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Abstract. Solar radiation is the main environmental risk factor for skin cancer, whose 
incidence is rapidly increasing in the latest decades. Individuals carry different skin cancer risk, 
depending mainly on the skin color (melanin type and distribution) and therefore Fitzpatrick skin 
typing is a widely used method to predict skin cancer risk. However, this method has its limitations as 
other factors are involved in skin cancer susceptibility, like genetic factors (MC1R variants) or DNA 
damage repair mechanisms. Thus, there is an urgent need for implementing objective, non-invasive 
methods to assess skin sensitivity and reactivity to sun exposure. In this review, I will analyze the 
main factors involved in photoprotection and the new devices currently employed to evaluate the 
response to ultraviolet radiation (in terms of erythema and pigmentation) and thus to predict skin 
cancer risk.  
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INTRODUCTION  

Humans spend about half of their lives exposed to the sun. However, only in 
the beginning of the 20th century, carcinogenetic effects of sunlight on skin 
(photocarcinogenesis) started to be recognized [3]. Currently, sun exposure is the 
only known readily modifiable risk factor for skin cancer [27, 34, 36]. Sun-seeking 
behavior observed in the latest decades, along with an increased surveillance of 
pigmented lesions, are considered to be responsible for the rapid increase in skin 
cancer incidence [26].  

On the other side, light has been used in photomedicine since ancient times 
and sun exposure is the main source for vitamin D in humans, with a long list of 
beneficial effects for human health [19]. As a consequence, the nowadays dilemma 
is: can we expose ourselves to the sun in order to photosynthesize vitamin D in the 
skin and without increased risk of skin cancer? Moreover, not all individuals 
respond in the same way when exposed to the sun. Thus, there is a need for a 
reliable tool that can assess skin sensitivity and reactivity to the sun, in other 
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words, skin cancer risk. This will help elaborate optimal screening programs and 
prevention campaigns in order to reduce the burden of skin cancer. 

The aim of this review is to provide a concise overview of some of the main 
biophysical aspects concerning sun exposure and skin cancer risk, from the solar 
radiation wavelengths considered responsible for skin cancer and melanin role  
in photoprotection to biophysical methods used to assess skin sensitivity/skin 
cancer risk.  

ACTION SPECTRA FOR PHOTOCARCINOGENESIS  

The solar radiation that reaches the earth surface is composed of different 
wavelengths of electromagnetic radiation and it is divided into three main regions: 
ultraviolet (UV) region (100–400 nm), visible region (400–760 nm) and infrared 
region (>760 nm). UV region is further divided into UVC (100–280 nm), UVB 
(280–315 nm) and UVA (315–400 nm). The limit between UVB and UVA is not 
firmly established; in photodermatology, 320 nm is used. Most of the effects of sun 
exposure on the skin are due to wavelength in the range of 300–400 nm, although 
for some rare disorders like solar urticaria, visible radiation is also responsible. In 
cutaneous carcinogenesis, the effects of UV radiation (UVR) in causing DNA 
damage and immunosuppression are crucial [15]. However, the exact action 
spectrum (AS) for melanoma, the most dreadful form of skin cancer, is not known. 
In this case, substitutes are used, like erythema AS and immunosuppression AS, as 
skin erythema and local and systemic immunosuppression are among the main 
effects of acute UVR exposure [28].  

Erythema (redness), an acute inflammatory reaction to the sun, is mainly 
what people consider when speak about sun sensitivity. The erythema AS taken 
from the work of Anders et al. [1] has a maximum peak in the UVB region (around 
300 nm), like the standard erythema AS from the Commission Internationale de 
l’Eclairage (CIE) [6], but also a distinct maximum in the UVA region (around 360 
nm). The chromophore (the molecule that absorbs the light and whose 
photochemical alteration causes the effect) for erythema is considered to be DNA, 
with the induction of cyclobutane pyrimidine dimers (CPDs) [49]. DNA is a strong 
absorber of UVB and a weak one for UVA [42].  

The AS for immunosuppression taken from Damian et al. [9] shows a peak 
around 310 nm and a smaller peak at 370 nm (long-wave UVA) and it is likely that 
in this case, several chromophores may be involved: DNA, cis-urocanic acid, 
tryptophan and reactive oxygen species (ROS) for UVB, and different unknown 
chromophores (porphyrins have been proposed) for UVA that absorb in the 360–
380 nm region and that lead to oxidative stress and consequently to activation of 
the alternative complement pathway [16]. Another mediator of UVA 
immunosuppression may be nitric oxide that interacts with ROS [23]. 
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Fig. 1 shows AS for erythema and immunosuppression convoluted with 
standard solar spectrum (effective irradiances), in order to have a better 
understanding of the AS that are important in skin cancer. 

 

 

Fig. 1.  Efficiency spectra for erythema and immunosuppression. The action spectra data are taken 
from [6] and [9] and convoluted with standard solar spectra, kindly provided by Mantas 

Grigalavicius, The Norwegian Radium Hospital, Oslo, Norway. 

More robust evidence for skin cancer AS comes from mice experiments 
where UVB is shown to induce skin cancer in the absence of any other 
carcinogenetic agent by direct DNA damage, while the role of UVA is indirect, 
mainly by oxidative damage, involving melanin [10, 31]. Recently, Noonan et al. 
[31] put into discussion an UV-independent mechanism related to a dysregulation 
in melanin synthesis (endogenous oxidation). This has relevance for our discussion, 
to underline the role of melanin (meaning in general terms pigmentation) for skin 
cancer risk and to underline the complex network involved in skin cancer. 

As a conclusion, erythema (sun sensitivity) depends on the wavelength 
(mainly UVB), dose of radiation and melanin quality and quantity and it may 
predict DNA damage.             
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SKIN COLOR AND PHOTOPROTECTION 

Melanin is a mixture of biopolymers, produced in melanocytes (dendritic 
cells that in the skin are located in hair follicles and at the dermal-epidermal 
interface) from tyrosine. Its main function is to absorb UVR and to protect the skin 
against DNA damage. There are two broad classes of melanin: eumelanin which is 
brown/black and pheomelanin which is red/yellow [20]. It is mainly the eumelanin 
content that differs between different skin colors and offers more photoprotection 
than pheomelanin: it has higher resistance to degradation and quenches reactive 
oxygen species [5, 39, 44]. Melanin is packaged into melanosomes that have light-
scattering and absorbing properties depending on its size and melanin content; they 
will protect the nucleus from the UVR.  

Following UVR exposure, melanin content and melanosomes distribution 
increase in the upper layers of the skin and the skin becomes darker (a process 
commonly known as tanning) [43], thus protecting the lower layers like basal layer, 
where the highly dividing cells reside. It is important to underline that the effects 
on skin pigmentation differ between UVB and UVA: it is UVB that increases 
melanin synthesis, while UVA-induced tan is based on effects upon existing 
melanin (oxidation and distribution) [29]. A schematic representation of absorbing 
and scattering properties of the skin is shown in Fig.2. In people with lighter 
complexion which have lower amounts of eumelanin, more UV radiation 
penetrates through the epidermis and induces DNA damage. Several studies have 
shown a decreased DNA damage in darker skin types following UV exposure: the 
darker skin gets even darker upon UV exposure and becomes more photoprotective 
than lighter skin [11, 21]. Moreover, pheomelanin (of particular importance in red 
hair individuals), being more soluble than eumelanin [20], may leak out from the 
melanosomes, diffuse into the nucleus, and interact with DNA to promote 
mutagenesis especially in the context of UV radiation.  

Melanogenesis is regulated via melanocortin 1 receptor (MC1R) of the α-
melanocyte stimulating hormone (αMSH). The MC1R gene is highly polymorphic; 
loss-of-function variants are responsible for red hair and light skin phenotype (with 
poor tanning ability); these variants sensitize melanocytes to DNA damaging 
effects of UV radiation and confer a high risk for skin cancer [37]. This is 
supported by epidemiological studies and meta-analysis that show increased 
melanoma risk for certain MC1R variants [35]. Moreover, it is suggested that these 
variants may be directly linked to skin cancer, independently of skin color (direct 
MC1R non-pigment-related cell-signaling pathway) [32]. Even more, MC1R may 
influence the melanocyte ability to repair DNA damage following UV exposure 
[33, 38]. For a comprehensive review of the MC1R pathways the reader is referred 
to Nasti and Timares [30]. Thus, we cannot assume with certainty that an 
individual with darker skin, who does not burn easily is protected against 
deleterious effects of UVR, as he might be a carrier of one MC1R variant allele. 
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As a conclusion, photoprotection goes far beyond melanin/skin color. The 
key factor seems to be MC1R; however, other factors may be implicated, like 
immune system and DNA repair capacity. In clinical practice, this means that 
assessment of skin color is not enough to predict skin cancer risk. A more accurate 
approach should include evaluation of skin response after UV exposure, by 
objective methods that are able to quantify the reaction, ideally in relation with 
DNA damage, besides determination of pigmentary phenotype. 

 

 
Fig. 2. Light-skin interaction. There are two fundamental light-tissue interactions: scattering 
and absorption (by chromophores, like melanin). The ticker the skin is, the more it scatters 
and absorbs light (electromagnetic radiation). However, the main photoprotective mechanism 
is melanin synthesis: following sun exposure, melanin synthesis and melanosomes distribution 

increase in the upper layers of the skin, protecting the keratinocytes nucleus. 

METHODS TO ASSESS UVR SKIN REACTIVITY 

How do we assess a person reactivity to sun exposure and, consequently,  to 
skin cancer risk? Not all individuals carry the same risk; some of them will never 
develop skin cancer, while others are at high risk. As I exemplified above, MC1R 
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genotype seems to be a more reliable indicator than skin color or the answer to the 
question: Do you tan or burn when exposed to the sun? However, this is far from 
becoming a practical tool in clinical practice and we have to rely on other methods. 

There are several methods used to quantify the skin response to sun exposure 
(both redness and tanning) in order to assess sun sensitivity and reactivity (Table 1). 
In the following, non-invasive methods currently employed or under investigation 
are detailed: 

1. Fitzpatrick classification of the tendency of burn and tan [13]; it is a self-
estimated UV sensitivity based on a questionnaire, with six possible answers 
(Table 2). It is widely used both in clinical practice and in clinical trials. Several 
epidemiological studies have found a correlation with skin cancer risk [14, 46]. 

2. Phototesting; this is performed in a clinic or a laboratory that has the 
means of UVR stimulating; it evaluates visually the tendency to burn upon 
exposure to a certain amount of UVR and minimal erythema dose (MED) is 
approximately calculated. This is mainly used for phototherapy and photo patch 
testing. Although several studies have found that MED correlates with Fitzpatrick 
skin type [2, 4], other studies could not find an accurate relation between erythema 
as quantified by MED and skin type [40, 47]. Thus, there is a need for more 
objective methods to quantify erythemal response after UV exposure. 

3. Objective methods based on reflectance spectroscopy: scanning reflectance 
spectrophotometers (very expensive, used in fundamental research laboratories) 
and portable devices: narrow-band reflectance spectrophotometers (based on the 
difference in absorption between melanin (skin pigmentation) and hemoglobin 
(redness) at well-chosen wavelengths) and diffuse reflectance spectrophotometers. 

4. Biomarkers of UV exposure (like DNA damage repair products) – projects 
in progress to be validated. 

Table 1  

Skin reactivity to ultraviolet radiation 

Methods Parameters measured Observations 
Questionnaires Fitzpatrick skin type 

It evaluates erythema and induced 
pigmentation and classifies the 
responses into six skin types. 

It is a subjective, 
anamnestic method. 

Minimal Erythema Dose (MED) 
It predicts the UV dose to elicit just 
perceptible erythema 24 hours after 
UV-exposure. 

Erythema/pigmentation 
is graded visually 
according to a scale. 
It is widely used in 
phototherapy. 

Phototests 
UV* sources: Solar 
simulator, nUVB*, 
UVA 
 

Minimal Melanogenic Dose (MMD) 
It predicts the UV dose to elicit 
pigmentation 7 days after UV-
exposure. 
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Pigment Protection Factor (PPF) 
It predicts the UV dose to produce 1 
MED. 

The equations for 
calculation of redness 
percent and 
pigmentation percent 
are built into the 
instrument. 

Tristimulus 
colourimeters 

Skin colour  
CIE L*a*b* values; colour is 
expressed in a 3-dimensional 
coordinate system, in terms of 3 units 
L* (white-black) a* (red-green) and b* 
(blue-yellow). 

 

Erythema index and melanin index 
It assesses skin colour by providing a 
read-out of the hemoglobin / melanin 
index. 

 Portable reflectance 
spectrophotometers 
Different artificial light 
sources (visible range) 

 Skin reflectance spectra 
The amounts of melanin, oxy-Hb and 
deoxy-Hb are calculated from the 
spectra. 

 

Urinary excreted T=T dimers 
(high-performance liquid 
chromatography) 
It aims to evaluate DNA damage 
following UV exposure (projects in 
progress, like Icepure project [50]. 

 Biomarkers  
(measured in body 
fluids) 

Urinary 8-hydroxydeoxyguanosine 
(8OHdG) 
It evaluates oxidative DNA damage. 

 

Genotyping 
(sequencing of MC1R 
gene from blood 
sampling) 

MC1R variants 
 

MC1R gene is 
considered a 
susceptibility gene for 
sunburn, photoageing 
and skin cancer. 

Chemical analysis 
(hair melanin) 

Derivatives of pheomelanin 
 

These pheomelanin 
markers may predict 
high risk individuals. 

“Solar-signature” mutations  
In specific genes, like TP53 or 
CDKN2A. 

 
 

Melanocyte and CPDs detection 
(indirect immunofluorescence) 
It quantifies DNA damage after UV 
exposure. 

 

Invasive methods 
Skin biopsy 

Melanin content (high-performance 
liquid chromatography) 
It quantifies different types of melanin 
in different skin types. 

 

   *UV – ultraviolet, nUVB – narrowband UVB 
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Table 2 

Fitzpatrick skin type and correlation with skin cancer risk  

Skin 
type 

Skin reaction to sun 
exposure 

Eumelanin 
content 

MED* MC1R* 
variants 

Skin cancer 
risk 

I Always burn, never tan 
II Usually burn, tan less than 

average (with difficulty) 
III Sometimes mild burn, tan 

about average 
IV Rarely burn, tan more than 

average (with ease) 
V Very rarely burns, tans very 

easily (brown-skinned 
persons) 

VI  Never burns, tans very 
easily (black-skinned 
persons) 

Low 
 
 
 
 
 
 
 
 
 
 

High 

Low 
 
 
 
 
 
 
 
 
 
 

High 

Loss-of-
function 
variants 

 
 
 
 
 
 
 
 

Functional 
variants 

High 
 
 
 
 
 
 
 
 
 
 

Low 

*MED – minimal erythema dose, MC1R – melanocortin 1 receptor. 

I will focus on recently designed hand-held spectrophotometers, as they are 
easy to use, real-time and sensitive, specifically designed for dermatological 
applications [7, 41]. Reflectance spectrophotometers at selected spectral bands or at 
visible narrow-band rely on hemoglobin and melanin, the main chromophores in 
the visible region. Currently, there are several such instruments that measure 
“erythema index” and “melanin index”: Erythema/Melanin Meter (DiaStron Ltd, 
Andover, Hampshire, UK) Dermaspectrometer, (Cortex Technology, Hadsund, 
Denmark), Mexameter (Courage & Khazaka GmbH, Koln, Germany), and UV-
Optimize (Matic, Naerum, Denmark). The UV-Optimize 555 measures skin 
erythema and skin pigmentation independently, correlates these measurements to 
the UV sensitivity determined by a MED test performed with a broadband UVB-
source and then Pigment Protection Factor is calculated [48].  

However, these narrow-band spectrophotometers have limitations, as they do 
not distinguish between different types of hemoglobin and types of melanin and do 
not take into account other chromophores [41]. Thus, diffuse reflectance 
spectrophotometers have been developed, like: OceanOptics (Boca Raton, FL, 
USA), Newport (Irvine, CA, USA), B&W Tek (Newark, DE, USA), etc.  

There are also colorimetric instruments that integrate a spectrometer 
(chromameters), like the Minolta Spectrophotometer (Minolta, Osaka, Japan). 
Artificial light is delivered to the skin and reflected light is measured by a 
photodiode, at different wavelength intervals in the 400–700 range. Results are 
then converted and displayed according to the L*a*b* colorimetric system adopted 
by CIE in 1976 [45)]. The L* value gives the relative lightness ranging from total 
black (L* = 0) to total white (L* = 100); the a* value represents the balance 
between red (positive value) and green (negative value); and the b* value 
represents the balance between yellow (positive value) and blue (negative value). 
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Using these non-invasive, real-time modern devices, researchers have shown 
that indeed total melanin content is insufficient to adequately explain all the 
variations in UVR sensitivity of human skin [8]. 

NON-INVASIVE BIOMARKERS OF DNA DAMAGE         

The latest research area in the field is represented by biomarkers of UV 
exposure measured in urine, such as DNA damage repair products.  

When we go to the sun, we get DNA damage. The main damage induced by 
UVR is the dimers formation between DNA bases pyrimidines, that lead to a 
covalent ring structure, the CPD (in particular, thymine (T) dimer)  and also to 
covalent 6-4 linkage ( 6-4 pyrimidine (6-4) pyrimidone photoproducts (6-4 PPs)). 
If these lesions are not repaired, UV-specific mutations occur. UV DNA damage is 
repaired through the nucleotide excision repair (NER) mechanism that involves at 
least 23 genes/proteins [12]. The basic steps involved in NER pathway are: 1) 
recognition of damage and recruitment of a 10 subunits multiprotein repair 
complex to the damaged site, 2) nicking (demarcating) the damaged strand and 
excision of the damaged region, along with a fragment of about 30 nucleotides, 
between the two nicks, 3) filling the resultant gap by a DNA polymerase and 4) 
ligating the final nick to seal the strand, using ligases. The relevance of NER to 
skin cancer is demonstrated by the dramatically increased risk of all three types of 
skin cancer in individuals lacking this form of repair (xeroderma pigmentosum) 
[22]. Moreover, single nucleotide polymorphisms (SNPs) in NER genes may be 
associated with increased risk of melanoma [24] and decreased melanoma survival 
in the general population [12].  

As an example of biomarker, fragments containing cyclobutane thymine 
dimer (T=T) are excised by dual incisions from DNA and excreted in urine [18, 
25]. At the present, the relationship between DNA photodamage in the skin and in 
the urine is not known and this relationship will be determined in future projects. 
Of note, the rate of DNA damage repair is highly variable among individuals and 
some studies revealed no correlation between skin type and DNA damage repair 
rates [17, 43].  

CONCLUSION 

This article describes skin sensitivity (in terms of erythema) and reactivity 
(erythema, tanning, DNA repair) to sun exposure, and discusses the need for a 
reliable biophysical method to assess the mentioned parameters as indicators of 
skin cancer risk. The article underlined the idea that skin cancer susceptibility is 
not only about skin color and thus screening programs and prevention campaigns 
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need to take into account multiple factors. As techniques are becoming more 
refined, faster, and more affordable, we expect that objectively evaluation of skin 
UVR sensitivity to be more accurate and easy to use in larger clinical trials.  
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