analysis. The two-standard deviation
uncertainty for 20 events is 45%. However, the population of the
state has also to be considered since few deaths for a large
population could indicate a low rate, regardless of the number of
deaths. The states omitted for various cancers and periods based
on 20 deaths are given in Table A3. Hawaii generally had a
sufficient number of deaths for many cancers in the period 1970-
94, but not in the earlier period. Alaska generally did not qualify
in the earlier period. Note that both Alaska and Hawaii were
admitted to statehood in 1959, so would not necessarily be that
similar to other states in the earlier period. In addition, at the high
latitude of Alaska, generally above 60Æ N, there is so little UVB
that residents must rely on sources other than solar UVB for
vitamin D (55). Therefore, Alaska was omitted from the analysis.
Note that it was important to retain in the data set all states that
are representative of the country as a whole. This was not done in
the earlier work (5), in part because the rates in several southwest
states were much higher than could be explained by solar UVB
irradiance. It is now thought that, for several cancers, the high
rates were due to a high Hispanic population, a factor now
included in the model.

A summary of the range of values is given in Table II, and the
cross correlation coefficients in Table III. Note that many of the
independent factors were highly cross-correlated. Such cross
correlations were, however, thought to have a minimal effect on
the results in most cases. One notable exception was for alcohol
consumption and urban residence for women.

To check the results of ordinary linear regressions using SPSS,
Poisson regression analyses were also performed by an
independent analyst. Poisson regression is useful for analyzing
rates or counts that follow a Poisson distribution. The models
used corrected for overdispersion, i.e., when the variance of the
rate of interest is greater than its mean. Prior to statistical
modeling, the predictor variables were first assessed for the
presence of multicollinearity, although no evidence of this was
found (all Pearson correlation coefficients were less than 0.8). In
general, there was good agreement between the two statistical
approaches, so only the results based on ordinary regressions
were presented.

Results 

Models were developed that explained the majority of the
variance in cancer rates for individual cancers for males and
females. In the earlier period, adjusted R2 values were
higher than 0.8 for all except lung, bladder, breast, colon
(males), esophageal (males), laryngeal (males), oral (males),
ovarian and rectal (males) cancer, falling to 0.2-0.3 for
cervical, other (females) cancer and Hodgkin’s lymphoma
(males). The age-adjusted mortality rates for cancer for 15
sites were significantly inversely-correlated with July solar
UVB irradiance (Table IV). The proxy measure of tobacco
smoking was significantly correlated with ten types of
cancer, alcohol with nine, urban residence with five,
Hispanic heritage with six, and poverty with two. Alcohol
consumption was inversely correlated with two cancer sites
for females, urban residence with one each for males and
females and poverty with six for males and two for females.

For the period, 1950-69, 14 types of cancer were
significantly inversely-correlated with July solar UVB
irradiance (Table V). Only breast, esophageal (males) and
ovarian cancer had adjusted R2 >0.8. The proxy measure of
tobacco smoking was significantly correlated with ten cancer
sites, alcohol consumption with six, urban residence with
seven, Hispanic heritage with four, poverty with four and
latitude with one. Alcohol was inversely correlated with one
cancer site for females, urban residence with one for
females and poverty with three each for males and females.

Discussion

The results largely confirmed and extended the previous
ecologic findings regarding the association between UVB
radiation and cancer (5), but with added confidence since a
number of additional factors had been included. The added
factors generally confirmed the results of other studies for
smoking (56-58), alcohol consumption (59-61), urban
residence (62, 63) and Hispanic heritage (40-42). 

Ultraviolet B irradiance. The results of this study seem
largely to confirm the associations between UVB irradiance
and cancer mortality rates reported previously (5). The
additional cancers, for which an inverse association with
UVB irradiance was identified for Caucasian Americans in
this study, were cervical, gallbladder, laryngeal, pancreatic
and oral cancer and Hodgkin’s lymphoma, bringing the total
to 16, counting prostate cancer. 

However, the prostate cancer mortality rates were found
to be most strongly correlated with increasing latitude and
weakly with July UVB when both were included in the same
regression model. The latitude is thought to be an index of
winter or springtime vitamin D levels, since UVB irradiance
decreases rapidly with latitude in winter and spring (30). For
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example, it is impossible to produce vitamin D from solar
radiation in November through March in Boston (64). A 
U-shaped relationship between 25(OH)D and risk of
prostate cancer was reported in a study in Nordic countries
(65), with both low and high values being associated with
increased risk, and confirmed in an ecologic study of U.S.
states (66). It has been proposed that the metabolic products
of 25(OH)D may explain the effect of higher levels of
25(OH)D (67). Additional interactions between vitamin D
metabolites and prostate cancer are still being studied (68).

The mechanisms by which vitamin D reduces the risk of
cancer incidence and mortality have been fairly well described.
Vitamin D metabolites increase cell differentiation, suppress
growth-stimulatory signals, potentiate growth-inhibitory
signals and reduce cell proliferation, metastasis and
angiogenesis (14-16, 69). 

The beneficial effects of vitamin D are more strongly
evidenced for the reduction of mortality rates than
incidence rates. Several studies in Norway supported this
statement. One study found that the diagnosis of breast,
colon and prostate cancer in summer and fall was
associated with the highest survival rate, 30% higher than
for winter or spring, but no seasonality was observed in the

incidence rates (70). A second study found that the
survival rate for colon cancer was increased for a diagnosis
in fall (71). A third found that the 18-month survival rate
for Hodgkin’s lymphoma was about 30% higher for
discovery in fall compared to winter or spring (72). A
recent study of the survival of men in Boston with early
stage non-small cell lung cancer found that both operation
in the summer and a high vitamin D status improved the
survival rates (73). In addition, it was reported that the
total vitamin D index was more highly correlated with
cancer mortality rates than incidence rates in the
Physicians’ Health Study cohort (74). These cohort results,
which were adjusted for confounding factors, strongly
support the correlations found in this work. The analysis
reported here also served as the basis for an analysis of
cancer mortality rates for colored Americans, finding
similar results to those given here (75). 

It is possible that the use of the July UVB levels is not
the most appropriate index since vitamin D produced during
other periods is also beneficial. However, the results on
cancer survival (70-74) and the review of epidemiologic
studies of vitamin D and the risk of colorectal cancer (11)
indicated that higher levels of vitamin D are important.
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Table III. Cross-correlations between the risk and risk reduction factors used in this study. 

Table IIIa. For the period 1970-94, omitting Alaska. A negative value for the adjusted r2 indicates an inverse correlation.

Factor Hispanic, 1980 Latitude Lung cancer, M Lung cancer, F Poverty, 1969 Urban, 1970 UVB
(adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p)

Alcohol 0.00, 0.37 0.03, 0.11 –0.02, 0.18 0.11, 0.01 –0.14, 0.005 0.16, 0.002 0.00, 0.38
Hispanic –0.06, 0.04 –0.08, 0.02 –0.02, 0.60 –0.02, 0.89 0.13, 0.005 0.30, *
Latitude –0.11, 0.01 –0.06, 0.05 –0.24, * –0.02, 0.60 –0.56, *
Lung ca., M 0.33, * 0.18, 0.001 –0.03, 0.11 –0.02, 0.86
Lung ca., F –0.01, 0.52 0.01, 0.21 –0.01, 0.45
Poverty 0.17, 0.002 0.15, 0.003
Urban, 1970 0.00, 0.37

M, males; F, females; *p<0.001.

Table IIIb. For the period 1950-69, omitting Alaska and Hawaii.

Factor Hispanic, 1970 Latitude Lung cancer, M Lung cancer, F Poverty, 1969 Urban, 1960 UVB
(adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p) (adj. r2, p)

Alcohol –0.01, 0.50 0.03, 0.11 0.16, 0.002 0.22, * 0.26, * 0.40, * –0.02, 0.15
Hispanic –0.07, 0.04 –0.02, 0.65 0.04, 0.10 –0.02, 0.68 0.07, 0.03 0.32, *
Latitude –0.11, 0.01 –0.10, 0.01 –0.41, * –0.02, 0.91 –0.53, *
Lung ca., M 0.68, * –0.02, 0.66 0.26, * –0.02, 0.77
Lung ca., F –0.01, 0.54 0.26, * –0.01, 0.57
Poverty –0.27, * 0.20, 0.001
Urban, 1960 –0.02, 0.98

M, males; F, females; *p<0.001.
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Table IV. Beneficial associations of ultraviolet B irradiance and effects of other factors associated with age-adjusted mortality rates, standardized
regression coefficients and selected cancers, United States, 1970-94. Statistically significant values are indicated in bold type. 

Cancer, gender, No. UVB Smoking Alcohol, 1970 Urban, 1970 Hispanic, 1980 Poverty, 1969 Latitude Adj. R2, F, p

All less lung, M –0.54, * 0.60, * 0.31, 0.001 0.12, 0.26 0.18, 0.10 –0.27, 0.02 0.71, 21, *
All less lung, F –0.82, * 0.35, 8 0.15, 0.08 0.16, 0.07 0.18, 0.04 –0.06, 0.50 0.79, 31, *

Gastrointestinal
Esophageal, M –0.50, * 0.44, * 0.45, * 0.06, 0.43 0.11, 0.16 –0.36, * 0.84, 43
Esophageal, F –0.36, * 0.43, * 0.52, * 0.04, 0.66 0.14, 0.19 0.05, 0.64 0.71, 21
Gastric, M –0.51, 0.003 –0.03, 0.86 –0.04, 0.75 0.09, 0.54 0.46, 0.006 –0.27, 0.12 0.36, 5.5
Gastric, F –0.53, 0.004 0.01, 0.96 0.02, 0.92 0.13, 0.41 0.52, 0.003 –0.08, 0.63 0.26, 3.8, 0.004
Colon, M –0.71, * 0.42, * 0.02, 0.77 0.33, 0.001 0.15, 0.15 –0.25, 0.03 0.74, 24
Colon, F –0.76, * 0.31, 0.004 –0.13, 0.28 0.10, 0.40 0.09, 0.45 –0.14, 0.26 0.58, 12
Rectal, M –0.75, * 0.29, 0.001 0.22, 0.005 –0.04, 0.63 0.31, 0.001 –0.38* 0.79, 32
Rectal, F –0.70, * 0.36, * 0.02, 0.87 –0.04, 0.68 0.23, 0.04 –0.30, 0.008 0.68, 18
Gallbladder, 
M, 47 (>25)** –0.67, 0.001 –0.05, 0.74 –0.04, 0.77 0.32, 0.07 0.50, 0.005 –0.003, 0.99 0.41, 6.2
Gallbladder, F –0.85, * –0.20, 0.04 –0.25, 0.02 –0.01, 0.92 0.78, * –0.11, 0.35 0.64, 16
Pancreatic, M –0.46, 0.005 0.59, * 0.15, 0.23 0.06, 0.66 0.34, 0.03 0.28, 0.10 0.41, 6.7
Pancreatic, F –0.34, 0.06 0.37, 0.008 0.25, 0.11 0.06, 0.72 0.24, 0.15 0.08, 0.64 0.27, 4.0, 0.003

Female sites
Breast, M, 
37 (>33) –0.41, 0.11 0.58, 0.008 0.58, 0.008 0.11, 0.59 –0.02, 0.92 –0.13, 0.68 0.42, 5.3, 0.001
Breast, M, 
40 (>23) –0.71, 0.006 0.26, 0.17 0.48, 0.02 0.17, 0.44 0.07, 0.73 0.19, 0.52 0.31, 4.0, 0.004
Breast, F –0.71, * 0.10, 0.14 0.26, 0.001 0.31, * 0.11, 0.15 –0.13, 0.10 0.84, 43
Ovarian –0.60, * –0.09, 0.17 0.26, 0.001 0.11, 0.15 0.12, 0.13 –0.37, * 0.83, 41
Endometrial –0.73, * 0.03, 0.73 –0.04, 0.71 0.16, 0.11 0.20, 0.05 –0.33, 0.002 0.73, 23
Cervical –0.46, 0.005 0.61, * –0.21, 0.12 –0.31, 0.03 0.23, 0.11 0.26, 0.07 0.44, 7.4

Urogenital
Renal, M –0.65, * 0.33, 0.02 0.09, 0.46 –0.25, 0.10 0.27, 0.10 –0.12, 0.47 0.40, 6.5
Renal, F –0.70, * –0.01, 0.97 0.12, 0.42 –0.21, 0.18 0.17, 0.26 0.06, 0.68 0.35, 5.5
Bladder, M –0.29, 0.007 0.57, * 0.32, * –0.13, 0.19 0.16, 0.11 –0.69, * 0.75, 26
Bladder, F –0.44, 0.001 0.55, * 0.26, 0.02 –0.03, 0.77 0.10, 0.38 –0.11, 0.33 0.65, 16
Prostate 0.38, 0.04 –0.29, 0.03 0.25, 0.03 –0.47, * –0.19, 0.13 –0.36, 0.01 0.45, 0.01 0.59, 11
Prostate 0.27, 0.12 –0.24, 0.06 0.23, 0.03 –0.53, * –0.37, 0.01 0.44, 0.02 0.58, 12

Lymphomas
Hodgkin, M –0.97, * –0.04, 0.75 –0.09, 0.45 0.32, 0.02 0.23, 0.11 0.38, 0.02 0.48, 8.4
Hodgkin, F, 50 –0.88, * 0.08, 0.46 0.05, 0.72 0.39, 0.005 0.07, 0.59 0.32, 0.02 0.51, 9.6
NHL, M –0.59, * 0.07, 0.58 0.17, 0.16 0.41, 0.004 –0.15, 0.30 0.08, 0.58 0.49, 8.9
NHL, F –0.54, 0.001 –0.09, 0.48 –0.35, 0.01 0.15, 0.30 –0.02, 0.87 –0.21, 0.17 0.40, 6.5

Miscellaneous
Oral, M –0.24, 0.09 0.54, * 0.48, * 0.25, 0.05 0.04, 0.80 0.53, 12
Oral, M –0.23, 0.06 0.54, * 0.48, * 0.24, 0.07 0.02, 0.89 0.04, 0.81 0.52, 9.9
Oral, F –0.26, 0.08 0.38, 0.002 0.49, * 0.01, 0.95 –0.22, 0.12 0.06, 0.68 0.46, 8.0
Oral, F –0.26, 0.07 0.38, 0.002 0.50, * –0.21, 0.10 0.06, 0.66 0.47, 9.8
Laryngeal, M –0.85, * 0.25, 0.02 0.49, * 0.13, 0.17 0.06, 0.58 –0.05, 0.67 0.75, 21
Laryngeal, F, 
47 (>17) –0.40, 0.01 0.42, * 0.46, * 0.23, 0.08 0.11, 0.38 0.35, 0.02 0.58, 12
Other, M 0.22, 0.18 0.65, * 0.32, 0.02 –0.09, 0.58 0.05, 0.78 –0.10, 0.56 0.33, 5.1, 0.001
Other, F 0.09, 0.64 0.46, 0.002 0.17, 0.29 –0.12, 0.49 –0.04, 0.83 0.07, 0.70 0.18, 2.8, 0.02

*p<0.001; ** numbers in parentheses indicate the minimum number of deaths in 25 years required for inclusion in the analysis. No. is the number
of states included, and was equal to 50 if not stated. M, males; F, females.



The strength of the UVB correlation with cancer risk
reduction was stronger for the earlier than the later
period, as noted in the results section. It is proposed that
increased concern about the adverse effects of solar UV
irradiance led to changes in personal irradiance habits in
the U.S. in the 1980s, resulting in a reduction in the

amount of vitamin D produced from solar UVB irradiance.
This hypothesis is supported by an analysis of the ratio of
the breast cancer mortality rates for the two periods: an
inverse correlation is found vs. latitude, ratio=1.46-
0.01*latitude (adjusted R2=0.39, p<0.001). At the same
time, there was a positive correlation with latitude for the
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Table V. Beneficial associations of ultraviolet B irradiance and effects of other factors associated with age-adjusted mortality rates, standardized regression
coefficients and selected cancers, United States, 1950-69, as in Table IV.

Cancer UVB Smoking Alcohol, 1962 Urban, 1960 Hispanic, 1970 Poverty, 1969 Latitude Adj. R2, F, p

All less lung, M –0.65, * 0.28, 0.001 0.15, 0.07 0.36, 0.001 0.06, 0.44 0.06, 0.51 0.84, 42, *
All less lung, F –0.85, * 0.24, 0.002 0.04, 0.59 0.28, 0.004 0.12, 0.12 0.01, 0.91 0.85, 45, *

Gastrointestinal
Esophageal, M –0.60, * 0.35, * 0.23, 0.01 0.37, 0.002 0.09, 0.30 0.15, 0.12 0.83, 40, *
Esophageal, 
F, 48 (>17) –0.46, 0.009 0.65, * –0.06, 0.70 0.11, 0.55 0.01, 0.93 0.38, 0.04 0.41, 6.5
Gastric, M –0.73, * –0.28, 0.04 0.14, 0.31 0.17, 0.33 0.43, 0.002 –0.10, 0.54 0.57, 11
Gastric, F –0.84, * –0.18, 0.19 0.06, 0.67 0.10, 0.58 0.60, * 0.01, 0.97 0.48, 8.3
Colon, M –0.63, * 0.23, 0.004 0.01, 0.90 0.44, * –0.01, 0.91 –0.10, 0.26 0.86, 51
Colon, M –0.63, * 0.23, 0.001 0.44, * –0.10, 0.22 0.87, 80
Colon, F –0.70, * 0.24, 0.009 –0.03, 0.75 0.29, 0.01 –0.02, 0.84 –0.12, 0.25 0.78, 29
Rectal, M –0.62, * 0.23, 0.004 0.10, 0.21 0.17, 0.08 0.13, 0.10 –0.29, 0.001 0.86, 50
Rectal, F –0.65, * 0.23, 0.02 0.17, 0.11 0.09, 0.45 0.14, 0.14 –0.22, 0.05 0.76, 26
Pancreatic, M –0.39, 0.02 0.53, 0.002 0.16, 0.33 0.04, 0.86 0.16, 0.32 0.41, 0.03 0.39, 6.0
Pancreatic, F –0.74, * 0.14, 0.32 0.42, 0.007 0.08, 0.63 0.41, 0.004 0.40, 0.02 0.50, 8.9

Female sites
Breast –0.59, * –0.01, 0.83 0.21, 0.005 0.38, * 0.03, 0.67 –0.17, 0.03 0.89, 63
Ovarian –0.58, * –0.05, 0.49 0.16, 0.07 0.25, 0.01 0.10, 0.23 –0.31, 0.001 0.83, 41
Endometrial –0.67, * 0.34, 0.02 –0.54, 0.001 0.24, 0.17 –0.03, 0.86 –0.10, 0.55 0.46, 7.8
Cervical 0.01, 0.96 0.58, 0.001 –0.11, 0.54 –0.32, 0.12 –0.10, 0.54 0.23, 0.23 0.28, 4.1, 0.003

Urogenital
Renal, M –0.55, * –0.06, 0.51 0.36, * 0.08, 0.49 0.18, 0.07 –0.27, 0.01 0.79, 31
Renal, F –0.79, * –0.14, 0.27 0.23, 0.10 –0.33, 0.04 0.39, 0.004 –0.11, 0.47 0.55, 11
Bladder, M –0.32, 0.001 0.41, * 0.27, 0.003 0.08, 0.48 0.04, 0.69 –0.31, 0.002 0.83, 40
Bladder, F –0.34, 0.02 0.49, * 0.24, 0.09 0.17, 0.28 –0.19, 0.15 0.09, 0.52 0.59, 12
Prostate 0.02, 0.94 0.04, 0.86 0.12, 0.48 –0.27, 0.21 –0.14, 0.38 –0.10, 0.64 0.52, 0.09 0.36, 4.9
Prostate 0.13, 0.40 –0.26, 0.19 –0.15, 0.24 –0.11, 0.62 0.48, 0.01 0.39, 7.2

Lymphomas
Hodgkin, M –0.39, 0.04 0.003, 0.99 0.14, 0.42 0.02, 0.94 –0.09, 0.59 –0.19, 0.34 0.29, 4.3, 0.002
Hodgkin, F, 
48 (>30) –0.70, * –0.05, 0.75 0.26, 0.10 0.09, 0.61 0.15, 0.28 0.04, 0.81 0.46, 7.8
NHL, M –0.66, * 0.03, 0.82 –0.16, 0.27 0.45, 0.02 0.08, 0.57 –0.06, 0.70 0.50, 9.0
NHL, F –0.58, * –0.15, 0.27 0.09, 0.57 0.26, 0.13 0.30, 0.04 –0.19, 0.24 0.49, 8.7

Miscellaneous
Laryngeal, M, 
49 (>37) –0.33, * 0.61, * 0.22, 0.002 0.34, * –0.04, 0.50 0.33, * 0.89, 68
Laryngeal, F, 
42 (>12) –0.38, 0.09 0.54, 0.001 0.38, 0.06 –0.12, 0.63 –0.06, 0.71 0.70, 0.002 0.47, 6.9, *
Oral, M –0.30, 0.002 0.46, * 0.10, 0.19 0.57, * –0.20, 0.03 0.33, 0.002 0.81, 36
Oral, F, 48 (>30) 0.25, 0.14 0.42, 0.005 –0.03, 0.87 0.18, 0.32 –0.39, 0.01 0.52, 0.004 0.44, 7.1
Other, M 0.08, 0.59 0.72, * –0.06, 0.62 0.25, 0.04 0.54, 15
Other, F –0.02, 0.91 0.49, 0.005 0.11, 0.55 0.08, 0.71 –0.33, 0.07 0.35, 0.08 0.21, 3.2, 0.01

*p<0.001



ratio of melanoma mortality rates for males for the two
periods, ratio=0.60 +0.035*latitude (adjusted R2=0.39,
p<0.001). A separate manuscript on melanoma is in
preparation (Grant et al., in preparation). 

In addition, work with the Surveillance, Epidemiology,
and End Results (SEER) cancer data showed that there was
a significantly increased survival rate for distant stage
female breast cancer in the period 1973-79, which
disappeared rapidly in the 1980s (76). The reduction of
cancer survival rates in high UVB registries such as Hawaii
was more pronounced than increased survival rates in low
UVB registries. Similar findings were also made for several
other cancers. Thus, the increased use of sunscreen and
avoidance of midday solar UV irradiance, as well as
improved medical treatment, seem to explain the changes.

Degree of urbanization. The degree of urbanization was found
to be a significant risk factor for a number of cancers, most
notably non-Hodgkin’s lymphoma (NHL) in the later period
and breast, colon, laryngeal and ovarian cancer in the earlier
period. Urban residence could be an additional surrogate for
reduction in solar UVB radiation. It is reasonable to assume
that urban living is associated with reduced UVB exposure due
to spending more time indoors, driving or riding in vehicles,
and being shaded by buildings. However, urban residence was
associated with increased alcohol consumption and smoking
(77, 78), air pollution from vehicular and industrial emissions,
and reduced UVB irradiance due to a lifestyle geared to
indoor living and working. The amount of physical activity may
also differ between urban and rural residents. 

In a review of rates for 26 types of cancer in a number of
countries, it was found that the rates for 23 types were
higher in urban areas than in rural areas (62). Urban
residence was found to be associated with increased cancer
risk in a number of other studies (63).

Smoking. Smoking was found to be a significant
independent risk factor for ten cancers for Caucasian
Americans (Table IV). These correlations were in excellent
agreement with those in the literature (56-58). 

Alcohol consumption. The findings of this study regarding
alcohol as an independent risk factor for nine cancers were in
general agreement with the literature (79, 80). The
correlations between alcohol consumption and cancer
mortality rates for females did not always agree with those for
males for the period 1970-94, with differences for NHL, other
(unspecified) and rectal cancer. There are two reasons that
probably explain this difference: alcohol consumption data are
more appropriate for males since they drink more than
females; men are several times more likely to engage in heavy
drinking than women (81). In addition, alcohol consumption
and urban residence are highly correlated (Table III). 
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Appendix

The TOMS UVB data were compared to ground-based measurements from
the U.S. Department of Agriculture’s (USDA) USDA UVB Monitoring and
Research Program (116). There are approximately 30 UVB monitoring
stations placed in rural locations throughout the U.S. Twenty-two of these
stations are useful for comparison with the TOMS DNA-weighted UVB data.
Plots of lamp-calibrated irradiances from the Erythemal UV Irradiance
(derived from the UVB-1 Broadband, assuming 300 DU of ozone) were
obtained and mean values estimated for July of a recent year. The data were
then compared in a linear regression analysis. The results are given in Table
A1. When all 22 stations were used, there were two outliers identified:
Louisiana and Georgia, with the TOMS data much higher than the ground-
based data. When those two states were omitted from the analysis, the
regression model was considerably improved. The Louisiana station (LSU
Central Research Station (Baton Rouge)) may be impacted by coastal clouds,
while the Georgia site (Bledsoe Research Farm (Griffin)), may be affected by
aerosols. Note, too, that the correlation was considerably weaker at 311.4 nm,
as expected. Nonetheless, the TOMS data are very useful since they represent
the only convenient UVB data set spanning the entire contiguous U.S.

Table A1. 

All 22 stations GA, LA omitted

301 nm 0.62 0.82
305.5 nm 0.56 0.86
311.4 nm 0.31 0.50

GA, Georgia; LA, Louisiana.

Table A2. Linear regression results for cigarette smoking prevalence (117)
vs. lung cancer for lung cancer mortality rates for Caucasian Americans in
the period 1970-94 

Race, Gender Year, No. Adjusted r2, p

Caucasian, M 1985, 22 0.49, *
1987, 32 0.55, *
1988, 36 0.53, *
1990, 44 0.41, *

Caucasian, F 1985, 22 0.33, 0.003
1987, 32 0.24, 0.002
1988, 36 0.26, *
1990, 44 0.09, 0.027

*p<0.001; No. is the number of states with data. 

Table A3. States omitted from the analysis based on having 20 or fewer
deaths in the period (25).

Cancer 1950-69, 1950-69, 1970-94, 1970-94
M F M F

Breast DE, DC, ID, DE, DC, HI,
MT, NV, NH, NH, ND, UT,
NM, SC, VT, WY
UT, VT, WY

Endometrial HI, WY
Gallbladder DC, HI, 
Hodgkin’s HI
Laryngeal HI, ND, WY
Oral HI, 
Renal CO, DE, HI, 

ID, MT, NV, 
NH, MN, ND, 
SD, UT, 
VT, WY

F=female; M=male.



Hispanic heritage. Hispanic heritage had a significant
association with cancer of the gallbladder, ovary, rectum and
stomach and weak, but significant, association with cancer of
the pancreas and uterine corpus. These results are in general
accordance with the findings reported for Hispanics in the
U.S. (40-42). The stronger associations may either be due to
environmental factors such as greater exposure to specific
infectious agents and diet and/or to genetic factors (40-42). 

Poverty. The economic status was found to be inversely-
correlated with eight cancer sites for the period 1970-94,
and four cancer sites for the period 1950-69. It was found
to be strongly correlated with Hodgkin’s lymphoma and
weakly with laryngeal cancer (females only) for the later
period, and with the larynx, oral cavity and pancreas for
the earlier period. It was reported that, before the 1980s,
those in lower SES levels had lower cancer mortality rates
than those in the higher SES levels (51). More effort is
required to evaluate this link and determine a likely cause.
An initial hypothesis is that those who were poor spent
more time outdoors and may have eaten fewer and simpler
foods in the years that would affect the cancer rates (50).
Another possibility is that the poor have higher rates of
comorbidity and may die from other diseases rather than
cancer (82-84). 

Unmodeled risk factors. Other factors besides those
considered in this study also affect cancer risk. It is noted
that cancers such as breast, colon, rectum and NHL appear
to have large, country-average mortality rates in comparison
with international values, especially for developing countries
(85), suggesting that there are factors associated with the
lifestyle in the U.S. which are associated with cancer risk. In
addition, improvements in cancer treatment and medical
care in general are changing the geographic variation in
cancer mortality rates. 

Diet. It is possible that the high-energy, high-animal product
diet prevalent in the U.S. explains much of the unmodeled
portion of the mortality rates in this study. As found in
ecologic multi-country studies, the animal product supply is
highly correlated with cancers such as breast (17, 20), colon
(17, 19), prostate (17, 18) and rectum (86). Obesity is also a
risk factor for many types of cancer (87), and obesity is
linked to the consumption of energy-dense foods (88).

The diet is estimated to account for approximately 30-
50% of cancer deaths in the U.S. (89, 90), with higher
fractions possible for several types of cancer, and with
animal products playing an important role (17-20, 89-91).
Data on the consumption of macro- and micronutrients for
four regions of the U.S. for the period 1977-78 are
available from the U.S. Department of Agriculture (92).
These data indicate variations of 5-20% among the four

regions. However, the data, which are survey data, are
neither accurate enough nor sufficiently geographically
specific for use in this study. Another way of evaluating the
possible role of diet in explaining the geographic variation
of cancer mortality rates in the U.S. is to consider the
variations in cancer mortality rates in other countries. The
highest breast, colon and prostate cancer rates are
generally found in western developed countries, especially
the Northern European ones, while the lowest cancer
mortality rates in developed countries are generally found
in Southeast Asia. The variation of dietary factors in the
U.S. does not extend from Northern European in the
Northeast to Southeast Asian in the Southwest. Thus, for
the purpose of this study, the assumption that the diet was
similar in all states seems reasonable.

Other factors. There are also several putative cancer risk-
modifying factors which do not seem to explain much, if
any, of the geographic variations in the cancer mortality
rates. Reduced melatonin production associated with night
shift work has been proposed to explain some of the risk
of breast cancer (93). Blue or other visible radiation affects
melatonin production. A melatonin effect would be linked
to latitude, rather than the asymmetrical distribution
associated with solar UVB for July. Industrial pollutants
in the air and water could be associated with risk, but there
are few regions with large amounts of industrial pollutants
and none that stand out as being associated with increased
cancer risk.

Premature cancer deaths in the U.S. The ecologic results
presented here have been used to estimate that between
20,000 (6) and up to 50,000-60,000 cancer deaths annually
in the U.S. can be considered premature due to
insufficient UVB irradiance and vitamin D (94, 95). This
represents about 10% of all U.S. cancer deaths. It was also
estimated that between 1,000 and 3,000 I.U. (25-75 Ìg) of
oral vitamin D intake per day in the absence of UVB
irradiance would provide optimal protection against cancer
(74, 96). While the geographic variation in cancer
mortality rates is decreasing, a recent study reported a
factor of two variation in five-year survival for non-small
cell lung cancer (73). 

Hepatocellular carcinoma (HCC). One cancer, HCC, has
high mortality rates in the southeastern states. That might
indicate a link to smoking; however, smoking has not been
shown to have such a strong impact on rates of HCC as
infections such as hepatitis, alcohol and aflatoxin (97). A
more likely explanation is that the hot humid climate of the
southeast encourages the growth of mold, which can result
in the generation of aflatoxin (98). Given the high rate of
HCC in the southeastern states related to unmodeled

Grant et al: Cancer Risk Reduction via Solar UVB and Vitamin D

2695



factors, it was not possible in this ecologic study to
investigate whether HCC is a vitamin D-sensitive cancer.
However, other studies indicated such a connection (99).

Other diseases related to vitamin D. There is strong evidence
that vitamin D sufficiency is a risk reduction factor for
osteoporotic fractures, multiple sclerosis, type 1 diabetes
mellitus, myopathy and end stage renal disease (95, 100-
110). There is observational and/or other evidence that
vitamin D sufficiency is a risk reduction factor for
rheumatoid arthritis, tuberculosis and type 2 diabetes
mellitus. Thus, if public health guidelines were modified to
encourage people to obtain more vitamin D to reduce
cancer risk, there would be public health benefits for a
number of other diseases as well. The current scientific
consensus is that between 1000 and 2000 IU of vitamin D
per day is required for optimal health (74, 96), and that
4000 IU/day does not present a health problem (111).

Conclusion

The ecologic analysis presented in this paper provides
additional strong support for the hypothesis that solar UVB
radiation has significant inverse correlations with cancer at
15 sites, and that such associations were somewhat stronger
decades ago than now. By confirming a number of other
important risk-modifying factors for cancer mortality in
models with high fractions of the variance explained, it
seems unlikely that any unmodeled factors would explain
the observed correlations with solar UVB. Solar UVB
irradiance is a major source of vitamin D for most
Americans and there are a number of papers presenting
evidence that vitamin D reduces the risk of breast, colon,
ovarian, prostate and rectal cancer and both Hodgkin’s and
NHL; the mechanisms are generally well described. The
only major risk-modifying factor not included in this study
was diet, which might explain 30-60% of the risk for a
number of cancers (91, 92). However, since there appeared
to have been very similar dietary patterns throughout the
U.S. during the earlier study period (92), it is unlikely that
differences in dietary factors could explain the geographic
variations of cancer mortality rates. On the other hand, the
increasing levels of obesity, which vary by state, are likely
having an impact for the more recent data. Thus, it is
concluded that solar UVB radiation, acting through the
production of vitamin D, is an important risk reduction
factor for most of the important forms of cancer. 

It is hoped that these results will lead to further
investigations into the role of vitamin D in the prevention and
treatment of cancer, and that revised guidelines for UVB
irradiance and vitamin D supplementation and fortification
(107, 112-115) will be developed, in order to reduce the risk
of cancer and provide numerous other health benefits. 
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