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Melanoma risk prediction based on a polygenic risk score 
and clinical risk factors
Chi Kuen Wonga, Gillian S. Ditea, Erika Spaethb, Nicholas M. Murphya and 
Richard Allmana

Melanoma is one of the most commonly diagnosed 
cancers in the Western world: third in Australia, fifth in 
the USA and sixth in the European Union. Predicting 
an individual’s personal risk of developing melanoma 
may aid them in undertaking effective risk reduction 
measures. The objective of this study was to use the 
UK Biobank to predict the 10-year risk of melanoma 
using a newly developed polygenic risk score (PRS) 
and an existing clinical risk model. We developed the 
PRS using a matched case–control training dataset 
(N = 16 434) in which age and sex were controlled 
by design. The combined risk score was developed 
using a cohort development dataset (N = 54 799) and 
its performance was tested using a cohort testing 
dataset (N = 54 798). Our PRS comprises 68 single-
nucleotide polymorphisms and had an area under the 
receiver operating characteristic curve of 0.639 [95% 
confidence interval (CI) = 0.618–0.661]. In the cohort 
testing data, the hazard ratio per SD of the combined 
risk score was 1.332 (95% CI = 1.263–1.406). Harrell’s 
C-index was 0.685 (95% CI = 0.654–0.715). Overall, 

the standardized incidence ratio was 1.193 (95% 
CI = 1.067–1.335). By combining a PRS and a clinical 
risk score, we have developed a risk prediction model 
that performs well in terms of discrimination and 
calibration. At an individual level, information on the 
10-year risk of melanoma can motivate people to take 
risk-reduction action. At the population level, risk 
stratification can allow more effective population-level 
screening strategies to be implemented. Melanoma 
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Introduction
Currently, adults are identified as being at high risk of 
melanoma based on a few clinical risk factors including 
age, ultraviolet (UV) light exposure [1], melanocytic 
nevus count [2], history of non-melanoma skin cancer [3], 
skin and hair color [4] and family history of melanoma 
[5]. While high-risk individuals can be offered appropri-
ate screening and risk reduction options, clinicians often 
assess these risk factors one at a time, without any way 
to consider their multiplicative effects. Recent risk pre-
diction models [6–8] have focused on improving screen-
ing access to at-risk individuals but one barrier to their 
implementation in clinical practice is the limited time 
available during consultations.

Although UV light exposure is a major risk factor for mel-
anoma, there is also a substantial heritable component to 

melanoma [58%; 95% confidence interval (CI), 43–73%] 
[9]. A family history of melanoma is a well established risk 
factor [7,10,11], but there is an excess of familial risk that is 
due to genetics. A small portion of this genetic risk is due to 
rare mutations in high-penetrance genes such as CDKN2A 
and CDK4 [12]; therefore, the vast majority of the total her-
itability is likely due to polygenic risk. Polygenic risk scores 
(PRS) are a promising tool to capture risk that is unac-
counted for by clinical risk factors for many diseases [13].

In assessing the discriminatory performance of PRS, some 
studies have included some or all of age, sex and princi-
pal components in their models without reporting the 
performance of the PRS alone [14–16]. This is problem-
atic because these are known risk factors for melanoma 
and their inclusion in the model confounds the associa-
tion between the PRS and melanoma, thereby inflating 
the area under the receiver operating characteristic curve 
(AUC) above that for PRS alone [17]. Cust et al. (2018) [16], 
however, did report the increase in AUC from adding the 
PRS to a clinical model in a study of the general popula-
tion (Δ = 0.02 in Australian data and Δ = 0.03 in UK data).

Of the studies that reported an AUC with no adjust-
ment for age and sex, Gu et al. (2018) [18] developed a 
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204-single-nucleotide polymorphism (SNP) PRS that had 
an AUC of 0.644 in their testing dataset. Steinberg et al. 
(2022) [19] investigated the performance of several PRSs 
developed from a meta-analysis [20] and previous studies 
[16], and found an AUC of 0.656 for the 50-SNP when 
testing in the UK Biobank data. The paper by Steinberg 
et al. (2022) [19] is the best comparison with our work 
(AUC = 0.639).

In this study, we developed a simple risk prediction 
model comprising our own PRS and an existing clinical 
risk score [7] to predict the 10-year risk of melanoma. 
In toto, this model was built with the aim to reduce the 
clinical burden by considering practice bandwidth and 
ease of use while improving upon standard clinical risk 
prediction.

Methods
Ethics approval
The UK Biobank has Research Tissue Bank approval 
(REC #11/NW/0382) that covers the analysis of data by 
approved researchers. All participants provided written 
informed consent to the UK Biobank before data col-
lection began. This research has been conducted using 
the UK Biobank resource under Application Number 
47401.

Data availability
Access to the data used in this study can be obtained by 
applying directly to the UK Biobank at https://www.ukbi-
obank.ac.uk/register-apply/. The authors did not receive 
special access privileges to the data that others would not 
have. Interested researchers will be able to access the 
data in the same manner by applying directly to the UK 
Biobank.

Participants
The UK Biobank [21,22] is a cohort of over 500 000 par-
ticipants from across the UK who were recruited from 
2006 to 2010. A diagnosis of melanoma was ascertained 
from self-reported data (UK Biobank data field 20001 
with code 1003) or from linked cancer registry data. 
We excluded UK Biobank participants with ages less 
than 40 years or greater than 69 years. We also excluded 
non-Caucasian participants, participants who had a diag-
nosis of melanoma before their baseline assessment date, 
and participants with less than 6 weeks of follow-up time. 
We also excluded one of the pairs of individuals with 
closer than third-degree relatedness and individuals with 
missing clinical risk factors. Supplementary eTable 1, 
Supplemental digital content 1, http://links.lww.com/MR/
A319 shows the number of individuals excluded after 
each step of the eligibility criteria. There were 365 326 
[196 961 (54%) male and 168 365 (46%) female] individ-
uals after filtering for eligibility, with 2134 incident mela-
noma cases and 363 192 unaffected participants.

Polygenic risk score training data
We reserved 70% of the data (N = 255 729) for building 
the PRS. We used this data to create a training subset of 
cases and controls in which age and sex were controlled 
by design. First, we divided the cases into groups defined 
by their quintiles of age: {[40, 52], (52, 59], (59, 62], (62, 
66], (66, 69]}. Next, we further divided the cases by gen-
der so that there were 10 groups in total. Then, for each of 
these 10 groups, we sampled 10 controls per case. By this 
sampling procedure, we made sure that the case–control 
ratio was the same across all 10 groups defined by age 
and sex. The sample size of the PRS training data was 
16 434 with 1494 cases and 14 940 controls. The num-
ber of cases and controls for each age and sex group for 
the PRS training data are summarized in Supplementary 
eTable 2, Supplemental digital content 1, http://links.lww.
com/MR/A319.

Combined model development and testing data
We used the remaining 30% of the data (N = 109 597) 
to perform a cohort analysis to develop the final model 
comprising the newly developed PRS and the existing 
clinical model [7]. We limited follow-up to 10 years and 
we divided the cohort data into halves: development and 
testing. We used the first half of the cohort data to esti-
mate coefficients for the PRS and the clinical risk score 
using Cox regression with age as the time axis. In the 
second half of the cohort data, we assessed the perfor-
mance of our risk score using Cox regression to estimate 
the hazard ratio per SD. We computed Harrell’s C-index 
to assess model discrimination. To examine calibration, 
we computed the standardized incidence ratio (SIR) 
of the number of melanoma cases observed in the first 
10 years of follow-up compared with the number of cases 
predicted by the 10-year risk score, overall and by quin-
tile of 10-year risk. Lastly, we refit the model to refine 
the estimates using the whole cohort data and computed 
the SIRs of the number of observed melanoma cases 
compared with the number predicted by population inci-
dence rates, overall and by quintile of 10-year risk.

Polygenic risk score
A PRS is defined as the weighted sum of risk-allele 
counts of SNPs: 

p∑
j=1

βjGij
, where βj is the weight for  

SNP j, Gij is the count (0, 1, 2) of the effect alleles of 
SNP j for individual i, and p is the number of SNPs in the 
PRS (see Supplementary eMethods, Supplemental digi-
tal content 1, http://links.lww.com/MR/A319). The first step 
in developing a PRS is to decide which SNPs to use and 
what effect sizes to assign to them. In this study, we only 
considered SNPs from the UK Biobank Axiom Array data 
[22]. We obtained the genome-wide association study 
effect sizes of SNPs from the summary statistics provided 
by GenoMEL consortium (the Melanoma Genetics 
Consortium; http://www.genomel.org), with UK Biobank 
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samples removed. For quality control, we removed SNPs 
with minor allele frequency less than 10−3, a genotyping 
rate less than 95% and a Hardy–Weinberg equilibrium P 
value less than 10−50. We also removed ambiguous SNPs 
and duplicate variants with the same physical position or 
refSNP cluster ID number.

To create the PRS, we used the maximum clumping and 
thresholding method [23]. We selected seven correlation 
thresholds (0.01, 0.05, 0.10, 0.20, 0.50, 0.80, 0.95), four 
base clumping window sizes (50, 100, 200, 500; in kb) 
and 50 P value significance thresholds evenly spaced on 
a log–log scale. The actual clumping window size used 
was computed as the base clumping window size divided 
by the correlation thresholds. The standard clumping 
and thresholding method was then applied for the com-
binations of the hyperparameters values to generate 1400 
(7 × 4 × 50) risk scores. The best risk score, which maxi-
mized the AUC on the PRS training data, was chosen to 
be our PRS. We used the R package bigsnpr [24] version 
1.8.1 to run the maximum clumping and thresholding 
procedure.

Clinical risk score
The clinical risk score for melanoma was obtained from 
an Australian-based study [7]. The clinical risk score 
originally included hair color, nevus density, first-de-
gree family history of melanoma, history of non-mel-
anoma skin cancer and the number of lifetime sunbed 
sessions. Because nevus density and first-degree family 
history of melanoma are not available in UK Biobank, 
we only used the other three risk factors in our study. 
Hair color was classified as black/brown, light brown, 
blonde and red. Lifetime sunbed use was classified 
into three groups: none, 1–10 and >10. Because the UK 
Biobank only asked about the frequency of solarium or 
sunlamp use per year instead of lifetime sunbed use, 
we used a simple conversion to estimate the lifetime 
sunbed use: frequency greater than six times use per 
year we converted to the >10 groups for lifetime use; 
frequency between 1 and 5 per year we converted to 
the 1–10 group for lifetime use. The clinical risk score 
is a linear combination of these three risk factors. 
Table  1 shows the corresponding log-odd ratios (beta 
coefficients) and the distribution of clinical risk factors 
in the testing data. The equation for the calculation 
of the clinical risk score is provided in Supplementary 
eMethods, Supplemental digital content 1, http://links.
lww.com/MR/A319.

Ten-year risk score
Our final risk score estimates the 10-year risk of melanoma, 
accounting for non-melanoma mortality as a competing 
risk, using the PRS we developed from the case–control 
training data and the clinical risk score obtained from a 
previous study [7]. The details for computing the 10-year 
risk score are provided in Supplementary eMethods, 

Supplemental digital content 1, http://links.lww.com/MR/
A319.

Results
Our PRS comprises 68 SNPs and had an AUC of 0.639 
(95% CI = 0.618–0.661). The full list of SNPs is provided 
in Supplementary eTable 4, Supplemental digital content 
1, http://links.lww.com/MR/A319. We have also deposited 
details of the PRS in PGS Catalog (https://www.pgscat-
alog.org/) under the accession number PGS003430. The 
top three SNPs, ranked by odd ratios, were found to be 
rs149617956, rs1805007 and rs11547464. These SNPs are 
non-synonymous variants found in moderate-risk genes 
for melanoma [25]. rs149617956 (E318K) is found in 
MITF, which was previously found to be associated with 
nevus count and melanoma development [26,27], and 
has an odds ratio (OR) of 2.759 (Supplementary eTable 4, 
Supplemental digital content 1, http://links.lww.com/MR/
A319). rs1805007 (R151C) and rs11547464 (R142H) are 
both found in MC1R that codes for red hair color and have 
OR of 1.769 and 1.571, respectively (Supplementary eTa-
ble 4, Supplemental digital content 1, http://links.lww.com/
MR/A319) [28,29]. Finally, a protective SNP, rs55797833 
with an OR of 0.610 is located in the 5ʹUTR of CDKN2A 
(c.-228A > C) in a putative GRα binding site.

We have tested the 50-SNP PRS from Steinberg et al. 
(2022) [19] using the same testing data as a comparison 
to our PRS. We found that the 50-SNP PRS had an AUC 
of 0.649 (95% CI = 0.627–0.670) which is slightly better 
than the AUC of our PRS which had an AUC of 0.639 
(95% CI = 0.618–0.661). It should be pointed out that 
our study only considered SNPs from the genotyped 
data as opposed to imputed data while only 13 SNPs in 
the 50-SNP PRS can be found in the genotyped data. 
We found nine of those SNPs were also identified in our 
PRS. We did not test the 68-SNP PRS from Steinberg et 

Table 1   Distribution of clinical risk factors in the whole testing 
data and the beta coefficients

Risk factor 
β 

coefficient 
Case, 

N = 613 
Control, 

N = 108 984 

Hair color    
 � Black/brown 0 205 

(33.4%)
45 954 
(42.2%)

 � Light brown 0.22 251 
(40.9%)

45 436 
(41.7%)

 � Blonde 0.91 111 
(18.1%)

12 672 
(11.6%)

 � Red 1.46 46 (7.5%) 4922 (4.5%)
Lifetime sunbed use    
 � None 0 558 

(91.0%)
98 681 
(90.5%)

 � 1–10 −0.05 40 (6.5%) 7397 (6.8%)
 � >10 0.46 15 (2.4%) 2906 (2.7%)
Non-melanoma skin cancer    
 � No 0 582 

(94.9%)
106 772 

(98.0%)
 � Yes 1.16 31 (5.1%) 2212 (2.0%)
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al. (2022) [19] because the meta-analysis used for build-
ing that PRS included UK Biobank samples.

Development of combined risk model
Using the first half of the cohort data (307 cases and 
54 492 controls), we fitted a Cox regression to estimate 
coefficients for the PRS and the clinical risk score. The 
beta coefficients were 0.233 (95% CI = 0.009–0.457; 
P = 0.042) for the clinical risk score and 0.684 (95% 
CI = 0.499–0.868; P < 0.001) for the PRS. There was no 
evidence the proportional hazards assumption was vio-
lated for PRS (χ2 = 0.0816, df = 1, P = 0.78), clinical risk 
score (χ2 = 0.0476, df = 1, P = 0.83) or globally (χ2 = 0.1796, 
df = 2, P = 0.9). In this dataset, the 10-year risk score had 
an AUC of 0.645 (95% CI = 0.613–0.676) and the hazard 
ratio per SD was 1.284 (95% CI = 1.193–1.382).

Performance of combined 10-year risk model
We used the second half of the cohort data (306 cases 
and 54 492 controls) to test the performance of the com-
bined model. The hazard ratio per SD was 1.332 (95% 
CI = 1.263–1.406; P < 0.001). Harrell’s C-index for the 
10-year risk score was 0.685 (95% CI = 0.654–0.715). 
As a comparison, Harrell’s C-index was 0.629 (95% 
CI = 0.596–0.661) for the clinical risk score only and 
0.676 (95% CI = 0.645–0.706) for the PRS only. The 
improvement in Harrell’s C-index for the combined 
model was 0.056 (P < 0.001) over the clinical risk score 
alone. In terms of overall calibration of the combined 
model, the SIR was 1.193 (95% CI = 1.067–1.335) and 
the model underestimated risk with 306 observed cases 
versus 256.47 expected cases. When stratified by quintile 
of risk, the model was well calibrated except for the high-
est quintile of risk, which underestimated risk, with 140 
observed cases and 94.71 expected cases (see Table 2).

Final model
Because the performance in association and discrimi-
nation of the model was similar in both halves of the 
cohort data, we refined the model estimates by re-fitting 
the model using all of the cohort data and computed the 
10-year melanoma risk. The beta coefficients for the final 
model were 0.319 (95% CI = 0.166–0.471; P < 0.001) for 

the clinical risk score and 0.741 (95% CI = 0.611–0.871; 
P < 0.001) for the PRS.

To demonstrate the performance of the model, we com-
puted the SIRs of the number of observed cases com-
pared with the number predicted by age-, sex- and 
calendar year-specific population incidence rates, overall 
and by the quintile of 10-year risk (Fig. 1 and Table 3). 
Overall, the number of observed melanoma cases was 
higher than the expected number using population 
incidence rates (613 vs 459.95). Individuals in the top 
quintile of risk were at 2.3 times the population risk 
and individuals in the second highest quintile were at 
1.4 times the population risk. Individuals in the lowest 
quintile group were at 0.67 times the population average 
risk. This is an improvement over the SIR based on clin-
ical risk only, where there is a much smaller difference 
between the five quintiles (Supplementary eFigure 1, 
Supplemental digital content 1, http://links.lww.com/MR/
A319 and Supplementary eTable 3, Supplemental digital 
content 1, http://links.lww.com/MR/A319). Figure 2 shows 
the distribution of the 10-year risk for affected and unaf-
fected individuals.

Discussion
We have developed a model to predict a 10-year risk for 
melanoma that combines a PRS and a clinical risk score. 
The risk prediction has good calibration (Table  2) and 
discrimination (Fig. 1 and Table 3) and can distinguish 
between individuals at high and low risk. The clinical 
implications of improved risk prediction are important to 
increasing screening measures and promoting risk man-
agement options for at-risk adults.

No specific screening guidelines exist for melanoma in the 
USA [30], and limited guidelines exist in Australia, New 
Zealand, Germany, and the UK for adults at increased 
risk of developing melanoma. Risk management recom-
mendations for adults at high risk may include full-body 
skin examination with dermoscopy or photography as 
well as minimizing UV light exposure [31–34]. Currently, 
high-risk individuals are identified based on their history 
of skin cancer, family history of melanoma, skin/hair pig-
mentation, number of naevi, evidence of skin damage 
and monogenic carrier susceptibility status.

For the few known high-risk susceptibility genes [35], 
the same melanoma risk management guidance exists 
[36]. CDKN2A was the first melanoma susceptibility gene 
identified; carriers are estimated to have a lifetime risk of 
28% (by age 80 years) [37]. Using the combined genetic 
and clinical risk score, no participants in our study 
reached a full-lifetime threshold of 28% (equivalent to 
that of a CDKN2A carrier); however, a quarter of adults 
with incident melanoma had lifetime risk scores between 
4 and 25% (Supplementary eFigure 2, Supplemental 
digital content 1, http://links.lww.com/MR/A319), which 
represent two- to 10-fold risk compared to the general 

Table 2   Standardized incidence ratios of the number of mela-
noma cases observed in the first 10 years of follow-up in the sec-
ond half of the testing data compared with the expected number 
using 10-year risk

 Observed Expected 
Standardized 

incidence ratio 
95% confidence 

interval 

Overall 306 256.47 1.193 [1.067–1.335]
Quintile of risk     
 � 1 22 23.23 0.947 [0.624–1.439]
 � 2 32 34.69 0.922 [0.652–1.304]
 � 3 54 44.95 1.201 [0.920–1.568]
 � 4 58 58.88 0.985 [0.762–1.274]
 � 5 140 94.71 1.478 [1.253–1.745]
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population. The SIRs show that participants we identify 
at increased risk are more likely to develop melanoma 
compared with the participants identified with standard 
clinical risk factors.

Incorporating a polygenic component into a clinical 
risk prediction model can improve the prediction of 
melanoma risk, with a Harrell’s C-index of 0.685 (95% 
CI = 0.654–0.715) compared with using hair color, sunbed 
use and personal history of non-melanoma cancer, which 
had an AUC of 0.629 (95% CI = 0.596–0.661). This 0.056 
increase in AUC is important because it represents a 9% 
increase in discriminatory performance over the clinical 
risk score alone.

Importantly, the distribution of adults based on their 
10-year risk scores shows the ability of the model to 
identify a greater number of incident cases with higher 

10-year risk scores (and conversely a smaller number of 
incident cases with lower 10-year risk scores) compared 
with unaffected participants (Fig. 2). The average partic-
ipant, aged 40–69 years, had a 10-year risk score of 0.486. 
We can identify 17.78% of participants who have at least 
a two-fold increase in risk and 1.29% with a four-fold 
increase in risk compared to the population.

When we categorize adults by applying a basic two-fold 
risk threshold, we show the significant clinical value our 
combined model has over the standard clinical risk fac-
tors alone. We classified participants into three risk cat-
egories – low, average and high – based on their 10-year 
risk scores, ≤0.5%, 0.5–1.0% and ≥1.0%, respectively. We 
are able to better stratify the population utilizing our 
model (Supplementary eFigure 3a, Supplemental digital 
content 1, http://links.lww.com/MR/A319) compared with 
the clinical model alone (Supplementary eFigure 3b, 
Supplemental digital content 1, http://links.lww.com/MR/
A319). Importantly, we identify 10 times as many adults 
in the high-risk category (≥1% 10-year risk) compared 
with the clinical model alone; this high-risk category 
represents adults at twice the population average risk. 
Conversely, when we identified 60% of the general pop-
ulation at lower-than-average risk (≤0.5% 10-year risk), 
the SIR for melanoma was well below that of the clini-
cal model alone [0.86 (95% CI = 0.7158–1.0333); 1.1705 
(95% CI = 1.0306–1.3295), respectively].

A strength of our study is that we used a matched case–
control design to develop the PRS. Many studies include 
age and sex (and sometimes principal components) as 

Fig. 1

Standardized incidence ratios of the number of observed melanoma cases in the first 10 years of follow-up in the testing data compared with the 
expected number using population incidence rates by quintile of 10-year risk.

Table 3   Standardized incidence ratios of the number of mel-
anoma cases observed in the first 10 years of follow-up in the 
whole testing dataset compared with the expected number using 
population incidence rates, overall and by quintile of 10-year risk 
of melanoma

 Observed Expected 
Standardized 

incidence ratio 
95% confidence 

interval 

Overall 613 459.95 1.333 [1.231–1.443]
Quintile of risk
 � 1 48 72.04 0.666 [0.502–0.884]
 � 2 78 85.97 0.907 [0.727–1.133]
 � 3 95 94.32 1.007 [0.824–1.232]
 � 4 144 100.60 1.431 [1.216–1.685]
 � 5 248 107.02 2.317 [2.046–2.625]
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covariates when assessing the discriminatory perfor-
mance of a PRS. This is misleading because these are 
known risk factors for melanoma and confound the asso-
ciation between the PRS and melanoma, resulting in an 
overestimation of the AUC [17].

One limitation of our study is that we did not include nevus 
density and family history of melanoma in our prediction 
model because these are not available in the UK Biobank. 
Nevus count is a very strong predictor of melanoma risk. 
People with 100 or more nevi over their whole body are found 
to have seven times the risk compared with people with fewer 
than 15 nevi [38]. Family history of melanoma is also a strong 
risk factor. Meta-analyses showed that having a first-degree 
relative with melanoma increases risk by 2.06 times [39]. 
Without including these two important risk factors, our risk 
prediction model has not achieved its full potential. The eth-
nic breakdown of the UK Biobank is another limitation of the 
study. These analyses were conducted on people of Northern 
European ancestry. While melanoma prevalence is much 
higher in this fair-skinned Caucasian population, phenotyp-
ically uncharacteristic (i.e. dark complexion and dark hair) 
cases of melanoma do occur. When they do occur, they are 
detected at a later stage and the melanoma-associated mortal-
ity is higher. Future studies will address the potential utility 
of a risk assessment tool that incorporates non-phenotypic 
factors like polygenic risk [40,41].

Improved stratification of general population adults is 
possible and could support improved cancer screening 
recommendations. A total body skin examination is a sim-
ple, cost-effective, noninvasive screening tool, yet con-
sensus regarding its implementation is limited by a lack 

of direct evidence that it reduces melanoma-associated 
mortality. Given that randomized controlled trials will 
likely never exist in this space due to sample size, dura-
tion and ethical concerns, alternative data-driven metrics 
must be applied to justify screening recommendations.

Identifying high-risk individuals early can lead to a reduc-
tion in late-stage melanoma diagnosis and reduce the sub-
stantial medical costs associated with late-stage treatments; 
however, melanoma prevention efforts are also important 
for reducing the economic burden. For example, in 2021, 
the estimated cost for new melanoma cases was $AU 
397.9 million in Australia, but nearly half of that was spent 
on in-situ disease [42]. Consideration of risk stratification 
tools to address melanoma risk reduction for both preven-
tion and early detection efforts is paramount to lowering 
the clinical and economic burden of the disease.
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