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General introduction

EPIDEMIOLOGY AND RISK FACTORS FOR CUTANEOUS 
SQUAMOUS CELL CARCINOMA

Keratinocyte carcinoma (KC), comprising basal cell carcinoma (BCC) and cutaneous 
squamous cell carcinoma (cSCC), are the most common cancers in Caucasian popula-
tions with incidence rates continuing to rise.1 The highest age-standardized incidence 
rates worldwide have been reported in Australia (499 per 100,000 person-years (PY) in 
men and 291 per 100,000 PY in women (2002 estimates))2-4 and the United States (US) 
(497 per 100,000 PY in men and 296 per 100,000 PY in women (2015 estimates)),5 with 
lower but still high numbers in European countries (9-96 per 100,000 PY in men and 5-68 
per 100,000 PY in women (2002-2008 estimates)).6-9

cSCC represents around 15-20% of all KCs and its risk pro!le can vary from low-risk cSCCs 
with excellent prognosis after complete resection (majority) to high-risk metastatic 
cSCCs (mcSCCs) with mortality as a potential consequence.10 The most important risk 
factor for cSCC development is cumulative exposure to ultraviolet (UV) radiation,11, 12 
which is also re"ected by the sun-exposed body sites such as the face and scalp/neck 
in males and face and arms in females being the most a#ected locations.13, 14 Other 
risk factors for cSCC development are immunosuppression, male sex, age, fair skin and 
pigment status, smoking, a history of previous skin cancers or actinic keratoses (AKs), 
genetic susceptibility loci, human papillomavirus (HPV), chronic in"ammation, scarring, 
familial cancer syndromes, and environmental exposures such as arsenic.9, 13, 15, 16 15, 17-19 
20, 21 22 Immunocompromised patients are an especially important risk group requiring 
further research given their relatively high prevalence and risk for subsequent cancer 
development, including cSCCs. Organ transplant recipients (OTRs), for example, have 
a 65- to 250-fold increased risk of developing cSCC, and these patients often develop 
multiple cSCCs over time.23-25 The increased risk among OTRs is caused by the chronic 
use of immunosuppressive medication, damaging patients’ immune surveillance, and 
making them more susceptible for cancer development including cSCC.26 The degree of 
cSCC occurrence is therefore proportional to the number of immunosuppressive drugs 
that an OTR takes: patients with a heart or lung transplant generally have a higher cSCC 
risk compared to renal OTRs given their more intense medication regimens.27 A second 
important group of immunocompromised patients are those with a hematologic malig-
nancy such as chronic lymphocytic leukemia. These patients lack a properly functioning 
cell-mediated and humoral immunity and have a reported 8- to 10-fold increased risk of 
cSCC development.28

Data on survival rates of (m)cSCC patients is scarce, and epidemiological studies to date 
have mainly been limited to overall survival rates or survival rates of all non-melanoma 
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skin cancers grouped together, since no separate International Classi!cation of Diseases 
for Oncology (ICD-O)-10 code for death due to cSCC is available. The limited studies 
on disease-speci!c survival rates report a cSCC-speci!c death rate around 2%.29-31 
Compared to other invasive cancers, this is a relatively low mortality rate. However, 
given the extremely high incidence of primary cSCCs, it is estimated that the absolute 
number of cSCC-speci!c deaths may be as high as deaths due to melanoma or renal 
and oropharyngeal carcinomas in central/southern US.30 Further nationwide studies are 
needed to obtain reliable and population-based disease-speci!c survival rates for (m)
cSCC patients.

The majority of countries, including the US and Australia, do not routinely register cSCC 
in a population-based cancer registry due to the impracticality of recording a disease 
with such high incidence.32 Therefore, they must make estimations based on less accu-
rate data sources such as surveys, claims, treatment data, or pooled estimation studies 
based on previous studies in small subpopulations. Additionally, registered cSCCs often 
only include the !rst instance for that patient, subsequently omitting additional cSCCs. 
However, the occurrence of multiple cSCCs in one patient is common.33  Overall, it seems 
as though we are underestimating the true disease burden of cSCC. Nationwide studies 
showing reliable, real world data on cSCC incidence as well as survival rates are hence 
very important. With this in mind, the Netherlands Cancer Registry (NCR)34 changed its 
registration procedure in September 2016 from a manual registration of only the !rst 
cSCC per patient to an automatic import of all cSCCs per patient – including multiple 
cSCCs that occurred in the same year – from the nationwide network and registry of his-
topathology and cytopathology (PALGA).35 Additionally, this automatic import enabled 
registration of cSCCs diagnosed by general practitioners, pathologists, and private clin-
ics without further referral to a hospital, where initially only hospital diagnoses of cSCC 
were included. A similar automation procedure was implemented in England in 2013, 
where the majority of cSCCs are registered based on the pathology report laboratory 
codes and text information provided.36 The introduction of an automatic import system 
worldwide would be a fundamental improvement for the registration of cSCCs and skin 
cancer in general, as in this way the high disease volume would no longer be an obstacle.

CLINICAL PRESENTATION AND CARCINOGENESIS

cSCC arises from keratinocytes in the epidermal layer of the skin and originates either 
from precursor lesions (e.g., Bowen’s disease, AK) or de novo. Clinical presentation is 
heterogeneous and usually consists of a moderately de!ned scaly, red, rough nodule, 
possibly with an ulcerous or verrucous surface. Itching, bleeding, pain, and crust de-
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velopment may occur. The dysplastic cells from the epidermis form keratinous pearls 
and destroy the basement membrane, carrying peritumoral stroma and in"ammatory 
in!ltrate into the dermis.

Bowen’s disease, or cSCC in situ, presents as a slow-growing, red scaly patch or plaque 
on the skin. Itching, pain, and bleeding are usually absent. Being an in situ cancer, the 
dysplastic cells are limited to the epidermal layer of the skin – involving the full thickness 
of the epidermis – and do not invade the dermis. When left untreated, cSCC in situ has a 
reported risk of 3-5% of direct progression into invasive cSCC.37, 38

AKs are precancerous skin lesions that can be considered a clinical biomarker for UV-
induced DNA damage (i.e., cutaneous photodamage).39 These erythematous, keratotic 
lesions are very common, especially in the elderly population: a quarter of the Dutch 
population aged 50 years or older has one or more AKs.40 Like cSCC in situ, individual 
AKs may progress into invasive cSCC. However, progression rates are reported to be low 
(<1% per lesion per year),41, 42 and distinguishing which AK lesions progress and which 
do not is especially hard since 15-63% of AKs regress spontaneously after one year, and 
15-53% show a subsequent recurrence one year after regression.42  This results in a high 
turnover in the natural history of AKs. Also, AKs can be numerous, coalescing into an 
area of “!eld cancerization” rather than a solitary lesion, making AK counting extremely 
di$cult and unreliable, even among expert dermatologists.43 Altogether, this obscures 
the exact progression risk from an AK lesion into invasive cSCC.43, 44 Nonetheless, the 
presence of AKs itself is an important risk factor for KC development in general.45-47

Mutations play a key role in the carcinogenesis of cSCC with a mutation rate about !ve 
times as high as lung cancer48 and about four times higher than melanoma.49 Genes 
commonly mutated are tumor protein 53 (TP53),50 cyclin-dependent kinase inhibitor 
2A (CDKN2A),51 Ras,52 and NOTCH1.53 These are all tumor suppressor and/or oncogenes, 
causing uncontrollable tumor cell proliferation when mutated. The classical multistep 
model for cSCC carcinogenesis implies an accumulation of gene mutations – usually as 
a response to UV damage – resulting in increasing amounts of dysplastic keratinocytes 
and subsequent precursor lesion formation.54, 55 These mutations in tumor suppressor 
genes enable tumor cells to grow exponentially at the expense of surrounding healthy 
keratinocytes through blocking the apoptosis pathway and interrupting cell cycle 
control proteins. Additional mutations in other driver oncogenes may ultimately lead 
to the rise of more neoplastic properties, resulting in invasive cSCC. While most cSCCs 
carry a multitude of mutations on top of the mutations in tumor suppressor genes, it has 
been shown in 3D models of human epidermis that mutations in as few as two proto-
oncogenes are su$cient to drive invasive cSCC.56, 57
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RISK FACTORS FOR METASTASIS AND CSCC STAGING

cSCC is the most fatal form of KC and although the majority of cSCC patients have ex-
cellent prognosis after surgical excision, 1.5-5.2% of cSCCs are reported to metastasize 
to regional lymph nodes and/or distant locations.29, 31, 58-62 This percentage might seem 
low compared to other invasive cancers, but given the extremely high incidence of 
primary cSCCs, the absolute number of mcSCCs could be substantial: approximately 
6,000 patients with nodal metastasis were estimated in the US in 2012.30 It is important 
to correctly identify cSCCs at high risk of metastasis in order to include them in follow-
up scheduling and, if possible, adjuvant treatment regimens. The recent development 
of immunotherapies for advanced and metastatic cSCC makes the identi!cation of 
high-risk cSCCs in an early stage even more important for treatment, clinical trials, and 
healthcare planning.63 On the other hand, as is the case for all high-volume tumors with 
metastatic potential, correct staging of cSCCs with a very low metastasis risk is equally 
important, as this could signi!cantly reduce the dermatological health care burden by 
dismissing patients from super"uous follow-up schedules. These follow-up schedules 
could be highly intensive, varying from twice per year during the !rst two years after 
diagnosis of low-risk cSCCs, to once every three months in the !rst year and once every 
four months in the second year after diagnosis of high-risk cSCCs. These visits usually 
continue for !ve years once a patient is diagnosed with cSCC.64

No single general de!nition of  “high-risk cSCC” exists, but several patient and tumor 
characteristics have shown independent associations with metastasis risk and therefore 
have been, in part, implemented in staging systems. However, these risk factors were 
mainly analyzed in single-center studies with limited numbers of mcSCC. The most 
widely used staging systems at present are the American Joint Committee on Cancer 
8th edition (AJCC8),65 Brigham and Women’s Hospital (BWH),66 and Tübingen (also called 
Breuninger)67 staging systems with di#erent criteria per T-stage. Several single-center 
comparative studies and one population-based validation study have been performed 
showing slightly better results for the BWH staging system.66-71 However, the overarching 
conclusion of these studies was that the current staging systems distinguish moderately 
between patients who develop metastasis and those who do not and hence are subopti-
mal in stratifying cSCCs according to their metastasis risk. Also, prognostic heterogeneity 
was found in AJCC8 T3 cSCCs, resulting in the recent development of the Salamanca T3 
re!nement subclassi!cation.72, 73 Table 1 shows all four staging systems with the cor-
responding criteria per T-stage. Thus, there remains a need for a robust validation of the 
staging systems and extensive analysis of mcSCC predictors in a nationwide cohort to 
ultimately achieve a re!ned staging system that correctly strati!es cSCCs into low- and 
high-risk groups.
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METASTASIS DETECTION

The diagnosis of high-risk cSCC is generally followed by an additional work-up for regional 
lymph node metastasis. This generally consists of clinical examination – comprising the 
inspection and palpation of the regional lymph nodes – and ultrasonographic imag-
ing with subsequent !ne needle aspiration cytology (FNAC) in the case of suspicious 
!ndings. The most recent European consensus-based interdisciplinary guideline from 
2020 recommends palpation of the regional lymph nodes in all low-risk cSCC patients 
and ultrasonography followed by FNAC when indicated in all high-risk cSCC patients.74 
On the contrary, the national Dutch guideline for cSCC dating from 2018 recommends 
ultrasonography-guided FNAC only in case of visible and/or palpable regional lymph-
adenopathy and refrains from any recommendations for low-risk cSCC patients.75 The 
American National Comprehensive Cancer Network (NCCN) is even more ambiguous by 
stating that imaging should be done when extensive disease is suspected, which is a 
rather subjective statement.76 Altogether, this ambiguity prevents uniform practices on 
ultrasonographic imaging among physicians.77 Since there is no general de!nition of 
high-risk cSCC and corresponding criteria di#er between the staging systems, it remains 
unclear which patients should or should not undergo additional work-up. Also, present 
evidence on the diagnostic accuracy of both clinical examination and ultrasonography 
has been limited to studies in non-cutaneous SCCs with very few data on cutaneous 
SCCs.78 In mucosal head and neck SCCs, the sensitivity of ultrasonography ranged 
between 63 and 100%.79-85 Sensitivity and speci!city of palpation were somewhat 
lower: 55-86% and 50-97%, respectively.85-89 To make well-founded recommendations 
for patients with cSCC, it is essential to investigate the diagnostic accuracy of both 
modalities in (high-risk) cSCC patients speci!cally. Also, while it is common to perform 
ultrasonography when visible/palpable lymphadenopathy is present, its added value in 
cSCCs without suspicious clinical examination remains unknown.

AIMS AND OUTLINE OF THIS THESIS

The main aim of this thesis was to present the full spectrum epidemiology of cSCC, rang-
ing from cSCC in situ, to invasive cSCC, to mcSCC using nationwide cancer registry and 
pathology data. Additional to studies on current and future incidence rates of (m)cSCC, 
this thesis also includes chapters about predictive/risk factors in the transition from one 
tumor stage to the other (Figure 1).

Given the lack of cSCC registration in comprehensive, nationwide cancer registries 
worldwide, obtaining cSCC incidence and survival rates that represent the true burden 
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has remained problematic for a long time. Using the unique nationwide data on cSCC 
in the Netherlands, we were able to provide virtually complete and reliable data on the 
incidence rates of both cSCC and its in situ and metastatic forms as a !rst step. Secondly, 
prediction and validation analyses for the small subgroup of mcSCCs were performed 
with more power than the current cSCC staging systems have been based on. Therefore, 
this thesis focuses on incidence rates (Part II, Chapter 2-4) and prediction and staging 
(Part III, Chapter 5-8).

In Chapter 2, we describe the Dutch nationwide trends in incidence rates of cSCC in 
situ during the period 1989-2017 and calculate the risk of !rst invasive cSCC in this 
patient group, strati!ed by sex and follow-up duration after cSCC in situ diagnosis. In 
Chapter 3, we present the same incidence and trend analyses as in Chapter 2, but now 
for invasive cSCC in the total Dutch population between 1989-2017. We estimate future 
cSCC incidence rates up to 2027. Moreover, because of the improved registration system 
of the NCR, we were able to calculate the share of multiple cSCCs per patient in the total 
number of cSCCs diagnosed in 2017. In Chapter 4, the nationwide cumulative incidence 
and disease-speci!c survival of mcSCC is described among patients with a !rst cSCC di-
agnosis in 2007 or 2008. The role of patient-based risk factors (age, sex, immune status) 
on the metastasis risk has been explored, including a !rst-ever linkage between a cSCC 
population and a nationwide solid organ transplant registry (Netherlands Organ Trans-
plant Registry, NOTR), complemented by nationwide data on hematologic malignancies.

Part III of this thesis covers our prediction and risk factor models, validation analyses, 
and a diagnostic accuracy study. Chapter 5 comprises the development and internal 
validation of a prediction model to predict KC in a population-based AK cohort, includ-
ing easily assessable phenotypic, genetic, and lifestyle risk factors. In Chapter 6, we 
assessed the diagnostic accuracy of baseline clinical examination and ultrasonographic 
imaging in the detection of regional lymph node metastasis in patients with high-risk 

Figure 1. Schematic representation of the main studies covered in this thesis.
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cSCC of the head and neck. We subsequently examined the accuracy of ultrasonography 
speci!cally in patients with a non-suspicious clinical examination and did an exploratory 
analysis for metastasis predictors in this group to be able to say something on when 
ultrasonography is indicated and when not. In Chapter 7, we validated the predictive 
performances of  four existing staging systems (Table 1) in a nationwide cohort from 
England, which comprises the largest dataset of mcSCC so far (n~900). Finally, in the last 
chapter, Chapter 8, we identi!ed risk factors for cSCC metastasis using the nationwide 
cohort from England and replicated our results in a nationwide Dutch cohort of mcSCC 
patients (n~250).
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ABSTRACT

Importance: The incidence rates of keratinocyte cancer are increasing globally; how-
ever, the incidence rates of cutaneous squamous cell carcinoma (cSCC) in situ and the 
risk of developing subsequent invasive cSCC remain unknown.

Objective: To estimate annual population-based age-standardized incidence rates of 
histopathologically con!rmed cSCC in situ strati!ed by sex, age, and body site and to 
assess the risk of developing invasive cSCC among patients with cSCC in situ compared 
with the general population.

Design, setting, and participants: This nationwide epidemiological population-based 
cohort study used cancer registry data to identify all patients with a !rst incident of 
histopathologically con!rmed cSCC in situ between January 1, 1989, and December 31, 
2017. In addition, all patients with cSCC in situ who subsequently had a !rst incident of 
invasive cSCC were identi!ed up to June 11, 2019. Data were analyzed between March 
18 and November 12, 2019.

Main outcomes and measures: Age-standardized incidence rates per year for cSCC 
in situ, standardized to the 2013 edition of the European Standard Population, were 
calculated by sex, age, and body site. Cumulative risks, standardized incidence ratios, 
and absolute excess risks were calculated to assess the risk of invasive cSCC in patients 
with cSCC in situ compared with the general population.

Results: In this population-based cohort study of 88 754 patients with a !rst incident of 
cSCC in situ between January 1, 1989, and December 31, 2017, 58.8% were women; the 
median age was 75 years (interquartile range [IQR], 67-82 years) for women and 73 years 
(IQR, 65-80 years) for men. Increasing incidence rates were observed, with the highest 
incidence rates in 2017 among women in general (71.7 cases per 100 000 person-years) 
and among men 80 years and older (540.9 cases per 100 000 person-years). The most 
common body site among women was the face (15.9 cases per 100 000 person-years) 
and among men was the scalp and/or neck (12.3 cases per 100 000 person-years). After 
5 years of follow-up, among patients with cSCC in situ, the cumulative risk of develop-
ing an invasive cSCC at any anatomic location was 11.7%(95%CI, 11.6%-11.9%) in men 
and 6.9% (95%CI, 6.8%-7.0%) in women (P < .001). The standardized incidence ratio 
was highest in the !rst year of follow-up among both men (16.6; 95%CI, 15.7-17.5) and 
women (15.1; 95%CI, 14.2-16.1).
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Conclusions and relevance: This study reports the !rst nationwide incidence rates of 
cSCC in situ to date. The increasing incidence rates of cSCC in situ and the high risk 
of developing invasive cSCC among patients with cSCC in situ may increase the health 
care burden associated with precursors of keratinocyte cancer and highlight the need 
to include cutaneous skin cancer precursor lesions when exploring policies to address 
skin cancer care.
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INTRODUCTION

Cutaneous squamous cell carcinoma (cSCC) in situ, also known as Bowen disease, 
presents as a gradually growing erythematous or scaly patch on the skin.1 Although 
usually harmless in itself, cSCC in situ has a 3%to 5% risk of progressing to invasive 
cSCC when left untreated.1,2 The main risk factors for cSCC in situ include cumulative 
exposure to UV radiation, radiotherapy, and immunosuppression.3-6 Literature regarding 
the epidemiology of cSCC in situ is scarce, indicating the limited attention given to the 
in situ form of cSCC. This limited attention is indicative of a worldwide lack of registra-
tion of keratinocyte cancers in general, as keratinocyte cancers are often excluded from 
cancer registries owing to their high incidence and the di$culty of correctly registering 
multiple tumors per patient.6-8 Given the increasing incidence rates of invasive cSCC 
along with the associated costs and health care burden, it is important to have reliable 
numbers for the incidence rates of cSCC in situ and the cumulative incidence of the 
subsequent development of invasive cSCC.8-11 To date, the few available studies on the 
epidemiology of cSCC in situ reported varying incidence rates. Furthermore, the studies 
were conducted in small populations, and most of these studies date from the previous 
century.12-15 Therefore, current representative incidence rates from population-based 
cohorts are needed. The Netherlands Cancer Registry (NCR) registers all cases of his-
topathologically con!rmed skin cancers, including cases of cSCC in situ. The primary 
objective of this study was to investigate annual age-standardized incidence rates for 
the !rst incident of primary cSCC in situ in the Netherlands between 1989 and 2017 
and to assess the risk of developing invasive cSCC among patients with cSCC in situ 
compared with the general population.

METHODS

Design, setting, and population
Data on all patients with a !rst incident of histopathologically con!rmed cSCC in situ 
between January 1, 1989, and December 31, 2017, were retrieved from the nationwide 
NCR.16 Data included in the NCR are based on noti!cation of all histopathologically con-
!rmed cancers from the nationwide network and registry of histopathology and cytopa-
thology (PALGA) in the Netherlands.17 Until September 1, 2016, patients’ demographic 
characteristics, tumor characteristics, and treating medical specialists were obtained 
manually from their secondary care medical records by trained NCR personnel. Because 
of the variation in registration procedures over time and between regional registries, 
any patients with cSCC in situ who received treatment solely from a general practitioner 
or pathologist were excluded to ensure reliable trend analyses. In response to the high 
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incidence rates of skin cancer, the NCR replaced manual registration with automatic 
linkage to the PALGA network beginning on September 1, 2016. This change in registra-
tion method enabled reliable estimations by including patients with cSCC in situ who 
received diagnoses from general practitioners, pathologists, or private clinics without 
further hospital referral. In addition, after optimization of the automatic linkage with 
the PALGA network, patients with cSCC in situ with a previous or simultaneous invasive 
cSCC, who had not been registered under the former procedure, were also included. The 
patients’ date of death was retrieved from municipal registries up to December 31, 1995, 
and from the nationwide population registries thereafter. Information on the historical 
composition of the Dutch population was retrieved from Statistics Netherlands.18 This 
study followed the code of conduct of the Foundation Federation of Dutch Medical Sci-
enti!c Societies, which states that informed consent is not needed for studies in which 
all data are anonymized and not reducible to the patient level. Patients with cSCC in situ 
were de!ned as those with a topography code for skin (C44) and morphology codes for 
Bowen disease (8081/2) or carcinoma in situ (8010/2) in the International Classi!cation 
of Diseases for Oncology, Third Edition (ICD-O-3).19 Follow-up duration was calculated 
as the time from diagnosis of cSCC in situ until death or the end of the study period 
(June 11, 2019). To examine trends, the study was divided into 6 periods (1989-1993, 
1994-1998, 1999-2003, 2004-2008, 2009-2013, and 2014-2015). Given the change in 
registration method, the years 2016 and 2017 were evaluated separately. Patient age 
at diagnosis of cSCC in situ was divided into 3 categories (<70 years, 70-79 years, and 
&80 years), and the anatomical subsite was categorized as follows: lips (ICD-O-3 code 
C44.0), eyelid (ICD-O-3 code C44.1), ear (ICD-O-3 code C44.2), face (ICDO-3 code C44.3), 
scalp and/or neck (ICD-O-3 code C44.4), trunk (ICD-O-3 code C44.5), arms (ICD-O-3 code 
C44.6), legs (ICDO-3 code C44.7), and unknown or overlapping (ICD-O-3 codes C44.8 
and C44.9, respectively).

Statistical analysis
All analyses were strati!ed by sex. Annual crude and age-standardized incidence rates 
per 100,000 person-years were calculated using the population size (determined on 
January 1 of each year) obtained from Statistics Netherlands. For the main analyses, 
the European Standard Population, 2013 edition (ESP 2013),20 was used in the direct 
standardization method to calculate European standardized rates, as this standard 
population best re"ected the current aging population. European standardized rates 
were calculated by sex, age group, and body site. Age standardization to other standard 
populations was also performed (eTable 1 in the Supplement). To evaluate trends in 
incidence rates for cSCC in situ over time, we calculated the estimated annual percent-
age change with corresponding 95%CIs using joinpoint regression analyses, with year of 
diagnosis as the independent variable in the regression models.21 To prevent inaccurate 
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estimation of an increasing trend associated with automatic linkage to the PALGA net-
work beginning in mid-2016, joinpoint regression analyses were restricted to the years 
up to 2015 in our main analysis. In a revised analysis, we included the years 2016 and 
2017 and omitted the period from 2013 to 2015, as a "awed trend was expected because 
of the insu$cient registration of patients with cSCC in situ associated with nonregistra-
tion of private practices during this period.

The risk of developing invasive cSCC during follow-up was estimated by calculating the 
cumulative incidence curve after diagnosis of the !rst incident of cSCC in situ among 
patients without a cSCC history. All !rst incidents of invasive cSCCs were included, 
regardless of the anatomical location of the !rst incident of cSCC in situ. Thus, the 
cumulative incidence represents the general risk of developing subsequent invasive 
cSCC rather than the risk of progression of a speci!c lesion. The di#erence in the risk of 
developing invasive cSCC between men and women was assessed using the Gray test 
for equality of cumulative incidence functions.22,23 Standardized incidence ratios (SIRs) 
and absolute excess risks (AERs) were calculated for the follow-up periods of 0 to 1 year, 
2 to 5 years, 6 to 10 years, and 11 to 29 years after diagnosis of cSCC in situ. The SIR and 
AER were calculated as the ratio (SIR) and the di#erence per 10,000 person-years (AER) 
between the observed number of invasive cSCCs among patients with cSCC in situ and 
the expected number of invasive cSCCs among the general population. Explanations for 
all outcome measure acronyms are provided in eTable 2 in the Supplement.

Proportions of medical specialties providing treatment for patients who were newly diag-
nosed with cSCC in situ were calculated for the period of 2005 to 2015, as the registration 
method was uniform only for this period. All tests were 2-sided, with a signi!cance level 
of P < .05. Statistical analyses were performed using the following software: IBM SPSS 
Statistics, version 25.0 (IBM); R, version 3.4.1, cmprsk package (R Project for Statistical 
Computing); SAS, version 9.4 (SAS Institute); Stata, version 14, strs-macro (StataCorp)24; 
and Joinpoint, version 4.7.0.0. (National Cancer Institute).21 Data were analyzed between 
March 18 and November 12, 2019.

RESULTS

Overall population
We identi!ed 88 754 patients with a !rst incident of cSCC in situ between January 1, 1989, 
and December 31, 2017. Of those, 52 161 patients (58.8%) were female. The median age 
at cSCC in situ diagnosis was 73 years (interquartile range [IQR], 65-80 years) for men and 
75 years (IQR, 67-82 years) for women. Approximately one-third of all cases of cSCC in 
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situ were located in the facial area for bothwomen (n = 18 005 [34.5%]) and men (n = 12 
565 [34.3%]). Although the ears were a common location in men (n = 3849 [10.5%]), only 
520 women (1.0%) had periauricular cSCC in situ. The second most common location in 
men was the arms (n = 7147 [19.5%]) and in women was the legs (n = 13 957 [26.8%]).

Incidence rates
The number of histopathologically con!rmed cSCC in situ diagnoses increased from 447 
men and 531 women in 1989 to 4719 men and 6335women in 2017within a population 
of approximately 16 million inhabitants. This increase corresponded with an increase 
in the crude incidence rate among men, from 6.1 cases per 100,000 inhabitants in 1989 
to 55.7 cases per 100,000 inhabitants in 2017. The crude incidence rate in women in-
creased 10-fold, from 7.1 cases per 100,000 inhabitants in 1989 to 73.6 cases per 100,000 
inhabitants in 2017. After adjusting to the ESP 2013, the European standardized rate in 
men increased 6-fold between 1989 and 2017, from 11.1 cases to 67.8 cases per 100,000 
person-years. The European standardized rate in 1989 was lower for women than men, 
but the increase in the European standardized rate during the same period was greater 
for women than men, from 9.3 cases to 71.7 cases of cSCC in situ per 100,000 person-
years. In 2017, the highest European standardized rates of cSCC in situ were found in 
women, with a female to male ratio of 1.4 to 1.0.Table 1 shows the European standard-
ized rates for cSCC in situ by period of diagnosis, age group, and body site for men and 
women. The European standardized rates of cSCC in situ for each year independently as 
well as age-standardized to standard populations other than the ESP 2013 population 
can be found in eTable 1 in the Supplement.

The European standardized rates di#ered substantially between the 3 age groups. 
The highest rates for both sexes were found in 2017 among the oldest age group (&80 
years),with a rate of 482.7 cases per 100,000 person-years for women. Although the 
absolute number of cases of cSCC in situ for men was highest in the subgroup younger 
than 70 years, after adjusting to the ESP 2013, which takes into account the population’s 
age distribution, the rate in men 80 years and older was even higher (540.9 cases per 
100,000 person-years) than the rate in women.

Regarding body site, the sun-exposed locations in women (ie, the face [15.9 cases per 
100,000 person-years] and the legs [14.8 cases per 100,000 person-years]) had the 
highest incidence rates compared with the sun-exposed locations in men (ie, the face 
[11.2 cases per 100,000 person-years] and the scalp and/or neck [12.3 cases per 100,000 
person-years]) in 2017 (Table 1).
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Incidence rate trends
Joinpoint regression analyses for the years before the change in registration method 
(1989-2015) revealed 2 periods with a statistically signi!cant increase in incidence rates 
for both sexes. In men, the estimated annual percentage change was 5.6% (95% CI, 4.2-
6.9) for the period of 1989 to 1996 and 6.8% (95% CI, 5.7-7.9) for the period of 2003 
to 2012. In women, the incidence rates increased by 5.2% (95%CI, 4.6%-5.8%) for the 
period of 1989 to 2003 and 7.3% (95%CI, 5.9%-8.8%) for the period of 2003 to 2012, 
outpacing the European standardized rate in men (Figure 1A). The revised analysis 
indicated an additional increase in European standardized rates in the period of 2012 to 
2017 for men (estimated annual percentage change, 14.1%; 95%CI, 3.4%-25.9%) and the 
period of 2010 to 2017 for women(estimated annual percentage change, 12.0%; 95% CI, 
9.2%-14.8%) (Figure 1B).

With regard to body location-speci!c increases in incidence rates, the European stan-
dardized rates of cSCC in situ on the scalp and/or neck and cSCC in situ on the trunk 
indicated the highest increases in both men and women over the 29-year study period. 
The European standardized rate of cSCC in situ on the scalp and/or neck increased 12-
fold in men and 15-fold in women, while the increase in the rate of cSCC in situ on the 
trunk increased 8-fold in both sexes. Although the facial area had the highest rates of 
cSCC in situ from 1989 to 2016, the relative 5-fold increase in rates over the same study 
period was not substantial compared with other body sites (Table 1).
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Figure 1. European standardized rates and joinpoint analyses of cutaneous squamous cell carcinoma in 
situ. A: The shading for the period of 2013 to 2015 indicates a potentially inaccurate decrease associated 
with the nonregistration of patients with cSCC in situ who were increasingly treated in private practices 
during this period. The shading for the years 2016 and 2017 indicates the improved registration method 
used for patients with cSCC in situ during these years. B: The period of 2013 to 2015 was excluded. This 
curve more accurately re"ects the burden of cSCC in situ. Abbreviation: APC, annual percentage change; 
cSCC, cutaneous squamous cell carcinoma.
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Risk of invasive cSCC
Of the 88,754 patients with a histopathologically con!rmed case of cSCC in situ, 5066 pa-
tients (5.7%) had an invasive cSCC in their medical history. Among the remaining 83,688 
patients with cSCC in situ who did not have a history of cSCC, 9363 patients (11.2%) 
developed an invasive cSCC at any anatomic location during follow-up. After accounting 
for the competing risk of death, the cumulative risk of developing invasive cSCC within 
5 years of a diagnosis of cSCC in situ was signi!cantly higher in men (11.7%; 95%CI, 
11.6%-11.9%) compared with women (6.9%; 95% CI, 6.8%-7.0%; P < .001). The 10-year 
cumulative risk was 17.5% (95% CI, 17.2%-17.8%) for men and 11.1% (95%CI, 11.0%-
11.3%) for women; the 20-year cumulative risk was 23.6% (95%CI, 23.1%-24.1%) for men 
and 16.1% (95% CI, 15.8%-16.4%) for women; and the 29-year cumulative risk was 25.9% 
(95% CI, 25.2%-26.7%) for men and 18.2% (95% CI, 17.8%-18.7%) for women (Figure 2).

The SIRs of invasive cSCC were highest in the !rst year after diagnosis of cSCC in situ for 
both men (16.6; 95% CI, 15.7-17.5) and women (15.1; 95% CI, 14.2-16.1). The invasive 
cSCC incidence rates among patients with a diagnosis of cSCC in situ remained at least 6 
times higher than those of the general population for up to 29 years (Table 2). The AERs 
were also highest in the !rst year of follow-up (in men, 04 cases per 10,000 person-years; 
95%CI, 381-427 cases per 10,000 person years; in women, 211 cases per 10,000 person-
years; 95% CI, 198-224 cases per 10,000 person-years) and remained high up to 29 years 
of follow-up, with at least 123 additional diagnoses of invasive cSCC per 10,000 person-
years among patients with cSCC in situ compared with the general population (Table 2).

Figure 2. Cumulative incidence curve with the cumulative risk of developing invasive cSCC after cSCC in 
situ in patients without a history of invasive cSCC, separately for men and women. Abbreviation: cSCC, 
cutaneous squamous cell carcinoma.
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Treating medical specialties
For the period of 2005 to 2015,we analyzed all treating medical specialties that provided 
secondary care for patients who were newly diagnosed with cSCC in situ. Most patients 
(82.0%) with cSCC in situ received treatment from a dermatologist, with 7.4% and 3.3% 
of patients receiving treatment from a plastic surgeon or a general surgeon, respec-
tively. The proportions of all treating specialties and combined treatment trajectories 
are presented in Table 3. The eFigure in the Supplement shows the share of each medical 
specialty in the treatment of patients with cSCC in situ over time.

Table 2. First incident of invasive cutaneous squamous cell carcinoma by sex and duration of follow-up.

Duration of 
follow-up, y

Observed 
cases

Expected 
cases

SIR (95% CI) PY at risk AER (95% CI)

Male 0-1 1286 77.5 16.6 (15.7-17.5) 29,896 404 (381-427)

2-5 1861 210.4 8.8 (8.4-9.3) 77,222 214 (203-224)

6-10 962 132.6 7.3 (6.8-7.7) 44,031 188 (176-201)

11-29 564 94.1 6.0 (5.5-6.5) 25,556 184 (167-201)

Total 4673 514.6 9.1 (8.8-9.3) 176,705 235 (228-242)

Females 0-1 1030 68 15.1 (14.2-16.1) 45,613 211 (198-224)

2-5 1736 197 8.8 (8.4-9.2) 124,669 123 (117-130)

6-10 1062 135 7.9 (7.4-8.4) 75,621 123 (115-130)

11-29 653 97.8 6.7 (6.2-7.2) 44,931 124 (113-134)

Total 4481 497.8 9.0 (8.7-9.3) 290,834 137 (133-141)

Abbreviations: y, years; SIR, standardized incidence ratio; CI, con!dence interval; PY, person-years; AER, absolute excess risk 
per 10,000 person-years.

Table 3. Medical specialties treating patients with a !rst incident of cutaneous squamous cell carcinoma in 
situ from 2005 to 2015.

Specialty
Patients treated, number (%)
N=44,186

Dermatology 36,025 (81.5)

Plastic surgery 3260 (7.4)

General surgery 1444 (3.3)

Specialty outside hospital 324 (0.7)

Dermatology and plastic surgery 212 (0.5)

Ear, nose, and throat 209 (0.5)

Ophthalmology 77 (0.2)

Gynecology 38 (0.1)

Unknowna 2346 (5.3)

Otherb 251 (0.6)
aIncludes incidents in which the treating medical specialty was not reported in the medical records.
bIncludes medical specialties treating less than 100 patients with cutaneous squamous cell carcinoma in situ.
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An increasing trend was observed in treatment provided by dermatologists (105.6%), 
with a smaller increase observed in treatment provided by plastic surgeons (77.5%). In 
contrast, the number of patients with cSCC in situ who received treatment from general 
surgeons decreased by 53.5%over the 10-year period.

DISCUSSION

To our knowledge, this is the !rst study to assess population-based incidence rates of 
cSCC in situ based on a comprehensive nationwide cancer registry. After further optimi-
zation of the skin cancer registration method in the second half of 2016, we were able to 
obtain incidence rates of histopathologically con!rmed cases of cSCC in situ that better 
re"ected the population-based incidence rates in a northern European population. We 
observed that the incidence rates of cSCC in situ are increasing, especially in women, 
and we found a substantially higher risk of developing invasive cSCC among patients 
with cSCC in situ compared with the general population. In 2017, the highest European 
standardized rates of cSCC in situ were found in women, with a female to male ratio of 
1.4 to 1.0. This !nding is consistent with the preponderance of women with cSCC in situ 
reported in other studies.5,12,14,25-28 For invasive cSCC, opposite results were found in the 
same population from an earlier study period, with almost equal European standardized 
rates for cSCC in situ and invasive cSCC in women, while the rate of cSCC in situ was no 
more than half the rate of invasive cSCC in men.10 This !nding could suggest an under-
detection of cSCC in situ among men, while underdetection of invasive cSCC is less likely 
because this form of cSCC may generate more clinical concern among patients.

The body site-speci!c incidence rates support the important role of cumulative UV radia-
tion exposure in the pathogenesis of cSCC in situ, as the highest European standardized 
rates were found in the most sun-exposed body sites for both sexes. These sites were the 
face and scalp and/or neck for men and the face and legs for women, which is consistent 
with !ndings from previous studies.5,13,25-27,29 An increasing trend of cSCC in situ localized 
to the trunk over time most likely re"ects the increase in UV radiation exposure during 
recreational activities, such as holiday visits to sunny countries and tanning bed use.

Previous studies on the incidence rates of cSCC in situ are limited and were performed 
in small, often selected study populations with limited trend data (<5 years).12,13,15,29  
The highest incidence rates were reported in the Hawaiian population, but no trend 
was observed during the period of 1983 to 1987.13 The incidence rates among popu-
lations in the United States (northern states),12 Canada,15 and the Netherlands29 were 
approximately 10 times lower than those of the Hawaiian population, which may be 
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associated with di#erences in geographic locations, as the highest numbers were found 
in the sunniest climates. Although the study by Hansen et al.29 was also conducted in the 
Netherlands, data from a tertiary referral center were used, which hindered comparison 
with our population-based data.

In this study, we found that patients with cSCC in situ had a higher risk of developing 
invasive cSCC compared with patients who did not have a history of cSCC in situ. Few 
studies have investigated this risk, leaving the treating physician without clear guidance 
about the prognosis of a patient with cSCC in situ. Jaeger et al30 used data from the 
Danish Cancer Registry in 1999 to identify an invasive cSCC risk of 4% at 3 years after 
diagnosis of cSCC in situ, but this study did not account for the competing risk of death, 
which could have produced an overestimation of the risk.31 However, the corresponding 
risk (5.5%) was higher in our study. This discrepancy might be associated with the more 
recent study period that we included, given the increase in incidence rates of both cSCC 
in situ and invasive cSCC in the past decades, the improvement in registration methods, 
and the higher awareness of the importance of skin cancer detection in general.8-10

A previous study among patients with at least 2 keratinocyte cancers reported that 
patients who had a previous cSCC in situ had a 2-fold higher risk of developing addi-
tional invasive cSCCs.32 In our study, we found a lifelong increased risk of developing 
invasive cSCC among patients with cSCC in situ compared with the general population, 
as both the SIRs (ie, the relative excess risk of developing invasive cSCC) and AERs (ie, the 
absolute excess risk of developing invasive cSCC) remained elevated for 29 years. Given 
the SIR, AER, and cumulative risk of developing a subsequent cSCC, additional surveil-
lance of patients with cSCC in situ, especially in the !rst 5 years after diagnosis, might 
be valuable to detect subsequent cSCCs at an early stage. The role of precursor lesions 
as factors associated with future invasive disease has also been reported for other cuta-
neous cancers, such as the associations between melanoma in situ and melanoma,33,34 
lentigo maligna and lentigo maligna melanoma,35 and actinic keratosis and cSCC,36 
further highlighting the importance of identifying precursor lesions. When interpreting 
our results, one has to keep in mind that we did not investigate the risk of progression 
of a single cSCC in situ lesion; rather, we looked at the overall risk of developing invasive 
cSCC in patients with (mostly treated) cSCC in situ without a history of cSCC.

Strengths and limitations
A strength of our study is the use of nationwide population-based  data comprising all 
patients with histopathologically con!rmed cSCC in situ lesions in the Netherlands who 
had high-quality data available over a long follow-up period.37 This strength allowed for 
accurate estimations of the number of cSCC in situ lesions, enabling us to draw reliable 
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conclusions on the incidence rates of cSCC in situ as well as the subsequent develop-
ment of invasive cSCC.

Nevertheless, the assessment of incidence rates of cSCC in situ based on cancer registra-
tion data also had several limitations that need to be considered when interpreting our 
!ndings. First, changes in the NCR registration method prevented us from performing 
regression analyses over the total study period, as these data would have produced 
incomparable trends over time. To overcome this problem, we also performed a revised 
analysis that included the 2 most recent years (2016 and 2017) with complete regis-
tration rates and excluded the period from2013 to 2015, which re"ected a potentially 
inaccurate decrease in European standardized rates for both sexes. This decrease may 
have been associated with the nonregistration of a large number of patients with cSCC 
in situ who received treatment in private practices during this period.38 By performing 
2 analyses that each accounted for the respective limitations, we aimed to identify ac-
curate trends in the incidence rates of cSCC in situ over a 29-year follow-up period.

Second, before implementation of the automatic linkage procedure, patients with cSCC 
in situ who had a previous or simultaneous invasive cSCC were not registered by NCR 
personnel. We could not assess the number of patients with cSCC in situ who had a pre-
vious cSCC and were therefore excluded from the NCR; thus, we likely missed patients 
with a diagnosis of cSCC in situ before September 2016 owing to the former registration 
procedure. In addition, a tumor was only registered in the NCR if it was histopathologi-
cally con!rmed. Therefore, we missed patients with cSCC in situ who received a clinical 
diagnosis without histopathological con!rmation or who did not seek any medical care. 
This limitation may have produced an underestimation of the burden of cSCC in situ 
among the Dutch population, suggesting that incidence rates are likely higher than we 
reported.

Conclusions
Nationwide incidence rates of cSCC in situ are increasing in the Netherlands and have 
consequences for the dermatological burden in secondary care. Patients with cSCC in 
situ have a signi!cantly increased risk of developing invasive cSCC during their lifetimes 
compared with the general population, which may further increase the burden of dis-
ease associated with precursors of keratinocyte cancer. We also found that the number 
of patients with cSCC in situ who received treatment from a dermatologist doubled in 
the period of 2005 to 2015, and we expect that this increase has continued.

In times of increasing health care and skin cancer-associated expenditures, policies that 
address skin cancer care are and will continue to be regularly revisited.9,10,39-42 Our !nd-
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ings highlight the need to include cutaneous skin cancer precursor lesions, such as cSCC 
in situ, in these new policies because of their considerable burden and their association 
with increased risk of invasive skin cancer among patients who do not have a history of 
skin cancer.
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SUPPLEMENTARY MATERIAL

eFigure 1. Numbers of treating medical specialties for patients with cutaneous squamous cell carcinoma 
in situ over time (2005-2015).
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eTable 1. Incidence rates of cutaneous squamous cell carcinoma in situ among men and women in the 
Netherlands from 1989 to 2017.

Year of 
diagnosis

Sex ESR 2013 ESR 1976 WSR 1968 WSR 2000-2025 USSR

1989 Male 11.1 6.8 4.5 5.2 7.6

1990 Male 11.8 7.0 4.5 5.2 7.9

1991 Male 12.2 7.1 4.6 5.4 8.2

1992 Male 12.9 7.8 5.1 5.9 8.8

1993 Male 13.2 7.9 5.1 5.9 8.8

1994 Male 15.6 9.2 5.9 7.0 10.5

1995 Male 15.1 8.4 5.3 6.3 10.0

1996 Male 16.4 9.7 6.2 7.4 11.2

1997 Male 16.5 9.6 6.2 7.3 11.2

1998 Male 16.6 9.5 6.0 7.2 11.2

1999 Male 16.4 9.3 5.9 7.1 10.9

2000 Male 16.8 9.8 6.3 7.4 11.2

2001 Male 17.0 9.6 6.1 7.3 11.3

2002 Male 18.0 10.3 6.5 7.8 12.1

2003 Male 17.4 10.0 6.4 7.6 11.6

2004 Male 19.4 11.4 7.3 8.6 13.1

2005 Male 20.9 12.0 7.7 9.2 14.0

2006 Male 21.4 12.6 8.1 9.5 14.4

2007 Male 24.6 14.3 9.1 10.9 16.6

2008 Male 24.7 14.2 9.0 10.7 16.6

2009 Male 26.0 15.0 9.5 11.5 17.6

2010 Male 27.1 15.6 10.0 11.9 18.3

2011 Male 31.2 18.0 11.4 13.6 21.3

2012 Male 32.4 18.6 11.7 14.1 21.9

2013 Male 30.7 17.7 11.2 13.4 20.8

2014 Male 29.9 17.0 10.7 12.9 20.2

2015 Male 30.3 17.2 10.9 13.1 20.5

2016 Male 48.9 27.5 17.2 20.9 33.0

2017 Male 67.8 37.6 23.4 28.6 45.6

1989 Female 9.3 5.7 3.7 4.3 6.4

1990 Female 9.4 5.7 3.8 4.4 6.5

1991 Female 10.3 6.2 4.0 4.7 7.0

1992 Female 11.6 6.8 4.4 5.1 7.8

1993 Female 11.5 6.8 4.4 5.2 7.8

1994 Female 13.3 8.1 5.3 6.2 9.1

1995 Female 12.2 7.0 4.5 5.3 8.2

1996 Female 14.2 8.6 5.6 6.5 9.7
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Year of 
diagnosis

Sex ESR 2013 ESR 1976 WSR 1968 WSR 2000-2025 USSR

1997 Female 15.4 9.2 6.0 7.0 10.4

1998 Female 14.7 8.8 5.7 6.7 10.0

1999 Female 15.6 9.2 5.9 7.0 10.6

2000 Female 16.8 10.0 6.5 7.7 11.5

2001 Female 17.2 10.3 6.6 7.8 11.7

2002 Female 18.2 11.0 7.1 8.3 12.4

2003 Female 17.6 10.5 6.7 8.0 12.0

2004 Female 20.7 12.4 8.1 9.4 14.1

2005 Female 23.2 13.8 9.0 10.5 15.7

2006 Female 23.9 14.3 9.3 10.9 16.3

2007 Female 26.6 16.0 10.4 12.1 18.0

2008 Female 27.9 16.7 10.9 12.7 19.0

2009 Female 29.0 17.3 11.3 13.2 19.8

2010 Female 30.0 17.9 11.6 13.6 20.4

2011 Female 35.6 20.9 13.5 15.9 24.1

2012 Female 36.3 21.4 13.7 16.3 24.7

2013 Female 35.1 21.0 13.6 16.0 23.9

2014 Female 34.4 20.3 13.0 15.4 23.4

2015 Female 35.6 20.9 13.3 15.9 24.2

2016 Female 53.1 31.1 19.9 23.7 36.1

2017 Female 71.7 41.7 26.2 31.7 48.7

Incidence rate per 100,000 person-years. Age-standardized to the European standard population 2013 (European Stan-
dardized Rate [ESR 2013]), European standard population 1976 (European Standardized Rate [ESR 1976]), World standard 
population 1968 (World Standardized Rate [WSR]), World (WHO 2000-2025) standard population (World Standardized 
Rate [WSR2000-2025]) and US 2000 standard population (United States Standardized Rate [USSR]).
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eTable 2. Overview and explanation of all outcome measure acronyms.

Acronym Formal title Explanation

ESP European Standard Population Theoretical population structure adding up to a total of 
100,000 which is used in the weighting of incidence data 
to produce age-standardized incidence rates

ESR European Standardized Rate Age-standardized incidence rate using the ESP

EAPC Estimated Annual Percentage 
Change

Measure to quantify trends in incidence rates over time 
representing the percentage change in incidence rates 
per year

SIR Standardized Incidence Ratio Ratio of the observed number of cases in the study 
population compared to the expected number of cases 
in the general population

AER Absolute Excess Risk Di#erence per 10,000 person-years between the 
observed number of cases in the study population and 
the expected number of cases in the general population
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ABSTRACT

Background: Patients with actinic keratosis (AK) are at increased risk for developing 
keratinocyte carcinoma (KC) but predictive factors and their risk rates are unknown.

Objective: To develop and internally validate a prediction model to calculate the abso-
lute risk of a !rst KC in patients with AK.

Methods: The risk prediction model was based on the prospective population-based 
Rotterdam Study cohort. We hereto analyzed the data of participants with at least one 
AK lesion at cohort baseline using a multivariable Cox proportional hazards model and 
included 13 a priori de!ned candidate predictor variables considering phenotypic, ge-
netic, and lifestyle risk factors. KCs were identi!ed by linkage of the data with the Dutch 
Pathology Registry.

Results: Of the 1169 AK-participants at baseline, 176 (15.1%) developed a KC after a 
median follow-up of 1.8 years. The !nal model with signi!cant predictors was obtained 
after backward stepwise selection and comprised the presence of four to nine AKs 
(hazard ratio [HR] 1.68, 95% con!dence interval [CI] 1.17-2.42), 10 or more AKs (HR 2.44, 
95% CI: 1.65-3.61), AK localization on the upper extremities (HR 0.75, 95% CI 0.52-1.08) 
or elsewhere except the head (HR 1.40, 95% CI 0.98-2.01), and co#ee consumption (HR 
0.92, 95% CI 0.84-1.01). Evaluation of the discriminative ability of the model showed a 
bootstrap validated concordance index (c-index) of 0.60.

Conclusions: We showed that the risk of KC in patients with AK can be calculated with 
the use of four easily assessable predictor variables. Given the c-index, extension of the 
model with additional, currently unknown predictor variables is desirable.
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INTRODUCTION

Actinic keratoses (AKs) are premalignant lesions and can be considered a clinical 
biomarker for cutaneous photodamage.1 Population-based studies report a high preva-
lence of AKs, especially in elderly people of European ancestry.2,3 In the Netherlands, 
23.5% of the population aged 50 years or older has one or multiple AKs.4 Individual AKs 
may progress into cutaneous squamous cell carcinoma (cSCC). Additionally, as a marker 
of ultraviolet radiation (UVR)-induced DNA damage, the presence of AK is a risk factor 
for keratinocyte carcinoma (KC) in general, including basal cell carcinoma (BCC).5-7 It is 
unclear which patients with AK will develop KCs and how high this risk rate is, although 
several AK characteristics such as the presence of multiple AKs and their anatomical site, 
as well as general phenotypic factors (eg, light pigment status) and exposure-related 
items (eg, high UVR-exposure) have been described to increase progression risk.8-10 Cor-
rectly identifying high-risk patients is important to detect KCs in an early stage and to 
ensure timely intervention. Moreover, strati!ed AK management may reduce patients’ 
anxiety, provide better management for high-risk individuals, and optimize the use of 
healthcare resources.11 Until now, several KC prediction models have been developed 
regarding the occurrence of either a !rst or subsequent KC in the general population.12-15 
However, none of these assessed what factors predict a KC in an AK population, which is 
a very relevant question for many healthcare providers. We therefore aimed to develop 
a model to predict the absolute risk of a !rst KC in patients with AK, taking into account 
phenotypic, genetic, and lifestyle risk factors, by analyzing over 1000 participants with 
AK from the prospective population-based Rotterdam Study cohort (RS).

METHODS

Study population
The RS is a prospective population-based cohort study comprising 14,926 participants 
aged 45 years and older from the general population of Ommoord in Rotterdam, the 
Netherlands. From July 1989 to present, the participants have undergone regular ex-
aminations in a research facility and interviews are conducted at home about every 3-4 
years. Between 2010 and 2016, complete skin examinations were performed during the 
RS routine, focusing on common skin diseases including AK as well as potential risk fac-
tors. We included participants with at least 1 AK lesion during one of these examinations 
in our model. The date of !rst AK diagnosis in the RS cohort served as the starting point 
of  follow-up.
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The RS has been approved by the Medical Ethics Committee of the Erasmus MC (regis-
tration number MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sport 
(Population Screening Act WBO, license number 1071272-159521-PG). All participants 
provided written informed consent to participate in the study and to have their informa-
tion obtained from treating physicians. Details of the study design and objectives have 
been described before.16

Case de!nition
The study outcome was de!ned as a !rst KC, either BCC or cSCC, after AK diagnosis. To 
identify all KC cases, the RS participants were linked to the Dutch nationwide network 
and registry of histo- and cytopathology in the Netherlands (PALGA) using encrypted 
patient data (combination of the patient’s sex, birth date, and !rst four to eight letters 
of the (maiden) family name). Participants with a BCC or cSCC diagnosis prior to their 
AK diagnosis were excluded, as our study was focused on KC-naïve patients with AK. 
Follow-up of all participants ended at the time of KC diagnosis or, when this outcome 
measure was not met, at the date of censoring. Censoring events were death as assessed 
from the municipal register or end of available PALGA follow-up on 31 July 2018, which-
ever occurred !rst.

Candidate predictor variables
The candidate predictor variables were selected a priori based on literature review and 
clinical expertise and were categorized as follows: AK-speci!c variables, phenotypic 
factors, lifestyle factors, UVR exposure variables, and a genetic susceptibility variable.

As AK-speci!c variables, we included the number of AKs at diagnosis8,9,14,17-21 (prespeci-
!ed into 1-3, 4-9, &10 during skin examinations) and categorized the location of AKs 
into three main groups: head, upper extremities, and elsewhere. In the case of AKs on 
multiple locations per participant, more than one location variable could be selected.

We included four phenotypic factors, namely age at AK diagnosis in the RS (years),12-14,17,22,23 
sex,12-14,17,18,22 tendency to develop sunburn,8,12-14,17,20,24,25 and pigment status.8,18,24,26 The 
latter constituted a combination of hair and eye color when young, as reported previ-
ously.13

As lifestyle factors, smoking (never vs. current or ever)8,14,27,28 and co#ee consumption 
(cups per day)12,13,29,30 were included. Regarding UVR exposure, we selected variables 
re"ecting intermittent or chronic exposure to UVR. Intermittent UVR exposure8,20,23,31,32 
was de!ned as a combination of likeliness to be outdoors when the sun is shining/
having mainly outside hobbies, going on holidays to a sunny country at least 4 weeks 
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per year, and sun bed usage for at least 10 times in the past 5 years. Chronic UVR-
exposure8,17,18,20,26,27,33 was assessed as the history of occupational outdoor work for at 
least 4 hours per day during at least 25 years.

We calculated a genetic risk score (GRS) per patient with AK by retrieving 7 single-nucle-
otide polymorphisms (SNPs) that were signi!cantly associated with both BCC and cSCC 
occurrence from the most recent genome-wide association studies (Table S1 and S2; 
see Supporting Information).34,35 A detailed description of the GRS computation method 
is presented in Appendix S1 (see Supporting Information). In brief, a weighted GRS 
was calculated using the regression coe$cients of published associations between the 
selected SNP and cSCC, which were similar for BCC.35 The genetic scores were computed 
as follows: GRS='"iGi; where "i is the log(odds ratio) of the SNP and Gi is the number of 
per SNP risk alleles (0, 1, or 2).

All predictor variables were measured at baseline, i.e. at the moment of AK-diagnosis, 
and DNA from whole blood was extracted at the start of each cohort (I-III) within RS. 
For lifestyle and UVR exposure variables, values from an earlier examination round were 
used if they were missing at baseline.

Model development and performance
We used a Cox proportional hazards model to determine the probability of !rst KC 
development in patients with AK, taking censoring into account. Before starting the 
model development, collinearity among plausible categorical predictor variables was 
tested with Cramer’s V statistic with no evidence found for multicollinearity. We imputed 
all missing predictor variables except for GRS 10 times using multivariate imputation 
by chained equations,36 under the assumption that the data were missing at random. 
We included all candidate predictors, the outcome (KC or censored), and the follow-up 
time in years in the imputation model. Also, RS cohort number (I-III) and socioeconomic 
status of the participants were included as auxiliary variables.

Univariable analyses were performed for all candidate predictor variables and the oc-
currence of KC. For the continuous variables age and co#ee consumption, we explored 
a possible nonlinear relationship using a natural cubic spline with two degrees of free-
dom. The use of a spline for these variables neither signi!cantly improved the !t of our 
model (measured with the X2-value) nor provided graphical evidence for a nonlinear 
relationship. We therefore included these variables in their linear forms.

Regardless of their P-values in the univariable analyses, all candidate predictors were in-
cluded in the multivariable model.37,38 We reduced the multivariable model by backward 
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stepwise selection using a two-sided statistical signi!cance level of ( = 0.20 as the cuto# 
point to reduce selection bias and optimism and to prevent the exclusion of important 
predictors.38 The estimated regression coe$cients and variances from the 10 imputed 
datasets were combined based on Rubin’s rules.39

We assessed the predictive performance of our model in terms of discrimination using 
Harrell’s concordance index (c-index). The c-index in survival context can be interpreted 
as the probability that the model assigns a higher predicted risk of KC development 
to a patient (from a randomly chosen pair of patients) that develops KC earlier in time 
compared with a patient developing KC later in time and varies from 0.5 (noninforma-
tive model) to 1.0 (perfect model).40 As a means of internal validation, bootstrapping 
was used to correct the c-index for optimism.

To account for over!tting, we multiplied the regression coe$cients from our !nal model 
with a shrinkage factor, which we estimated with bootstrapping (1000 replications). 
Shrinkage of regression coe$cients towards average is meant to improve predictions in 
future patients by preventing extreme distributions of the predictions.38

A complete case analysis was performed as sensitivity analysis. Reporting of the model 
is done according to the TRIPOD Statement.41

Model presentation
To provide individualized predictions on the risk of !rst KC development in patients with 
AK, we made a risk-prediction tool based on the shrunk regression coe$cients of our 
internally validated model using Microsoft Excel (2010).

Descriptive statistics were computed using IBM SPSS Statistics for Windows, version 
24.0. (IBM Corp.; Armonk, NY, USA). Model development and internal validation were 
conducted using R statistical software version 3.5.0 (R Foundation for Statistical Com-
puting, Vienna, Austria) with the mice, Hmisc, and rms libraries.

RESULTS

Study population
A selection of all participants with at least one AK lesion at baseline resulted in 1558 par-
ticipants. After linkage with PALGA, 389 participants were excluded who had at least one 
KC prior to their AK diagnosis. The median follow-up of the remaining 1169 participants 
was 5.2 years (interquartile range (IQR) 3.5-6.9), during which 176 participants devel-
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oped a KC at a median follow-up of 1.8 years (IQR 0.2-3.8). The majority of  participants 
(58.9%) had one to three AK lesions at baseline, mainly located on the head (84.4%). The 
overall median age was 73.0 years (IQR 67.0-80.0) and 55% of all participants were men 
(Table 1).

Predictors for a !rst keratinocyte carcinoma
In univariable analyses, the presence of four to nine AKs and 10 or more AKs, an AK 
localization outside the head or upper extremities, and increasing age were signi!cantly 
associated with a higher risk of KC development (Table 2).  On the contrary, the risk of 
KC occurrence decreased per cup of co#ee consumption (hazard ratio [HR] 0.92, 95% 
con!dence interval [CI] 0.84-1.01). After backward  stepwise selection, four predictor 
variables remained in the !nal model: number of AKs at diagnosis (either 4-9 or 10 or 
more), localization of AKs on the upper extremities, localization of AKs elsewhere ex-
cept on the head, and co#ee consumption. After adjustment for all other predictors in 
multivariable analysis, age was not signi!cantly associated with KC anymore. Having 10 
or more AKs was the strongest predictor with an almost 2.5 times higher hazard of KC 
development compared with the presence of one to three AKs (HR 2.44, 95% CI 1.65-
3.61). Although evidence exists for a familial aggregation basis of skin cancer,34,35,42-44 the 
GRS based on SNPs associated with KC did not increase the risk of KC development in 
our AK population.

A sensitivity analysis on 335 participants with no missing values yielded comparable HRs 
but without the AK location variables in the reduced multivariable model (Table S3; see 
Supporting Information). The overall apparent c-index of the !nal model was 0.61 (95% 
CI: 0.56-0.66). After internal validation of the model with bootstrapping, the optimism 
corrected c-index reduced to 0.60 (95% CI 0.57-0.66).

Model presentation
Figure 1 shows an image of the risk-prediction tool that can be used easily to predict 
an AK patient’s risk of KC development, given the four prognostic factors from the !nal 
model. The regression coe$cients of these predictors have been multiplied with an 
estimated shrinkage factor of 0.91. After !lling in the individual values for each of these 
predictors, the tool calculates the percentage risk of a !rst KC in 1, 3, and 5 years. For 
example, a patient with 10 AKs spread over the upper extremity and other body sites 
except the head and who drinks three cups of co#ee per day, has a 23% risk of KC devel-
opment in 5 years. Formula File S1, an Excel spreadsheet containing this risk-prediction 
tool, is available for reference in the online Supporting Information.
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Table 1. Descriptive characteristics of the 1169 participants with at least one actinic keratosis (AK) at baseline and cases of 
keratinocyte carcinoma (KC) (N=176) separately.

Candidate predictor 
variables

Category Overall
(N=1,169)

KC cases
(N=176)

Non-KC group
(N=993)

Number of 
participants

1169  (100%) 176 (15.1%) 993 (84.9%)

Follow-up time 
(years)

Median (IQR); range 5.2 (3.5-6.9);
(0.0-7.9)

1.8 (0.2-3.8);
(0.3-7.9)

5.7 (3.7-7.0);
(0.0-7.3)

Age at AK-diagnosis 
(years)

Median (IQR) 73.0 (67.0-80.0) 73.0 (67.0-79.0) 73.0 (67.0-80.0)

Sex Male 643 (55.0%) 96 (54.5%) 547 (55.1%)

Number of AKs at 
diagnosis

1-3
4-9
>10

689 (58.9%)
290 (24.8%)
190 (16.3%)

78 (44.3%)
49 (27.8%)
49 (27.8%)

611 (61.5%)
241 (24.3%)
141 (14.2%)

AK on the heada No
Yes

182 (15.6%)
987 (84.4%)

26   (14.8%)
150 (85.2%)

156 (15.7%)
837 (84.3%)

AK on upper 
extremitiesb

No
Yes

882 (75.4%)
287 (24.6%)

132 (75.0%)
44   (25.0%)

750 (75.5%)
243 (24.5%)

AK on other 
locationsc

No
Yes

973 (83.2%)
196 (16.8%)

132 (75.0%)
44   (25.0%)

841 (84.7%)
152 (15.3%)

Pigment statusd Dark
Intermediate
Light
Missing

222 (19.0%)
618 (52.9%)
281 (24.0%)
48    (4.1%)

32 (18.2%)
95 (54.0%)
43 (24.4%)
6   (3.4%)

190 (19.1%)
523 (52.7%)
238 (24.0%)
42 (4.2%)

Being easily 
sunburned

No
Yes
Missing

704 (60.2%)
416 (35.6%)
49   (4.2%)

100  (56.8%)
69    (39.2%)
169  (96.0%)

604 (60.8%)
347 (34.9%)
42 (4.2%)

Intermittent sun 
exposuree

No
Yes
Missing

114 (9.8%)
732 (62.6%)
323 (27.6%)

18 (10.2%)
97 (55.1%)
61 (34.7%)

96 (9.7%)
635 (63.9%)
262 (26.4%)

Outdoor workf No
Yes
Missing

462 (39.5%)
133 (11.4%)
574 (49.1%)

74 (42.0%)
20 (11.4%)
82 (46.6%)

388 (39.1%)
113 (11.4%)
492 (49.5%)

Smoking Never
Current or ever
Missing

357 (30.5%)
798 (68.3%)
14   (1.2%)

50   (28.4%)
123 (69.9%)
3      (1.7%)

307 (30.9%)
675 (68.0%)
982 (98.9%)

Co#ee consumption 
(cups/day)

Median (IQR)
Missing

3.3  (1.4-3.3)
131 (11.2%)

1.4  (1.4-3.3)
23 (13.1%)

3.3 (1.4-3.3)
108 (10.9%)

GRS Median (IQR)
Missing

1.0 (1.0-1.1)
159 (13.6%)

1.1 (1.0-1.1)
25  (14.2%)

1.0 (1.0-1.1)
134 (13.5%)

GRS, genetic risk score; IQR, interquartile range. aPresence of AK on the face, ears, and/or scalp. bPresence of AK on the back 
of the hands and/or forearms. cPresence of AK on locations elsewhere (not speci!ed). dA combination of hair and eye color 
when young. eCombination variable of a con!rmatory answer to one or more of the following questions:
o Are you likely to be outside when the sun is shining/do you mainly have outside hobbies?
o Do you go on holidays to a sunny country at least 4 weeks per year on average?
oHave you used a sunbed for at least 10 times during the past 5 years?
fTo have been/worked outdoors for at least 4 hours daily during at least 25 years.
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Table 2. Associations (hazard ratios [HRs] with con!dence intervals [CIs]) between candidate predictor variables and de-
velopment of a !rst KC (n=176) using a Cox proportional hazards model.

Candidate predictor variables Coding Univariable HR
(95% CI)

Multivariable HRa

(95% CI)

Age Years 1.01 (0.99-1.03)* -

Sex Female 1.03 (0.77-1.39) -

Number of AKs at diagnosis 1-3
4-9
>10

Reference
1.59 (1.11-2.28)**
2.47 (1.73-3.53)***

Reference
1.68 (1.17-2.42)**
2.44 (1.65-3.61)***

AK on the head2 Yes 1.09 (0.72-1.65) -

AK on upper extremities3 Yes 0.99 (0.71-1.41) 0.75 (0.52-1.08)*

AK on other locations4 Yes 1.72 (1.23-2.43)*** 1.40 (0.98-2.01)*

Pigment status5 Dark
Intermediate
Light

Reference
1.01 (0.68-1.51)
1.00 (0.63-1.57)

-

Being easily sunburned Yes 1.11 (0.82-1.51) -

Intermittent sun exposure6 Yes 0.84 (0.52-1.36) -

Outdoor work7 Yes 0.93 (0.58-1.51) -

Smoking Ever 1.09 (0.78-1.51) -

Co#ee consumption Cups/day 0.92 (0.84-1.01)* 0.92 (0.84-1.01)*

GRS 1.92 (0.58-6.31) -

AK, actinic keratosis; GRS, genetic risk score. *P-value <0.20, ** P-value <0.05, and *** P-value <0.005.
aFinal model after backward stepwise selection. bPresence of AK on the face, ears, and/or scalp. cPresence of AK on the back 
of the hands and/or forearms. dPresence of AK on locations elsewhere (not speci!ed). eA combination of hair and eye color 
when young. fCombination variable of a con!rmatory answer to one or more of the following questions:
o Are you likely to be outside when the sun is shining/do you mainly have outside hobbies?
o Do you go on holidays to a sunny country at least 4 weeks per year on average?
o Have you used a sunbed for at least 10 times during the past 5 years?
7To have been/worked outdoors for at least 4 hours daily during at least 25 years.

Figure 1. Risk-prediction tool for KC development in 
patients with AK, !lled in for an example patient with 
10 AKs, located on the upper extremity and elsewhere 
(not on the head), and who drinks three cups of co#ee 
per day. The subsequent formula is used to predict the 
percentage risk of a !rst KC at 1 year after AK diagno-
sis: P = [1-(EXP(-EXP(lp-lp.centered)*baselinehaz))] x 
100% where lp = -0.278*AK location upper extremity + 
0.345*AK location elsewhere except head - 0.060*cups 
of co#ee per day + presence of multiple AKs (0 if 1-3 AKs, 
0.515 if 4-9 AKs, 0.888 if &10 AKs), lp.centered = 0.104 
and the baseline hazard is 0.057. Both lp and lp.centered 
have been multiplied by the shrinkage factor of 0.91. For 
the risks at 3 and 5 years, the baseline hazard should be 
replaced by 0.092 and 0.144, respectively.
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DISCUSSION

Our population-based study with over 1000 participants provides the !rst risk-prediction 
model for an AK-speci!c patient group and encompasses readily available phenotypic, 
lifestyle, UVR, and genetic KC susceptibility factors. The strongest predictor of a !rst 
KC was having 10 or more AKs at diagnosis, which increased the KC risk by almost 2.5-
fold. This is in line with other cohort studies demonstrating a strong dose-response 
relationship between the number of AKs and the risk of a KC.9,19-21 This !nding could be 
explained through several theories. Firstly, cumulative UVR exposure underlies both AK 
and KC development. A study of the association between AKs and KCs showed that the 
etiological factors for AK development were essentially equal to the etiological factors 
for both BCC and cSCC development.17 Secondly, AKs can be seen as an early phase in 
the biologic continuum that eventually culminates in cSCC, which means that some of 
the AKs in our cohort might have progressed directly to cSCC.21 Thirdly, from the concept 
of !eld cancerization, the presence of multiple AKs forms the ultimate groundwork for 
the progression of epithelial carcinogenesis.45

Little is known about the risk of KC development based on AK a#ected body site. We 
found that AKs localized on the upper extremities signi!cantly decreased and AKs local-
ized outside the head and upper extremities signi!cantly increased the risk of KC. This 
!nding is consistent with a Dutch systematic review concluding that patients with AKs 
on the head or upper extremity regions are less likely to develop KCs compared with 
patients with AKs on the neck, trunk, or lower extremities.46 An explanation for our !nd-
ing is not straightforward. It is remarkable that covered body sites showed higher risk 
rates than the more chronic sun-exposed head and upper extremity regions, which may 
hint to a di#erent carcinogenesis pattern than chronic UVR exposure.

Co#ee consumption is a much-discussed factor in the !eld of skin cancer carcinogenesis. 
In our analyses, we found that co#ee consumption signi!cantly reduced the risk of a !rst 
KC by 8% per cup of co#ee. Findings from mainly laboratory and animal studies have in-
dicated a possible protective e#ect of ca#eine against KC development through induc-
tion of apoptosis in UVR-damaged keratinocytes as well as inhibition of UVR-induced 
carcinogenesis.47-49 The chemo-protective e#ect of ca#eine for KC (especially for BCC) in 
European-descent populations has recently been supported  by two meta-analyses of 
observational studies as well.29,30 Furthermore, the relation between co#ee consump-
tion and other malignancies has been investigated intensively: a signi!cantly lower risk 
of cancers of eg the liver, endometrium, oral cavity, and pharynx has been found.50-54 
Also, in these malignancies, the chemical and biological properties of co#ee are mainly 
cited as the inducers of its positive e#ect. Additionally, we believe that co#ee intake 
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can be considered a proxy for good health and wellbeing as consumers of co#ee often 
have a healthier lifestyle in general and therefore a lower risk of various malignancies, 
as argued by a recent review.55 Focusing on the KC outcome, one could also hypothesize 
that people who drink more co#ee are more often engaged in o$ce jobs while people 
that rarely drink co#ee are the ones involved in occupational outdoor work. This would 
result in a higher UVR exposure in the latter group and hence a higher KC risk, a potential 
e#ect which we were unable to adjust for (residual confounding).

Remarkably, none of the UVR-related predictor variables nor participants’ pigment sta-
tus was  associated with KC. This  is in line with other KC prediction models that used the 
same or comparable sun exposure variables.7,13-15 Because we selected our study popula-
tion on the presence of AKs, which in a way can be considered primary KCs because of 
equal risk pro!les, index-event bias may underlie the results: UVR exposure is a pivotal 
risk factor for the occurrence of AKs, but in our model paradoxically not for a subsequent 
KC.56 This is because conditioning on the presence of AKs generates dependence be-
tween all other known and unknown risk factors, eventually leading to underestimated 
or even reversed e#ects and biasing the risk rates towards the null. We indeed found 
HRs that were low (for being easily sunburned) or even seemed to be protective (history 
of outdoor work and intermittent sun exposure) in our univariable analyses, which are 
likely to be caused by index-event bias.

Regarding limitations, with the current internally validated discriminative value, our risk-
strati!cation tool might not be clinically useful yet. Although we were able to include all 
variables of interest as derived from literature and clinical expertise, we found a c-index 
of 0.60. This poor-to-moderate c-index could be explained by the very homogeneous 
nature of our study population, which is an important distinction with prior models that 
were developed in a general population.14,15 Patients with AK are a priori people with 
fair skin, at advanced age, and who have all had cumulative UVR exposure throughout 
the years. Finding additional KC predictors that speci!cally discriminate within the AK 
population is therefore a challenging task and the phenotypic, lifestyle, and genetic risk 
factors at hand appeared to be insu$cient. Another explanation for the moderate c-
index might be that we have not separated BCC and cSCC as separate outcome measures 
due to insu$cient power. E#ect estimates per predictor could di#er for BCC and cSCC, 
thereby in"uencing the discriminative ability of our model. However, a quick subgroup 
check on univariable analyses between the predictors and BCC/cSCC separately did 
not show any di#erences between both KC types (data not shown). Still, given the very 
limited existing knowledge in the AK prognostic !eld, we believe that the current model 
provides important insights and can be used to build on for more extensive models 
and the selection of tailored variables. Another limitation is that we only assessed the 
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number of AKs at the moment of diagnosis during RS, while this could have "uctuated 
during follow-up due to, for example, treatment or spontaneous regression of the lesion. 
Also, the number of AKs was already prespeci!ed into the three categories during the 
skin examinations and we therefore could not include AK as a continuous variable in 
our model. However, as we assessed the overall risk of KC development considering all 
AKs in a patient instead of the lesion-speci!c progression risk, we do not expect that 
potential slight changes in the number of AKs would have a#ected the risk rates nor the 
c-index of our model. Lastly, when interpreting our !ndings, one has to keep in mind 
that the study population comprised only people aged 45 years or older. Although AKs 
and KCs are mostly prevalent in the elderly population, this age criterion might limit the 
generalizability of our results. We have tried to !nd an independent cohort for external 
validation of our prediction model (QSkin Sun and Health Study from Australia).57 Un-
fortunately, detailed information on AKs and other predictors from our model was not 
available.

Conclusion
In conclusion, the risk of !rst KC development in patients with AK can be predicted 
by a simple tool including the number and two location sites of AKs along with co#ee 
consumption. This information can help physicians in identifying patients at high risk 
of KC and in planning further AK management. Extension with additional predictive 
factors and external validation thereafter are needed before use in clinical practice is 
recommended.
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SUPPLEMENTARY MATERIAL

Appendix S1: Genetic risk score (GRS) computation method
To calculate the GRS, we retrieved SNPs that were signi!cantly associated with both BCC 
and cSCC from the literature. We selected the most recent publications publishing the 
largest GWAS between SNPs and BCC and cSCC.1,2 Only bi-allelic SNPs and SNPs that 
were in linkage equilibrium (non-correlated SNPs in a locus region) were selected. We 
extracted the imputed genotypes from a GWAS-SNP database available from the RS. 
Details of the DNA extraction, genotyping, imputation and quality control are presented 
elsewhere.3 The imputed genotypes represent the probabilities (0 to 1) of carrying 0, 1 
or 2 e#ect alleles. Here e#ect refers to the allele on which a regression is done. When 
the regression coe$cient is positive, it means that the e#ect allele increases the risk of 
a disease, when negative, the e#ect allele is protective. All the SNPs were harmonized 
to ensure that all the e#ect alleles had the same direction i.e. positively associated with 
the disease.4 The SNPs for which the e#ect allele was protective in the RS were "ipped, 
meaning that if e#ect allele A showed a protective e#ect on the disease, the imputed 
genotype for allele B was used instead. Finally, a weighted GRS was calculated using the 
regression coe$cients of published associations between the selected SNP and cSCC.1 
The genetic scores were computed as: GRS= '"iGi; where "i is the log(Odds Ratio) of the 
SNP and Gi is the number of per-SNP risk alleles (0, 1 or 2).1

In total we retrieved seven SNPs that showed genome-wide signi!cant associations with 
both types of KC (Supplementary Table S1). As shown in Table S1, the odds ratios (ORs) 
were similar for both types of KC, which allowed us to use the OR from the paper of 
Sordillo et al. to calculate the GRS. Table S2 in the Supporting Information presents the 
characteristics of the selected SNPs in the RS, showing that the e#ect allele frequency 
was similar when comparing the RS with the frequencies from Sordillo et al. In addition, 
the imputation scores for these SNPs were high.
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Table S1. Summary of single nucleotide polymorphisms (SNPs) that have been associated with both BCC and cSCC. Table 
presents the e#ect allele and the other allele for cSCC.

SNP Gene Chromosome E#ect 
allele/  
other 
allele

E#ect 
allele 
frequency

OR cSCC E#ect 
allele/
other 
allele

OR BCC Reverse 
OR for 
BCC

rs10810657 BNC2, CNTLN 9 A/T 0.59 1.11 T/A 0.9 1.11

rs1126809 TYR 11 A/G 0.28 1.16 A/G 1.12 -

rs12203592 IRF4 6 T/C 0.17 1.62 T/C 1.48 -

rs12916300 HERC2 15 T/C 0.74 1.14 T/C 0.87 1.15

rs1805007 MC1R 16 T/C 0.07 1.46 T/C 1.4 -

rs35407 SLC45A2 5 G/A 0.96 1.69 A/G 0.63 1.59

rs6059655 RALY-ASIP 20 A/G 0.07 1.27 A/G 1.24 -

Table S2. Characteristics of the SNPs used for the genetic risk score (GRS) within the RS.

SNP E#ect allele Other allele E#ect allele frequency Imputation E#ect allele 
$ipped

rs10810657 T A 0.39845 0.98325 Yes

rs1126809 G A 0.75649 0.98074 No

rs12203592 C T 0.90264 0.99982 Yes

rs12916300 C T 0.23752 0.58188 Yes

rs1805007 C T 0.92999 0.79942 Yes

rs35407 G A 0.98183 0.91988 No

rs6059655 G A 0.91796 0.98745 Yes
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Table S3. Associations (hazard ratios [HRs] with con!dence intervals [CIs]) between candidate predictor variables and 
development of a !rst KC (n=48) in patients without any missing values (n=335)

Candidate predictor variables Coding Univariable HR
(95% CI)

Multivariable HR1

(95% CI)

Age Years 1.01 (0.99-1.03)* -

Sex Female 1.03 (0.77-1.39) -

Number of AKs at diagnosis 1-3
4-9
>10

Reference
1.59 (1.11-2.28)**
2.47 (1.73-3.53)***

Reference
1.65 (1.13-2.42)**
2.35 (1.60-3.46)***

AK on the head2 Yes 1.09 (0.72-1.65) -

AK on upper extremities3 Yes 0.99 (0.71-1.41) -

AK on other locations4 Yes 1.72 (1.23-2.43)***

Pigment status5 Dark
Intermediate
Light

Reference
1.02 (0.68-1.52)
1.01 (0.64-1.60)

-

Being easily sunburned Yes 1.12 (0.82-1.52) -

Intermittent sun exposure6 Yes 0.83 (0.50-1.37) -

Outdoor work7 Yes 0.88 (0.54-1.44) -

Smoking Ever 1.09 (0.79-1.52) -

Co#ee consumption Cups/day 0.93 (0.85-1.02)* 0.93 (0.84-1.02)*

GRS 1.92 (0.58-6.31) -

HR, hazard ratio; CI, con!dence interval; AK, actinic keratosis; GRS, genetic risk score.
*P-value <0.20, ** P-value <0.05, and *** P-value <0.005. 1Final model after backward stepwise selection. 2Presence of AK 
on the face, ears and/or scalp. 3Presence of AK on the back of the hands and/or forearms. 4Presence of AK on locations 
elsewhere (not speci!ed). 5A combination of hair- and eye color when young.
6Combination variable of a con!rmatory answer to one or more of the following questions:
o Are you likely to be outside when the sun is shining/do you mainly have outside hobbies?
o Do you go on holidays to a sunny country at least 4 weeks per year on average?
o Have you used a sunbed for at least 10 times during the past 5 years?
7To have been/worked outdoors for at least 4 hours daily during at least 25 years.

Formula File S1 Interactive tool (in Excel spreadsheet) that can be !lled in to calculate the absolute risk of KC in patients 
with AK can be found at the publisher’s website under the heading “Supporting Information”: https://onlinelibrary.wiley.
com/doi/10.1111/bjd.18810
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In this thesis, we covered the full spectrum of cutaneous squamous cell carcinoma 
(cSCC) epidemiology, which is the second most common cancer worldwide with meta-
static potential.1 We did this by using several (nationwide) data sources, from both the 
Netherlands and England, as well as multiple data linkages across cancer, pathology, 
and organ transplant registries. As introduced in Chapter 1, we !rst analyzed incidence 
rates of cSCC in situ, invasive cSCC, and metastatic cSCC (mcSCC), and then investigated 
predictive/risk factors for moving from one (precursor) tumor stage to the other. This 
!nal chapter puts our !ndings into a larger context, discusses current challenges and 
means of improvement, and ends with our !nal conclusions.

USED DATA SOURCES AND STUDY DESIGNS

A hallmark of this thesis is that multiple types of routinely collected health care data 
sources and study designs have been used, highlighting the importance of selecting 
the right source and design depending on the research question at hand. Most of our 
studies were based on data from nationwide longitudinal cancer/pathology registries 
including the Netherlands Cancer Registry (NCR)2 and the nationwide network and 
registry of histopathology and cytopathology in the Netherlands (PALGA).3 Given their 
ongoing registration procedure and high coverage of histopathologically diagnosed 
cSCCs (93% of cutaneous malignancies except basal cell carcinomas are registered in 
PALGA)4, these are suitable data sources for the calculation of incidence and survival 
rates as well as future incidence estimation analyses with almost nationwide coverage. 
These databases cannot be used to identify clinical diagnoses such as actinic keratosis 
(AK) as there is no histopathological assessment. For this aim, population-based cohort 
studies like the Rotterdam Study (RS) are typically useful where AKs are assessed consis-
tently based on well-de!ned disease criteria.5 Another advantage of these cohort stud-
ies is that many other potential risk factors are assessed simultaneously, which enables 
analyzing associations and correcting for confounders that are often not registered in 
cancer/pathology registries. This makes population-based cohort studies an ideal data 
source for conducting association studies and developing prediction models. Also, the 
longitudinal aspect of a cohort study enables both cross-sectional and time-to-event 
analyses as well as repeated measurement analyses if the participants of the cohort are 
seen multiple times. As shown in Chapter 5, it is also possible to link the RS and PALGA 
in order to bene!t from the advantages of both types of datasets: clinical AK diagnoses 
were retrieved from the RS whereas histopathologically diagnosed cSCCs and basal cell 
carcinomas (BCCs) were obtained from PALGA. With such a linkage, it was possible to use 
the ideal type of registration source for both diseases. A third study design used in this 
thesis was the nested case-control study (Chapter 7 and Chapter 8). This is especially 
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useful for studies with a rare disease outcome such as mcSCC. In a nested case-control 
study, both the cases and controls are identi!ed from a speci!c cohort and hence the 
case-control study is ‘nested’ in a prede!ned cohort. After de!ning the cases (mcSCC 
patients in our studies), one or more controls are matched to each case from among 
patients in the cohort that have not yet developed the outcome until the end of follow-
up.6 The exposure only needs to be assessed in these selected patients instead of the 
entire cohort. We illustrated the usefulness of this design in this thesis: histopathological 
slides of 434 cSCCs were reassessed by a dermatopathologist, whereas this would have 
been more than 11,000 if we were to include the total cohort. Hence, compared to a 
normal cohort study, the nested case-control study can lead to a signi!cant reduction 
in cost and e#ort for data collection and analysis. At the same time, it is possible to 
retrieve unbiased estimates of the relative risks or risk ratios that would be obtained 
from a conventional cohort study by use of the so-called “incidence density sampling” 
or “risk set sampling” method.7 Using this method, controls are selected without replace-
ment from all persons at risk at the moment of outcome occurrence, except for the case 
itself. It is important to match the cases and controls on follow-up time to ensure that 
the controls have had at least the same amount of time to develop the outcome as the 
index case. This means that patients are eligible to become controls before becoming a 
case, mimicking the underlying set of cohort members. In our nested case-control study, 
we did not use the incidence density sampling method as we wanted to obtain a distinct 
di#erence between tumor characteristics of the cases and controls. Therefore, controls 
could not become a case during our study period and hence our odds ratios cannot be 
interpreted as risk ratios. The !nal type of study design used in this thesis was a single-
center diagnostic accuracy study in a retrospective cohort setting using electronic 
patient records (Chapter 7). Given its retrospective and single-center design, this could 
be considered the lowest quality in the hierarchy of the di#erent study designs used, 
but is especially important for studies investigating clinical practice. With this design, 
we collected a wide range of  data including patient and tumor characteristics, clinical 
examination !ndings, and ultrasonography results, all of which are not present within 
current cancer/pathology registries. On the "ip side, study power is generally low when 
single-center data are used and data retrieval from electronic patient records is time 
consuming and more prone to error when compared to automated algorithms that can 
be used in large cancer/pathology registries.

PREDICTION MODELS

In Chapter 5 of this thesis, we used data from the RS to build a prediction model for 
keratinocyte carcinoma (KC) development in participants with at least one AK-lesion 
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and no history of prior KCs by including phenotypic, genetic, and environmental predic-
tor variables. In an ideal world, research on prediction models should encompass three 
major phases: (1) development of the prediction model followed by internal validation; 
(2) external validation of the prediction model and, if necessary, adjusting/updating the 
model for individuals from the external validation cohort, and (3) assessing the model’s 
impact in clinical practice (e.g., on therapeutic policies and patient outcomes).8 When 
one searches for prediction models in the medical !eld, the number of publications is 
strikingly high. On the contrary, subsequent steps including external validation of the 
model and assessing its impact on healthcare providers’ behavior, patient outcomes, and 
cost-e#ectiveness are extremely scarce.9 In our KC prediction model among AK partici-
pants, predictive performance was assessed using Harrell’s concordance index (c-index), 
which in survival context can be interpreted as the probability that the model assigns a 
higher KC-risk to a patient that develops KC earlier in time when compared to a patient 
that develops KC later in time.10 The internally validated c-index of our model was 0.60 
(95% CI 0.57-0.99). Unfortunately, 0.60 is only a moderate-to-poor discriminative ability 
as a c-index of 0.50 is equal to the results of a coin "ip. For comparison purposes, the 
c-index of widely used clinical prediction models like the Framingham Risk Score (FRS) 
for cardiovascular diseases and the Wells score for deep venous thromboembolism are 
higher: 0.76 for men and 0.79 for women for the FRS and 0.86 for the Wells score in 
trauma patients, respectively.11-14 This illustrates the di$culty of developing a su$ciently 
discriminating prediction model in a high-risk patient population such as AK patients. 
Since AK patients are a rather homogeneous group (e.g., all have fair skin, advanced age, 
high UV-related risk pro!les), this complicates the !nding of discriminating predictors, 
which may explain the relatively low c-index. Another important point to consider when 
investigating patients at high risk for a certain outcome is the possibility of so-called 
“index event bias”.15 This type of bias may occur when patients are included in a study 
based on a speci!c condition such as the presence of KC. Underestimations or even 
reversed associations may be found when risk factors for recurrent/subsequent KC are 
investigated due to dependence between known and unknown risk factors, secondary 
to conditioning on the outcome. For example, while a high UV-exposure would normally 
lead to an increased KC risk, this variable paradoxically may show a protective e#ect 
when assessing the risk of a recurrent or subsequent KC. This was thought to be the case 
in a previously published prediction model on the risk of a second BCC16 and since AKs 
and KCs share similar risk pro!les, we think that index event bias might have also played 
a role in our KC prediction model in AK participants. This can be an explanation for the 
low or even insigni!cant risk rates found for hypothetically predictive factors such as 
UV-variables and in this way have contributed to the moderate-to-poor c-index as well.
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Lastly, external validation of our model was not possible due to a lack of an external 
validation cohort since the few available AK cohorts (e.g., QSkin Sun and Health Study 
from Australia and AK cohorts from Sweden and South Korea)17-19 did not include the 
same detailed information on AK and other predictors present in our model. External 
validation of prediction models remains crucial before making any !rm conclusions and 
implementing the model in clinical practice. Its importance also became apparent in 
Chapter 7 of this thesis where we validated four existing cSCC staging systems. The 
Salamanca classi!cation was one of these staging systems, which was aimed at re!ning 
T3 cSCCs according to the American Joint Committee on Cancer 8th edition (AJCC8).20 
In the development dataset of the Salamanca classi!cation, the authors showed that 
AJCC8 T3 tumors su#ered from prognostic heterogeneity and therefore de!ned crite-
ria for a strati!cation into T3a, T3b, and T3c with statistically signi!cant di#erences in 
disease-speci!c poor outcomes per T3 subgroup.21 Afterwards, a new study was pub-
lished comparing the Salamanca T3-re!nement classi!cation with the Brigham and 
Women’s Hospital (BWH)22 and Tübingen staging systems,23 showing promising results 
for the Salamanca classi!cation in identifying high-risk patients.24 However, this study 
used the same dataset of cSCCs from which the Salamanca classi!cation was initially 
developed. We externally validated the Salamanca classi!cation for the !rst time in our 
study and found that the Salamanca classi!cation failed to show an increasing risk per 
T3 subgroup and also produced worse results for almost all predictive outcome mea-
sures when compared to BWH and Tübingen classi!cations. This once again emphasizes 
the importance of external validation, as most models show optimistic results when 
analyzed in their development samples alone.25 This is even the case for widely used 
risk prediction models like the FRS, which has been externally validated multiple times 
in di#erent populations, showing slightly worse results compared to the development 
dataset but still a high enough predictive performance to justify clinical implementa-
tion.26-28

A ROADMAP FOR THE IMPROVEMENT OF SKIN CANCER 
REGISTRATIONS

As we explored the maturation from cSCC in situ to invasive cSCC and even mcSCC in 
this thesis, so should we look at the used data sources as well. For all of our incidence 
studies, data linkages between the NCR and PALGA were established. The NCR registers 
all !rst invasive cSCCs per patient on a nationwide level since 1989.2 For cSCC in situ, this 
was done for all patients without a previous or simultaneous invasive cSCC diagnosis, 
resulting in a certain underestimation of the cSCC in situ incidence rates. Our study on 
the incidence rates of cSCC in situ was the !rst population-based study to date on the 
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incidence rates of this disease, which has everything to do with a lack of nationwide 
skin cancer (as well as precursor lesion) registrations in many countries. Due to the high 
prevalence of non-melanoma skin cancer (NMSC) or KC, many countries do not register 
these tumors in nationwide cancer registries such as the Surveillance, Epidemiology, 
and End Results (SEER),29 which means that studies on cSCC incidence rates up to now 
have mainly been based on data sources like surveys, claims data, or hospital and treat-
ment diagnoses.30 These data are not only incomplete in terms of registering all cSCC 
patients (sometimes even grouped together with other types of NMSC) but also in terms 
of registering multiple cSCC lesions per patient. If we have a look at the history of NCR 
and PALGA, we can see that several important changes were implemented in the past 
years that have already tackled some signi!cant problems. Until September 2016, all 
pathology reports from all hospitals in the Netherlands were received by PALGA and 
these included the histopathological conclusion from the pathologist and a chain of 
standardized codes describing the nature and method of obtaining the material and 
the diagnosis. In case of a histopathologically diagnosed cSCC – or any skin cancer for 
that matter – a noti!cation was sent from PALGA to NCR indicating that a !rst cSCC was 
diagnosed for this patient. This was followed by manual registration by NCR personnel 
of all relevant patient, tumor, and treatment characteristics from the electronic patient 
records. As is understandable when using manual labor, this was very time consuming 
and therefore NCR restricted this process to only the !rst cSCC per patient, hereby omit-
ting all potential subsequent cSCCs that might occur. In terms of incidence rate calcula-
tion, this was a major disadvantage as we know that multiple cSCCs can occur in a single 
patient, especially in organ transplant recipients (OTRs).31, 32 With the introduction of the 
automatic import system in September 2016, all individual cSCCs of a patient were iden-
ti!ed by use of a PALGA algorithm, and all of these tumors, both !rst and subsequent, 
were now directly sent to NCR. Also, the NCR now additionally received cSCC diagnoses 
from general practitioners and private clinics, which was not the case beforehand. This 
was an important accelerator in terms of data completeness and enabled us to calculate 
close to real incidence rates of cSCC in Chapter 3, where we showed that 45% more 
cSCCs were diagnosed in 2017 when all cSCCs of a patient in that year were counted 
instead of only the !rst tumor (19,359 vs. 13,346). This indicates that while we already 
knew that the incidence rates of cSCC are high and still increasing worldwide, these 
numbers are actually even higher when we take into account all cSCCs of a patient. Thus, 
this automatic import resulted in very unique and valuable data. To our best knowledge, 
only Denmark and England have incorporated similar automation procedures in which 
all cSCCs of a patient are directly integrated in the Danish Cancer Registry33 and the 
National Disease Registration Service (NDRS),34 respectively. Unfortunately, the automa-
tion between NCR and PALGA also had a downside since only the pathologist conclu-
sions and the series of codes are imported to NCR. No data is available anymore on the 
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histopathological tumor characteristics nor patients’ treatments. Also, the TNM-stage of 
the cSCCs is not assessed anymore, whereas both clinical and pathological TNM-stage 
were extracted by the NCR personnel earlier. A !nal disadvantage is that when a patient 
develops several cSCCs on the same location in three months’ time, the algorithm con-
siders them as the same tumor (to prevent counting a biopsy and excision of the same 
tumor twice), which can still result in an underestimation of incidence rates in patients 
with abundant cSCCs.

Hence, there is still room for improvement in order to optimize the cSCC registration 
procedure. In Chapter 8 of this thesis, we encountered the problem that the patho-
logical conclusions of our Dutch validation cohort including 217 mcSCCs and 217 non-
metastatic controls lacked many tumor characteristics, especially compared to the 
English dataset which consisted of far more complete pathology reports. To overcome 
this problem, we requested formalin-!xed para$n-embedded (FFPE) specimens of the 
excisions of all cSCC cases and controls and had these scored by a dermatopatholo-
gist blinded for the outcome. As elegant as this solution might seem, it actually points 
out an important issue: a non-standardized and incomplete registration procedure of 
tumor characteristics by pathologists in the Netherlands. We believe that many bene!t 
would arise from the implementation of a standardized procedure for reporting tumor 
characteristics. A start has already been made by PALGA in July 2014 by the execution 
of the so-called “PALGA Protocol Module (PPM) for Synaptic Reporting” for cSCCs, which 
also exists for many other malignancies. This PPM consists of a standardized format that 
must be followed by every a$liated pathologist when writing a pathology report on a 
patient’s cSCC and can only be submitted once all variables have been !lled in. These 
variables comprise macroscopic and microscopic tumor characteristics as de!ned in the 
PPM manual.35 At the moment of writing (2021), 37 of the 41 Dutch pathology laborato-
ries have agreed to utilize the PPM, but only 27% of these actually do so. This indicates 
that a nationwide standard reporting procedure for cSCC is still a long way o#.

Moreover, the PPM can play an important role in the process of “registration at the 
source” (Dutch: registratie aan de bron): an initiative founded by NFU (the Dutch 
Federation of University Medical Centers) and Nictiz (the Dutch competence center 
for electronic exchange of health and care information) to optimize health care by 
standardizing the registration of all health care related data.36 Using PPM, the patholo-
gist describes all prede!ned tumor characteristics in a standardized way. This is a very 
e$cient and unanimous way of data registration that is not only bene!cial for scienti!c 
researchers but also for clinicians and policy makers. All three parties now can !nd all 
information at a glance and when a unanimous and complete pathology report already 
exists, pathologists from a tertiary hospital do not need to revise the cSCCs of all referred 
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patients anymore, which can also help decrease both work load and costs. Policy makers 
can use the same information for the development of, for example, tailored prevention 
strategies or new health care policies. The fact that patients have increasingly access to 
their own medical data has added a new dimension to the discussion of data manage-
ment as well. Also for this group, it is important to have their data presented in an easily 
accessible, understandable and standardized way, which will in the end provide “mirror 
information” to all four parties (Figure 1). The ultimate goal would be to develop a core 
set of tumor characteristics that every pathologist worldwide uses for the histopatho-
logical registry of cSCCs so that we have unanimous data internationally. On the one 
hand, this could be very useful for scienti!c research in terms of joining forces and easily 
combining di#erent datasets, validating results, and pooling data for systematic reviews 
and meta-analyses. On the other hand, this could also be bene!cial for patient care, 
where physicians from di#erent countries now would be able to exchange knowledge 
more easily. Its bene!t for scienti!c research already became apparent in Chapter 8 
where we used two geographically di#erent cohorts for our main and replication analy-
ses. Although the nature of both datasets was very similar, variable de!nitions were 
unfortunately not identical. Due to the retrospective nature of the English cohort, only 
previously completed pathology reports were available and it was not speci!ed how, 
for example, tumor thickness was measured exactly or how di#erentiation grade was 
scored. If every pathologist worldwide were to use the same criteria, these problems 
would cease to exist.

With some of the mentioned improvements already established, “What is still ahead?” 
one might ask. Currently, the quality of epidemiological research on cSCC is mainly 
being improved by the registration of multiple cSCCs and the increasing usage of stan-

Figure 1. Overlap in the data used by researchers, clinicians, policy makers, and patients, providing “mirror information” 
to all four parties.
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dardized pathology reports. However, we are still unable to follow the progression of a 
single cSCC lesion within a patient without manual labor and several data linkages. As 
elaborated upon in Chapter 4 and Chapter 8, the identi!cation of metastases in the 
PALGA database relies on the use of algorithms based on free text and pathology codes. 
Also, cSCCs underlying the metastases can only be detected with certainty by manually 
reviewing the pathology reports of all cSCCs of this patient. Both procedures are prone 
to error and labor intensive, especially when using large nationwide datasets including 
a majority of low-risk cSCCs. Currently, the algorithms have to combine several codes to 
!lter out non-cutaneous SCC metastases as well as metastases from other types of skin 
cancer, which makes the detection of cSCC metastases di$cult and not as speci!c. Also, 
many varieties exist on how a high-risk or metastatic cSCC is described in the pathology 
reports, which further complicates the development of a sensitive algorithm. A solution 
would be to create a diagnosis code speci!cally for metastases from cSCCs to optimize 
and automate the identi!cation of cSCC metastases. Also, to better predict prognosis of 
high-risk cSCC patients, it would be ideal to have a nationwide longitudinal registration 
of cSCCs in the Netherlands. In collaboration with PALGA and the NCR, we are currently 
setting up a nationwide linked cohort of patients with advanced cSCC, called  the “Dutch 
Keratinocyte Cancer Collaborative (DKCC)”. These patients will be identi!ed by use of a 
pathology algorithm and each included patient will be registered longitudinally, where 
all relevant patient and tumor characteristics, detailed information on diagnosis and fol-
low-up procedures (e.g., use of ultrasonography), received cSCC treatment, side e#ects, 
and tumor progression will be collected. The DKCC will also enable a direct comparison 
of survival rates between di#erent treatment strategies. Besides the use of a pathology 
algorithm, advanced cSCCs could also be detected by means of input from local and 
regional multidisciplinary team meetings from Dutch hospitals. Since advanced cSCCs 
are particularly discussed in these settings, this would likely enable a very high coverage 
rate. Also, the interaction between multidisciplinary team meetings and the NCR would 
be fruitful for both parties: the team meetings can provide clinical data on TNM-stage, 
treatment, and patients’ follow-up regimens to the NCR, and the NCR on their turn can 
o#er a historical overview of all cSCCs per patient with registered characteristics to the 
team meetings, which can increase its e$ciency. This procedure can be implemented in 
a standardized way in the registration by assigning a speci!c sheet for input from multi-
disciplinary team meetings on the prede!ned topics such as TNM-stage, treatment, and 
follow-up regimens. After implementation of the DKCC, this sheet can be complemented 
by registered characteristics from the DKCC as well. The granularity of such a registration 
could be further increased by linkages to other routinely collected health care data-
bases, such as the Netherlands Organ Transplant Registry (NOTR), which we also did for 
the !rst time for nationwide cSCC data in Chapter 4. In this way, a complete coverage 
of all OTRs in the Netherlands could be achieved. The importance of such a linkage was 
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emphasized in Chapter 8, in which we showed that being immunocompromised was 
not signi!cantly associated with metastasis occurrence in the English dataset. This was 
a surprising !nding, as previous literature as well as our own !ndings from Chapter 4 
had shown that having had an organ transplantation was indeed an important patient-
based metastatic risk factor with an adjusted hazard ratio (HR) of 5.0 (95% CI, 2.5-10.0). 
However, the English cSCC data were not linked to an organ transplantation registry, 
and data on OTRs were only based on operation and diagnosis codes, which could have 
been the reason for an underestimation of immunosuppression and hence insigni!cant 
results. Another linkage that may increase the granularity of registered data would be 
a linkage with the Dutch Hospital Data (DHD). DHD collects, manages, and processes 
data from hospitals and university medical centers and returns these data in the form 
of analyzable information.37 For melanoma registration, we can already see the bene!ts 
of a linkage with DHD: when a melanoma patient is hospitalized due to metastatic 
disease, the NCR receives a noti!cation of this metastasis. The NCR personnel can check 
if this metastasis belongs to the melanoma or to a potential other malignancy that this 
patient had. Such a linkage could be of importance for cSCC patients too, especially 
for the identi!cation of metastases without histopathological diagnosis. This is relevant 
for cSCC as we showed that 55% of the cSCC-speci!c deaths (39 out of 71) belonged 
to patients without a histopathologically diagnosed metastasis. These deaths might be 
explained by extensive local tumor growth (31% were T3/T4 tumors) that could have 
been fatal or by fragile patients for whom histopathological diagnostics and treatment 
of metastasis might have been ceased. With a linkage to DHD, DKCC can receive a noti!-
cation when a cSCC patient is hospitalized for a lymph node or distant organ metastasis 
that has been found on imaging but has not been histopathologically con!rmed. Again, 
the registration personnel can check in NCR if this patient has any other malignancies 
that could have caused the metastasis. If not, the DHD noti!cation can serve as a cSCC 
metastasis without histopathological diagnosis, and this would subsequently lead to 
more accurate results for disease-speci!c death numbers among mcSCC patients. A 
!nal recommended linkage would be with Vektis, which encompasses all health care 
insurance claims in the Netherlands.38 This would enable the retrieval of cSCC treatment 
related medication data which covers insured patients from all Dutch pharmacies (both 
public and hospital a$liated). By linking the Anatomical Therapeutic Chemical (ATC)-
code, data on type of medication as well as dose and user frequency can be included 
in the DKCC to have a complete overview of the received medication for each patient. 
This would be a great improvement compared to the often used linkage with PHARMO 
Institute for Drug Outcomes Research, since PHARMO only covers medication data from 
about 25% of the Dutch population.39
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Finally, with such an extensive registration that has also embedded the PPM for Synaptic 
Reporting for histopathological tumor characteristics, these data could be e$ciently 
used for quality registration purposes as well. The goal of quality registration is to 
register data on patients with the same type of disease or same received treatment in 
order to link patients’ prognostic outcomes to the provided health care.40 While quality 
registration does not exist for cSCCs yet (it does for high-risk melanoma), we believe 
that this envisioned new register can be an optimal source to use for this purpose with 
improvement of cSCC care as the ultimate goal.

NODAL WORK%UP IN PATIENTS WITH HEAD AND NECK 
cSCC

For years, the role of nodal imaging in the work-up of cSCC patients has been controver-
sial and it still continues to do so. As explained in Chapter 1, there is a lack of evidence 
concerning imaging in cSCC patients and current guidelines are mainly based on results 
from studies performed in patients with oral-mucosal SCC. In light of these limitations, 
why is ultrasonographic imaging in cSCC patients a subject of such little investigation? 
We believe that several factors might play a role in this. Firstly, the metastasis risk in cSCC 
patients is rather low (about 2-5%).41-47 This means that many ultrasonography and !ne-
needle aspiration cytology (FNAC) procedures need to be performed in order to !nd one 
metastatic case. In our study, we found that this number was equal to 3.5 FNACs. To put 
this number into perspective: the number needed to treat (NNT), i.e., the number of ex-
cisions needed to detect one melanoma, is 9.6 for dermatologists and 5.9 for pigmented 
lesion specialists according to a recent meta-analysis.48 However, one cannot compare 
these numbers directly without taking into account the therapeutic consequences once 
a metastasis or a melanoma is detected. Stage I and II melanomas are curable with exci-
sion and even stage III and IV metastasized melanomas can be treated with surgery and/
or systemic therapy such as targeted therapy and immunotherapy.49, 50 On the contrary, 
all therapies for mcSCC patients so far used to be palliative and, when one cannot 
cure the mcSCC, the urge to detect it may logically decrease and hence the threshold 
to perform an ultrasonography with FNAC increases.51 Fortunately, with the advent of 
immunotherapy for advanced/metastatic cSCCs in 2018 (PD-1 inhibitor Cemiplimab), 
the treatment regimen for mcSCC patients has changed for the better and a response 
rate of 47% has been shown.52 With the possibility for curation rather than palliation, we 
expect that a higher NNT will be justi!ed for ultrasonography in cSCCs. Furthermore, 
we hope that the availability of new treatments will lead to more studies on the role of 
ultrasonographic imaging in cSCC patients.
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A second point that may contribute to the ambiguity and little research in this area is 
that the mcSCC population is relatively old (median age of 79.2 years [IQR, 70.6-85.1]).53 
Together with the low metastasis risk, absence of a proper treatment, and possible 
complications of the FNAC procedure, the expected health bene!t of screening for 
subclinical metastasis in the elderly may be perceived lower than for younger patients.

Finally, the detection of mcSCC has improved extensively over time. In the past, self-de-
tection was often the standard and patients came to the physician with already enlarged 
lymph nodes. Presently, ultrasonographic imaging at both baseline and follow-up is 
increasingly performed to the extent that even a sentinel lymph node biopsy (SLNB) 
is a possibility. Several studies have investigated the outcomes of performing an SLNB 
in high-risk cSCCs, but it is not known yet whether SLNB at primary cSCC excision pro-
vides superior outcomes compared to excision followed by surveillance afterwards.54-56 
Although the role of SLNB for cSCCs is currently not as well established as for melanoma, 
we believe that these developments will aid in gaining clarity on the role of ultraso-
nographic imaging before implementing invasive procedures such as an SLNB.57, 58 
The ultimate goal of both ultrasonography and SLNB is to improve patients’ prognosis 
by identifying occult metastasis at an early stage before it becomes clinically visible. 
Hence, after establishing the diagnostic accuracy, future studies should investigate the 
e#ect on outcomes such as improved (disease-free) survival, reduced disease/treatment 
morbidity, and increased cost-e#ectiveness. Moreover, we showed that  baseline ultra-
sonography had a positive predictive value (PPV) of only 17% (95% CI, 12-23%) in the 
group of patients with a negative clinical examination. This means that ultrasonography 
has abundant false positive results, which is expected to decrease when performed in a 
tailored subgroup of patients with high metastasis risk. For that, large nationwide stud-
ies are needed to correctly identify patients at high risk for metastasis that would bene!t 
from ultrasonography most.

cSCC STAGING SYSTEMS AND PREDICTION OF 
METASTASIS

As the incidence of cSCC is rising, the number of patients with poor outcomes are likely 
to be rising as well, making cSCC a potentially underrecognized health burden. However, 
as with all high-volume cancers with metastatic potential, it is challenging to identify 
the small proportion of high-risk cSCCs for intensive surveillance while at the same time 
dismissing the majority of tumors that are low-risk from super"uous follow-up regimens. 
This is where staging systems come into play. Currently, there are three widely used 
staging systems – of which the frequency of use may di#er per continent – which are the 
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AJCC8,20 the BWH,22 and the Tübingen University (i.e., Breuninger)23 staging systems. In 
Chapter 7 of this thesis, we showed that these were suboptimal in correctly stratifying 
cSCCs into high- and low-risk groups. One of the most striking results was the low PPV 
for all three staging systems, ranging from 4.5% (95% CI 4.1-5.0) for Tübingen co-risk 
factors to 13.2% (95% CI 10.6-16.2) for the BWH staging system. These low PPVs indicate 
that many cSCCs are incorrectly considered high-risk, which may result in a lot of un-
necessary follow-up visits possibly including nodal imaging and treatment as well. As a 
measure of the overall discriminative ability, the c-index was highest for the BWH (0.84, 
95% CI 0.82-0.86) and thereafter for the AJCC8 (0.78, 95% CI 0.76-0.80). The c-index is 
a measure that indicates the ranking of each case-control pair, with a c-index of 0.84 
meaning that the mcSCCs are strati!ed into a higher T-stage than the non-metastatic 
controls in 84% of all possible case-control pairs. However, the absolute probability for 
metastasis during follow-up is not evaluated by the c-index. Therefore, despite a high 
c-index, an mcSCC can still fall in a low-risk group, e.g., T2(a), as long as the control falls 
in an even lower risk group, e.g., T1. Similarly, a non-metastatic control can be T3, but as 
long as the case is T4, the c-index will remain una#ected. Thus, the c-index alone is not 
su$cient to determine the prognostic performance of a staging system and the remain-
ing outcome measures should be taken into account as well. We saw for example for the 
BWH that, regardless of the fairly high c-index, 46% of all metastases fell in the low-risk 
T1&T2a groups (homogeneity) and 54% of all metastases fell in the high-risk T2b&T3 
groups (monotonicity). Ideally, one would like to have all or at least the vast majority 
of metastases correctly assigned to the high-risk groups when using a staging system. 
Hence, there still remains a need for further improvement and re!ning of the staging 
systems to ultimately develop a classi!cation system that scores well on all outcome 
measures of predictive performance.

Therefore, in the following and last study of this thesis (Chapter 8), we aimed to identify 
important risk factors that can improve the existing staging systems, using a nested 
case-control study in the English dataset. Eleven patient and tumor characteristics were 
included in the analyses and tumor diameter, thickness, poor tumor di#erentiation, 
invasion in and beyond subcutaneous fat, perineural/lymphovascular invasion, facial 
localization, and male sex signi!cantly remained in the !nal model. Together, these risk 
factors reached a c-index of 0.96 (95% CI 0.95-0.97). Replication of the !nal set of risk 
factors in the Dutch dataset produced similar ORs, supporting the generalizability of 
the found risk factors. In both the English and the Dutch datasets, the pseudo R-squared 
value of our set of risk factors (0.71 (95% CI 0.66-0.79) in the English cohort, 0.52 (95% CI 
0.44-0.74) in the Dutch cohort) was higher than those of the BWH (0.58 (95% CI 0.50-0.65) 
in the English cohort, 0.38 (95% CI 0.25-0.57) in the Dutch cohort) and AJCC8 (0.49 (95% 
CI 0.43-0.57) and 0.25 (95% CI 0.14-0.44), respectively). Despite being omitted from the 
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AJCC8, poor tumor di#erentiation had one of the highest associations with metastasis. 
Removal of di#erentiation grade from the AJCC8 has likely to do with poor reproduc-
ibility between pathologists. Although the Broder’s criteria are often used in literature to 
divide cSCCs into well, moderately, and poorly di#erentiated, the interpretation of these 
criteria might be rather subjective.59 Nonetheless, given its highly predictive nature, it 
would be useful to further investigate what characteristics poor tumor di#erentiation 
speci!cally entails. This way, a consensus could be reached between pathologists. In 
the future, arti!cial intelligence could be used as well to further objectify and quantify 
the histopathological characteristics that together de!ne poor tumor di#erentiation. 
Afterwards, this more objective variable can be included in revised staging systems.

Although we already achieved a higher pseudo R-squared value for our own set of vari-
ables compared to the AJCC8 and BWH classi!cations, it would be the logical next step 
to identify new risk factors or predictors that will further increase the current capability 
of predicting mcSCCs. We believe that several tumor characteristics might !ll this gap, 
such as tumor budding,60-62 mitotic rate,63 and di#erent morphology subgroups.64-69 So 
far, these variables have mainly been investigated in small studies and in a univariable 
way, but acted as high-risk features that warrant further investigation. In addition, it is 
remarkable that current cSCC staging systems only include histopathological features, 
but based on our !ndings from both Chapter 4 and 8, we believe that patient-based risk 
factors such as sex, age, and immune status should be considered as well. Furthermore, 
given the higher cSCC rates among patients with rare inherited skin pigmentation traits 
or !rst-degree relatives of cSCC patients on the one hand70, 71 and a high mutational 
background of cSCCs caused by UV-exposure on the other,72 we believe that there is 
a role for genetic risk modi!ers too in predicting metastasis risk. This can be either the 
patients’ genetic risk pro!le or the genetic risk pro!le of the tumor itself. Considering 
patients’ genetic risk pro!les for the risk of cSCC, studies so far have only shown little 
predictive value for including susceptibility variants from genome-wide association 
studies (GWAS).73-76 These individual variants have also been combined into polygenic 
risk scores (PRS) to increase their predictive value by summing risk alleles and weighting 
by their e#ect size to investigate the additive e#ects. However, the PRS for cSCC again 
showed only minor improvements with a 2% increase in predictive ability.77 Lastly, in 
our own KC prediction model among AK participants from Chapter 5, the PRS likewise 
did not remain signi!cant in the !nal model. Altogether, as also summarized by Thrift 
and Whiteman,78 the inclusion of genetic variants to existing prediction models has 
added only modestly to discrimination so far, even when alleles with modest instead 
of small e#ect sizes were combined. We expect that similar results will be found when 
we repeat these analyses to predict mcSCC instead of primary cSCC. Hence, instead of 
incorporating patients’ genetic risk pro!les in traditional risk prediction models, we 
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think that the focus should be shifted towards the genetic pro!le of the tumor itself 
to investigate whether this has a substantial predictive e#ect in identifying high-risk/
metastatic cSCCs. Contrary to melanoma, for which several prognostic tests based on 
genetic expression pro!les (GEP) have already been developed,79, 80 the e#ect of tumor 
genetics is insu$ciently explored for cSCC with studies to date including a maximum of 
only 39 cSCCs.72, 81 These studies were aimed at identifying the mutational spectrum of 
cSCCs. There has been one GEP study published for predicting metastasis in high-risk 
cSCC patients where cSCCs >T1 were modeled as the high-risk population.82 Due to the 
low threshold for considering a tumor high-risk in this study, we expect that this might 
not represent high-risk patients only. Therefore, it would be ideal to !rst develop a more 
re!ned absolute risk prediction model based on the !ndings from this thesis and sug-
gested new histopathological features so that subsequently, a GEP can be o#ered in a 
more targeted manner. This is important in terms of e$ciency and costs, since, given 
the high incidence rates of cSCC, it will be too expensive to perform gene expression 
analyses for all low-risk cSCCs as well. Once the !nal prediction model – combining pa-
tient and histopathological characteristics with the tumor’s GEP – has been developed 
and preferably externally validated, this can result in improved patient outcomes and 
quality of life by a timely and correct identi!cation of high-risk cSCCs as well as avoiding 
overtreatment and a reduction in costs by eliminating super"uous follow-up visits in 
low-risk cSCCs. In essence, this is the aim of personalized medicine.

Still, an important challenge will remain and that is to de!ne risk thresholds for cSCC 
staging, treatment, and follow-up decisions. What is the consequence of knowing 
that a patient has a 20% risk of metastasis? In what way will this percentage a#ect 
the patient’s follow-up frequency? Does this patient need to undergo imaging and/
or adjuvant therapy? Without clear cuto# values that make our model actionable, the 
obtained absolute risks will not much help in guiding clinical practice. In medicine, the 
optimal cuto# should be de!ned by the decision context and not by statistical criteria. 
This is because for many diseases, including mcSCC, not missing patients at high-risk for 
metastasis (false-negative, FN) is more important than incorrectly considering a low-risk 
patient as high-risk (false-positive, FP). Put in a decision-analytic formula, the odds of the 
cuto#, i.e., threshold for clinical intervention, is equal to the harm to bene!t ratio, where 
TN are true negative and TP are true positive patients:8

Odds(threshold) = (cFP - cTN) / (cFN - cTP).

The c in the formula represents the “costs”, which include both patient outcomes (mor-
bidity, mortality, quality of life) and economic costs (e.g., diagnostic work-up, therapy, or 
follow-up). If harm and bene!t were given the same weights, the odds of the threshold 
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would be 1/1, which is equal to a threshold probability of 50%. However, since FP and FN 
results are not given the same weight in clinical practice, we cannot just use a threshold 
of 50% to base the clinical work-up on. This cuto# should be de!ned by clinical experts 
and by taking into account factors such as the expected harm and bene!t from o#ering 
an intervention as well as the associated costs for both strategies. Also, the threshold 
probability may di#er per patient depending on the personal preference given to either 
detecting metastasis at any price or trying to avoid intervention (e.g., imaging or treat-
ment) as much as possible. The problem for mcSCC, however, is that we do not have 
reliable data from clinical practice at the moment to quantify these factors. In such a 
case, a certain lower and upper value for the intervention threshold can be assigned 
with a grey area in between for which the clinicians are unsure if intervention is needed 
or not. Also, a so-called “decision curve” can be used, where the total range of decision 
thresholds ranging from 0 to 100% is considered.83 With a decision curve analysis (DCA), 
the net bene!t (NB) of the prediction model is derived across di#erent threshold prob-
abilities, where plotting the NB on the y-axis and the threshold probability on the x-axis 
produces the “decision curve”. The x-axis can range from 0 to 100% but can also stop at 
a lower cut-o# if it is already determined that intervention will be done anyway when 
the probability of the outcome is for example higher than 50%. The NB can then be 
calculated as follows:

NB = (TP - wFP) / N – test harm.

In the formula, w is equal to the harm to bene!t ratio and ‘test harm’ is only included 
when the intervention has potential disadvantages such as side e#ects of adjuvant 
radiotherapy. In a DCA, the NB of a prediction model is compared with the “treat all” and 
“treat none” strategies to assess the added bene!t of using the model in clinical practice. 
Therefore, besides the line of the prediction model, a line for both strategies is also al-
ways plotted in the DCA plot (Figure 2). Subsequently, the e#ect of using the model on 
the obtained NB in clinical practice can be assessed with a DCA, but still the threshold 
to be used for intervention needs to be determined by clinicians taking into account the 
harms of not intervening on a patient with the disease vs. unnecessarily intervening on 
a patient without the disease. Hence, the DCA should not be used to choose the best 
threshold, but should rather be used to determine whether the NB of the prediction 
model is better than the two alternative strategies across the pre-determined range of 
threshold probabilities.84 One can assess which threshold probabilities have a higher 
NB than the treat none and treat all strategies via comparison of these three lines. A 
model should be superior to both strategies per se in order to justify being used in clini-
cal practice. Otherwise, using the model can even be more harmful than just treating 
everyone. This was shown in a study where performing biopsy of all men at increased 
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risk appeared to have a higher NB than using the prediction model because the model 
underestimated the prostate cancer risk.85 The unit of NB is true positives: an NB of 
0.2 speci!es 20 true positive !ndings for every 100 patients in the patient population. 
Hence, the higher the NB, the more reasonable it is to justify a certain threshold prob-
ability for intervention, while at the same time comparing this to the alternative treat all 
and treat none strategies. The hypothetical range of NB is from negative in!nity to the 
disease incidence.83 Also, multiple prediction models can be plotted in the same DCA, 
which enables direct comparison of the NBs using di#erent models. Ultimately, when 
the optimal prediction model for mcSCC has been developed and externally validated, 
these strategies can be used to assess the impact of the prediction model on clinical 
practice.

FINAL CONCLUSIONS

This thesis provided an extensive overview of the epidemiology of cSCC in situ, invasive 
cSCC, and mcSCC and shed light on important predictor variables for the development 
of invasive cSCC and risk factors for mcSCC using nationwide databases. Current staging 
systems have been validated on their predictive performances and recommendations 
have been made for the inclusion of new risk factors as well as recategorization of exist-
ing variables. The role of baseline ultrasonographic imaging in clinically node-negative 
high-risk head and neck cSCC patients has been explored and it was shown that ultra-

Figure 2. An example decision curve analysis derived from Vickers and Elkin (2008).83 The dashed line represents the “treat 
all” scenario, the solid horizontal line represents the “treat none” scenario and the solid bold line represents the prediction 
model.
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sonography is more sensitive than clinical examination but also has many false-positive 
!ndings that need to be taken into account in decision making. Furthermore, we made 
suggestions to increase the granularity and completeness of registries by incorporating 
data on disease progression, diagnostics, and treatment. To expand on the evidence ob-
tained from studies in this thesis, focus should now be given to establishing unanimous 
criteria for the reporting of histopathological cSCC characteristics, exploring the role of 
new tumor features and tumors’ GEP in predicting mcSCC, and external validation of the 
results once a re!ned absolute risk prediction model has been developed. In this way, 
we aim to mine the actual gold by using the perks of big data to the best of our abilities 
to ultimately improve cSCC patient care.
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SUMMARY

Chapter 1 provides a general introduction to this thesis. Cutaneous squamous cell 
carcinoma (cSCC) is the second most common cancer worldwide. However, due to a lack 
of nationwide skin cancer registries in many countries, complete data on the incidence 
rates of cSCC are scarce. Also, if available, these numbers are only focused on the !rst 
event per patient, while multiple cSCCs per patient may occur. Generally, cSCC patients 
have a good prognosis but a small proportion develops metastasis over time. An ac-
curate identi!cation of high-risk patients is needed to secure a timely treatment and 
streamlined patient care. Staging systems play a pivotal role in discriminating between 
high- and low-risk tumors but their predictive performances lack validation in large 
population-based studies so far. With the use of nationwide cancer registry data from 
both the Netherlands and England, linked to a nationwide pathology and solid organ 
transplant registry, we aimed to cover the full spectrum of cSCC epidemiology ranging 
from its in situ form up to metastasized disease. Also, we assessed predictive factors 
for keratinocyte carcinoma (KC) development in participants with actinic keratosis (AK) 
from a population-based study, as well as risk factors for metastatic cSCC (mcSCC) in pa-
tients with primary cSCC. Finally, we validated four cSCC staging systems and evaluated 
the diagnostic accuracy of baseline clinical examination and ultrasonographic imaging 
in detecting regional lymph node metastasis in high-risk head and neck cSCC patients.

In Chapter 2, (trends in) age-standardized nationwide incidence rates of cSCC in situ, 
also known as Bowen disease, have been investigated for the total Dutch population 
between 1989 and 2017. This was done using data from the Netherlands Cancer Registry 
(NCR) and the nationwide network and registry of histo- and cytopathology (PALGA). 
The NCR registered all incident histopathologically diagnosed cSCC in situ lesions up to 
September 1st, 2016, except for patients who had a prior invasive cSCC diagnosis. From 
then onwards, all cSCC in situ diagnoses were automatically imported from PALGA. In 
total, 88,754 patients with a !rst cSCC in situ were diagnosed between 1989 and 2017. 
This corresponded with an increase in European Standardized Rate (ESR) from 11.1 to 
67.8 cases per 100,000 person-years (PY) for men and 9.3 to 71.7 cases per 100,000 
PY for women in this study period. Additionally, the cumulative risk of a !rst invasive 
cSCC in patients with cSCC in situ was calculated and compared to the cSCC risk in the 
general population. This risk was highest in the !rst year after cSCC in situ diagnosis and 
remained at least six times higher than the risk in the general population for up to 29 
years.

In Chapter 3, comparable analyses were performed for invasive cSCC using the same 
data sources, which illustrated high and still increasing incidence rates. A total of 145,618 
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patients with a !rst histopathologically con!rmed cSCC were diagnosed between 1989 
and 2017. In terms of trends, the ESR almost tripled during the 29-year study period 
in men and increased almost !vefold in women. For the year 2017, incidence rates for 
multiple cSCCs per patient were calculated. Considering all cSCCs per patient in that 
year, the number of cSCC diagnoses increased with 45% compared to only counting 
the !rst cSCC per patient. In terms of ESRs, the increase was 58% for men and 35% for 
women. This means that the true incidence rates of cSCC are notably higher when all 
cSCCs of a patient are taken into account. Lastly, we estimated future incidence rates 
of cSCC up to 2027 and this resulted in an increase in ESR of 23% for men and 29% for 
women in ten years’ time.

Chapter 4 shifts towards the epidemiology of mcSCC, calculating its cumulative inci-
dence and disease-speci!c survival as well as the role of patient-based risk factors (age, 
sex, immune status) on mcSCC development. Data from an NCR-PALGA linkage, Statis-
tics Netherlands, and the Netherlands Organ Transplant Registry were used, including 
all patients with a !rst histopathologically diagnosed cSCC in 2007/2008 (n=11,137). 
Subsequent cSCCs and mcSCCs  were included until the end of 2018. During a median 
follow-up of 9.1 years, 217 mcSCCs were diagnosed, resulting in a cumulative incidence 
of 1.9% (95% con!dence interval (CI) 1.8-2.0%). The risk of metastasis was higher among 
men, elderly, and immunocompromised patients (with an organ transplantation or 
hematologic malignancy). With a 3-year disease-speci!c survival rate of 79.1%, survival 
rates for mcSCC patients were high.

In Chapter 5, we moved from nationwide cancer registry/pathology data to data from 
the Rotterdam Study. The Rotterdam Study is a prospective population-based cohort 
study among almost 15,000 participants aged 45 years and older from the Ommoord 
suburb in Rotterdam, the Netherlands. We developed a risk prediction model with an 
additional tool to calculate the absolute risk of KC development in participants with AK 
and no history of prior KCs. We hereto analyzed 13 phenotypic, genetic, and lifestyle risk 
factors among 1169 AK participants. 176 of these participants (15%) developed a KC 
during a median follow-up of 1.8 years. Four variables remained signi!cantly associated 
with KC occurrence, with the presence of 4-9 AKs, &10 AKs, and an AK localization outside 
the head and upper extremities increasing the risk of KC. On the contrary, an AK localiza-
tion on the upper extremities and co#ee consumption decreased the risk of KC. By !lling 
in the individual values for each predictor variable, the interactive tool calculates the 
absolute KC risk after 1, 3, and 5 years. After internal validation of our !nal model using 
bootstrapping, the concordance index (c-index) was 0.60 (95% CI, 0.57-0.66), indicating 
that inclusion of additional, currently unknown predictors is needed to provide a good 
discriminative ability and make the model useful in clinical practice.
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In Chapter 6, we investigated the diagnostic accuracy of baseline clinical examination 
and ultrasonographic imaging in detecting regional lymph node metastasis in patients 
with high-risk head and neck cSCC. Additionally, we evaluated the added value of ultra-
sonographic imaging when clinical examination is non-suspicious, as current guidelines 
are inconclusive about its role in cSCC patients’ nodal work-up. Hereto, we included all 
patients who underwent clinical examination and ultrasonographic imaging of their 
head and neck lymph nodes at the Erasmus MC between 2015 and 2017. Fine-needle 
aspiration cytology and six months following per patient were used as the reference 
standard. In total, 246 head and neck cSCCs belonging to 233 patients were included 
and 22 cytologically con!rmed metastases (9%) were identi!ed. Clinical examination 
correctly identi!ed half of all metastases, whereas baseline ultrasonography identi!ed 
91% of all metastases. In the group of patients with negative clinical examination, 
ultrasonographic imaging still correctly identi!ed 82% of the metastases. Altogether, 
ultrasonographic imaging proved to be a more sensitive screening modality than clini-
cal examination, but this should be weighed against the high number of false-positive 
!ndings that were found for ultrasonographic imaging.

In Chapter 7, we validated four classi!cation systems for cSCC staging: American Joint 
Committee on Cancer 8th edition (AJCC8), Brigham and Women’s Hospital (BWH), Tübin-
gen staging systems, and the Salamanca T3 re!nement system. A nested case-control 
study using data from the National Disease Registration Service (NDRS) from England 
was performed covering the period 2013-2015. Eight hundred eighty-seven cases and 
887 controls were included, comprising the largest dataset on mcSCC so far. For each 
staging system, distinctiveness, homogeneity, monotonicity, speci!city, positive predic-
tive value (PPV), negative predictive value (NPV), and c-index were assessed for three 
di#erent populations: (i) cSCCs of all body sites (main analyses); (ii) head and neck cSCCs 
excluding eyelid, and (iii) AJCC8 T3 cSCCs. Overall, the BWH classi!cation system showed 
the highest discriminative ability with a c-index of 0.84 (95% CI 0.82-0.86) as well as the 
highest speci!city and PPV. On the contrary, NPV was highest for AJCC8 and so were 
the homogeneity and monotonicity. The PPV of all staging systems was suboptimal and 
needs to be improved as this is an important outcome measure for selecting patients 
for adjuvant (immuno)therapy and/or intensive surveillance. Furthermore, although the 
AJCC8 was originally developed for head and neck cSCCs, its performance was better 
in cSCCs of all body sites (c-index of 0.76 (95% CI 0.73-0.79) vs 0.78 (95% CI 0.76-0.80), 
respectively). Lastly, we did not !nd any improvement in risk strati!cation for AJCC8 
T3 cSCCs when using the Salamanca re!nement system compared to all other staging 
systems.
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In Chapter 8, we used two nationwide nested case-control studies to analyze and repli-
cate patient- and tumor-based risk factors for mcSCC. The main analyses were performed 
using backward conditional logistic regression in the English data from the NDRS (887 
cases and 887 controls) and the obtained !nal set of risk factors were replicated in a 
Dutch nationwide dataset of 217 cases and 217 controls. From the 11 initial risk factors, 
tumor diameter, thickness, poor di#erentiation, invasion in or beyond subcutaneous 
fat, male sex, perineural/lymphovascular invasion, and facial localization signi!cantly 
remained in the !nal model. Non-linear relationships were found for diameter and 
thickness. In the Dutch dataset, comparable ORs were observed, which supports the 
generalizability of our !ndings. A higher pseudo R-squared was reached for the !nal set 
of risk factors compared with that of the AJCC8 and BWH, which indicates an improved 
metastasis prediction when using our set of risk factors compared with the two staging 
systems.

Chapter 9 is the general discussion of this thesis where we put all !ndings into a larger 
context, highlight current challenges from the !eld and propose strategies for improve-
ment. The pros and cons of each used study design are discussed. Moreover, suggestions 
are made to increase the granularity, quality, and completeness of current skin cancer 
registrations by implementing data on disease progression, diagnostics, and treatment. 
Moving forward, we have elaborated on why and how we think that focus should now 
be given to creating unanimous criteria for the reporting of histopathological cSCC char-
acteristics and exploring the role of new tumor features for mcSCC prediction, including 
tumors’ genetic expression pro!les. The ultimate goal of all strategies is to use big data 
for the improvement of cSCC patient care.



217

Samenvatting

SAMENVATTING

Hoofdstuk 1 is de algemene inleiding van dit proefschrift. Het cutane plaveiselcelcarci-
noom (PCC) is wereldwijd de tweede meest voorkomende kanker. Vanwege een gebrek 
aan nationale huidkankerregistraties in veel landen zijn alomvattende data over de 
incidentie van PCC niet tot nauwelijks beschikbaar. Indien deze wel beschikbaar zijn, be-
treft dit alleen data over het eerste PCC per patiënt, terwijl multipele PCC’s in eenzelfde 
patiënt kunnen voorkomen. De prognose van PCC patiënten is over het algemeen erg 
goed, maar een klein deel ontwikkelt metastases. Een accurate identi!catie van hoog-
risico patiënten is dan ook erg belangrijk om een tijdige behandeling en gestroomlijnde 
patiëntenzorg te kunnen waarborgen. Stadiëringssystemen spelen een belangrijke rol 
in het onderscheiden van hoog- en laag-risico tumoren, maar tot nu toe zijn geen natio-
nale bevolkingsonderzoeken uitgevoerd naar het onderscheidend vermogen van deze 
stadiëringssystemen. Gebruikmakend van nationale kankerregistratie data uit zowel 
Nederland als Engeland, gekoppeld aan nationale pathologie data en de Nederlandse 
Orgaantransplantatie Registratie (NOTR), wordt in dit proefschrift beoogd om het vol-
ledige spectrum van de epidemiologie van het PCC weer te geven, variërend van PCC in 
situ tot aan gemetastaseerd PCC. Daarnaast hebben wij in een grote populatie van men-
sen met actinische keratose (AK) gekeken naar voorspellers voor keratinocyt carcinoom 
(KC) en binnen een patiëntenpopulatie met primaire PCC’s gekeken naar risicofactoren 
voor metastase. Tot slot hebben wij vier PCC stadiëringssystemen gevalideerd en de di-
agnostische accuratesse van lichamelijk onderzoek en echogra!e direct na bioptafname 
onderzocht voor de detectie van regionale lymfekliermetastasen in patiënten met een 
hoog-risico PCC uit het hoofd-halsgebied.

In Hoofdstuk 2 worden (trends in) de leeftijd-gestandaardiseerde nationale incidentie 
van PCC in situ, ook wel de ziekte van Bowen genoemd, onderzocht voor de totale Neder-
landse bevolking in de periode 1989-2017. Dit werd gedaan met data van de Nederland-
se Kankerregistratie (NKR) en het Pathologisch-Anatomisch Landelijk Geautomatiseerd 
Archief (PALGA). Tot 1 september 2016 werden alle eerste histopathologisch bevestigde 
PCC in situ laesies per patiënt handmatig geregistreerd door NKR medewerkers, met uit-
zondering van patiënten die al eerder een invasief PCC hebben gehad. Na deze datum is 
een automatische import van alle PCC in situ laesies vanuit PALGA doorgevoerd. In totaal 
zijn 88.754 patiënten met een eerste PCC in situ gediagnosticeerd in onze studieperi-
ode. Dit komt overeen met een stijging in de leeftijd-gestandaardiseerd incidentiecijfers 
(European Standardized Rates (ESRs)) van 11,1 tot 67,8 per 100.000 persoonsjaren (PJ) 
voor mannen en 9,3 tot 71,7 per 100.000 PJ voor vrouwen. Voorts werd het cumulatieve 
risico op een eerste invasieve PCC in patiënten met PCC in situ berekend en vergeleken 
met dit risico in de algemene bevolking. Het risico op een eerste invasieve PCC was het 
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hoogst in het eerste jaar na PCC in situ diagnose en bleef gedurende 29 jaar minstens 
zesmaal hoger dan het risico op een eerste invasieve PCC in de algemene bevolking.

In Hoofdstuk 3 worden vergelijkbare analyses uitgevoerd voor het invasieve PCC met 
gebruik van dezelfde databronnen. In totaal werden 145.618 patiënten met een eerste 
histopathologisch bevestigde PCC gediagnosticeerd tussen 1989 en 2017. De ESR voor 
PCC’s in mannen verdrievoudigde bijna in deze periode en in vrouwen werd de ESR 
nagenoeg vervijfvoudigd. Voor het jaar 2017 zijn ook incidentiecijfers berekend voor 
multipele PCC’s per patiënt. Wij concludeerden dat wanneer alle PCC’s per patiënt wor-
den geteld in plaats van enkel het eerste PCC, het aantal PCC diagnoses stijgt met 45%. 
Wat betreft incidentiecijfers komt dat overeen met een stijging van 58% in mannen en 
35% in vrouwen. De daadwerkelijke incidentiecijfers voor PCC zijn dus aanzienlijk hoger 
wanneer alle PCC’s van een patiënt worden meegenomen. Tot slot zijn toekomstige ESRs 
bepaald tot en met het jaar 2027 en dit liet een verwachte stijging van 23% in mannen 
en 29% in vrouwen zien.

Hoofdstuk 4 behandelt de epidemiologie van het gemetastaseerde PCC, waarin de 
cumulatieve incidentie en de ziektespeci!eke overleving worden berekend als ook de 
rol van patiëntkenmerken (leeftijd, geslacht en immuunstatus) op het ontwikkelen van 
gemetastaseerd PCC. Gebruikte databronnen waren een NKR-PALGA koppeling, het 
Centraal Bureau voor de Statistiek en de NOTR. Alle patiënten met een eerste histopa-
thologisch bevestigde PCC diagnose in 2007/2008 (n=11.137) met de daarbij behorende 
opeenvolgende en gemetastaseerde PCC’s tot aan eind 2018 werden geïncludeerd. 
Gedurende een mediane follow-up van 9,1 jaar werden 217 gemetastaseerde PCC’s 
gediagnosticeerd, hetgeen resulteerde in een cumulatieve incidentie van 1,9% (95% 
betrouwbaarheidsinterval (BI) 1,8-2,0%). Het risico op metastasering was hoger onder 
mannen, ouderen en immuungecompromitteerde patiënten (na een orgaantransplan-
tatie of met een hematologische maligniteit). Met een 3-jaars ziektespeci!eke overleving 
van 79,1% is de overleving van gemetastaseerde PCC patiënten goed te noemen.

In Hoofdstuk 5 hebben wij een overstap gemaakt van nationale kankerregistratie/
pathologie data naar de Rotterdam Studie. Dit is een prospectief bevolkingsonderzoek 
onder circa 15.000 deelnemers van 45 jaar en ouder uit de wijk Ommoord in Rotter-
dam. Wij hebben een predictiemodel ontwikkeld met een aanvullende tool voor het 
berekenen van het absolute KC risico in deelnemers met AK zonder KC in de medi-
sche voorgeschiedenis. Hiervoor hebben wij 13 fenotypische, genetische en leefstijl 
gerelateerde risicofactoren onder 1169 deelnemers met AK onderzocht, van wie 176 
deelnemers (15%) een KC hebben ontwikkeld gedurende een mediane follow-up van 
1,8 jaar. Vier variabelen waren signi!cant geassocieerd met het ontwikkelen van een KC, 
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waarbij de aanwezigheid van 4-9 AKs, &10 AKs en een AK lokalisatie buiten het hoofd en 
de bovenste extremiteiten een verhoogd risico op KC lieten zien. Omgekeerd toonden 
een AK lokalisatie op de bovenste extremiteiten en ko$econsumptie een beschermend 
e#ect op KC ontwikkeling. Door de individuele waarden voor iedere predictor in te vul-
len, berekent de interactieve tool het absolute KC risico na 1, 3 en 5 jaar. Na interne 
validatie van het de!nitieve model middels bootstrapping was de concordantie index 
(c-index) van het model 0,60 (95% BI, 0,57-0,66). Dit wijst erop dat het toevoegen van 
additionele, op dit moment nog onbekende voorspellers noodzakelijk is voor een goed 
onderscheidend vermogen alvorens het model toegepast kan worden in de praktijk.

In Hoofdstuk 6 onderzochten wij de diagnostische accuratesse van lichamelijk 
onderzoek en echogra!e direct na bioptafname voor de detectie van regionale lymfe-
kliermetastasen in patiënten met een hoog-risico hoofd-hals PCC. Ook hebben wij de 
toegevoegde waarde van echogra!e onderzocht wanneer lichamelijk onderzoek geen 
verdachte afwijkingen liet zien, omdat huidige richtlijnen niet eenduidig zijn over de rol 
van echogra!e in het zorgpad van PCC patiënten. Hiervoor hebben wij alle patiënten 
geïncludeerd die lichamelijk onderzoek en echogra!e van het hoofd-halsgebied heb-
ben ondergaan in het Erasmus MC tussen 2015 en 2017. Cytologie middels punctie en 
een extra follow-up van zes maanden per patiënt dienden als gouden standaard. In 
totaal werden 246 hoofd-hals PCC’s behorende bij 233 patiënten geïncludeerd, bij wie 
22 cytologisch bevestigde metastasen zijn gedetecteerd (9%). Met lichamelijk onder-
zoek werd de helft van alle metastasen correct geïdenti!ceerd, terwijl dit 91% was voor 
echogra!e. In de groep patiënten met een negatief lichamelijk onderzoek detecteerde 
echogra!e 82% van de aanwezige metastasen. Concluderend is echogra!e een sensitie-
vere modaliteit dan lichamelijk onderzoek, maar dit dient te worden afgewogen tegen 
het grote aantal vals-positieve bevindingen bij echogra!e.

In Hoofdstuk 7 hebben wij vier PCC stadiëringssystemen gevalideerd: de American 
Joint Committee on Cancer 8e editie (AJCC8), Brigham and Women’s Hospital (BWH), 
Tübingen stadiëringssystemen en de Salamanca T3 ver!jning stadiëring. Een nested 
case-control studie is uitgevoerd waarbij wij gebruik hebben gemaakt van data van de 
Nationale Ziekte Registratie Dienst (NDRS) uit Engeland uit de periode 2013-2015. 887 
cases en 887 controles werden geïncludeerd, wat resulteerde in de grootste dataset van 
gemetastaseerde PCC’s tot op heden. Voor ieder stadiëringssysteem zijn het onderschei-
dend vermogen, de homogeniteit, monotoniciteit, speci!citeit, positief voorspellende 
waarde (PVW), negatief voorspellende waarde (NVW) en c-index bepaald binnen drie 
verschillende populaties: (i) PCC’s van alle lokalisaties (hoofdanalyses); (ii) hoofd-hals 
PCC’s met uitzondering van het ooglid en (iii) AJCC8 T3 PCC’s. Al met al had de BWH 
classi!catie het hoogste discriminerende vermogen met een c-index van 0,84 (95% BI 
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0,82-0,86), de hoogste speci!citeit en de hoogste PVW. Daarentegen waren de NVW 
alsmede de homogeniteit en monotoniciteit het hoogst voor de AJCC8. De PVW van 
alle stadiëringssystemen was suboptimaal en verbetering hiervan is belangrijk, omdat 
dit een belangrijke uitkomstmaat is voor het selecteren van patiënten voor adjuvante 
(immuno)therapie en/of intensieve follow-up. Verder concludeerden wij dat, ondanks 
dat de AJCC8 speci!ek ontwikkeld is voor hoofd-hals PCC’s, deze classi!catie beter 
presteert wanneer PCC’s van alle lokalisaties worden meegenomen (c-index 0,76 (95% 
BI 0,73-0,79) vs. 0,78 (95% BI 0,76-0,80)). Tot slot hebben wij geen verbetering in risico-
strati!catie van AJCC8 T3 PCC’s gevonden bij gebruik van de Salamanca T3 ver!jning 
stadiëring wanneer wij deze vergeleken met alle andere stadiëringssystemen.

In Hoofdstuk 8 hebben wij twee nationale nested case-control studies gebruikt om 
patiënt- en tumor-gerelateerde risicofactoren voor PCC metastasering te analyseren 
en te repliceren. De hoofdanalyses zijn uitgevoerd middels backward conditionele 
logistische regressie in Engelse data van de NDRS (887 cases en 887 controles) en de 
uiteindelijk verkregen set van voorspellers is gerepliceerd in een Nederlandse nationale 
dataset van 217 cases en 217 controles. Van de 11 geïncludeerde risicofactoren bleven 
tumor diameter, dikte, slechte di#erentiatiegraad, invasie in/dieper dan subcutaan vet, 
mannelijk geslacht, perineurale/lymphovasculaire invasie en een lokalisatie op het 
gezicht signi!cant over in het de!nitieve model. Voor diameter en dikte werd een niet-
lineair verband met de metastase uitkomst gevonden. Vergelijkbare waarden werden 
gevonden bij replicatie in de Nederlandse dataset, wat de generaliseerbaarheid van 
onze bevindingen ondersteunt. Tot slot werd een hogere pseudo R-squared waarde 
bereikt voor de verkregen set van risicofactoren in onze dataset vergeleken met die van 
de AJCC8 en BWH. Dit geeft aan dat PCC metastasering beter kan worden voorspeld 
aan de hand van de besproken risicofactoren dan middels de twee stadiëringssystemen.

Hoofdstuk 9 is de algemene discussie van dit proefschrift, waarin wij alle bevindingen 
in een groter perspectief plaatsen, huidige uitdagingen uit het onderzoeksveld aan-
kaarten en suggesties doen ter verbetering. De voor- en nadelen van iedere gebruikte 
studieopzet worden besproken. Voorts worden voorstellen gedaan voor verbetering 
van de kwaliteit, volledigheid en mate van detail van huidige huidkankerregistraties 
middels implementatie van data over ziekteprogressie, diagnostiek en behandeling. Als 
blik op de toekomst hebben wij beschreven waarom en hoe er focus dient te komen 
op het verkrijgen van unanieme criteria voor rapportage van histopathologische PCC 
kenmerken en op het onderzoeken van de rol van nieuwe tumorkenmerken, inclusief 
het genetische expressiepro!el van de tumor, voor de predictie van gemetastaseerd 
PCC. Het ultieme doel blijft om big data zo goed mogelijk ten dienste te stellen van het 
verbeteren van de zorg voor PCC patiënten.
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ABBREVIATIONS

aHR Adjusted hazard ratio
AJCC American Joint Committee on Cancer
AK Actinic keratosis
BCC Basal cell carcinoma
BWH Brigham and Women’s Hospital
CBS Statistics Netherlands
CDKN2A Cyclin-dependent kinase inhibitor 2A
CI Con!dence interval
C-index Concordance index
CR Crude rate
cSCC Cutaneous squamous cell carcinoma
DOI Depth of invasion
EAPC Estimated annual percentage change
EPR Electronic patient record
ESP European Standard Population
ESR European Standardized Rate
FDR False discovery rate
FNAC Fine-needle aspiration cytology
GRS Genetic risk score
HPV Human papillomavirus
HR Hazard ratio
ICD(-O) International Classi!cation of Diseases (for Oncology)
IQR Interquartile range
KC Keratinocyte carcinoma
mcSCC Metastatic cutaneous squamous cell carcinoma
MICE Multivariate Imputation by Chained Equations
NCR Netherlands Cancer Registry
NDRS National Disease Registration Service
NMSC Non-melanoma skin cancer
NOTR Netherlands Organ Transplant Registry
NPV Negative predictive value
OR Odds ratio
OTR Organ transplant recipient
PALGA Dutch nationwide network and registry of histo- and cytopathology
PI Prediction interval
PNI Perineural invasion
PPV Positive predictive value
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PY Person-years
RCPath Royal College of Pathologists
RS Rotterdam Study
SNP Single-nucleotide polymorphism
STARD Standards for Reporting Diagnostic Accuracy Studies
TP53 Tumor protein 53
US United States
USSP United States Standard Population
USSR United States Standardized Rates
UV(R) Ultraviolet radiation
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