Medical Hypotheses 72 (2009) 434–443

Contents lists available at ScienceDirect

Medical Hypotheses
journal homepage: www.elsevier.com/locate/mehy

Increased UVA exposures and decreased cutaneous Vitamin D3 levels may be
responsible for the increasing incidence of melanoma q
Dianne E. Godar a,*, Robert J. Landry a, Anne D. Lucas a
a

US Food and Drug Administration, Center for Devices and Radiological Health, 10903 New Hampshire Avenue (HFZ-120), Silver Spring, MD 20993-0002, USA

a r t i c l e

i n f o

Article history:
Received 6 June 2008
Accepted 12 September 2008

s u m m a r y
Cutaneous malignant melanoma (CMM) has been increasing at a steady exponential rate in fair-skinned,
indoor workers since before 1940. A paradox exists between indoor and outdoor workers because indoor
workers get three to nine times less solar UV (290–400 nm) exposure than outdoor workers get, yet only
indoor workers have an increasing incidence of CMM. Thus, another ‘‘factor(s)” is/are involved that
increases the CMM risk for indoor workers. We hypothesize that one factor involves indoor exposures
to UVA (321–400 nm) passing through windows, which can cause mutations and can break down vitamin
D3 formed after outdoor UVB (290–320 nm) exposure, and the other factor involves low levels of cutaneous vitamin D3. After vitamin D3 forms, melanoma cells can convert it to the hormone, 1,25-dihydroxyvitamin D3, or calcitriol, which causes growth inhibition and apoptotic cell death in vitro and in vivo. We
measured the outdoor and indoor solar irradiances and found indoor solar UVA irradiances represent
about 25% (or 5–10 W/m2) of the outdoor irradiances and are about 60 times greater than ﬂuorescent
light irradiances. We calculated the outdoor and indoor UV contributions toward different biological endpoints by weighting the emission spectra by the action spectra: erythema, squamous cell carcinoma, melanoma (ﬁsh), and previtamin D3. Furthermore, we found production of previtamin D3 only occurs outside
where there is enough UVB. We agree that intense, intermittent outdoor UV overexposures and sunburns
initiate CMM; we now propose that increased UVA exposures and inadequately maintained cutaneous
levels of vitamin D3 promotes CMM.
Published by Elsevier Ltd.

Introduction
Outdoor solar UV radiation (UVR; 290–400 nm) and indoor UVR
exposures contribute toward skin cancer.
Outdoor workers can get three to nine times as much erythemally weighted solar UVR exposure as indoor workers [1–3]. In
the United States around 39°N, the average adult indoor worker
and child gets about 25 kJ/m2 of erythemally weighted outdoor
UVR each work or school year, or about 33 kJ/m2 including a conservative vacation [4–6]. In Europe at 52.5°N, the average indoor
worker gets about 12.5 kJ/m2 of erythemally weighted outdoor
Abbreviations: ASTM, American Society for Testing and Materials; BCC, basal cell
carcinoma; CIE, Commission Internationale de l’Eclairage; CMM, cutaneous malignant melanoma; RR, relative risk; SCUP-h, skin cancer Utrecht Philadelphia-human;
SCC, squamous cell carcinoma; UVR, ultraviolet radiation; UVA1, 341–400 nm;
UVA2, 321–340 nm, UVA, 321–400 nm; UVB, 290–320 nm; UVC, 200–290 nm;
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UVR each work year, or about 13.8 kJ/m2 including a vacation [3].
Paradoxically, although outdoor workers get much higher outdoor
solar UV doses than indoor workers get, only the indoor workers’
incidence of cutaneous malignant melanoma (CMM) has been
increasing at a steady exponential rate since before 1940 (Fig. 1,
World Health Organization, WHO, and Connecticut cancer registry). Likewise, the calculated lifetime risk for getting CMM follows
the same pattern [7,8]. In fact, outdoor workers have a lower incidence of CMM compared to indoor workers [9–11]. Thus, unlike
squamous cell carcinoma (SCC), some factor(s) other than cumulative UVR exposures plays a role in CMM.
Outdoor exposures include UVB (290–320 nm) radiation, so
that previtamin D3 and thermal conversion to vitamin D3 can occur
in the skin [12,13]. Vitamin D3 can then be converted to its most
hormonally active form, 1a,25-dihydroxvitamin D3 or calcitriol,
which kills melanoma cells and SCC in vitro [14,15] and reduces tumor growth in vivo [16,17]. Calcitriol is not only formed by enzymes in the kidneys and liver but also by enzymes in melanoma
cells [18] and keratinocytes [19]. Calcitriol can control or eliminate
melanoma cells by binding to the vitamin D3 receptor (VDR) on the
nuclear membrane signaling for either growth inhibition or cell
death via apoptosis [15,20–22], while it protects normal melanocytes from apoptosis [23]. Calcitriol can exhibit these effects on a
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Fig. 1. The temporal incidence of CMM in fair-skinned countries around the world
at different latitudes. Note that the slope at each latitude is the same throughout
the decades, indicating a constant exponential increase in the incidence of CMM
over time, which increases toward the equator where there is more UVB. Data is
from the World Health Organization.

[53], suggesting a possible role for UVA-induced mutations and/or
diminution of cutaneous vitamin D3 levels in promoting
melanoma.
To begin investigating our hypothesis, we looked at indoor UV
exposures using a standard solar emission spectrum in the Northern Hemisphere and actual window transmission data as well as
actual spectral measurements in June. To estimate the contributions in effective W/m2, or their effective irradiance, toward different biological endpoints, we weighted the emission spectra by the
different action spectra: erythema [54], SCC (Skin Cancer Utrecht
Philadelphia-human, SCUP-h; [55,56]), melanoma in a ﬁsh model
[57], and previtamin D3 formation in human skin [58]. We compare
the contributions in W/m2 from outdoor solar UV, indoor solar UV,
and indoor ﬂuorescent light emissions toward these biological
endpoints and we investigated if indoor lighting can make any previtamin D3. We also discuss how our hypothesis explains the epidemiological data collected for melanoma.
Hypothesis
We agree that intense, intermittent overexposure to solar UVR
and sunburns initiate melanoma [50]. Here we now propose that
indoor solar UVA exposures, which cause mutations [45] and depletes vitamin D3 in the skin [34], and inadequately maintained
amounts of cutaneous vitamin D3 can promote CMM.
In the early 20th century, people went against evolution by
going indoors during the day to work, which drastically decreased
their daily amount of cutaneous vitamin D3 and, along with it, their
blood levels. With the addition of larger buildings and sky scrappers, people created an unnatural UV barrier when windows were
developed and used in abundance. The UV barrier created by window glass divided UVB from UVA, so that the vitamin D making
UVB was excluded from our indoor working environment; only
the vitamin D-breaking and DNA-mutating UVA was included. Because this unnatural UV environment existed for decades in buildings and cars, CMM began to steadily increase about 20–30 years
later in the mid-1930s (Fig. 1).
Our basic hypothesis involves increases in UVA exposures and a
ﬂuctuating cutaneous vitamin D3 proﬁle, or ‘‘vitamin D roller
coaster,” for indoor workers compared to a consistent cutaneous
vitamin D3 proﬁle for outdoor workers (see Fig. 2; the dotted line

Outdoor Workers
Vitamin D3 in Living Skin

variety of cancer cells possessing a functional VDR: melanoma, leukemia, breast, prostate, colon, and other cancers as well [24–26].
Calcitriol regulates an estimated 60 nuclear genes [24]. It causes
down-modulation of proto-oncogenes, such as c-myc, c-fos, and
c-jun [26], cell cycle arrest in G1 [27], DNA repair [28], and selective inhibition of DNA polymerase alpha [29]. In addition, calcitriol
affects the immune system [30,31]. For example, high concentrations of calcitriol suppress immunoglobulin production and thymic
proliferation in vivo [32], while low concentrations of calcitriol
suppress cell-mediated immunity in vivo [33]. Moreover, UVB
makes the precursor of vitamin D3, previtamin D3, while UVA
(321–400 nm) can only break down vitamin D3 and can do so in
human serum while bound to the vitamin D binding protein [34].
Because 35–50% of the incident UVA radiation can penetrate to
the dermal layer of the skin [35], UVA cannot only possibly break
down the vitamin D3 in the skin but also the vitamin D circulating
through the capillaries. Thus, indoor workers may be at a higher
risk for getting melanoma because they make little vitamin D3 locally in the skin during their workweek and UVA window exposures can break down any vitamin D3 just formed in the skin or
circulating through the capillaries.
Besides breaking down vitamin D, indoor solar UVA window
exposures can cause detrimental biological effects. For example,
UVA1 (341–400 nm) radiation can cause oxidative stress [36–39],
damage to organelles, red blood cell lysis [37,40], humoral immune
suppression [41] and photoaging [42]. Moreover, UVA radiation
causes DNA damage [43] and mutations [44,45], which can lead
to initiating SCC in mice [46,47] or premelanocytic lesions in marsupials [48]. In addition, UVA can promote SCC tumor formation in
mice after initiation by UVR [49] and, recent ﬁndings in a mouse
melanoma model show that UVA can increase the number of melanomas after initiation by UVB [F. Noonan, 34th Meeting of the
American Society for Photobiology in Burlingame, CA, June 20–
25, 2008].
We agree that intense (including sunburns), intermittent
(weekends and vacations) outdoor UV overexposures can initiate
melanoma [50], while we now propose that increased UVA exposures along with inadequately maintained vitamin D3 levels in
the skin can promote melanoma. In support of this hypothesis
are the reports that calcitriol decreases stage II (promotional
phase) carcinogenesis in vivo, while it does not signiﬁcantly affect
stage I carcinogenesis (initiation phase; [16]). Calcitriol decreases
the incidence, number, and size of skin tumors as well as melanoma xenographs in vivo [16,17,51]. It also inhibits the in vitro
invasiveness and in vivo pulmonary metastasis of mouse melanoma [52]. In addition, UVB-absorbing sunscreens statistically enhanced the growth of syngeneic melanoma cells implanted in mice
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Fig. 2. The cutaneous vitamin D3 ‘‘roller coaster” that indoor workers experience
during the workweek and work year compared to outdoor workers. The curve for
indoor workers (solid) rises on some weekends and during most vacations, while
outdoor workers (dotted) cutaneous vitamin D3 remains fairly constant and above
the theoretical line for ‘sufﬁcient’ cutaneous vitamin D3.
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represents the hypothetical protective level of vitamin D3 in the
skin). Indoor workers go to and from work ﬁve days a week, usually
before 9 a.m. and after 4 p.m., respectively, when the solar UVB is
negligible, so that indoor workers hardly make any vitamin D3
commuting during the workweek and work year. Meanwhile, people can be exposed to UVA passing through the windows of their
cars [59], which can break down vitamin D3 [34]. While at work,
many indoor workers are exposed to some UVA through their ofﬁce windows and to minor amounts of UVA and UVB from ﬂuorescent lights, but they usually get little or no short-term (5–15 min)
moderate UVB exposure during the peak hours (11 a.m.–3 p.m.) of
their workdays and, most people do not go outside at all. In the
northern regions of the world (above 37°N), a vitamin D3 ‘‘winter”
occurs from at least November–February, when the dose-rate of
UVB is too low to make any previtamin D3 even if an ofﬁce worker
goes outside during peak hours [60]. Meanwhile, the UVA entering
through their windows can cause DNA damage [43] and mutations
[44,45] that accumulate during the week. On the weekend, indoor
workers can go outside and make vitamin D3 (although not in the
winter above 37°N), weather permitting, but they either do not or
cannot go out every weekend during ‘peak UVB hours. Worse yet,
indoor UVA exposures can break down vitamin D3 formed in the
skin from outdoor UVB exposures. In fact, after only 3 h of winter
sunlight exposure near 42°N (primarily UVA) only 26% of the initial
amount of vitamin D remained in human serum, neither the vitamin D binding protein nor other serum components can prevent
its photodegradation [34]. On the other hand, outdoor workers
get little UVA alone exposures from windows, but do get some
UVB exposure during the ‘peak’ vitamin D making hours of their
work day (11 a.m.–3 p.m.).

Supporting evidence
The following published ﬁndings offer some supporting evidence for this melanoma hypothesis. First, UVB exposure alone
cannot explain the increasing incidence of CMM because outdoor
workers get much more UVB than indoor workers, yet indoor
workers have a higher incidence of CMM [9–11]. Second, the blood
levels of vitamin D in outdoor workers (gardeners), who get about
ﬁve times the solar dose (218 J/m2) that indoor workers get (37 J/
m2), are about twice as high as indoor workers [61]. Third, the
prediagnostic levels of vitamin D (i.e., D2 and D3 are actually measured as 25-hydroxyvitamin D) serum levels in melanoma patients
were signiﬁcantly lower (at the 94% level of conﬁdence) than controls [62]. Forth, UVB-absorbing sunscreens are associated with a
signiﬁcant increased risk of melanoma in humans [63]; they promote the growth of melanoma in mice [53], while they suppress
cutaneous vitamin D3 formation [64]. Fifth, an all-year-tan is protective against melanoma [65], and outdoor workers, who get three
to nine times the erythemally effective UV dose that indoor workers get [1–3] have a signiﬁcantly lower incidence of melanoma [9–
11]. Sixth, outdoor activities in childhood decrease the incidence of
melanoma (excluding sunburns; [11,66]) and there is no ‘‘critical
period,” such as childhood, where intense exposures contribute
more towards the induction of melanoma [67,68]. In fact, some
studies found that sunburns throughout life are an important risk
factor for melanoma [11,67], while low level solar UV exposures
are protective [25]. Seventh, melanoma patients who receive regular sun exposures live longer than those who do not [69], while
those with polymorphisms in their VDR receptors have a poor
prognosis [70]. Eight, UVA not only promotes skin tumor growth
in mice after initiation by artiﬁcial sunlight, but also causes twice
as many tumors to form [49]. Ninth, UVA increases melanomas
in a mouse model after initiation by UVB [F. Noonan, 34th ASP
Meeting, Burlingame, CA, June 20–25, 2008]. Finally, further sup-
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Fig. 3. Provitamin D3 conversion to Previtamin D3; Outside (solar UVB) versus
inside (window glass or ﬂuorescent light) exposures.

port for this hypothesis is the report that calcitriol decreases stage
II (promotional phase) carcinogenesis in vivo, while it does not signiﬁcantly affect stage I carcinogenesis (initiation phase; [16]).
Thus, lack of cutaneous calcitriol/vitamin D3 as well as increased
UVA exposures may promote CMM in humans.
Supporting data
Unlike outdoor solar UVR exposures that make previtamin D3 in
a dose-dependent manner because UVB is present, indoor exposures, either from window UVA or from ﬂuorescent light UVR cause
no previtamin D3 formation for up to 4 h (11 a.m.–3 p.m., see
Fig. 3). Outdoor UVA can be about four times higher than indoor
UVA (see below), but even four hours of indoor UVA window exposure (11 a.m.–3 p.m.) did not convert any provitamin D3 to previtamin D3, whereas, one hour of outdoor UVA (and UVB) exposure
converted about 10% of provitamin D3 to previtamin D3. To determine the amount of previtamin D3 made from provitamin D3 (Sigma Chem. Co., St. Louis, MO and the gift of M.F. Holick), we used a
published method with slight modiﬁcations [58]. Brieﬂy, we exposed 1 ml samples of provitamin D3 (26 nM) in 100% hexane under different conditions using 1 cm path-length quartz cuvettes
(5 ml volume) with Teﬂon covered caps. To determine the amount
of previtamin D3 made from provitamin D3, we used a Waters
high-pressure liquid chromatographic (HPLC) system, equipped
with 515 pumps, a 717 autoinjector, and a 996 photodiodarray
detector (set at 354 nm, the peak absorption of provitamin D3)
using Waters Empower chromatographic software (Milford, MA).
Separation is performed isocratically with a 5 lm Supelco Supelcosil LC ABZ column, 15 cm  4.6 mm; the mobile phase was 10/90%
ethyl acetate/hexane at a ﬂow rate of 1.5 ml/min. The data is calculated as the percent remaining provitamin D3 and is plotted as the
percent converted to previtamin D3.
People can get considerable UVA exposure from windows. For
example, the ASTM standard outdoor solar spectrum (atmosphere
1.5, 37 tilt; 71) gives a value of about 30 W/m2 of outdoor solar
UVR (see Table 1a; about 26 W/m2 is UVA1, 4.29 is UVA2 from
321 to 340 nm, and about 0.9 is UVB); whereas, inside a building,
about 20% of the outside UVR or 6.27 W/m2 of only UVA passes
through a storm window and, almost all of it is UVA1 (see Fig. 4a
and Table 1a). According to this calculated value, if a person sits
3 m or less from a double-pane window on the sunlit east or west
side of a building for about 4 h, they can get about 90 kJ/m2 of UVA
in one day. An entire work year (5 days/wk for 48 wk) of this exposure could give a UVA dose around 21,700 kJ/m2. Note that these
numbers do not apply for other types of windows or thicknesses
of glass because UV transmission can vary tremendously, from
<1% to as high as 86% [72]. For example, a single-pane window
(4.76 mm thick) can allow about 30% of the outdoor UVA or about
9 W/m2 to enter a room.

437

Parameter

290–400 nm
290–320 nm
321–400 nm
341–400 nm
321–340 nm

(Total UVR)
(UVB)
(UVA)
(UVA1)
(UVA2)

ASTM outside
(W/m2)

ASTM inside
(W/m2) double
pane

ASTM inside
(W/m2) single
pane

30.94
0.8892
30.05
25.76
4.29

6.27 (20.9%)
6.63  10 8
6.27
6.24
0.0334

8.98 (29.9%)
8.95  10 6
8.98
8.96
0.0106

Ironically, lower daily doses of UVA have a higher effectiveness
toward the induction of SCC than higher daily doses [73]. For
example, daily doses of 75 kJ/m2 of UVA contribute, per dose unit,
about twice as much toward SCC as daily doses of 240 kJ/m2. We
concluded this based on calculations of accumulated doses to t50,
the time needed for 50% of the mice to develop tumors (personal
communication with J.C. van der Leun).
We also took real measurements at 10 a.m. on June 29 and 30,
2004, in Silver Spring, MD (about 39°N) of the outdoor solar UV and
the UV transmission through both the single and double windowpanes and found them to yield results that are close to the calculated ASTM-derived values (see Fig. 4b and Table 1b). The ASTM
standard Sun gives 30.94 and our averaged measurements give
36.6 W/m2 of total UVR. Concerning indoor UVA, the ASTM standard Sun gives 6.27 and 8.98 W/m2 and our measurements give
4.05 and 9.82 W/m2 for double and single windowpanes, respectively. Our actual measurements at a 45° tilted surface are in good
agreement with the ASTM standard Sun values at a 37° tilted surface. However, unlike the ASTM standard Sun value, which applies
for an entire year, the actual measurements will vary with the zenith angle of the Sun (time of year and day). For example, at noon
on June 29th around 39°N, the total outdoor UVR was 48.8 W/m2,
while the indoor UVA was 7.63 W/m2 and 2.38 W/m2 for a single
and double windowpane, respectively. For comparison, ﬂuorescent
lighting is about two orders of magnitude lower than UVA or UVA1
through windows and outdoor UVB, while the UVA2 is comparable
to the UVA2 passing through windows. Fig. 4c compares both the
calculated and measured indoor UVA through a storm window to
an average ﬂuorescent light emission. Notice that the indoor UVA
through this type of window is about 60 times greater than that
from ﬂuorescent lights. Other types of glass and windows can give
values that are even higher than what we show here. The UVA
transmission is about average for the various kinds of windows
that are usually used.
We used the CIE erythema [54], SCC (SCUP-h; [55]), ﬁsh melanoma [57], and previtamin D3 [58] action spectra to weight the
outdoor solar UV, the indoor solar UVA, and the ﬂuorescent light
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Fig. 4a. Solar ASTM UV emission spectrum, fraction of UV transmission through a
double-pane (storm) window, and UVA entering through a double-pane window
glass (2  6 mm thick with a 13.2 mm air space between panes). We obtained the
percent transmission of UV through a double-pane storm window (Solarscreen
2000 low-E insulating glass, VE-2 M, 2.52 cm thick: 6 mm glass, +13.2 mm air,
+6 mm glass) from the company (Viracon, Owatonna, MN). We used every nm of
the American Society for Testing and Materials (ASTM) annually averaged standard
solar spectrum for 1.5 atmospheres and a 37° tilted surface [71] to calculate the
average transmission through this glass.
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0.0100000
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Table 1a
ASTM standard outdoor solar UV emission spectrum (atmosphere 1.5, 37° tilted
surface; 71): total outdoor solar UVR (290–400 nm), UVB (290–320 nm), UVA (321–
400 nm), UVA1 (341–400 nm), and UVA2 (321–340 nm) irradiances in W/m2
compared to the indoor solar UVA, UVA1, and UVA2 irradiances passing through
two different window types; a double-pane storm window (2  6 mm glass with a
13.2 mm air space in between) and a single-pane window (4.76 mm thick).

Fraction or W/m 2.nm
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Fig. 4b. Actual measurements on June 29 and 30, 2004, in Silver Spring, MD (about
39°N) at 10 a.m. of the solar emission spectra and the UVA entering through a single
(4.76 nm) or double-pane (6 mm glass, 13.2 mm air, 6 mm glass) glass window.
Note that the small peak around 313 nm for the double-pane window is from
indoor ﬂuorescent lighting. We measured every nm of the outdoor solar irradiance
and actual spectral transmission through this double-pane storm window and a
single-pane window (4.76 mm thick) at 10 a.m on June 29 and 30, 2004, in Silver
Spring, MD (about 39°N) using a double-grating portable spectroradiometer
(Optronics Model OL 754; Optronic Laboratories, Inc., Orlando, FL). We calibrate
our spectroradiometer using a 1000 W standard lamp that is traceable to the
National Institute of Standards and Technology.

irradiances to get their contributions in W/m2, or their effective
irradiance, toward each of these endpoints. The effective irradiance
is the sum of the products of the spectral irradiance and the spectral weighting factor, wavelength (nm) for wavelength (nm), from
290 to 400 nm. Note the order of validity for these action spectra:

Table 1b
Actual measurements on June 29th and 30th, 2004, at 10 a.m. (45° tilted surface) of the total outdoor solar UV (290–400 nm), UVB (290–320 nm), UVA (321–400 nm), UVA1 (341–
400 nm), and UVA2 (321–340 nm) irradiances (W/m2) compared to the indoor solar UVA, UVA1, and UVA2 irradiances passing through two different windows; a double-pane
storm window (2  6 mm glass with a 13.2 mm air space in between) and a single-pane window (4.76 mm thick). Fluorescent light measurements are also shown for comparison.
Parameter

Measured outside (W/
m2)

Measured inside (W/m2) double
pane

Measured inside (W/m2) single
pane

Measured inside (W/m2) ﬂuorescent
lights

290–400 nm (Total UV)
290–320 nm (UVB)
321–400 nm (UVA)
341–400 nm (UVA1)
321–340 nm (UVA2)

36.6
1.52
35.08
28.81
6.27

4.05 (11.1%)
4.65  10 5
4.05
4.05
5.61  10 3

9.82 (26.8%)
2.34  10 5
9.82
9.80
1.49  10 2

5.37  10
1.11  10
4.26  10
3.36  10
8.95  10

2
2
2
2
3
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Fig. 4c. Indoor solar UVA passing through a double-pane window using the ATSM
Sun and Real Measurements on June 30, 2004, at 10 a.m. in Silver Spring, MD (39°N)
compared to a typical ﬂuorescent light emission spectrum. We measured an
average, unshielded ﬂuorescent light emission from a bank of three, four-foot bulbs
housed in a reﬂector unit using the same double-grating portable spectroradiometer at a distance of 1.65 m: the distance to the ofﬁce workers’ sitting position,
approximately 1 m from the ﬂoor.

Relative Biological Effect

erythema > SCC > melanoma  previtamin D3. Also, note that
reproduction of the last two action spectra by other laboratories
has not yet occurred.
To get the contribution in W/m2 or the effective irradiance toward each biological endpoint, we weighted the outside and inside
spectral irradiances with the different action spectra (see Fig. 5):
erythema, SCC (SCUP-h), melanoma (ﬁsh), and previtamin D3. Integrating the area under the resulting curves shown in Figs. 6a and
6b gives the total contribution toward each biological endpoint
in W/m2. The outdoor contribution of UVB toward SCC is only three
to four times more than UVA after weighting by the ASTM standard
solar spectrum. Indoor UVA exposures have about 20–30% of the
outdoor UVA irradiance, depending on the thickness and type of
window glass as well as the solar zenith angle. The outdoor solar
UV ratios (Table 2a) and the indoor solar UVA ratios (Tables 2b
and 2c) of the different biological endpoints compared to erythema
are all within the same order of magnitude, except melanoma
(ﬁsh) and previtamin D3 production. According to the (ﬁsh) melanoma action spectrum, the outdoor contribution toward melanoma is about 100 times higher than erythema, while the indoor
contribution toward melanoma is about 400–500 times higher
than erythema. In contrast, the indoor solar UVA contribution toward previtamin D3 production is about four orders of magnitude
lower than all the other endpoints. In addition, an average ﬂuorescent bulb emission hardly contributes at all toward the different
biological endpoints (Table 2d): erythema, SCC (SCUP-h), mela-
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Fig. 5. Action spectra; erythema (CIE), SCC (SCUP-h), previtamin D3, and melanoma
(ﬁsh).

noma (ﬁsh) and previtamin D3. Notice that the effective UVA irradiance for melanoma from the ﬂuorescent lighting (17 W/m2) is
about 25 times lower than the indoor solar UVA passing through
windows (400–500 W/m2) and about six times lower than the contribution from outdoor exposures (107 W/m2). Only UVB radiation
can make previtamin D3: UVA radiation makes virtually no previtamin D3 [58], while it can break down vitamin D3 [34]. There is
only one point in the action spectrum in the UVA region, at
321 nm that can contribute toward previtamin D3 production,
while wavelengths ranging from 315 to 335 nm can break down
vitamin D3. Note that the variation of solar zenith angle throughout
the day and year will alter the relative ratios of the different biological endpoints to erythema resulting in somewhat lower or
higher indoor values from reﬂection off the surface of the glass.
That is, the higher the Sun is in the sky (summer), the lower the indoor values will be; the lower the Sun is in the sky (winter), the
higher the indoor values will be.
The contribution toward melanoma may be higher than what
the SCC (SCUP-h) action spectrum predicts; but it is probably lower
for humans than what the melanoma action spectrum in a ﬁsh
model predicts. It is difﬁcult to estimate the risk for getting melanoma from indoor solar UVA exposure because an action spectrum
for the initiation of mammalian melanoma is currently nonexistent. Other action spectra for promoting mammalian melanoma,
once initiated by UVB [74] in the presence or absence of vitamin
D3 are also unavailable. Moreover, even if an action spectrum for
human melanoma were available, it would not be useful because
CMM is not dependent on cumulative UV exposure, as shown by
the lower incidence in outdoor workers [9–11]. However, we can
still make a hypothetical case from our ﬁndings and other known
facts.

Discussion
Any hypothesis concerning the increasing incidence of melanoma must explain the documented observations such as intense
intermittent exposures and sunburns (weekend and vacation),
incidence over time, and distribution over body surface. It must
also explain the following epidemiologic observations: sun (or
other) exposure; latitude; prevalence in upper pay scale and
white-collar occupations and higher incidence in indoor workers
(especially ofﬁce workers) compared to outdoor workers. Our
hypothesis appears to explain all the observations to date. Overexposures and especially sunburns from UVB exposures initiate melanoma, while UVA exposures and inadequate levels of vitamin D3
in the skin may promote it.
The lifetime risk for getting CMM [7,8] and the increase in the
incidence of CMM began its exponential increase back in 1936
[Connecticut cancer registry] and, although many cultural changes
occurred since then, the slope of the lines have not changed to this
day (Fig. 1). In fact, nothing culturally important that occurred
after the ﬁrst noted increase in the incidence of CMM should have
been blamed for its increase because anything that could have
been responsible had to occur about 10–30 years before, rather
than after, the ﬁrst documented increase. The major thrust of the
industrial revolution began about 30 years before the increase in
CMM, when both windows, along with high-rise, steel-reinforced
ofﬁce buildings, cars, and gasoline containing volatile lead (tetraethyl lead), which is a co-carcinogen with UVC (200–290 nm;
[75]), became abundant. However, if volatile lead were responsible,
then outdoor workers would have a higher incidence of melanoma
than indoor workers of the same socio-economic status because
they would have been exposed to it all day; but the opposite is true
[9]. Sunlamps, sunscreens, cultural changes (clothes and outdoor
activities), as well as ﬂuorescent light exposures [76] have all been
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Fig. 6. (A) Outdoor ASTM solar contribution of UV (290–400 nm) toward erythema, SCC (SCUP-h), ﬁsh melanoma, and previtamin D3 production. (B) Indoor ASTM solar
contribution of UVA (321–400 nm) through a storm window (2  6 mm with a 13.2 mm air space) toward erythema, SCC (SCUP-h), ﬁsh melanoma, and previtamin D3
production.

blamed for the increasing incidence of melanoma, but they all occurred after 1936 when the ﬁrst increase in CMM in the US was

documented in Connecticut. However, the new high-pressure,
UVA-emitting sunlamps may now be contributing toward increas-

Table 2a
Outdoor contribution of ASTM solar UV (total UV, UVB, UVA, UVA1&2) in W/m2 toward erythema, SCC (SCUP-h), ﬁsh melanoma, and previtamin D3 production; and their 290–
400 nm ratios compared to erythema.
Endpoint/wavelength
290–400 nm (UVA + B)
290–320 nm (UVB)
321–400 nm (UVA)
341–400 nm (UVA1)
321–340 nm (UVA2)
Ratio (290–400 nm)/erythema

Erythema CIE
5.18  10
3.45  10
1.73  10
9.40  10
7.92  10
1.0

SCC

2

1.08  10
8.62  10
2.22  10
1.09  10
1.13  10
2.08

2
2
3
3

1
2
2
2
2

Melanoma (ﬁsh)

previtamin D3

5.55
1.95  10
5.35
4.35
1.00
107

9.22  10-2
9.15  10-2
6.36  10-4
0
6.36  10-4
1.78

1

Table 2b
Indoor contribution of ASTM UVA (1&2) through a double-pane storm window in W/m2 toward erythema, SCC (SCUP-h), ﬁsh melanoma, and previtamin D3 production; and their
UVA ratios compared to outdoor exposure (321–400 nm) and to erythema.
Endpoint/wavelength

Erythema CIE

321–400 nm (UVA)
341–400 nm (UVA1)
321–340 nm (UVA2)
Ratio (321–400 nm)/erythema

1.51  10
1.47  10
4.07  10
1.0

SCC

3

Melanoma (ﬁsh)

2.59  10
2.56  10
3.28  10
1.72

3
5

3

6.12  10
6.04  10
8.26  10
405

3
5

1

Previtamin D3
1.91  10
0
1.91  10
1.26  10

1
3

7

7
4

Table 2c
Indoor contribution of ASTM UVA (1&2) through single-pane window in W/m2 toward erythema, SCC (SCUP-h), ﬁsh melanoma, and previtamin D3 production; and their UVA
ratios compared to outdoor UVA exposure (321–400 nm) and to erythema.
Endpoint/wavelength
321–400 nm (UVA)
341–400 nm (UVA1)
321–340 nm (UVA2)
Ratio (321–400 nm)/erythema

Erythema CIE
2.56  10
2.54  10
1.13  10
1.0

SCC

3

4.38  10
4.38  10
5.72  10
1.71

3
5

3
3
6

Melanoma (ﬁsh)

previtamin D3

1.24
1.23
2.72  10
484

3.99  10
0
3.99  10
1.56  10

3

9

9
6

Table 2d
Contribution of an average ﬂuorescent light in W/m2 toward erythema, SCC (SCUP-h), ﬁsh melanoma, and previtamin D3 production, and their UV (290–400 nm) ratios compared
to outdoor UV (290–400 nm) and erythema.
Endpoint/ﬂuorescent light source

Erythema CIE

Average ﬂuorescent bulb UV (290–400 nm)
Average ﬂuorescent bulb UVA (321–400 nm)
Ratio UV(290–400 nm)/erythema

7.68  10
3.27  10
1.0

4
5

SCC
1.55  10
3.96  10
2.02

Melanoma (ﬁsh)
3
5

1.30  10
1.04  10
16.93

2
2

Vitamin D3
1.67  10
1.76  10
2.17

3
6
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ing the incidence of melanoma in the population of indoor tanners
who use them [77] and UVB-absorbing sunscreens may have increased the incidence among beach goers. The industrial revolution
caused two critical events to occur that possibly pertain to the
increasing incidence of melanoma: most people began working indoors and, as a result, made less vitamin D3 in their skin and more
windows became available to expose people to the mutagenic and
vitamin D-depleting effects of UVA radiation.
Windows were around for hundreds of years prior to the industrial revolution; however, they were smaller in size, contained
smaller panes of glass, and few people could afford them. The
industrial revolution and some technical advances made large windowpanes easy to mass-produce and readily distribute, so that
everyone could afford to have them in abundance [78]. In addition,
high-rise ofﬁce buildings, needing many large windowpanes, became increasingly popular around the mid 1910s [79], about
20 years prior to the ﬁrst observed increase in the incidence of
CMM. The time-line for the industrial revolution ﬁts the CMM
observations, unlike the introduction of ﬂuorescent lights in the
mid-1940s [80] or any other events that occurred after the mid1930s. Thus, the industrial revolution caused many workers to stay
indoors during the day reducing their cutaneous vitamin D3 levels
and, the UVA entering their ofﬁces caused photodegradation of
vitamin D3 and mutations to the DNA of their skin cells.
Beral and co-workers made an interesting epidemiologic observation back in the early 1980s, when they thought they found a
signiﬁcant dose–response increase in the incidence of CMM from
ﬂuorescent light exposures [81,82]. Their epidemiology study,
unbeknownst to them at that time, also included UVA exposures
from windows. Unlike all the other ﬂuorescent light epidemiology
studies that followed, they used homemakers as their control
group. Thus, they not only controlled for indoor ﬂuorescent light
exposure, but inadvertently also controlled for indoor UVA window
exposures and for cutaneous vitamin D3 production. Because
homemakers do errands during the day, they can get some midday
exposure to solar UVB and, consequently maintain adequate cutaneous levels of vitamin D3. Note that fair-skinned people only need
15–30 min of sunlight every other day during the midday hours
from spring to fall to produce adequate amounts of vitamin D3
[83]. Evidently, the homemakers made enough vitamin D3 in their
skin to get protection from getting CMM, unlike their female ofﬁce/
indoor-working counterparts, because their incidence of CMM was
similar to that noted in the overall population [82]. Female ofﬁce
workers appeared to have a dose response increase in their relative
risk (RR) for getting melanoma from ﬂuorescent light exposure at
the 95% conﬁdence level: 1–9 year, RR is 2.4; 10–19 year, RR is
2.8; P20 year, RR is 4.3. Other female indoor workers had lower
RRs than ofﬁce workers: 1–9 year, RR is 1.6; 10–19 year, RR is
2.3; >20 year, RR is 2.0.
We can also explain the broader CMM distribution over body
surface area [84] and the resemblance to the CMM distribution
in Xeroderma pigmentosum (XP) patients [85]. UVB initiates
CMM when normal people are overexposed and this usually happens when they have minimal clothing on, exposing most of their
body to intense sunlight. They wear clothes at work covering these
body sites, so that when and if, they do go outside they cannot
make vitamin D3 locally in the covered skin that was previously exposed. In addition, due to its longer wavelengths, UVA penetrates
clothing much better than UVB [86] and clothing prevents the formation of previtamin D3 [87]. People tend to remove their suit
jackets at work in their ofﬁces allowing UVA to penetrate through
their shirts, decreasing vitamin D3 and increasing mutations in the
trunk skin, thus increasing the occurrence of CMM on their trunks,
especially in men. Furthermore, unlike men, women can wear
skirts and dresses to work allowing their legs to get more UVA
exposure, even through stockings, thus increasing the occurrence

of CMM on their legs. XP patients have windows as well, but are
more concerned with UVB than with UVA exposures. Doctors advise them to minimize their exposure to both UVB and UVA and
to shield their windows, but they do not, or cannot, always comply.
Furthermore, this patient cohort used so-called protective clothing
and UVB-absorbing sunscreens, which allowed them to be exposed
to UVA radiation because broad-spectrum sunscreens were not
available during that study period (1989–1995). Although XP patients blood levels of vitamin D are low, but within the so-called
normal range [88], they have more melanomas on their face, head,
and neck (males 48%, females 27%) than normal people have
(males 24%, females 17%; 85). This may be because XP patients
do not make vitamin D3 in that skin because they are not exposed
to UVB, while normal people are exposed to UVB and consequently
make vitamin D3 in that regularly exposed skin.
In opposition to SCC, the occurrence of CMM decreases on
chronically exposed body sites [84]. For example, SCC is more
prevalent on the face and hands compared to melanomas. We
can explain why this occurs. When people go outside, their hands
and face can get exposed to UVB and make vitamin D3 locally in
that skin. If a melanoma cell forms on the hands or face, the vitamin D3 produced from outdoor UVB exposure can cause it to be
growth inhibited or to die via apoptosis. The melanoma cells in
those skin areas can take up the newly formed vitamin D3 and
convert it to calcitriol [14] before the person has a chance to go
back inside and possibly destroy it from UVA window exposure.
In contrast, if a person goes outdoors during workdays, they will
not make vitamin D3 on body sites covered by clothing: so, any
melanoma cells formed by sunburns from previous exposures in
those areas can survive and multiply. Vitamin D or 25-hydroxyvitamin D is present in the blood and circulates throughout the
body, so that it can enter skin that was not exposed to UVB. However, the circulating concentration may not provide enough vitamin D3 or calcitriol to cause growth arrest or cell death of the
melanoma cells.
It is important to understand that UVB must ﬁrst initiate the
formation of a melanoma cell before vitamin D3 (converted to calcitriol inside melanoma cells) can have an effect on it. The presence
of vitamin D3 in the skin will not prevent the initiation of a melanoma cell; it can only affect it after the melanoma cell has formed.
Vitamin D3 only reduces the promotion of melanoma, not its initiation [16].
We now have to explain total accumulated sun exposure. Scientists examined the relationship between total accumulated sun
exposure and the incidence of melanoma from 1969 to 1990. Only
two out of 14 scientiﬁc studies found a signiﬁcant positive association between outdoor solar UVR exposure and the incidence of
melanoma [89,90]. Seven of 14 (50%) case-controlled studies found
no association at all [50,81,91–95] and, quite remarkably, ﬁve
studies found a negative correlation [95–100]. Furthermore, outdoor workers get more solar exposure than indoor workers get,
but have a lower incidence of CMM [10,11]. Thus, intense overexposure to solar radiation can initiate CMM, but unlike SCC, CMM is
not dependent on cumulative UV exposure. In fact, continuous,
rather than intermittent, exposure may reduce the risk for getting
CMM, as demonstrated by the lower incidence in outdoor workers
[9–11].
We can best understand latitude variation in CMM as opposing
gradients of initiation decreasing and promotion increasing toward
the Earths’ poles. The incidence of melanoma has a much ﬂatter
latitudinal gradient than SCC or Basal cell carcinoma (BCC;
[101]). For example, from latitudes <29°S to >37°S in Australia,
SCC, which is dependent on cumulative UVR exposures, increases
9-fold and BCC increases 4.2-fold, while melanoma only increases
2-fold [102,103]. UVB changes much more dramatically than
UVA with latitude, altitude, and solar zenith angle, i.e., season
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and time of day. For example, the northernmost latitudes
(>55°N < 80°N) have little UVB for more than half the year, while
UVA is prevalent all year. Curiously, in the northern latitudinal
countries of Europe, the incidence of CMM is higher than in the
Mediterranean latitudinal countries [104]. In fact, the latitudinal
gradient reverses at higher latitudes in Europe, with Scandinavian
countries having a higher incidence than even mid-latitude countries [105; we conﬁrm these ﬁndings, unpublished results]. These
ﬁndings support a role for UVA promoting CMM because many
Scandinavian people in upper pay-scale occupations go to the
Mediterranean for vacations, where they can get intense, intermittent UVB exposure and sunburns that initiate melanoma, and then
return to their country to reduce their cutaneous levels of vitamin
D3 and get UVA mutations that promote melanoma. The lack of
UVB, and consequently lower levels of vitamin D3 in populations
that live at higher latitudes, supports our vitamin D3 ‘‘roller coaster” hypothesis as well. For if solar UVB overexposures were completely responsible for the increases in CMM, then the reverse
latitudinal situation would be true; evidently, it is not, and this fact
suggests that at extreme northern latitudes the effect of UVA exposures and insufﬁcient cutaneous vitamin D levels predominates.
The prevalence of CMM in higher socio-economic and whitecollar occupations [106] may be because they can afford extended
vacations at lower latitudes, increasing their probability of intermittent overexposures and sunburns. They also tend to have ofﬁces
with windows rather than cubicles and they have corner ofﬁces
with twice as many windows as other employees.
Finally, several studies found seasonal variation in CMM
[107,108]. The diagnostic incidence peaks in the summer months
around July and troughs in the winter months around February.
The investigations ruled out increased visibility during the spring
and summer months due to less clothing and more visible skin
and, instead, concluded the seasonal variation was due in part to
relatively recent Sunlight exposures. This data also ﬁts our hypothesis because sunburns and overexposures during the summer
months that initiate CMM can then be promoted by increased
UVA window exposures and decreased cutaneous vitamin D3 levels
during the winter months, allowing CMM to multiply and reach a
visible size for diagnosis in the spring and especially during the
summer months only a year after being initiated.
Thus, when humankind went against evolution by working indoors during the day and created an artiﬁcial barrier (window
glass) dividing UVB from UVA in their outdoor and indoor environments, respectively, they inadvertently increased their incidence of
CMM.
Implications and further testing of hypothesis
Ironically, some exposure to UVB may be important for protection against the promotion of CMM because vitamin D3 is produced
in the skin and converted by melanoma cells to 1,25-dihydroxyvitamin D3 or calcitriol. Calcitriol then binds the VDR signaling for
growth inhibition or cell death. Although dietary supplements of
vitamin D (primarily vitamin D2 or ergosterol from plants) reduce
the occurrence of rickets, there is no current evidence showing that
it can help with all human vitamin D requirements. The seemingly
paradoxical fact that outdoor workers get fewer melanomas than
indoor workers get, in the absence of any other data, suggests that
insufﬁciently maintained levels of vitamin D3 in the skin and indoor solar UVA exposures play a role in promoting CMM. Therefore, if vitamin D3 is present in high enough concentrations in
the skin and the VDR receptor is fully functional in melanoma cells,
growth arrest, cell cycle arrest, and repair of DNA damage or apoptotic cell death can occur reducing the incidence of CMM. Thus, we
propose that along with decreased levels of cutaneous vitamin D3,
UVA exposures, which can promote tumor formation and inci-
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dence, cause DNA mutations, and break down vitamin D3, can together signiﬁcantly promote melanoma.
A melanoma mouse model could be used with topical vitamin
D3 compared to oral vitamin D3 and only UVA and only UVB and
UVB and UVA exposures and in combination with vitamin D3 or
calcitriol to determine how much vitamin D3 or UVA and both together contribute toward CMM. Another approach could be epidemiological in nature where population exposures to UVB alone
(UVB detector) and UVA alone (UVA detector) and together (UVR)
to determine the amount of indoor UVA exposure compared to Sun
exposure along with monitoring cutaneous and blood levels of
vitamin D3 in populations of indoor and outdoor workers over time
with follow up of CMM incidence. Another approach in combination with UV window ﬁlters, would be the topical and/or oral
application of calcitriol and/or vitamin D3 on different groups of
XP patients to compare their incidence through life with previous
patient cohorts that were not given topical or oral calcitriol or vitamin D3 to see if either form or either route of administration can
signiﬁcantly decrease their incidence of melanoma. Another approach would be to use UV ﬁlters on all windows in buildings
and cars to see if the incidence of CMM levels off or begins to
decrease after 20–30 years in the overall fair-skinned population.
However, if the latency period for CMM is shorter than suspected,
as suggested by the seasonal diagnostic observations, the leveling
off and decrease in the incidence may occur in less than 10 years.
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