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GENERAL INTRODUCTION

Over the past decades, cancer has become one of the most important causes of death 
worldwide. It is estimated that there were 18.1 million new cancer cases and 9.6 million 
deaths due to cancer in 2018. Lung cancer and breast cancer are the most frequently occurring 
cancers (12% of all cancers), and lung cancer resulted in the highest number of cancer deaths. 
1, 2  The resulting global cancer burden has increased and cancer incidence and mortality are 
expected to spike even further in the future.1, 2 This trend does not only affect individuals’ 
quality of life and future perspectives, but also challenges global resources in terms of health 
care capacity, and puts a strain on available health care budgets2. Since 2000, total health 
care expenditure has outgrown the gross domestic product (GDP) by approximately 1.2% on 
a yearly base.3 More specifically, the global annual economic burden of cancer was estimated 
at 1.16 trillion US dollar in 2010, and has continued to rise ever since.4 Given these worrying 
statistics on the burden of cancer for both individuals and society, there is a need for action 
to change cancers’ course, specifically focusing on prevention. Prevention can be divided into 
three categories: primary, secondary and tertiary prevention. Primary prevention is focused 
on preventing cancer before it occurs, for example by stimulating healthy behavior (e.g. 
campaigns to prevent young adults from smoking). Secondary prevention aims to detect 
cancer in an early stage to reduce the impact of cancer and improve patient outcomes. For 
example, early stage asymptomatic breast cancer that is detected during mammography 
screening usually has better treatment options and survival rates compared to symptomatic 
breast cancer with possible metastases. Tertiary prevention is aimed at managing cancer 
after the diagnosis by treatment and rehabilitation. All three types of prevention can 
contribute to reducing the burden of cancer. Furthermore, risk prediction could help in 
targeting treatment and management for individuals. For example, a risk prediction model 
that can identify individuals with a high risk of developing breast cancer, can target more 
frequent mammography’s for those individuals and less frequent for low-risk individuals.  
In this thesis, screening and prediction will be studied for specific cancer types to evaluate 
ethical and cost-effectiveness of cancer screening and to develop and validate prediction 
models.
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11.1 Screening

Cancer screening entails testing of asymptomatic individuals for abnormalities that indicate 
the presence of pre-cancer or (early stage) cancer. Because of the timing of screening 
(before individuals become symptomatic), it often results in better patient outcomes in 
terms of mortality, morbidity and treatment possibilities. For example, if a precursor lesion 
is detected before it develops into clinical cancer, curative treatment strategies might still 
be an option. Furthermore, the burden of treatment for individuals and society are lower 
compared to treatment of more advanced cancer stages. Treatment of early stage cancer 
results in lower (co) morbidity and lower complication rates, leading to lower health care 
expenditure.  

Given the age-specific risks of cancer, screening is usually targeted at particular age groups to 
limit harms (i.e. overdiagnosis and unnecessary treatment) and to optimize its effectiveness. 
A screening program is considered effective if it reduces morbidity or mortality. Several 
cancer-screening programs have been developed over the past decades, and with some 
implemented worldwide. Examples of successfully implemented screening programs for 
the general population include mammography screening for breast cancer, pap smear for 
cervical cancer and stool testing for colorectal cancer. Since the implementation of these 
screening programs, the incidence of most of these types of cancer has dropped notably.5-7 
Disease-specific mortality rates have also decreased. Mammography screening reduced the 
breast cancer-specific mortality with 13-17%.8, 9 

The health benefits of a screening program have a price tag. Obviously, every screening 
program costs money, which varies per screening program. For example, mammography 
screening in the Netherlands costs approximately €67 per person. On average, one million 
women participate in this test yearly, which sets the total costs of mammography screening 
in the Netherlands at 67 million euros per year.10 Although the costs of a screening program 
are rather straightforward, it is unwise to make decisions regarding the implementation 
of these screening programs based on costs alone. Hence, one should combine the 
effectiveness in terms of health benefits and costs to determine its cost-effectiveness. Cost-
effectiveness is defined as the difference in costs divided by the difference in  life years (Lys) 
or quality-adjusted life years (QALYs). These (quality-adjusted) life years can be compared 
to no screening (average cost-effectiveness ratio, ACER), or compared to other screening 
strategies (incremental cost-effectiveness ratio, ICER). The optimal strategy is defined as 
the strategy that has the highest benefit with an ICER below the willingness-to-pay (WTP) 
threshold, which can vary between countries.11 The WTP threshold depends on local 
policies, and is influenced by the incidence and mortality of a cancer type. For example, the 
United Kingdom uses a threshold of £20,000-£30,000 (approximately €24,000-€40,000) per 
QALY, while in the Netherlands this ranges between €20,000 per QALY for diseases with a 
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low burden, and €80,000 per QALY for diseases with a high burden.12, 13 Both thresholds are 
used as directive, and decisions regarding the inclusion of a specific treatment or screening 
program  in local health care reimbursements may differ per disease.

Cancer screening programs are not solely targeted at (seemingly) healthy individuals. The 
discovery of genetic mutations that are responsible for an increased risk of cancer has 
enabled specific targeting of high-risk individuals, the so-called (epi)genetic risk-tailored 
cancer screening. An example is reflex testing of patients diagnosed with colorectal cancer to 
determine the presence of Lynch Syndrome. Lynch syndrome is caused by a DNA mutation, 
which substantially increases the risk of colorectal, endometrial, and ovarian cancer.14 
Therefore, some guidelines recommend testing every patient diagnosed with colorectal 
cancer for Lynch Syndrome.15-17 If Lynch Syndrome is present, the first-degree relatives 
of these patients can also be tested for Lynch Syndrome, as this mutation is hereditary. 
Information on the presence of Lynch Syndrome can aid in further preventive strategies, 
such as offering prophylactic surgery and more frequent cancer screening of relatives as 
part of secondary prevention. 

Although these new technological advances create new possibilities for risk-tailored cancer 
screening, it also requires individuals whom participate in such screening programs to 
process a lot of complex information. Several studies have shown that people are often 
incapable of processing large amounts of information, especially if this information includes 
benefits, risks and its trade-offs.18-20 This might compromise the principle of patient 
autonomy regarding the decision to participate in risk-tailored screening programs, as it 
unclear if an individual is able to make a well-informed decision.

1.2 Prediction 

Prediction models are empirical tools to estimate the probability of an event of interest based 
on multiple clinical or other variables, which can be used to optimize medical decision-making 
in the era of personalized medicine.21 Prediction models become increasingly relevant in the 
era of personalized medicine. These models are mostly based on multivariable regression 
analyses, which can be presented with a single risk score. Models can also estimate the risk 
over a certain amount of time (i.e. 1-, 2- and 5-year risks). 

In the field of cancer, these models can be used to estimate the probability of diagnosing 
cancer, or to estimate the probability of progression from a premalignant lesion to clinical 
cancer. Prediction models provide estimates for risk of cancer for individual patients, which 
makes their use in clinical practice preferable over risks based on the general population. 
For instance, a risk estimate for cancer based on specific patient characteristics will be more 
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1relevant for the patient and physician. The presentation format of prediction models varies 
and can include a risk chart, nomogram of a web-based interactive tool. An example of an 
interactive tool to predict the chance of regression of hepatocellular adenomas that are 
found in the liver is shown in figure 1,and includes the 1 and 2-year chance of progression for 
a specific patient.22 The use of prediction models in clinical practice has gained popularity.23 
Although this should improve the practice of personalized medicine, the use of poor quality 
prediction models in clinical practice might lead to harmful decisions because risk estimates 
might be too high or too low (poor calibration or discrimination). 24

Figure 1 – Example of a tool to predict the change of regression of hepatocellular adenomas22

The performance of prediction models can be assessed in terms of discrimination and 
calibration. The discriminative ability of a model indicates how well the model can distinguish 
between patients with and without the outcome of interest (e.g. a cancer diagnosis). 
Calibration refers to the comparison of predicted risks that are estimated by the model versus 
observed risks in the population.21, 25 It is important to determine the quality of prediction 
models before implementing them in clinical practice. Every prediction model should be 
validated with appropriate methods  in the development cohort (internal validation) and 
preferable also in an external cohort that differs from the development cohort (external 
validation). External validation may support claims of generalizability to new settings.25, 26 
Ideally, such validation should be followed by an impact analysis to determine the effect of 
the predictions provided by the model on patient outcomes. 23, 26 Several studies have shown 
that the quality of prediction models varies and that external validation is often lacking.27, 28

A number of guidelines have been developed to improve the reporting of prediction models 
to enable proper assessment of model quality.29, 30 Furthermore, recent developments 
in the field of ‘omics’ (e.g. information from the genome, epigenome, and microbiome) 
might contribute to the increasing the quality of prediction models, as omics can add new 
information (that is currently lacking) to models with poor discriminatory ability. For example, 
several studies are exploring the possibility of improving cancer risk prediction models 
with information from the epigenome.31 32 The Female Cancer Prediction Using Cervical 
Omics to Individualize Screening and Prevention (FORECEE) project is currently studying 
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the possibility of developing a risk prediction model for breast, ovarian, endometrial and 
cervical cancer that incorporates information from the genome, epigenome, metagenome 
and epidemiological variables (figure 2).33

Figure 2 - Developing the Women’s Cancer Risk Identification Tests. Source: FORECEE 2015

1.3 Application of screening and prediction 

Medical decision-making refers to the process of decision making of both the patient and 
the physician. Either way, medical decisions often include complex trade-offs of benefits and 
harms, have a relatively high level of uncertainty, and are preference sensitive34. For example, 
women have to make a trade-off between the reduction in morbidity and mortality of breast 
cancer, and the risk of overdiagnosis and overtreatment, before consenting to participate 
in mammography screening.35 These benefits and harms usually have different dimensions 
and scales, which complicates their interpretation and comparison. Moreover, there are 
also negative effects of screening on quality of life that are difficult to express in numbers. 
People might feel stressed when receiving an invitation for screening and worry about the 
possibility of having cancer. This overwhelming amount of information should be integrated 
into the decision of the patient and the physician; a seemingly difficult task. Hence, there is 
a need for guidance and support. 

Outcomes of screening and prediction research can provide additional information to 
physicians and patients, and enable them make more individualized and personalized 
decisions. Specific risk scores for a high-risk population with a genetic mutation could also 
feature a higher level of information compared to a general population-based risk score. 
Female carriers of the BRCA 1 and BRCA 2 have a lifetime risk of breast cancer of respectively 
72% and 69%, while women in the general population have a lifetime breast cancer risk of 
12%.36 This substantial difference in risk estimates may influence  a women’s decision for 
treatment strategies; i.e. BRCA 1 and BRCA 2 mutation carriers might undergo prophylactic 
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1mastectomy to eliminate their risk of breast cancer if they are aware of their specific (high) 
risk. 

Both screening and prediction will be addressed in this thesis, and include the development 
of prediction models for specific cancer types (application in pancreas, liver and skin cancer) 
and a simulation model to estimate the effectiveness of prophylactic surgery in patients 
with a high risk of a endometrial cancer. The incidence and mortality rates of these cancer 
types are shown in Table 1.1 Furthermore, ethical aspects on risk-stratified cancer screening 
are studied. 

Table 1. Global incidence and mortality of cancer types1 addressed in this thesis

Incidence
(%)

Mortalitya

(%)
Pancreas cancer 2.5 4.5
Liver cancer 4.7 8.2
Skin cancer
   Melanoma 
   Non-melanoma

1.6
5.8

0.6
0.7

Endometrial cancer 2.1 0.9

a Mortality rates are shown as the average risk of death in the  global population in 2018

1.3.1 Risk prediction and prophylactic surgery in endometrial cancer
Endometrial cancer is the most common type of gynecologic cancer in developed countries, 
and its incidence continues to increase.1, 37 This increase might be related to the rising 
body mass index (BMI) of individuals, as adiposity is the strongest predictor for developing 
endometrial cancer38-41. Several prediction models have been developed that combine 
predictors for endometrial cancer, including BMI, to generate risk predictions for healthy 
women and women with postmenopausal vaginal bleeding.42-46 However, an overview of 
these models and their methodological quality is lacking, which complicates their use in 
clinical practice.

Besides epidemiological risk factors such as BMI, it is known that genetic mutations, such as 
Lynch Syndrome, increases the risk of endometrial cancer. Women with Lynch Syndrome have 
a 40-60% lifetime risk of developing endometrial cancer14. Current guidelines indicate that 
prophylactic hysterectomy is recommended for patients with Lynch Syndrome to eliminate 
their risk of endometrial cancer47. However, the cost-effectiveness of this preventive strategy 
is unknown and the optimal age range to perform prophylactic hysterectomy is yet to be 
determined.  
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1.3.2 Prediction of progression of premalignant cancer to clinical cancer
In pancreas cancer, liver cancer and skin cancer, premalignant stages of cancer can be found 
in the form of neoplastic cysts, hepatocellular adenomas, and actinic keratosis, respectively. 
These premalignant stages are usually an incidental finding during routine examination, e.g. 
hepatocellular adenomas are often found during surveillance in women using estrogen-
containing hormonal contraceptives. Although these premalignant stages differ in type 
and frequency of occurrence, they share the risk of turning into clinical cancer.48-51 This 
warrants for surveillance of these premalignant stages, as is suggested in current guidelines. 
The probabilities that these premalignancies turn into cancer are however rather low. 
Furthermore, some of these premalignancies might regress over time and disappear on 
their own.52 Given these disease-related features and the fact that the negative effects of 
surveillance might outweigh its benefits, it is questionable whether every patient should 
receive surveillance. Prediction tools might be helpful in identifying patients at low risk of 
developing clinical cancer and may therefore aid in selecting patients that do not require 
surveillance. 

1.4 Aim and outline of this thesis 

The overall aim of this thesis is to evaluate ethics, cost-effectiveness, and prediction 
modeling in the context of cancer screening and treatment. The following specific research 
questions will be addressed:

	 1.	 How can we promote autonomous choices in informed consent procedures  
		  regarding participation in epigenetic risk-tailored cancer screening?
	 2.	 What is the cost-effectiveness of offering prophylactic hysterectomy to first-degree  
		  relatives with Lynch Syndrome of patients with colorectal cancer?
	 3. 	 What is the quality of risk prediction models for endometrial cancer in the general  
		  population?
	 4. 	 How can we obtain accurate and valid individual estimates of progression from  
		  premalignant to malignant cancer based on prediction models to guide decision  
		  making? 

Part II of this thesis concerns cancer screening and aims to answer research questions 
1 and 2. Chapter 2 discusses a framework to support autonomous choices in epigenetic 
risk-tailored cancer screening. Chapter 3 presents a cost-effectiveness study on offering 
prophylactic hysterectomy in first-degree female relatives with Lynch Syndrome. 

Part III of this thesis focuses on prediction modeling in cancer and aims to answer research 
questions 3 and 4. Chapter 4 provides an overview of risk prediction models for endometrial 
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1cancer in the general population and discusses their methodological quality. Chapters 5, 
6, and 7 describe the development and validation of prediction models for hepatocellular 
adenoma, intraductal papillary mucinous neoplasms, and keratinocyte carcinoma, 
respectively.

Part IV of this thesis contains the general discussion with answers to the four research 
questions. These answers are compared with the existing literature, and future perspectives 
are discussed.
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ABSTRACT

Information of an individual’s epigenome can be useful in cancer screening to enable 
personalized decision making on participation, treatment options and further screening 
strategies. However, adding this information might result in complex risk predictions on 
multiple diseases, unsolicited findings and information on (past) environmental exposure 
and behavior. This complicates informed consent procedures and may impede autonomous 
decision-making. In this article we investigate and identify the specific features of epigenetic 
risk-stratified cancer screening that challenge the current informed consent doctrine. 
Subsequently we describe current and new informed consent models and the principle of 
respect for autonomy and argue for a specific informed consent model for epigenetic risk-
stratified screening programs. Next, we propose a framework that guides the development 
of Patient Decision Aids (PDAs) to support informed consent and promote autonomous 
choices in the specific context of epigenetic cancer screening programs.
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1. INTRODUCTION

Screening programs are important means in the prevention and early detection of several 
high-risk cancers [1–3]. Over the past few decades, there has been a transition from 
screening for a single cancer-type based on available patient characteristics, to screening 
for multiple cancers based on epigenetic testing [4,5]. Adding information from the 
epigenome to population-based cancer screening programs can eventually lead to more 
personalized risk predictions and treatment advice [6]. Although these new screening 
programs may improve the early detection and prevention of cancer, there is a drawback 
regarding informed consent. The screening program will include risk assessments, and 
therefore also difficult risk predictions that are hard to interpret for a lay person, but can 
also include unsolicited findings (i.e., findings that are discovered unintentionally and may 
have medical, psychological and social consequences) and may reveal information about 
environmental exposures and behavior from the past [7]. These features challenge existing 
informed consent procedures and call for ways to restructure and enrich informed consent 
procedures, with the ultimate goal that informed consent represents an autonomous choice. 

Patient Decision Aids (PDAs) can support autonomous decision making [8–10]. They are 
proven to be effective in terms of improving knowledge and increasing patient participation 
[8,9,11]. However, improving knowledge and understanding does not automatically lead to 
autonomous choices, since an autonomous choice should be an intentional, voluntary choice 
that is made with sufficient understanding. Additionally, the choice should be consistent with 
one’s values. Vos et al. discussed that the design of current PDAs may not support autonomous 
decision making because (1) they often utilize explicit value clarification methods (VCM), 
which may lead to constructed preferences that are not congruent with one’s actual values, 
and (2) they mainly focus on deliberative processes instead of combining deliberation and 
intuition [12]. These findings have implications for PDAs in general, but these implications 
may be even more substantial for PDAs in epigenetic cancer screening given the additional 
challenges that are posed on informed consent in this context. Therefore, the aim of this 
study is to create a framework that guides the development of PDAs to support informed 
consent and promote autonomous choices when people face epigenetic risk-tailored cancer 
screening decisions regarding participating in such tests. 

First, we identify specific elements of epigenetic risk-stratified cancer screening that 
complicate informed consent procedures. Next, we provide a brief overview of the 
literature on existing decision aids, informed consent models and the principle of respect for 
autonomy, specifically in the context of cancer screening program and argue for a specific 
informed consent model suitable for the context of epigenetic cancer screening programs. 
Subsequently, we identify different processes in PDAs to evaluate which ones sustain 
autonomous choices and the informed consent process in this context of epigenetic cancer 
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screening. Finally, we develop a framework that can serve as starting point for designing 
PDAs to be used within the process of obtaining informed consent, in the specific context of 
new epigenetic risk-stratified cancer screening programs.

2. Epigenetic Risk-Stratified Cancer Screening

New studies are currently exploring the possibility of using epigenetic markers for risk-
stratification in nationwide screening programs [5,7]. The most commonly studied 
epigenetic changes are DNA methylation, the addition of a methyl group to specific regions 
of the genome. These changes affect gene expression without changing the underlying DNA 
sequence. Epigenetic changes are implicated in tumor development and its progression 
[7,13]. Unlike genetic mutations such as BRCA1/BRCA2 that are not reversible, changes 
in epigenetic markers are reversible and do not cause alterations in the underlying DNA 
sequence [14]. For instance in breast cancer, a women can inherit a BRCA1/BRCA2 mutation, 
which gives her a life-time elevated risk of breast cancer of 50–85%[15]. Besides preventive 
surgery, she cannot lower this risk by herself and the mutation will always be present in her 
DNA sequence. This is different in epigenetic markers, that can be influenced by heritable 
factors and non-heritable factors such as lifestyle, and can therefore change during a 
person’s life [14]. If a specific epigenetic marker is responsible for an increased risk of breast 
cancer, this marker may be restored to its normal state with lifestyle interventions, hence 
lowering the risk of cancer [16]. 

There are studies looking into using epigenetic changes for risk assessment in risk-stratified 
screening programs. Risk-stratified screening means that eligibility, frequency and modality 
are tailored according to one’s risk level [5]. Using epigenetic markers in risk stratified 
screening creates opportunities to incorporate advice on specific preventative actions [16]. 
Epigenetic markers hold valuable information on an individuals’ exposure to e.g., obesity, 
smoking, and the use of exogenous hormones. This information from the epigenome can 
serve as a surrogate for more subjective data on lifestyle exposure such as questionnaire 
data that is prone to recall bias, and might improve the performance of cancer risk 
prediction models as such epigenetic markers will give more accurate risk prediction than 
risk assessment based on questionnaire based informed risk factors [5,7].

When epigenetic information is incorporated in nationwide screening programs, the results 
of these screening programs will differ from the programs that we are currently familiar with, 
such as breast cancer screening based on mammography. We want to illustrate this with a 
screening test which is under development, the FORECEE Women’s cancer risk Identification 
(WID) test [17]. In short, the WID test aims to predict the risk of developing breast, ovarian, 
endometrial and cervical cancer by using (epi)genetic information that is obtained with a 



AUTONOMY CHALLENGES IN EPIGENETIC RISK-STRATIFIED CANCER SCREENING	 29

2

pap smear [17]. The results of this test will include risk predictions on the four cancers, but 
may also include unsolicited findings (e.g., the risk of lung cancer). The debate regarding 
returning these unsolicited findings is still ongoing, and there is currently no consensus on 
the most appropriate disclosure policy [18]

Based on this description of epigenetic risk-stratified cancer screening programs, we can 
discern the following features of these type of screening tests. (I) The results of the test will 
not only consist of a diagnosis, but will also contain risk predictions on multiple (malignant) 
diseases. These risk predictions pose additional challenges on patients’ ability to make 
autonomous choices. Several studies have shown that people are more fallible decision 
makers than was often assumed. They incorporate emotions and perceptions into their 
decision making process and, for instance, label certain numbers with affective cues such 
as high versus low, especially if the decision involves risk predictions [12,19]. (II) The results 
of the test will provide insights in specific lifestyle factors that might have contributed to an 
elevated risk. These insights could provoke feelings of guilt, regret or shame. These feelings 
might be even more substantial if one’s lifestyle has caused a so-called epigenetic inheritance 
(i.e., one’s lifestyle has caused a high risk of a certain type of cancer among its offspring). 
(III) The resulting risk score might be lowered by lifestyle because of the reversible nature 
of DNA methylation. However, changing someone’s lifestyle is not as simple as it seems and 
people might need executive capacities to set such change in motion [20]. These capacities 
are likely to vary between people with a low versus high social economic position, which 
might lead to increasing levels of inequity [21]. (IV) The results of the test might contain 
unsolicited findings with large variability in severity and consequences. Although unsolicited 
findings are also common in other tests, the specific combination of unsolicited findings, 
multiple diseases and risk predictions in epigenetic cancer screening leads to an increased 
level of complexity.

Although these elements facilitate more personalized nationwide screening programs, they 
also endanger informed consent procedures. This adds to the existing problems with informed 
consent in tests with genetic information and testing multiple diseases simultaneously, and 
in current population screening programs [22]. Therefore, informed consent procedures 
should be reconsidered and supported by suitable tools that aid patients in making an 
autonomous choice about participation in epigenetic cancer screening programs

3. Autonomy and Informed Consent

Informed consent is an ethical and legal requirement in different areas of health care, 
such as clinical practice and scientific research [23]. In its legal form, informed consent is 
an authorization of a certain medical intervention [23,24]. However, this form of informed 
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consent might not align with its original goal to protect patients against harm and to 
ensure the autonomy of patients [23]. An ‘autonomous choice’ was described by Faden 
and Beauchamp as an intentional, voluntary choice that is made with understanding [23]. 
Informed consent is considered to be an “autonomous authorization” when a patient 
intentionally, voluntarily and with sufficient understanding authorizes a doctor to act. 
Alternative conceptions of autonomy include ‘authenticity’ as a necessary condition for an 
autonomous choice; a person should be able to identify herself with a choice and this choice 
should be in line with her personal values [25,26]. If this is not the case, the choice she 
makes might not represent an autonomous choice. We agree that alignment with one’s 
values is an important condition, in particular in the context of epigenetic screening because 
preferences regarding participation might vary and participation might have substantial 
consequences (e.g., choices regarding preventive and treatment options e.g., mastectomy, 
procreation, or career). Taken together, informed consent represents an autonomous choice 
if the underlying choice was made intentionally, voluntarily, with sufficient understanding, 
and is aligned with one’s personal values [23,24].

If we would apply these conditions of an autonomous choice to informed consent in 
epigenetic cancer screening programs, the patient should at least be informed about and 
understand the risks, benefits, harms associated with the test, and alternative screening 
options before consenting to the particular medical activity [23,24]. However, this would 
result in an overwhelming amount of information given the before mentioned specific 
elements of epigenetic cancer screening (e.g., complex. information on different risk 
predictions, unsolicited findings, and interplay of genes). Previous studies have shown that 
such large amounts of information could lead to ineffective informed consent procedures and 
might cause anxiety and confusion amongst patients [27,28]. In addition, people are likely 
to make mistakes, e.g., in assessing numbers on risk and benefits of medical interventions 
because of beliefs on the likelihood of a certain option and previous experiences with risk 
estimates [19,29]. A recent study showed that the majority of women tend to overestimate 
their baseline female cancer risk and have limited knowledge on the benefits and harms 
of screening with mammography [30]. This indicates that this problem is also present in 
current screening programs, but we argue that it will become even more substantial in 
epigenetic cancer screening programs since these programs will provide more complicated 
risk estimates.

We argue for an informed consent model that is suitable to the context of epigenetic risk-
stratified cancer screening. Bunnik et al. describe a tiered–layered–staged model, which 
was originally developed for commercial personal genome testing [31,32]. In short, the 
tiered–layered–staged model consists of three components. The first component is tiered, 
which means that people can consent to different parts of the treatment or screening, 
depending on their preferences. For instance, in the context of personal genome testing 
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this could mean that patients only consent to test for diseases for which medical treatment/
prevention exist (that are medically actionable), or choose to also acquire results that are 
not directly life-saving or medically actionable (e.g., results related to reproductive health or 
diseases for which no treatment is available). The second component is a layer, because the 
model consists of several layers of information, each layer having its own level of complexity. 
These layers always include a baseline layer that contains information that is necessary to 
make a decision with knowledge, e.g., all basic information regarding the test, including 
resulting risk prediction, the expected false positive/negative results, over-diagnosis and the 
handling of unsolicited findings. The additional layers contain more detailed and complex 
information and can be made available depending on the patients’ preferences. The last 
component is staged, which means that the informed consent contains several stages in 
time in which information is given. The actual informed consent could contain a certain 
timeframe in which patients can think about their decision. Although there is currently 
no empirical data on the use of the tiered–layered–staged informed consent in practice, 
tiered informed consent is already considered best practice in biobanking in genomics- and 
proteomics-based research [33,34].

We suggest using the tiered–layered–staged informed consent in the context of new 
epigenetic risk-stratified cancer screening to overcome the challenges that are posed 
to traditional informed consent. The tiered–layered–staged model overcomes these 
problems since it organizes the information in stages and categories. However, this model 
mainly focusses on distributing information, instead of supporting patients in processing 
all provided information and relating it to their values. This processing of information is 
necessary because solely supplying patients with information insufficiently promotes a 
choice that is made with understanding and in line with their values. Next to intentionality, 
voluntariness and understanding, authenticity is seen as a necessary condition of the 
principle of autonomy, as discussed above [25]. We suggest that patients can be supported 
in this process by using PDAs, which can be implemented within the tiered layered staged 
informed consent model.

4. Patient Decision Aids

PDAs are defined as tools developed to help patients make specific, informed choices in 
health-related decisions that align with their own values [8,35,36]. PDAs have three goals in 
common: (I) to inform people about the options, risk and benefits of the intervention; (II) to 
stimulate active participation of the patient in the decision process; and (III) to help people 
consider their own values and make choices congruent with these values [36]. These goals 
are clearly in line with the goals of informed consent as discussed above. Decision aids can 
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occur in many forms, varying from an information leaflet to an interactive online tool and 
are used in both screening and treatment decisions. 

Stimulating patients to consider their own values can be aided by a VCM, which helps 
patients to identify decisions that are most congruent with their values and preferences [37]. 
The importance of values clarification in PDAs has been emphasized by the International 
Patient Decision Aid Standards (IPDAS) Collaboration, who recommends that every PDA 
should contain a VCM. Given the goals of PDAs, values clarification is inevitable because it 
is assumed that patients with clear insights of their own values and preferences are more 
likely to make choices that are aligned with these values and preferences [37]. A VCM can be 
both implicit (e.g., patient thinks about his options) or explicit (e.g., patient ranks different 
elements of the decision based on their feeling of importance) [37].

Both implicit and explicit VCMs make use of deliberative processes, which are here defined 
as conscious and analytical processes [38]. These processes may lead to more value-
congruent decisions and a higher level of satisfaction with the choice that people have 
to make, because deliberative processes align with people’s expectations on how health-
related decisions have to be made [38]. Deliberative processes are incorporated in VCMs 
assuming that people need help with the consideration of their own values and preferences 
[39]. However, it is not proven that solely applying deliberative processes will result in in 
better considerations of people’s values and preferences [40]. Deliberative processes might 
even have a negative influence on people’s natural ability to distinguish between relevant 
and irrelevant information, which can lead to a higher level of indecisiveness in decision 
making [38]. Intuitive processes stimulate the ability to separate relevant from irrelevant 
information. Intuitive processes are here defined as simple decision strategies that rely 
on less conscious, cognitive processes [38]. Such processes can improve decision making 
because they allow for the incorporation of feelings and emotions in the decision and the 
integration of large amount of information [38,41]. However, including feelings and emotions 
in decision making can also result in decisions that are incongruent with people’s values. 
Further, choices may be less reproducible for people because they may be influenced by 
temporary moods or emotions rather than thorough reasoning [38].

Since deliberative and intuitive processes have advantages and disadvantages, it might be 
preferable to combines these processes. de Vries et al. showed that although it might be 
difficult to distinguish between deliberative and intuitive processes, they seem to have 
different effects on decision making in PDAs [38].

Combining deliberation and intuition might be specifically interesting in the context of 
epigenetic risk-stratified screening cancer screening for two reasons. The first reason is 
related to an important advantage of intuitive processes, which is the implicit integration of 
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information that enables processing large amount of information. This implicit integration 
can be caused by affective cues or gut feelings and can be of great value in the context 
of cancer screening because of the large amount of information that will be provided to 
patients. The second reason is related to a strength of deliberation, which is that deliberation 
may support patients in expressing their preferences. This is of particular interest in the 
context of cancer screening because the decision to participate is more preference-sensitive 
compared to regular treatment decisions [38]. For example, regular treatment choices such 
as the treatment of an infection with specific types of antibiotics have clear outcomes in 
terms of benefit and efficiency, and the trade-offs between risks and benefits are limited. 
However, the outcome of epigenetic cancer screening might be more uncertain and includes 
trade-offs between risks and benefits, e.g., between quantity and quality of life, and between 
the benefits and costs of changing lifestyle. The trade-offs that people are willing to make 
are likely to differ because of personal values and characteristics such as attitude toward 
uncertainty, values attached to peace of mind, and magnitude of ones fear of cancer [19]. 
This makes the decision on participating in epigenetic cancer screening more preference 
sensitive compared to most regular treatment decisions.

Additionally, cancer screening is usually embedded in nationwide programs for which 
people receive a written invitation. In principle, people do not have face-to-face with a 
medical professional that could help with clarifying people’s values in nationwide screening 
programs. Although it might be possible to contact a medical professional, like one’s general 
practitioner, this is not standard practice. This makes it even more important that patients 
are capable of clarifying and expressing their preferences independently. Overall, it is vital 
that the information provided is balanced and neutral, which will limit the possibility of 
steering. This can be achieved by providing both survival and death rates and by providing 
absolute risks rather than relative risks [42].

5. Framework

We propose a framework to guide the development of PDAs in the field of epigenetic 
risk-stratified cancer screening for use within the tiered layered staged informed consent 
model. The proposed framework incorporates a VCM and a combination of intuitive and 
deliberative processes (Figure 1).
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Figure 1. Framework to guide the development of Patient Decision Aids (PDAs) within the tiered layered staged 
informed consent model. VCM: value clarification methods.

 
The first part of the PDA should consist of a short section with general global information 
on the screening program, including the aim of the test, the target population, and the 
methods that will be used during the test to enable risk prediction. After the general 
information, the PDA should be tiered into different categories. These categories are flexible 
and can be chosen for each specific screening program, depending on the outcome of the 
screening. These categories should be chosen in such a way that they are meaningful to 
patients, which can be examined by focus groups or surveys. Besides these patient’s 
preferences, ethical considerations should also be taken into account in discerning relevant 
categories. Categories can consists of different cancers, but they could also contain several 
types of unsolicited findings. A specific category, such as unsolicited findings, could then be 
subdivided into different categories based on condition-specific characteristics like age of 
onset, action ability or disease severity [32].

We want to illustrate these categories the WID test [17]. Implementation of the WID test 
could mean that the tiered part of the informed consent model consist of three categories. 
The first category contains the risk predictions for the four cancers, the second category 
contains unsolicited findings, which could be subdivided into medically actionable 
unsolicited findings (e.g., lung cancer or diabetes), and unsolicited findings which are not 
directly medically actionable but could be actionable in terms of procreation, career planning 
and other life decisions. Subsequently, the information that is presented in a particular 
category should be layered, as it is expected that the starting knowledge and desired level 
of knowledge might differ for each individual. Adopting several layers of information with 
increasing levels of complexity might contribute to a more personalized decision aid that 
suits to participants starting knowledge. The first layer of information should include all 
basic information regarding the test, including resulting risk prediction, the expected false 
positive/negative results, and over-diagnosis. The other layers can contain more in-depth 
information, which can consist of specific characteristics of cancers, the interplay of genes 
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that are used in screening with epigenetic testing, and information on that the test might 
reveal about lifestyle and previous exposures.

The next step in the PDA should include a waiting period, possibly with a distraction from 
the choice people are facing. This waiting period might improve the quality of the decision 
because it allows people to distance themselves from the decision, which limits the possible 
influence of strong feelings and emotions that can be evoked during the previous phase of 
the PDA [37,38]. The optimal length of a waiting period depends on the context in which 
the PDA is implemented. A distraction of the decision has been shown to improve intuitive 
processes and may improve decision-making in complex choices. The waiting period is 
followed by a VCM. The VCM should be implemented in a later phase of the PDA because 
this will allow people to consider all relevant information on the decision, instead of solely 
basing their decision on the aspects of the decision problem that they are familiar with. 
People can use the information that was provided in the previous phase of the PDA and 
deliberate on which elements are important to them and suit their values and preferences. 
The VCM is placed after the waiting period because this will prevent that choices in the VCM 
are driven by strong emotions [38].

6. Conclusions

Given the complex characteristics of new cancer screening programs that include epigenetic 
testing and psychological insight that have shown that people have limited rationality and 
cognitive biases, new strategies are needed to ensure that informed consent reflects an 
autonomous choice. This processing of information is necessary because solely supplying 
patients with information insufficiently promotes a choice that is made with understanding 
and in line with their values. We proposed a framework to guide the development of patient 
decision aids within the tiered layered staged informed consent model to support informed 
consent procedures and promote autonomous choices. This framework can be used as 
guidance, but cannot guarantee that patients actually use the resulting PDA and make 
autonomous choices. Hence, the responsibility to verify whether a patient is well-informed 
and the responsibility to obtain informed consent lies with the health care professional or 
government, depending on the screening context. In addition, more empirical research is 
needed on how people respond to risk information during medical decision making, and on 
future strategies to operationalize deliberative and intuitive processes in PDAs.
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ABSTRACT

Background: To evaluate the cost-effectiveness of prophylactic hysterectomy (PH) in women 
with Lynch syndrome (LS)

Methods: We developed a microsimulation model incorporating the natural history for the 
development of hyperplasia with and without atypia into endometrial cancer (EC) based 
on the MISCAN-framework. We simulated women identified as first-degree relatives (FDR) 
with LS of colorectal cancer patients after universal testing for LS. We estimated costs and 
benefits of offering this cohort PH, accounting for reduced quality of life after PH and for 
having EC. Three minimum ages (30/35/40) and three maximum ages (70/75/80) were 
compared to no PH.

Results: In the absence of PH, the estimated number of EC cases was 300 per 1,000 women 
with LS. Total associated costs for treatment of EC were $5.9 million. Offering PH to FDRs 
aged 40-80 years was considered optimal. This strategy reduced the number of endometrial 
cancer cases to 5.4 (-98%), resulting in 516 quality-adjusted life years (QALY) gained and 
increasing the costs (treatment of endometrial cancer and PH) to $15.0 million (+154%) per 
1,000 women. PH from earlier ages was more costly and resulted in fewer QALYs, although 
this finding was sensitive to disutility for PH.

Conclusions: Offering PH to 40- to 80-year-old women with LS is expected to add 0.5 QALY 
per person at acceptable costs. Women may decide to have PH at a younger age, depending 
on their individual disutility for PH and premature menopause.



COST-EFFECTIVENESS OF PROPHYLACTIC HYSTERECTOMY IN LYNCH SYNDROME	 43

3

INTRODUCTION

It has been standard policy for years to try and identify Lynch Syndrome (LS) mutation carriers 
among colorectal cancer (CRC) patients. Initially, this was done using family history criteria, 
but since the past decade, universal reflex testing of tumors of CRC patients for mismatch 
repair deficiency has become increasingly accepted. The aim of this practice is to identify 
first-degree relatives (FDR) with LS, in order to provide them with preventive interventions.1-5 
LS is a hereditary condition that causes a substantial risk of both colorectal cancer (30%–
60%) and endometrial cancer (17%–60%).6-9 It is estimated that approximately 1 in 300 
individuals have LS in the United States (US). 10-12 The practice of universal testing for LS and 
offering FDR with LS intensive colonoscopy screening for colorectal cancer has shown to be 
(cost-)effective.13, 14 Yearly endometrial sampling from age 30–35 years onwards might be 
considered a possible screening strategy for female carriers, but there is no consensus on 
the effectiveness and impact on quality of life of this strategy.15 Prophylactic hysterectomy 
combined with oophorectomy (further referred to as prophylactic hysterectomy, PH) when 
childbearing is completed has been suggested as a preventive strategy.4, 16 It might prevent 
nearly all endometrial cancer cases and deaths in women with LS.4, 16 However, little is 
known about its cost-effectiveness and the optimal age range. Determining this optimal 
age range requires to consider different elements that are associated with PH, such as 
costs and quality of life. One study using a Markov model showed that offering prophylactic 
hysterectomy from age 40 is cost-effective, but these results were based on a single-age 
cohort and only a limited number of strategies (two minimum ages and no maximum age).17 
In reality, the age distribution of identified LS carriers ranges from 11 to 80.18 This age 
range is of specific importance because women at higher ages should be able to weigh the 
benefits and harms of surgery, given that they have not developed symptomatic endometrial 
cancer. To our knowledge, no previous study has incorporated the age range of LS carriers 
in their modelling. The aim of this study was to evaluate the cost-effectiveness of offering 
prophylactic hysterectomy to female FDR with LS, comparing different age ranges to assess 
optimal age thresholds. Therefore, we developed a microsimulation model for endometrial 
cancer based on the MISCAN modeling framework.

METHODS

Model specification and assumptions
We used the well-established MISCAN model as a framework to develop the MISCAN 
Endometrial model. The MISCAN model has been extensively described elsewhere.19, 20 In 
short, the MISCAN models simulate a large population of individuals, including life histories 
from birth to death. The simulations are based on input parameters, which contain both 
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demographic information and the natural history of the specific disease. The results of the 
MISCAN models include information on age-specific disease incidence and mortality.

The natural history part of the model is shown in Figure 1 and divides the development of 
endometrial cancer in three sequential phases: preclinical hyperplasia, preclinical cancer, 
and clinical cancer.8 We assumed two types of hyperplasia, of which endometrial hyperplasia 
without atypia is 6.14 times more frequent than atypical endometrial hyperplasia.21 The 
progression of hyperplasia to endometrial cancer differed between hyperplasia without 
atypia and hyperplasia with atypia, since both have different dwelling times.21 Dwelling 
times were derived from Lacey et al. and were estimated with a Weibull distribution.21 In 
line with assumptions made for the development of colorectal cancer,14 preclinical lesions 
were assumed to progress 10 times faster in LS patients than in the general population. The 
age-specific onset of endometrial hyperplasia was calibrated to match the incidence of EC 
for LS women according to Bonadona et al.8 The survival rates were based on SEER 18 data 
and were corrected for death due to other causes.22 Upon of diagnosis of EC, death can 
occur due to EC or other causes. An elaborative description of our MISCAN model can be 
found in the Supporting Information Model Appendix.

Figure 1 – Natural history model of MISCAN Endometrium model EC Endometrial Cancer

Study population
For each EC prevention strategy, we simulated a population of 10 million Lynch positive 
women. The target population for prophylactic hysterectomy consisted of FDR with LS of 
colorectal cancer patients with LS (Figure 2). The age range of the population simulated 
matched that of FDR with LS in a Dutch study of universal testing of LS in colorectal cancer.18 
Individuals were between age 11 and 80 when they were diagnosed with LS. Their median 
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age was 42 years, with an interquartile range of 31–55 years. In addition, benefits and costs 
of PH by 5-year age groups were computed.

Figure 2 – Flowchart target population for prophylactic hysterectomy

Strategies
Nine different age ranges were modelled with varying ages at which prophylactic 
hysterectomy was offered as young as 30, 35 or 40 years and as old as age 70, 75, or 80 
years. Prophylactic hysterectomy was considered to eliminate the risk of EC completely 
from date of surgery. We assumed full compliance of every woman who was invited for 
prophylactic hysterectomy. 

Data and assumptions for costs and utilities
An overview of the costs and utilities that were used in the model can be found in Table 1. 
We assumed that prophylactic hysterectomy reduced the quality of life because of surgically 
induced menopause. The first month after surgery, quality of life was valued at 0.56, followed 
by 0.74 in the second and third month after surgery.23-26 From three months onward, we 
assumed a utility of 0.88 and corrected the quality of life up to the age of 45, as it is assumed 
that natural menopause starts at this age which eliminates the negative side effects on 
quality of life of prophylactic hysterectomy.17, 24, 27 We also adjusted the quality of life of 
women diagnosed with EC.17, 28 The costs of prophylactic hysterectomy are reported as total 
Medicare reimbursement and include gynecologist fee, anesthesia fee for hysterectomy, 
pathology fee for uterus, inpatient diagnosis-related group fees, and preoperative lab fees.29 
For the costs of treatment of EC, we assumed 25% of all LS patients receive radiotherapy and 
15% of LS patients receive chemotherapy.16, 30 Furthermore, we included gynecologist fee, 
anesthesia fee for hysterectomy, pathology fee for uterus, inpatient diagnosis-related group 
fees, pathology fee for lymph nodes and preoperative lab fees.29
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Table 1. Model inputs

Variable Base case Range Reference
Cumulative Risk of developing 
EC before age 80

35% 17-60 Bonadona 20118

Age distribution of FDRa 11-80 - Leenen 201618

Survival probability Age specific - SEER 2009-2013
Ratio of prevalence of 
hyperplasia without atypia 
compared to with atypia

6.14 - Lacey 201021

Life table Age specific - National Vital Statistics 
Reports 201245

Dwelling time atypical lesions 7.77 Assumptionb

Dwelling time lesions without 
atypia

114.40 Assumptionb

Costs prophylactic 
hysterectomyc

15,276 7,638-30,552 Havrilesky 200929

Costs ECd 35,763 17,882-71,526 Schmeler 200616

Broaddus 200630

Utility prophylactic 
hysterectomy

0.88 0.82-0.99 Roberts 201123 
Bhattacharya 201125

Hurskainen 200426

Utility well 1 0.8-1.0 Fryback 199346

EC Endometrial Cancer, FDRs First-degree Relatives  aThe median age was 42 years, with an interquartile range 
of 31-55 years bWe derived dwelling times from Lacey et al 2010 with a Weibull distribution. We assumed that 
for women with Lynch Syndrome, dwelling times were 10 times shorter as for the general population. Values are 
shown as mean input parameter, dwelling times of lesions that develop into EC will be shorter.32 cCost reported as 
total Medicare reimbursement in US dollars. Includes: gynecologist fee, anesthesia fee for hysterectomy, pathology 
fee for uterus, pathology fee for lymph nodes, inpatient diagnosis-related group fees, preoperative lab fees. dWe 
assumed that the costs of treatment for EC are equal to the costs of prophylactic hysterectomy, as treatment of EC 
usually consists of a hysterectomy.

Outcomes
We determined the effects of offering prophylactic hysterectomy in terms of number of 
EC deaths, number of prophylactic hysterectomies, life years gained (LYG) and quality-
adjusted life years gained (QALYG). We calculated the associated costs for each strategy 
based on number of prophylactic hysterectomies and total treatment costs for endometrial 
cancer. We applied a 3% discount rate for both effects and costs to the year in which the 
women were diagnosed with LS, except for the number of EC cases and deaths. Our analyses 
were performed with the assumptions described in Table 1. We evaluated average cost-
effectiveness ratios (ACERs), which are defined as the difference in costs divided by the 
difference in QALYG compared to the no prophylactic hysterectomy strategy. Next, the 
incremental cost-effectiveness ratios (ICERs) of the different strategies were evaluated to 
determine the optimal strategy. We assumed a willingness-to-pay threshold of 100,000 US 
dollars per QALY for this analysis.31, 32
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Sensitivity analyses
To evaluate which assumptions were important drivers for our conclusion, we performed 
several sensitivity analyses (see range in Table 1). We varied: (1) Quality of life of endometrial 
cancer, prophylactic hysterectomy and health state well; (2) costs of (prophylactic) 
hysterectomy; (3) risk of endometrial cancer; and (4) lower life expectancy due to colorectal 
cancer risk in LS.

RESULTS

In the absence of prophylactic hysterectomy in FDRs with LS, the MISCAN-Endometrium 
model predicted 300 EC cases and 71 EC deaths per 1,000 women with LS, accounting for 
the age distribution of the FDR at LS diagnosis. Total associated costs for the treatment 
of EC were estimated at $5.9 million. Offering these women prophylactic hysterectomy 
greatly reduced the number of EC cases and deaths, ranging from 0 to 11 and of 0 to 2.9 per 
1,000 women, respectively. Although the number of LYG varied relatively little between the 
different strategies (411–435 per 1,000 women), the number of QALYG was substantially 
higher for strategies with age 40 as a start age (506–516 per 1,000 women) compared to 
age 35 (374–384 per 1,000 women) and age 30 (262–272). All strategies with prophylactic 
hysterectomy were cost-effective compared to no prophylactic hysterectomy, with ACERs 

Table 2: Results per 1000 women diagnosed with Lynch syndrome below $50,000 when either LYG or QALYG were 

used as effectiveness measures (Table 2).

Strategy EC cases EC deaths LYGa,b QALYGa,b Costsa, 

(million 
US$)

ACER QALYGa,b

No prophylactic hysterectomy 300 70.9 - - 5.9
30-70 5.6 2.0 426 262 14.1 $31,220
30-75 1.3 0.5 433 269 14.4 $31,618
30-80 0.0 0.0 435 272 14.6 $31,936
35-70 6.6 2.1 423 374 13.7 $20,735
35-75 2.3 2.9 430 381 14.0 $21,228
35-80 1.0 0.2 432 384 14.2 $21,513
40-70 11.0 2.9 411 506 13.2 $14,306
40-75 6.7 1.5 417 514 13.5 $14,768
40-80 5.4 1.0 420 516 13.7 $15,008

Abbreviations: ACER, Average Cost-Effectiveness Ratio; EC, deaths endometrial cancer deaths; LYG, life years 
gained; QALYG, quality-adjusted life years gained.

a Results are 3% discounted.

b Compared to no prophylactic hysterectomy
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When adjusting for quality of life, only strategies in which prophylactic hysterectomy was 
offered to FDRs after age 40 were efficient strategies; strategies that included prophylactic 
hysterectomy from age 30 and age 35 were more costly and resulted in fewer quality-
adjusted life years gained (Figure 3). The ICERs for ages 40–75 and ages 40–80 were $45,167 
and $70,430, respectively. Assuming a willingness-to-pay threshold of $100,000, offering 
prophylactic hysterectomy to LS women aged 40–80 was considered optimal. Compared 
to no prophylactic hysterectomy, this strategy would reduce the number of endometrial 
cancer cases to 5.4 (−98%), resulting in 516 quality-adjusted life years gained and increasing 
the costs (treatment of endometrial cancer and prophylactic hysterectomy) to $15.0 million 
(+154%) per 1,000 women. That PH before age 40 is not cost-effective can easily be seen 
from Table 3. For example, offering PH to women aged 30–34 prevents 77.9 EC deaths 
compared to 76.2 EC deaths for PH, women aged 40–44 prevents (Table 3), which is an 
increase of 2.2%. The life-years with PH before age 45 on the other hand increase from 
approximately 2.5 years to 12.5 years, an increase of 400%. At the other extreme, Table 3 
also clearly outlines why PH is still worthwhile even up to age 80: in 75–79 year-olds still 
more than 40 EC deaths per 1,000 women can be prevented, while the disutility from PH at 
that age is small, because we only assume disutility in the first three months after surgery.

Figure 3 – Efficiency frontier quality-adjusted life years gained QALYG Quality-adjusted life-years gained, LS Lynch 
syndrome

Sensitivity analyses
The findings of this study were robust for most of our assumptions (Supporting Information 
Appendix Table 5–14). Only when a higher utility after PH was assumed or life-years gained 
were considered as the primary outcome, offering prophylactic hysterectomy before age 40 
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was optimal. However, there were no model-recommended strategies with starting ages 
below 35 years. The recommended stop age was age 80 in all analyses, except when higher 
hysterectomy costs were assumed (Table 4).

Table 3: Results per age category (per 1000 women diagnosed with Lynch Syndrome)

Strategy EC cases 
prevented

EC deaths 
prevented

LYGa, b QALYGa Additional Costsa

(million US$)
30–34 351.8 77.9 460 −489 9.518
35–39 348.5 77.6 510 45 8.811
40–44 339.5 76.2 536 608 8.269
45–49 323.4 73.8 534 918 7.975
50–54 297.1 70.3 502 845 8.087
55–59 258.1 65.8 443 701 8.754
60–64 217.8 60.9 385 558 9.544
65–69 178.8 55.0 320 420 10.372
70–74 142.2 48.0 252 292 11.210

Abbreviations: EC, deaths endometrial cancer deaths; LYG, life years gained; QALYG, quality-adjusted life years gained. 
a Results are 3% discounted.

b Earlier PH adds slightly more LYG for women who would otherwise die from EC between this age group and the 
next. On the other hand, LYG in all women who would be diagnosed with EC after age 35 are discounted for 5 more 
years and therefore become smaller.
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Table 4 – Model-recommended strategies with a willingness-to-pay threshold of $100,000 based on varying 

input parameters in sensitivity analyses

Model recommended 
strategies

Base case 40-80
Base case without adjustment for quality of life 30-80
(Prophylactic) hysterectomy costs
- 50%
+ 100%

40-80
40-75

Treatment costs endometrial cancer
−50%	
+100%	

40-80
40-80

Utility endometrial cancer
0.68 40-80
Utility prophylactic hysterectomy
0.82
0.99

40-80
35-80

Risk of endometrial cancer
17%
60%

40-80
40-80

Accounting for reduced life expectancy due to increased colorectal 
cancer risk in LSa 40-80

Abbreviations: LYG, life years gained; QALYG, quality-adjusted life-years gained.

a MISCAN-Colon was used to generate lifetables that accounted for the increased colorectal cancer mortality of LS 
women, assuming LS women participated in biennial colonoscopy surveillance from age 25 to age 80.14



COST-EFFECTIVENESS OF PROPHYLACTIC HYSTERECTOMY IN LYNCH SYNDROME	 51

3

DISCUSSION

We evaluated the cost-effectiveness of offering prophylactic hysterectomy to asymptomatic 
women diagnosed with LS by reflex testing and subsequent cascade testing of FDR with 
colorectal cancer. Our results show that offering prophylactic hysterectomy to these 
women is cost-effective at currently accepted standards, and is most cost-effective when 
offered between age 40 and 80. Depending on an individual disutility for PH and premature 
menopause, women may decide to undergo PH at a younger age when the perceived impact 
of PH and premature menopause is small.

Obviously, earlier stop ages were optimal when higher costs of hysterectomy were assumed. 
The increase in benefits of offering prophylactic hysterectomy to LS women until age 80 
rather than age 70 or 75 was relatively small. This may be explained by the median age 
of diagnosis of endometrial cancer in patients with LS, which is 48 years,33 while 98% 
may be diagnosed before the age of 65 years.33 This may support stopping prophylactic 
hysterectomy before age 70 to prevent potential unnecessary surgery. However, as long as 
the relative increase in costs is also small, offering prophylactic hysterectomy until age 80 
may be considered.

Altering the input parameters for quality of life after PH resulted in the recommendation 
to start prophylactic hysterectomy at an age younger than 40 years. Women will go into 
premature menopause as a result of prophylactic hysterectomy, which can result in 
depression, anxiety, sexual dysfunction and lower self-confidence.34 We must acknowledge 
the presence of individual variation in the impact of PH on quality of life during premature 
menopause. Little is known on this individual variation and specific data on utilities after 
prophylactic surgery instead of curative surgery is currently lacking. Therefore, empirical 
data regarding quality of life after prophylactic hysterectomy and the resulting premature 
menopause are needed to make the quality of life adjustments that are made in our model 
more robust.

An important strength of this study is that it comprehensively compares the cost-effectiveness 
of offering prophylactic hysterectomy to women diagnosed with LS for different minimum 
and maximum ages in a mixed population of different ages. Our results are in line with 
the results from a prior Markov decision model by Kwon et al,17 who also showed that 
offering prophylactic hysterectomy from age 40 was the best strategy. Like us, Kwon et al17 
also showed that the results are highly depended on the inclusion of quality of life in the 
analyses. In our analyses, starting with prophylactic hysterectomy at age 30 until age 80 
prevented all endometrial cancer cases and deaths due to endometrial cancer, leading to a 
high number of LYG. However, this strategy comes at a high prize in terms of costs and quality 
of life. Hence, any strategy that starts at the age of 30 or even age 35 was dominated by 
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strategies that start prophylactic hysterectomy at age 40. In addition, the age when women 
have their first child is increasing, which might cause women to complete their family at an 
older age.35 As a consequence, women may postpone prophylactic hysterectomy. Yang et al36 
identified prophylactic hysterectomy from age 30 as optimal strategy, compared to annual 
examination. However, no other start ages were tested, which complicates the comparison 
with the results from our study.

Furthermore, the results of our study are applicable to all asymptomatic women with LS. 
Although the target population of our study consisted of FDR with LS of colorectal cancer 
patients with LS, the target population might also be FDR of patients diagnosed with 
EC. However, the majority of asymptomatic LS patients is identified through a colorectal 
cancer case in the family, which was therefore the focus of our current analysis. The only 
parameter in the model that was influenced by this assumption is the age distribution of 
the asymptomatic LS cases, which was only available for those related to a colorectal cancer 
patient. As the median ages of colorectal cancer and endometrial cancer diagnoses are 
comparable, the age distribution of first-degree relatives identified with LS are likely also 
comparable. Therefore, the results of our study are applicable to all asymptomatic women 
with LS, regardless of whether they were related to a colorectal cancer or an endometrial 
cancer patient.

Some limitations of our study should be acknowledged. First, we used the utilities and 
costs of hysterectomy combined with oophorectomy in our analyses, while we did not 
incorporate ovarian cancer in our microsimulation model. We have chosen to do so because 
prophylactic hysterectomy combined with oophorectomy has been recommended as 
preventive strategy in female patients with LS, given their elevated risk of ovarian cancer 
(2%–39% life time risk).16 However, recent studies have shown that ovarian cancer is often 
detected at an early stage in LS patients, with a relatively good 10-year survival prognosis 
of 81%.37-39 Hence, it might be an option to offer younger women the option to undergo 
a single prophylactic hysterectomy as initial surgery, and to undergo a delayed bilateral 
salpingo-oophorectomy at menopause. This two-step surgery option might influence the 
decision of women to undergo prophylactic surgery, since this option does not result in 
premature menopause. Given the changes in costs and quality of life, some effect on the 
cost-effectiveness is expected. Based on our sensitivity analysis, in which we assumed a 
higher utility after prophylactic hysterectomy, we expect that a younger starting age for 
prophylactic hysterectomy will be the optimal strategy. Future studies are necessary to 
determine if treatment options such as prophylactic hysterectomy with delayed bilateral 
salpingo-oophorectomy at menopause are (1) safe for LS patients given their elevated risk 
of ovarian cancer, and (2) cost-effective.
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Second, we assumed that every woman who was invited for prophylactic hysterectomy would 
undergo this procedure. The model therefore predicted the maximum achievable benefits of 
prophylactic hysterectomy. Although this implies that the predicted benefits are unrealistic, 
guidelines should be made based on the benefits that would accrue under perfect rates of 
adherence to recommendations. Moreover, any change in rates of adherence will have no 
effects on the ratios that were calculated in our analyses, as the costs and benefits that were 
used are proportional. Research has shown that FDR of patients with LS underutilize genetic 
screening, with uptake varying from 15% to 53%.40 A study on the uptake of bilateral risk-
reducing mastectomy and bilateral risk-reducing salpingo-oophorectomy amongst BRCA1/2 
mutation carriers showed that uptake was 40% and 45% respectively, and was related to 
lifetime risk and age.41 Third, we did not consider other LS-related cancers, such as colorectal 
or ovarian cancer; due to the lack of data we assumed that apart from an increased EC risk, 
LS cases have a normal life expectancy. This potentially resulted in an overestimation of 
life-years gained per EC death prevented. However, our sensitivity analysis showed that our 
findings were robust when we corrected life expectancy for the increased colorectal cancer 
mortality in LS. Fourth, the natural history of EC in women with LS is largely unknown. In 
line with analyses performed for colorectal cancer in LS, we assumed that dwelling times 
are ten times shorter for women with LS compared to the general population. Fifth, the risk 
of EC in LS women is uncertain, as estimates vary greatly among studies.8 We calibrated our 
model to the largest study that accounted for ascertainment bias,6-8 and explored higher and 
lower risk levels in sensitivity analyses. Our results demonstrate that the optimal age range 
depends on the assumed EC risk for LS cases, which is why future studies are needed to 
determine the exact risk of EC in LS women. Lastly, we assumed Medicare costs in our analysis 
while most women might not be Medicare eligible. Also we do not account for non-medical 
costs such as out-of-pocket costs or time out of work. The current costs might therefore be 
an underestimation of the costs associated with PH and the treatment of EC. Furthermore, 
we were unable to find recent cost data to use in our analyses, which might also contribute 
to an underestimation of the costs as we assumed that the somewhat older cost data were 
applicable to recent practice. Further studies are necessary to determine these type of costs 
to enrich existing cost-effectiveness analyses. Nonetheless, sensitivity analysis found our 
conclusions to be robust for our assumptions on costs and this underestimation will likely 
not have influenced our conclusions. We did not perform a probabilistic sensitivity analysis 
since it is not feasible to provide reliable confidence intervals around our estimates due to 
the lack of data on the distribution of most of the parameters Therefore, we have chosen 
to conduct several one-way sensitivity analyses. The results of these sensitivity analyses 
indicate that the findings of our study were robust for most of our assumptions.

Current guidelines in the United States recommend to offer prophylactic hysterectomy to 
women from age 40 or when childbearing has completed.3 This is in line with the results 
from our study and underlines the importance of identifying LS mutation carriers among 
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colorectal cancer patients and subsequent cascade testing to improve future prospects 
of these patients in terms of life expectancy and quality of life. However, standards and 
protocols vary between centers and countries, which may lead to undesired variation.42 
This variation may be caused by conflicting recommendations and protocols on the optimal 
screening and preventive strategy for LS.43 Additional information regarding costs and 
effects of prophylactic hysterectomy, as provided by our study, may aid in the development 
of uniform protocols and recommendations for the identification of LS mutation carriers. 
Moreover, our results can inform physicians and women with LS regarding the decision 
whether or not to perform prophylactic hysterectomy and from which age, which is 
important in determining the optimal strategy given the preference-sensitive nature of the 
decisions these patients are facing.

In summary, our study suggests that offering prophylactic hysterectomy to women 
diagnosed with LS is cost-effective, and is most cost-effective when offered from age 40 
until age 80. Individual variation in impact of PH and premature menopause on quality of life 
must be taken into account and may cause women to start PH earlier. These findings can be 
used to inform policy makers and clinicians regarding decisions about offering prophylactic 
hysterectomy to LS women.
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Appendix 1 

Model Appendix

Microsimulation model structure
The Microsimulation Screening Analysis (MISCAN) program was first developed in 1985 to 
evaluate the effects of screening on disease.1 Since then, the MISCAN program has been 
used to quantify the effects of primary and secondary prevention for cancers of the breast, 
colon, cervix, esophagus, pancreas, prostate, and lung.2-8

MISCAN Endometrial is a stochastic, semi-Markov, microsimulation model for endometrial 
cancer (EC) programmed in Delphi (Borland Software Corporation, Scotts Valley, California, 
United States). It can be used to explain and predict trends in EC incidence and mortality 
and to quantify the effects and costs of primary prevention of EC, screening for EC, and 
prophylactic hysterectomy. The term ‘microsimulation’ implies that the individuals are 
moved through the model one at a time, rather than as proportions of a cohort. The term 
‘semi-Markov’ implies that MISCAN Endometrial, unlike traditional Markov models, does 
not assume annual state transitions; instead it generates durations in states, allowing future 
state transitions to depend on past transitions, and thereby increases model flexibility 
and computational performance. The term ‘stochastic’ implies that the model determines 
the states and corresponding durations by drawing from probability distributions, rather 
than using fixed values. Hence, the results of the model are subject to random variation. 

The version of the MISCAN Endometrial model used for this manuscript consists of a 
demography module, a natural history module and a prophylactic hysterectomy module.

Demography module
Using birth- and life-tables, MISCAN Endometrial draws a date of birth and a date of non-EC 
death for each woman simulated. Birth tables were based on Leenen et al.,9 reflecting the 
age range of first-degree relatives of individuals diagnosed with lynch syndrome by universal 
testing of lynch syndrome in colorectal cancer. Life tables were based on National Vital 
Statistics Reports 2012,10 reflecting the life expectancy of women in the US. The maximum 
age an individual can achieve is assumed to be 100 years.

Natural history module

Transitions
All women are born without lesions. As each simulated woman ages, a woman may develop 
endometrial hyperplasia, either atypical or without atypia (Figure 1). Hyperplasia without 
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atypia was assumed to be 6.14 times more frequent than atypical hyperplasia.11 Hyperplasia 
may or may not progress into preclinical cancer, i.e cancer not yet giving symptoms. Over 
time, the preclinical cancer may start to give symptoms, resulting in cancer diagnosis. Upon 
diagnoses, women move to the clinical cancer state. After clinical diagnosis, EC survival is 
simulated using age-specific survival estimates based on 2009-2013 data from SEER 18.12 As 
it was assumed that women diagnosed with EC will receive hysterectomy combined with 
oophorectomy as part of their treatment, women can only develop endometrial hyperplasia 
and EC once during their lifetime. The date of death for individuals with EC is set to the 
earliest simulated death due either to EC or another cause (‘Demography module’). 

Figure 1: The stages of disease in the semi-Markov model.

Transition rates and durations 
A woman’s risk of developing hyperplasia depends on the woman’s age and a personal 
Gamma-distributed risk index (non-homogeneous Poisson process). The age-specific 
onset of hyperplasia was calibrated to the study by Bonadona et al,13 assuming a 35% 
risk of women diagnosed with lynch syndrome to develop EC before the age of 80. The 
progression of hyperplasia to endometrial cancer differed between hyperplasia without 
atypia and hyperplasia with atypia, since both have different dwelling times.11 Dwelling 
times were derived from Lacey et al. and were estimated with a Weibull distribution.11 In 
line with assumptions made for the development of colorectal cancer,14 preclinical lesions 
were assumed to progress 10 times faster in lynch syndrome patients than in the general 
population. Mean dwelling times for atypical hyperplasia and hyperplasia without atypia 
were 7.77 years and 114 years, respectively, reflecting that not all endometrial hyperplasia 
progresses to cancer. 
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Figure 2: Simulated versus observed endometrial cancer incidence, based on the study by Bonadona et al.13  

Prophylactic hysterectomy module
In the prophylactic hysterectomy module, women of a certain age (e.g., 40-80 years) undergo 
prophylactic hysterectomy. Women who underwent a prophylactic hysterectomy are no 
longer at risk for developing endometrial hyperplasia and EC. If any preclinical hyperplasia 
was present at the time of the prophylactic hysterectomy, it is assumed that this is removed 
and that this no longer impacts a woman’s life expectancy.

Integrating modules
In Figure 3, the life history of an example patient is shown; this figure can be used to 
demonstrate how the different modules are integrated and how the benefit of prophylactic 
hysterectomy is quantified. For each individual simulated, the demography module 
first generates a date of birth and a date of non-EC death, creating a life-history without 
endometrial hyperplasia or EC. Then, the natural history module comes into play, generating 
onset of disease. For some women, the onset of disease falls after their age of death of 
other causes, and the woman will not develop any disease. In the example in Figure 3, the 
simulated woman develops atypical hyperplasia at a relatively young age. This hyperplasia 
progresses into preclinical cancer, which is diagnosed because of symptoms and results in EC 
death before non-EC death would have occurred. In the prophylactic hysterectomy module, 
a prophylactic hysterectomy is simulated, indicated by the blue arrow. In this example, 
the prophylactic hysterectomy is performed when the woman already developed atypical 
hyperplasia. As a consequence of the prophylactic hysterectomy, both EC and EC death are 
prevented. Hence, integrating all three modules, prophylactic hysterectomy prolongs life by 
the amount indicated by the green arrow. 
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Figure 3: Integrating MISCAN modules for one example patient.  
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Appendix 2

Table 5 : Results sensitivity analysis: -50% hysterectomy costs (per 1000 women diagnosed with Lynch syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 300 70.9 - - 5.9
40-70 11.0 2.9 411 506 6.7 $1,600 $14,306
40-75 6.7 1.5 417 514 6.8 $1,796 $45,232
40-80 5.4 1.0 420 516 6.9 $1,901 $70,452
35-70 6.6 2.1 423 374 6.9 $2,694 Dominated

35-75 2.3 2.9 430 381 7.0 $2,935 Dominated
30-70 5.6 2.0 426 262 7.1 $4,600 Dominated
35-80 1.0 0.2 432 384 7.1 $3,070 Dominated
30-75 1.3 0.5 433 269 7.2 $4,887 Dominated
30-80 0.0 0.0 435 272 7.3 $5,061 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy

Table 6 : Results sensitivity analysis: +100% hysterectomy costs (per 1000 women diagnosed with Lynch 

syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 300 70.9 - - 5.9
40-70 11.0 2.9 411 506 26.0 $39,718 $39,718
40-75 6.7 1.5 417 514 26.8 $40,714 $106,335
35-70 6.6 2.1 423 374 27.2 $56,817 Dominated
40-80 5.4 1.0 420 516 27.2 $41,223 $159,019
35-75 2.3 2.9 430 381 28.0 $57,813 Dominated
30-70 5.6 2.0 426 262 28.0 $84,461 Dominated
35-80 1.0 0.2 432 384 28.3 $58,399 Dominated
30-75 1.3 0.5 433 269 28.8 $85,081 Dominated
30-80 0.0 0.0 435 272 29.2 $85,685 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy
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Table 7 : Results sensitivity analysis: utility endometrial cancer 0.68 (per 1000 women diagnosed with Lynch 

syndrome)

Strategy EC cases EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 300 70.9 - - 5.9
40-70 11.0 2.9 411 530 13.2 $8,988 $8,988
40-75 6.7 1.5 417 541 13.5 $9,296 $32,470
40-80 5.4 1.0 420 375 13.7 $9,453 $52,237
35-70 6.6 2.1 423 544 13.7 $11,348 Dominated
35-75 2.3 2.9 430 385 14.0 $11,673 Dominated
30-70 5.6 2.0 426 245 14.1 $14,251 Dominated
35-80 1.0 0.2 432 388 14.2 $11,847 Dominated
30-75 1.3 0.5 433 255 14.4 $14,584 Dominated
30-80 0.0 0.0 435 258 14.6 $14,776 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy

Table 8 : Results sensitivity analysis: utility prophylactic hysterectomy 0.82 (per 1000 women diagnosed with 

Lynch syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 300 70.9 - - 5.9
40-70 11.0 2.9 411 418 13.2 $17,333 $17,333
40-75 6.7 1.5 417 425 13.5 $17,836 $45,211
40-80 5.4 1.0 420 427 13.7 $18,109 $70,444
35-70 6.6 2.1 423 209 13.7 $18,312 Dominated
35-75 2.3 2.9 430 217 14.0 $18,835 Dominated
30-70 5.6 2.0 426 39 14.1 $206,977 Dominated
35-80 1.0 0.2 432 219 14.2 $37,692 Dominated
30-75 1.3 0.5 433 47 14.4 $180,570 Dominated
30-80 0.0 0.0 435 49 14.6 $175,617 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy
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Table 9 : Results sensitivity analysis: utility prophylactic hysterectomy 0.99 (per 1000 women diagnosed with 

Lynch syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 300 70.9 - - 5.9
40-70 11.0 2.9 411 668 13.2 $10,837 $10,837
40-75 6.7 1.5 417 675 13.5 $11,228 $45,727
40-80 5.4 1.0 420 678 13.7 $11,422 $70,467
35-70 6.6 2.1 423 676 13.7 $11,470 Dominated
35-75 2.3 2.9 430 683 14.0 $11,849 $63,304
30-70 5.6 2.0 426 669 14.1 $12,211 Dominated
35-80 1.0 0.2 432 686 14.2 $12,039 $70,467
30-75 1.3 0.5 433 677 14.4 $12,585 Dominated
30-80 0.0 0.0 435 679 14.6 $12,775 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy

 

Table 10: Results sensitivity analysis: risk endometrial cancer 17% (per 1000 women diagnosed with Lynch 

syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 284.0 69.0 - - 5.4
40-70 6.3 2.2 363 416 13.1 $18,569 $18,569
40-75 1.8 0.6 370 425 13.5 $19,036 $42,351
40-80 0.4 0.1 372 427 13.6 $19,308 $70,927
35-70 6.0 2.1 363 269 13.7 $30,833 Dominated
35-75 1.5 2.2 371 277 14.0 $31,179 Dominated
30-70 5.9 2.1 364 157 14.1 $55,556 Dominated
35-80 0.1 0.0 373 279 14.2 $31,497 Dominated
30-75 1.4 0.5 371 165 14.5 $54,885 Dominated
30-80 0.0 0.0 373 167 14.6 $55,099 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy
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Table 11: Results sensitivity analysis: risk endometrial cancer 60% (per 1000 women diagnosed with Lynch 

syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 609.7 136.3 - - 12.3
40-70 16.7 4.5 863 1344 13.4 $787 $787
40-75 9.9 2.2 875 1360 13.5 $856 $6,681
40-80 7.9 1.4 878 1363 13.6 $892 $13,572
35-70 10.2 3.3 882 1208 13.9 $1,316 Dominated
35-75 3.5 4.5 893 1224 14.0 $1,386 Dominated
35-80 1.5 0.2 897 1228 14.1 $1,425 Dominated
30-70 8.8 3.1 886 1087 14.4 1,880 Dominated

30-75 2.0 0.8 897 1103 14.5 $1,949 Dominated
30-80 0.0 0.0 900 1107 14.5 $1,990 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy

Table 12 : Results sensitivity analysis: Accounting for reduced life expectancy due to increased colorectal cancer 

risk in LS  (per 1000 women diagnosed with Lynch syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 297.5 69.9 - - 5.9
40-70 10.9 2.9 404 495 13.2 $14,670 $14,670
40-75 6.7 1.5 411 503 13.5 $15,132 $45,244
40-80 5.4 1.0 413 505 13.7 $15,372 $70,569
35-70 6.5 2.1 417 363 13.7 $21,445 Dominated
35-75 2.3 2.9 424 371 14.0 $21,933 Dominated
30-70 5.5 1.9 420 251 14.1 $32,748 Dominated

35-80 1.0 0.2 426 373 14.2 $22,218 Dominated

30-75 1.3 0.5 426 258 14.4 $33,115 Dominated
30-80 0.0 0.0 429 260 14.6 $33,429 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy
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Table 13 : Results sensitivity analysis: -50% costs of treatment EC (per 1000 women diagnosed with Lynch 

syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 300 70.9 - - 3.0
40-70 11.0 2.9 411 506 13.0 $19,859 $19,859
40-75 6.7 1.5 417 514 13.4 $20,357 $53,167
35-70 6.6 2.1 423 374 13.6 $28,409 Dominated
40-80 5.4 1.0 420 516 13.6 $20,611 $79,509
35-75 2.3 2.9 430 381 14.0 $28,906 Dominated
30-70 5.6 2.0 426 262 14.0 $42,230 Dominated
35-80 1.0 0.2 432 384 14.2 $29,199 Dominated
30-75 1.3 0.5 433 269 14.4 $42,540 Dominated
30-80 0.0 0.0 435 272 14.6 $42,842 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy

Table 14 : Results sensitivity analysis: +100% costs of treatment EC (per 1000 women diagnosed with Lynch 

syndrome)

Strategy EC 
cases

EC 
deaths

LYGa QALYGa Costsa, 

(million US$)
ACER 
QALYGa,b

ICER QALYG

No prophylactic 
hysterectomy 300 70.9 - - 11.9
40-70 11.0 2.9 411 506 13.5 $3,200 $3,200
40-75 6.7 1.5 417 514 13.7 $3,591 $29,362
40-80 5.4 1.0 420 516 13.8 $3,801 $52,337
35-70 6.6 2.1 423 374 13.9 $5,388 Dominated

35-75 2.3 2.9 430 381 14.1 $5,870 Dominated
30-70 5.6 2.0 426 262 14.3 $6,139 Dominated
35-80 1.0 0.2 432 384 14.3 $9,200 Dominated
30-75 1.3 0.5 433 269 14.5 $9,774 Dominated
30-80 0.0 0.0 435 272 14.6 $10,122 Dominated

EC deaths endometrial cancer deaths, LYG life years gained, QALYG quality-adjusted life years gained, ACER Average 
Cost-Effectiveness Ratio

a Results are 3% discounted

b Compared to no prophylactic hysterectomy
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ABSTRACT

Objective: To provide an overview of prediction models for the risk of developing endometrial 
cancer in women of the general population or for the presence of endometrial cancer in 
symptomatic women.

Methods: We systematically searched the Embase and Pubmed database until September 
2017 for relevant publications. We included studies describing the development, the 
external validation, or the updating of a multivariable model for predicting endometrial 
cancer in the general population or symptomatic women.

Results: Out of 2756 references screened, 14 studies were included. We found two prediction 
models for developing endometrial cancer in the general population (risk models) and one 
extension. Eight studies described the development of models for symptomatic women 
(diagnostic models), one comparison of the performance of two diagnostic models and 
two external validation. Sample size varied from 60 (10 with cancer) to 201,811 (855with 
cancer) women. The age of the women was included as a predictor in almost all models. 
The risk models included epidemiological variables related to the reproductive history 
of women, hormone use, BMI, and smoking history. The diagnostic models also included 
clinical predictors, such as endometrial thickness and recurrent bleeding. The concordance 
statistic (c), assessing the discriminative ability, varied from 0.68 to 0.77 in the risk models 
and from 0.73 to 0.957 in the diagnostic models. Methodological information was often 
limited, especially on the handling of missing data, and the selection of predictors. One risk 
model and four diagnostic models were externally validated.

Conclusions: Only a few models have been developed to predict endometrial cancer in 
asymptomatic or symptomatic women. The usefulness of most models is unclear considering 
methodological shortcomings and lack of external validation. Future research should focus 
on external validation and extension with new predictors or biomarkers, such as genetic and 
epigenetic markers.
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INTRODUCTION

Endometrial cancer is the sixth most common type of cancer in women worldwide and 
its incidence has been increasing since 1990 (Ferlay et al., 2013). This increase might 
be related to improvements in detection in the general population and in diagnostics in 
women with (postmenopausal) bleeding. Further, in many populations the body mass index 
(BMI) is rising and several studies have shown that adiposity is the strongest risk factor of 
endometrial cancer (Kyrgiou et al., 2017; Dixon, 2010; Collaboration NCDRF, 2016; Ng et 
al., 2014). Other risk factors that are associated with endometrial cancer are higher age, 
hypertension, diabetes, nulliparity, early menarche, late menopause, oestrogen uptake, 
and genomic alterations (MacMahon, 1974; Hecht and Mutter, 2006). Combining these 
risk factors in multivariable prediction models may help to identify women in the general 
population at high risk of developing endometrial cancer. Prediction models can also 
facilitate early diagnosis in symptomatic women. Several risk and diagnostics models for 
endometrial cancer have been developed (Pfeiffer et al., 2013; Wong et al., 2016; Husing 
et al., 2016; Burbos et al., 2010; Giannella et al., 2014). The models can be used for risk 
prediction for prevention purposes. Particularly models with modifiable risk factors, such as 
BMI, hypertension, and oestrogen uptake may facilitate tailored preventive interventions on 
diet, lifestyle or drug use. This might reduce the incidence of endometrial cancer.

Once endometrial cancer has developed, diagnostic models can be used for early diagnosis. 
Postmenopausal bleeding and increasing endometrial thickness are the most common 
symptoms of endometrial cancer and are often considered in these diagnostic models (Gull 
et al., 2003). The diagnostic models facilitate early diagnosis, which may result in efficient 
use of diagnostic resources and improved survival. Since no overview of these models has 
been published so far, we aimed to systematically review multivariable models predicting 
the risk of endometrial cancer in the general population. We also systematically reviewed 
models for the presence of endometrial cancer in symptomatic women. We describe the 
model development, the included predictors, the predicted outcome, and any attempts to 
external validation to assess the quality of the models and determine if these models are 
ready for use in practice.

METHODS

Search strategy 
The search strategy that was used in this review was based on previous published searches 
(Damen et al., 2016; Ingui and Rogers, 2001) and other systematic reviews of prediction 
models (Smit et al., 2015; Meads et al., 2012; Mushkudiani et al., 2008). Specific terms for 
endometrial cancer were added to the search strategy. The index terms of papers that were 
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considered relevant were manually searched to check if any search terms were missing from 
the search strategy. The final strategy (S1) was used in the PubMed and Embase databases 
in August 2017.

Inclusion criteria 
We included all papers with the main aim of developing, validating or updating a model 
predicting the risk of endometrial cancer in the general population or presence in 
symptomatic women. Any multivariable (at least two predictors) prediction model was 
eligible for inclusion, including prediction scores or prediction tools. Only papers written in 
the English language were included. There was no restriction on publication date. 

Screening process and data extraction 
Two authors performed the screening process and data extraction. One author (MA) 
reviewed the titles and abstracts of all papers that were identified during the search, 
after which a random sample of 10% was checked by another author (KV). Both authors 
independently screened the full text of the remaining papers for eligibility. Disagreements 
were solved by discussion between the authors or consulting a senior author (YV). The data 
extraction sheet was based on the CHARMS checklist. The data extraction sheet was pilot 
tested on two articles to ensure consistency between both authors. Subsequently, both 
authors performed the data extraction on all included papers. Specific attention was paid to 
four main topics (study design and methods, outcome and predictors, model development, 
model performance and model validation) of the CHARMS checklist, as these topics mainly 
influence the validity of the models. Study design and methods: We identified the study 
design (e.g. casecontrol, cohort, case-cohort), source of data (e.g. hospital based or national 
registries) and size of the study population. In addition, the inclusion criteria for each study 
were assessed. Outcome and predictors: We assessed the measurement and definition 
of both the outcome and predictors, and the handling of predictors (e.g. predictors were 
kept continuous or were dichotomized). Model development: We assessed the following 
topics: handling of predictors, number of events per variable (EPV), number and handling 
of missing data (e.g. single imputation, multiple imputation), methods for selection of 
predictors in the multivariable model (e.g. univariate analyses or subject matter knowledge) 
and during multivariable modelling (backward or forward selection), modelling method 
(e.g. logistic regression, cox proportional hazards), shrinkage (e.g. penalized shrinkage or 
lasso) and model presentation (e.g. regression formula, score chart, nomogram or risk 
score). Model performance and validation: Aspects concerning model performance and 
validation that were assessed were discrimination, calibration, internal validation (e.g. split-
sample approach, cross-validation, bootstrapping) and external validation (e.g. geographical 
or temporal validation). Furthermore, the sensitivity, specificity, positive and negative 
likelihood ratios, and positive and negative predictive values of the diagnostic models were 
included in this topic, if reported.
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Figure 1 - Flow diagram of study selection process
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RESULTS

We identified 2756 papers during the initial search. These records were screened on title 
and abstract after which 23 records were included for full text screening. The low sensitivity 
of the search (less than 1% of the initial search result was included for full text screening) 
is in line with other searches, as a consequence of the lack of adequate search terms for 
prediction models. After full text screening, 9 papers were eligible for inclusion. In addition, 
5 extra papers were identified by hand search, leading to the inclusion of 14 papers in this 
review (Fig. 1). Two papers developed prediction models for the general population (risk 
models), eight papers developed prediction models for symptomatic women (diagnostic 
models), one paper internally evaluated a model, two papers described the external 
validation of previous developed models and one paper described the extension of an 
existing prediction model. 

Prediction models for endometrial cancer in the general population (risk 
models) 
Study designs and population 
The two studies that developed risk models used data from population based cohorts; one 
study used the European EPIC cohort (Husing et al., 2016) and one study used a cohort 
from the United States (Pfeiffer et al., 2013) (US) (Table 1). The data was collected using a 
prospective cohort design. The sizes of the study populations were large: 146,679 (1559 with 
cancer) (Pfeiffer et al., 2013) and 201,811 (855 with cancer) (Husing et al., 2016). Inclusion 
criteria were similar for the two studies. 

Outcome and predictors 
Cases were identified through record linkage with regional cancer registries, linkage to 
health insurance records, active follow-up of study subjects and systematic requests 
of patient records from pathology registries in the European study (Husing et al., 2016). 
Identification of cases in the other study was done via linkage with state cancer registries, 
annual study updates and reviews of medical records (Pfeiffer et al., 2013). Both studies 
included predictors that were previously associated with endometrial cancer. The European 
study handled most of the continuous predictors as a linear term and centered them at the 
median (Husing et al., 2016), while the other study categorized all continuous predictors 
(Pfeiffer et al., 2013). Both studies investigated interaction effects between predictors and 
had an EPV above ten. 

Model development 
Both studies encountered incomplete data. The US study created an indicator variable 
for the predictor (benign breast disease) with 20% missing data and excluded all women 
with missing data for other predictors (Pfeiffer et al., 2013). The other study used a single, 
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simple imputation for the missing data (Husing et al., 2016). Both prediction models were 
developed with Cox proportional hazard regression for the relative risks with an additional 
cause specific competing risk analysis to enable computation of the age specific absolute 
risk of developing endometrial cancer. The two studies used a stepwise backward selection 
procedure to identify the strongest predictors, with alpha 0.01 (Pfeiffer et al., 2013) and 0.1 
(Husing et al., 2016). The developed models both included the predictors age at menopause, 
BMI, parity, (duration of) oral contraceptives and menopausal hormone therapy (MHT) use, 
and smoking. The European model also included age at menarche, age at first full term 
pregnancy, and an interaction term between age at menarche and BMI. The US model 
included an interaction term of MHT use and BMI < 25 kg/m2 (Table 2). The European study 
used a bootstrap sample procedure followed by linear shrinkage to improve internal validity 
(Husing et al., 2016). 

Model performance and validation 
The US study used independent data from the Nurses’ Health Study (NHS) to assess model 
performance. The validation dataset consisted of 37,241 participants and 532 cases. 
Performance of the risk model in the external dataset was assessed with the c-statistic (0.68 
[0.66–0.70]) and expected versus observed ratio (E/O ratio) (1.20 [1.11–1.30]) (Table 3).  
The European study used five-fold cross validation; no specification was given about the split of 
the data. The discriminative ability was assessed with the c-statistic (0.77 [0.68–0.85]) and the 
calibration with the E/O ratio (0.99) and the Hosmer-Lemeshow test (p = 0.08). The integrated 
discrimination index (IDI) was also estimated (0.18% [0.04- 0.3]) to examine the difference 
between the developed model and a model that only included age and country (Table 3).  
The European model was extended with serum-based biomarkers in a separate study 
(Fortner et al., 2017). The same population (EPIC cohort) was used for updating, with a 
nested case-cohort design (716 participants, 247 cases). The biomarkers include adiponectin, 
total cholesterol, HDL cholesterol, C-peptide, C-reactive protein, androstenedione, 
DHEAS, oestrone, glucose, IGFBP1, IGFBP2, IL1Ra, IL6, SHBG, testosterone, TNF receptor 
1, TNF receptor 2, TNFα and triglycerides. The biomarkers were log2-transformed and 
adjusted for age, center and menopausal status. Missing data was imputed with mean 
values. A backward selection procedure with alpha 0.157 was used to select serum-based 
biomarkers. The improvement of the model was assessed with the c-statistic and showed 
0.02 points improvement (from 0.627 to 0.647, corrected for optimism) for the model with 
all biomarkers, and 0.017 points improvement (from 0.627 to 0.644, corrected for optimism) 
for the model with selected biomarkers (Table 3). 
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Table 3: Model performance and validation measures
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Risk models
Fortner et al. (2017) 0.64 [0.60-0.69] X
Hüsing et al. (2015) X X 0.77 [0.68-0.85] X

Pfeiffer et al. (2013) X 0.68 [0.66-0.70] X

Diagnostic models
Madkour (2017) 0.95
Wong et al. (2016) 0.71 [0.66-0.75]

0.93 [0.90-0.95]
X
X

Giannella et al.(2014) 0.88 [0.84-0.91] X

Angioli et al. (2013) 0.957 [0.91-0.98] X X2

Opolskiene et al.(2011) 0.74 [0.67-0.81]
0.82 [0.76-0.87]
0.89 [0.84-0.94]
0.91 [0.87-0.95]

X1

X1

Burbos et al. (2011) 0.73 [0.70-0.77]
Burbos et al. (2010) 0.77 X
Weber et al. (1999) 0.75

0.74
0.66

X
X
X

1 = external validation was performed by Sladkevicius et al. 
2 = external validation was performed by Plotti et al.

Prediction models for endometrial cancer for symptomatic women 
(diagnostic models) 
Study designs and population 
Seven out of eight studies developed diagnostic models in cohorts from Europe (n = 5), the 
Middle East (n = 1) or Hong Kong (n = 1). One study used a case-control design for model 
development with participants from the US (Weber et al., 1999) (Table 1). Population size 
varied considerably between studies, from 60 (10 cases) to 4383 (168 cases). Seven studies 
included women presenting with postmenopausal bleeding. Postmenopausal bleeding 
was in four studies defined as vaginal bleeding after at least one year of spontaneous 
amenorrhoea (Burbos et al., 2010, 2011; Opolskiene et al., 2011; Sladkevicius and Valentin, 
2016). Two studies extended this definition with a minimum age of 40 years (Giannella et al., 
2014; Madkour, 2017) and one study did not specify any definition (Wong et al., 2016). Two 
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studies only included women with postmenopausal bleeding and endometrial thickness 
larger than 4 mm (Giannella et al., 2014) or 4.5 mm (Opolskiene et al., 2011). One study 
included women aged 40–65 years with ultrasound endometrial abnormalities (endometrial 
thickness, polyps and submucous myoma) and scheduled hysteroscopy (Angioli et al., 2013). 

Outcome and predictors 
The diagnosis of endometrial cancer in all studies was based on histopathology of the 
tissue that was obtained during endometrial sampling. Two studies restricted endometrial 
sampling to women with endometrial thickness over 5 mm, based on transvaginal ultrasonic 
scanning (Burbos et al., 2010, 2011). All studies included age as predictor in the multivariable 
modelling, complemented with epidemiological predictors, such as BMI and parity, or clinical 
predictors such as endometrial thickness and the presence of hypertension. One study also 
included HE4 (Human Epididymis Protein 4) levels, a tumour marker that can be obtained 
via a blood test. Six out of eight studies had an EPV of more than ten, the other studies had 
an EPV of 8 (Weber et al., 1999) and below 1 (Madkour, 2017). Continuous predictors were 
kept continuous in seven studies (Wong et al., 2016; Burbos et al., 2010; Giannella et al., 
2014; Weber et al., 1999; Burbos et al., 2011; Opolskiene et al., 2011; Angioli et al., 2013), 
one study dichotomized the continuous predictors (Madkour, 2017). 3.2.3. 

Model development 
Five studies (Wong et al., 2016; Burbos et al., 2010; Weber et al., 1999; Burbos et al., 2011; 
Opolskiene et al., 2011) mentioned the presence of missing data, but the handling of missing 
data was described in only one study (Wong et al., 2016). Wong et al. imputed the mean for 
some variables and assigned the category ‘multiparous’ to women with missing data for the 
variable parity, as preliminary analysis showed no significance for this missing category. All 
studies used logistic regression analyses for model development. Six studies performed a 
preselection of predictors based on univariable analyses, with a p-value of 0.20 (Wong et al., 
2016; Weber et al., 1999) or p-value of 0.05 (Giannella et al., 2014; Opolskiene et al., 2011; 
Madkour, 2017; Angioli et al., 2013). The methods and criteria for selection of predictors 
during multivariable modelling varied among the studies. Forward selection, backward 
selection and full model approaches were used. Selection was based on p-values of 0.05 
in five studies (Wong et al., 2016; Giannella et al., 2014; Weber et al., 1999; Opolskiene et 
al., 2011; Angioli et al., 2013). One study did not clearly report the methods that were used 
during multivariable modelling (Madkour, 2017). The predictors that were included in the 
developed models varied, ranging from models with mostly epidemiological predictors, to 
models that only included predictors related to abnormalities of the endometrium (Table 2).

Model performance and validation 
Performance of the diagnostic models was assessed with measures specific for diagnostic 
tests such as sensitivity and specificity (n = 7), positive and negative likelihood ratio 
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(n = 6), positive and negative predictive value (n = 5) and the Youden index (n = 2). All 
studies used the area under the ROC curve (AUC), which is the same as the c-statistic in 
logistic regression analysis, to describe the discriminative ability of the prediction model. 
The AUC varied from 0.73 to 0.957. The goodness-of-fit was assessed with the Hosmer-
Lemeshow test in two studiesx (Giannella et al., 2014; Weber et al., 1999). Three studies 
(Wong et al., 2016; Giannella et al., 2014; Angioli et al., 2013) used internal validation 
with a split-sample method, with a split into two equal parts (Giannella et al., 2014) or 
in three parts (Wong et al., 2016; Angioli et al., 2013) (two third for model development, 
one third for validation). One study (Sladkevicius and Valentin, 2016) assessed the added 
value of endometrial thickness to a model that included only clinical predictors. Two 
external validation studies of diagnostic models were found. Both studies were temporal 
validations, as data for model development and external validation was collected in the 
same hospital but data used in the validation was more recent. The authors of the external 
validation studies were involved in the original model development. Both studies used a 
prospective cohort to validate the developed model with sample sizes of 80 women with 
cancer (Sladkevicius and Valentin, 2016) and 102 women with cancer (Plotti et al., 2017).  
One study described the performance of the models in the external data with the AUC, 
which was comparable to the performance in the original data(AUC of 0.89 and 0.91 (0.91 
and 0.89 in the original data respectively)) (Sladkevicius and Valentin, 2016). The calibration 
was shown with calibration plots, without further specification of the intercept and slope. 
One study described the model performance with the predicted and observed number of 
malignant cases (93 predicted versus 102 observed) and benign cases (187 predicted versus 
196 observed) and used a predefined cut-off point to determine the sensitivity, specificity, 
and the positive and negative predictive value. The model showed improved performance in 
terms of sensitivity (94% versus 89%) and positive predictive value (0.91 versus 0.73).

DISCUSSION

This review shows the reported prediction models for risk of endometrial cancer in the 
general population and presence of endometrial cancer in symptomatic women. Most 
models were developed and validated in European and Northern American populations. 
One of the two risk models was externally validated in a large independent cohort (Pfeiffer 
et al., 2013). Only three of the fourteen diagnostic models were externally validated in a 
temporal validation study (Sladkevicius and Valentin, 2016; Plotti et al., 2017). No head to 
head comparison of developed models was found. 

Age was included in almost all models; BMI and parity were also frequently included. 
The risk models further included variables related to the reproductive history of women, 
hormone use, and smoking. All these predictors are known for the relation with developing 
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endometrial cancer (Smith et al., 2003; Beral et al., 2005; Lesko et al., 1985; Hinkula et al., 
2002; Kitson et al., 2017). The relation between age and the development of several types 
of cancer has been most extensively described (DePinho, 2000; Balducci and Ershler, 2005; 
Anisimov, 2003). In the diagnostic models clinical predictors were more important, such as 
endometrial thickness, recurrent bleeding and insulin resistance. 

Shortcomings in methodology were found in almost all studies, which is consistent with 
the findings from other systematic reviews on prediction models in different research areas 
(Damen et al., 2016; Mushkudiani et al., 2008; Collins et al., 2013; Bouwmeester et al., 
2012). Information on handling of this missing data was limited. Nine (Pfeiffer et al., 2013; 
Wong et al., 2016; Husing et al., 2016; Burbos et al., 2010; Fortner et al., 2017; Weber et al., 
1999; Burbos et al., 2011; Opolskiene et al., 2011; Sladkevicius and Valentin, 2016) out of 
fourteen studies mentioned the presence of missing data, of which four studies (Pfeiffer et 
al., 2013; Wong et al., 2016; Husing et al., 2016; Fortner et al., 2017) described the handling 
of the missing data. Handling varied from creating an indicator variable for the missing 
data to single, simple imputation. A previous simulation study has shown that the indicator 
method will lead to biased results, even when the missing data is missing completely at 
random (Donders et al., 2006). None of the models used multiple imputation, while this is 
considered the preferred method (Donders et al., 2006; Marshall et al., 2010). 

The way of identifying the strongest predictors varied between the models. Both forward 
and backward procedures were used with different stopping rules. The choice for a stopping 
rule has an influence on the number of predictors that will be selected during the modelling 
process, which may result in overfitting depending on the sample size (Steyerberg, 2009). Six 
out of eight studies with diagnostic models (Wong et al., 2016; Giannella et al., 2014; Weber 
et al., 1999; Opolskiene et al., 2011; Madkour, 2017; Angioli et al., 2013) used a rather 
stringent p-value of 0.05 during multivariable modelling, while samples sizes were relatively 
small. Two of these diagnostic models had an EPV below ten, which might contribute to 
overfitting of the prediction model, resulting in too extreme predictions for new patients. 
Especially the performance (c-statistic of 0.95) of the model with EPV below 1 might be too 
optimistic, and will probably deteriorate during external validation. 

Reproducibility of the results can be studied with internal validation (Steyerberg and 
Vergouwe, 2014). Bootstrapping is considered the most efficient method to study internal 
validity in small datasets (Moons et al., 2012). Three studies (Husing et al., 2016; Fortner 
et al., 2017; Weber et al., 1999) used bootstrapping to internally validate the developed 
models and three studies (Wong et al., 2016; Giannella et al., 2014; Angioli et al., 2013) used 
a split-sample. Remarkable is the use of bootstrapping in the EPIC study, as their sample 
size was large (855 women with cancer) and bootstrapping might therefore be considered 
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unnecessary as overfitting and optimism is limited in such large sample sizes (Steyerberg, 
2009). 

It is important to assess the validity of a model in independent data from a different 
setting (geographical validation) or from a more recent time period (temporal validation) 
(Steyerberg, 2009; Altman and Royston, 2000; Justice et al., 1999). Three studies performed 
an external validation, in which the models showed relatively good performance in the 
independent data (Pfeiffer et al., 2013; Sladkevicius and Valentin, 2016; Plotti et al., 2017). 
One model (Pfeiffer et al., 2013) overestimated the number of cases, indicating suboptimal 
calibration in the large. This was related to the difference in average risk in the population 
that was used for model development. Miscalibration in the large is often found and can 
easily be adjusted for (te Velde et al., 2014; Vergouwe et al., 2010). 

The two risk models included in this review have moderate discriminative ability, which did 
not improve substantially by updating the model with serum-based biomarkers. This implies 
that new information may be needed to improve the model performance. Improvement is 
necessary because implementing a model with poor discriminative ability has little value 
in practice. New information can for example be found in the field of epigenetics. Current 
developments in other research areas have already shown that the epigenome contains 
objective information on environmental exposure and can be useful for making risk 
predictions. Alterations in DNA methylation were shown to be the consequence of adiposity. 
The change in DNA methylation predicted the risk of developing type 2 diabetes (Wahl et al., 
2017). In addition, the hypomethylation of the aryl hydrocarbon receptor repressor (AHRR) 
gene holds information on former smoking status, which might contribute to risk predictions 
of lung cancer (Bojesen et al., 2017). Further, the methylation of peripheral blood cell DNA 
can serve as a predictor for the risk of developing breast cancer (Widschwendter et al., 2008). 
Adding information from the epigenome to existing risk prediction models likely improves 
their performance, as information from the epigenome is less error-prone and may therefore 
hold more information than data from questionnaires (Ladd-Acosta and Fallin, 2016; 
Pashayan et al., 2016). Adding genetic information for instance on mutations in mismatch 
repair genes, as seen in Lynch syndrome, may also improve model performance. Women 
with Lynch syndrome have approximately a 20–60% cumulative lifetime risk of developing 
endometrial cancer and Lynch syndrome is responsible for 2-5% of all endometrial cancer 
cases (Meyer et al., 2009). 

The total number of studies included in this review is relatively small, especially the number 
of models that predict the risk of developing endometrial cancer in the general population. 
Despite extensive searches no additional studies were found. The small number of studies 
may have an influence on the overview of selected predictors, as more studies might give a 
more complete and representative reflection of important predictors. 
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In conclusion, only a few models have been developed to predict endometrial cancer in 
asymptomatic or symptomatic women. The usefulness of most of the models is unclear 
considering methodological shortcomings and lack of external validation and head to head 
comparisons of models. Developed risk models should be externally validated and extended 
with new predictors, such as genetic and epigenetic risk predictors, to improve model 
performance. Future research on diagnostic models should focus on external validation and 
creating models with larger sample sizes, which could be realized with individual patients 
data meta-analysis.
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ABSTRACT

Introduction: Surgery is advocated in hepatocellular adenomas (HCA) >5 cm that do not 
regress to <5 cm after 6–12months. The aim of this study was to develop a model for these 
patients, estimating the probability of HCA regression to <5 cm at 1 and 2 years follow-up.

Methods: Data were derived from a multicenter retrospective cohort of female patients 
diagnosed with HCA >5 cm at first follow-up. Potential predictors included age, body mass 
index, and HCA diameter at diagnosis (T0), HCA-subtype (hepatocyte nuclear factor 1a 
inactivated HCA, inflammatory-HCA, unclassified HCA) and “T0-T1 regression-over-time” 
(percentage of regression between T0 and first follow-up (T1) divided by weeks between 
T0 and T1). Cox proportional hazards regression was used to develop a multivariable model 
with time to regression of HCA < 5 cm as outcome. Probabilities at 1 and 2 years follow-up 
were calculated.

Results: In total, 180 female patients were included. Median HCA diameter at T0 was 82.0 
mm and at T1 65.0 mm. Eighty-one patients (45%) reached the clinical endpoint of regression 
to <5 cm after a median of 34 months. No complications occurred during follow-up. In 
multivariable analysis, the strongest predictors for regression to <5 cm were HCA diameter 
at T0 (log transformed, hazard ratio (HR) 0.05), T0-T1 regression-over-time (HR 2.15) and 
HCA subtype inflammatory-HCA (HR 2.93) and unclassified HCA (HR 2.40), compared to 
hepatocyte nuclear factor 1a inactivated HCA (reference). The model yielded an internally 
validated c-index of 0.79.

Conclusions: In patients diagnosed with HCA >5 cm that still exceed 5 cm at first follow-up, 
regression to <5 cm can be predicted at 1 and 2 years follow-up using this model. Although 
external validation in an independent population is required, this model may aid in decision-
making and potentially avoid unnecessary surgery. 
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INTRODUCTION

Hepatocellular adenoma (HCA) is a rare benign liver tumor that is usually discovered 
incidentally in women using estrogen containing oral contraceptives (OC). It has been 
associated with obesity, metabolic disorders, and the intake of androgens. With cessation 
of OC and weight reduction regression of HCA may occur (1–3). HCA can be subdivided 
based on genetic and phenotypic characteristics, among which Hepatocyte Nuclear Factor 
1a inactivated (H-HCA), inflammatory-HCA (I-HCA), b-catenin-activated (b-HCA), b-catenin-
activated inflammatory (b-IHCA), and most recently, sonic hedgehog (sh-HCA) adenomas 
(4,5) (Table 1). HCA with no specific mutations are termed unclassified adenomas (U-HCA). 
These subtypes may be distinguished radiologically or based on immunohistochemical 
staining or molecular characterization. Contrast-enhanced magnetic resonance imaging 
(MRI) has the highest sensitivity and specificity for diagnosis of HCA and may also be used 
for subtype determination (6,7). Liver biopsy can be performed in the case of inconclusive 
imaging or when its result is expected to impact treatment decisions.

Table 1: HCA subtypes

H-HCA Inactivating mutation of Hepatocyte Nuclear Factor 1α

I-HCA JAK/STAT pathway activation, caused by mutations in different parts of the signaling 
pathway. 

β-HCA Mutation in either exon 3 or exon 7/8 of the CTNNB1 gene, causing activation of the 
β-catenin protein. At risk for malignant transformation. 

β-IHCA Both JAK/STAT pathway activation and a mutation in CTNNB1. At risk for malignant 
transformation. 

sh-HCA Activation of sonic hedgehog signaling pathway
U-HCA Restgroup of HCA without distinctive underlying mutations or activations

 
The most common complication of HCA is hemorrhage, thought to occur mostly in I-HCA 
(8) and sh-HCA (5). A more rare complication is malignant transformation to hepatocellular 
carcinoma, occurring particularly in b-HCA or b-IHCA and in men with HCA (9,10). Both 
complications seem to occur mostly in HCA exceeding 5 cm (10,11). In the clinical practice 
guideline regarding the management of benign liver tumors, it is stated that a conservative 
approach with lifestyle adaption (cessation of OC, weight reduction) is justified in women 
with HCA (12). Resection of HCA is indicated in men, patients with b-HCA or b-IHCA, in 
case of significant growth, and when HCA diameter exceeds 5 cm 6 months after lifestyle 
changes. However, a recent study showed that the follow-up of potential regression could 
be prolonged to 12 months, and possibly even longer for large HCA (13) as these lesions 
will regress over time and sometimes even disappear completely (Figure 1). The present 
study focuses on patients diagnosed with HCA > 5 cm that still exceed 5 cm at first follow-
up imaging. The aim of this study was to develop a clinical prediction model estimating the 
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probability of HCA regression to >5 cm at 1 and 2 years of follow-up, which can be used in 
timely selection of patients for surgery. 

Figure 1. Example of regressing HCA. Example of a patient with a large HCA in the right hemiliver. (a) At diagnosis 
in 2013. A-I T2-W fatsaturated sequence. A-II T1-W fatsaturated sequence venous phase. (b) Nearly complete 
regression 3 years after cessation of oral contraceptives. B-I T2-W fatsaturated sequence. B-II T1-W fatsaturated 
sequence venous phase.

METHODS

Design and study population 
Patients were derived from a retrospective cohort of patients diagnosed with HCA in 3 
tertiary referral centers in the Netherlands (the Erasmus MC University Medical Center in 
Rotterdam, the Amsterdam University Medical Centers (location Academic Medical Center) 
in Amsterdam, and the University Medical Center in Groningen) between January 2000 and 
October 2017. HCA diagnosis was established by either contrast-enhanced MRI, histological 
examination (biopsy or resection specimen), or both. Patients were included if they were 
women and had at least 1HCA with a diameter >5 cm at the moment of diagnosis (T0) as 
well as at first follow-up imaging (T1). The minimum follow-up time was 6 months. Men with 
HCA and all patients with histologically proven b-(I)HCA were excluded because resection 
is recommended in these patients because of higher risk of malignant transformation. 
Patients who underwent an intervention before their first follow-up imaging and those 
who experienced hemorrhage before HCA diagnosis causing an unreliable radiological 
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assessment of the diameter were also excluded. The study protocol was reviewed by the 
accredited institutional review board; informed consent was waived. 

All patients were treated according to the same treatment algorithm. At diagnosis, patients 
were presented at a multidisciplinary tumor board to establish a definitive diagnosis. When 
HCA was diagnosed, patients were urged to discontinue OC and other systemic hormonal 
agents and to reduce weight in case of a body mass index (BMI) > 25 kg/m2. First follow-up 
imaging was scheduled usually around 6–12 months after diagnosis. For each patient, all 
follow-up imaging was discussed at the multidisciplinary tumor board, and management 
(continuing follow up or intervention) was determined. 

Electronic medical records were retrospectively reviewed to collect clinical data including 
sex, age at diagnosis, diagnostic work-up (imaging modality, biopsy), date and size of HCA at 
time of diagnosis (T0) and first follow-up (T1), date of last follow up imaging, management 
(follow-up, intervention), and HCA subtype (H-HCA, I-HCA, and U-HCA). Because sh-HCA 
was not described until recently, it is not included as a separate subtype in this study. 
HCA-subtype was determined based on typical contrast-enhanced MRI features (6,7,14), 
immunohistochemistry (15), or patho-molecular characterization. In all 3 centers, histologic 
specimens have been recently revised to determine HCA subtypes of older patients 
diagnosed before 2013. U-HCA were only considered to be unclassified based on patho-
molecular characterization, when only imaging report was available the subtype remained 
undetermined (missing). 

The clinical outcome was regression to <5 cm, and the date of the follow-up imaging 
when the HCA was seen to have regressed to <5 cm for the first time was documented. In 
patients with multiple lesions, the size of the largest lesion was taken because the European 
Association for the Study of the Liver guideline states to base management decisions on the 
size of the largest lesion (12). A new variable was calculated to objectify the regression-over-
time between T0 and T1. First, we calculated the regression coefficient between T0 and T1: 
(diameter HCA T0 2 diameter HCA T1)/diameter HCA at T0. This was then standardized by 
dividing the regression coefficient by the number of weeks between T0 and T1. This results 
in a new variable called “T0T1 regression-over-time.”

Statistical analysis
Continuous variables are summarized as median and interquartile range, categorical 
variables as frequency (n) and percentages (%). All statistical analyses were performed using 
IBM SPSS software version 21.0 (Chicago, IL) or R version 3.3.3. 

Differences between groups were analyzed using x2 test for categorical variables. Correlation 
between variables was analyzed using Pearson product-moment correlation coefficient. 
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Overall time-to-event analysis was performed using the Kaplan-Meier method and log-rank 
test with regression of the HCA to <5 cm as outcome. Patients who were treated conservatively 
and failed to reach this clinical endpoint were censored at the time of last follow-up imaging; 
patients who underwent an intervention were censored at the last imaging before intervention.

To identify predictors of HCA regression to <5 cm, a multivariable Cox proportional hazards 
model was developed. We only considered variables that were regarded as clinically relevant 
and that were easily accessible. These were age at diagnosis, BMI, HCA diameter at T0, T0T1 
regression-over-time, and HCA subtype. OC use was not considered as a predictor as almost 
all patients used OC. We used natural logarithmic transformation to correct for nonlinearity 
when indicated. Multiple imputation with 5 complete datasets (R, mice package, van Buuren 
2017) was applied to account for missing data for BMI (14.7%) and HCA subtype (18.9%).

The inclusion of variables into the multivariable model was assessed using a stepwise 
backward selection method (R, rms package, Harrell 2017) based on the Akaike information 
criterion. We used an internal validation procedure with bootstrap resampling with 500 
replications to correct the model performance for optimism, and to compute a shrinkage 
factor to correct for overfitting (16). Point estimates were reported as hazard ratios (HRs) 
with 95% confidence intervals (95% CIs). The overall performance in terms of discriminative 
ability of the prediction model was measured with Harrell’s concordance index (C-statistic) 
and corrected for optimism. A C-statistic below 0.5was considered as very poor, a C-statistic 
over 0.7 as good, and a C-statistic over 0.8 as strong. All tests were 2-sided and a P-value , 
0.05 was considered as the level of significance.

The prediction model was developed and reported in accordance with the transparent 
reporting of a multivariable prediction model for individual prognosis or diagnosis guideline 
(see Appendix A, Supplementary Digital Content 1, http://links.lww.com/AJG/A80) (17). 
The following sensitivity analyses were performed to validate the model: first with only 
baseline characteristics, a second in patients with pathologically proven HCA and subtypes 
based on patho-molecular characterization only, and a third in patients who were treated 
conservatively only (excluding those who underwent an intervention).

RESULTS

Clinical characteristics
A total of 180 patients met the inclusion criteria: 122 from Erasmus Medical Center, 
Rotterdam, 30 from Amsterdam University Medical Centers, Amsterdam, and 28 from 
University Medical Center, Groningen. They were all women diagnosed with HCA at a 
median age of 36 years and with a median BMI of 32.0 kg/m2. Almost all (95.6%) used OC. 
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All but one patient underwent contrast-enhanced MRI, and in 98 patients (54.4%), HCA was 
histologically proven. No statistically significant differences in diagnostic work-up were seen 
between the 3 participating centers. More than half of the study population (57.2%) had 
I-HCA, 15% U-HCA, and 8.9% H-HCA (Table 2).

Follow-up and primary endpoint
The median follow-up time was 24.0 months, median HCA diameter at diagnosis (T0) was 
82.0 mm, and at first follow-up imaging (T1), 65.0mm(Table 2). Median time between 
diagnosis and first follow-up imaging was 6 months (interquartile range 5–8 months). 
Kaplan-Meier analysis showed 81 patients reaching the clinical endpoint of regression to,5 
cm(45%) after a median of 34 months since diagnosis (95% CI 25.8–42.2 months) (Figure 
2a). Subanalysis in patients who used OC showed no statistically significant difference in 
reaching the clinical endpoint between patients with BMI,or.30 kg/m2 (P = 0.78, Figure 2b). 
Most of the patients were treated conservatively (67.2%), the remaining 32.8% underwent 
an intervention (27.8% resection, 3.3% embolization, and 1.7% radiofrequency ablation). Of 
the 81 patients who reached the clinical endpoint of regression to <5 cm, 8 still underwent 
an intervention because of an active pregnancy wish or on patients own request. No 
statistically significant correlation was found between the year of diagnosis and whether an 
intervention was performed (r = -0.145, P =  0.053). No statistically significant differences in 
management were seen between the 3 participating centers (P = 0.650). HCA was confirmed 
in all resection specimens. No growth of HCA or complications (hemorrhage or malignant 
transformation) occurred during the surveillance period.

Construction of the prediction model
After stepwise backward selection based on the Akaike information criterion, the final 
multivariable model comprised 3 variables. These were HCA diameter at T0 (log transformed, 
HR 0.05), T0T1 regression-over-time (HR 2.15), and HCA subtype (HR1.00 (reference), 2.93 
and 2.40 for H-HCA, I-HCA and U-HCA, resp.) (Table 3). The predicted chance (%) of HCA 
regression to ,5 cm within 1 and 2 years after diagnosis can be determined by: 

1 year after diagnosis : P = [1 – (exp(-exp(B) x 0.063))] x 100%  
2 years after diagnosis : P = [1 – (exp(-exp(B) x 0.306))] x 100%  
B = [(LN(HCA diameter T0) x -2.996) + (T0T1 regression-over-time x 0.736) + ([0 if H-HCA; 
1.091 if I-HCA; 0.878 if U-HCA)] + 11.749] x 0.830.

The overall predictive ability for regression to <5 cm, calculated with internally validated 
C-statistic (corrected for optimism), was 0.79 (95% CI 0.73–0.85).
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Table 2: baseline characteristics

Included patients with HCA
N = 180

Female 180 (100%)
Median age at diagnosis (yr) 36 (29 – 45)
Median BMI (kg/m2) 32.0 (27.4 – 35.9)
Hormone usage
     Oral contraceptives 172 (95.6%)
     Never 3 (1.7%)
     Steroids as medication 1 (0.6%)
     Unknown 4 (2.2%)
Median follow-up time (months) 24.0 (13.0 – 49.0)
Median time between diagnosis and first follow-up imaging 
(months) 6.0 (5.0 – 8.0)

Median diameter of HCA at diagnosis (mm) 82.0 (65.0 – 100.0)
Median diameter of HCA at first follow-up imaging (mm) 65.0 (56.0 – 80.0)
Diagnostic work-up
     Contrast enhanced MRI 179 (99.4%)
     Histologically proven 98 (54.4%)
HCA subtype
     H-HCA 16 (8.9%)
     I-HCA 103 (57.2%)
     U-HCA 27 (15%)
     Undetermined 34 (18.9%)
Management
     Conservative 121 (67.2%)
     Resection 50 (27.8%)
     Embolization 6 (3.3%)
     Radiofrequent Ablation 3 (1.7%)

Sensitivity analyses
Three sensitivity analyses were performed. In the first, only baseline characteristics were 
used, so T0T1 regression over time was discarded. This resulted in a multivariable model 
with HCA diameter at T0(logtransformed,HR0.1) and HCA subtype (HR1.00 (reference), 9.86 
and 15.34 for H-HCA, I-HCA and U-HCA, resp.). The internally validated C-statistic (corrected 
for optimism) was 0.79 (95% CI 0.72–0.91). Sensitivity analysis in patients with pathologically 
proven HCA only (n598, of which 29 reached the clinical endpoint of regression to <5 cm) 
provided us with a multivariable model comprising the same 3 variables as the complete 
analysis with similar HRs and a C-statistic of 0.77. The third analysis was performed in 
patients who were treated conservatively only (n= 5121, of which, 74 reached the clinical 
endpoint of regression to <5 cm), also resulting in a multivariable model comprising the 
same 3 variables as the complete analysis and a C-statistic of 0.73.
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Figure 2. Kaplan-Meier analysis. (a) Kaplan-Meier curves for the event HCA regression to <5 cm in months after 
diagnosis (T0), median and 95% CI. (b) Subanalysis based on BMI (< or > 30 kg/m2) in patients who used oral 
contraceptives. BMI, body mass index; HCA, hepatocellular adenoma.

Application of the prediction model
The final model was translated into a chance assessment tool. Predictors include diameter at 
diagnosis, diameter at first follow-up, dates of diagnosis and first follow-up, and HCA-subtype 
(T0T1 regression-over-time will be calculated automatically). The chance assessment tool 
will provide the estimated chance of regression to <5 cm at 1 and 2 years after diagnosis 
(Figure 3). The chance assessment tool is available via https://hcaprediction.shinyapps.io/
calculator/.

Table 3: multivariable Cox proportional hazards model

Hazard ratio  
(95% confidence interval) p-value

Diameter of HCA at diagnosis (logtransformed, mm) 0.05 (0.02– 0.13) <.001
T0T1 regression over time 2.15 (1.75 – 2.70) <.001
HCA subtype
     H-HCA 1.00 (reference)
     I-HCA 2.93 (1.19 – 7.21) 0.02
     U-HCA 2.40 (0.88 – 6.55) 0.09
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Figure 3. Chance calculator. An example of a patient in the chance calculator. Patient had a 70 mm inflammatory 
HCA at diagnosis that regressed to 60 mm at first follow-up. The predicted chance of regression to <5 cm is 7% 1 
year after diagnosis and 29% 2 years after diagnosis. The chance calculator is available via https://hcaprediction.
shinyapps.io/calculator/. H-HCA, HNF-1a inactivated HCA; I-HCA, inflammatory HCA; U-HCA, unclassified HCA.

DISCUSSION

In this study of 180 female patients diagnosed with HCA >5 cm in 3 tertiary referral centers 
in the Netherlands, we present a clinical chance assessment tool able to predict the 
probability of HCA regression to ,5 cm at 1 and 2 years after diagnosis. The model comprises 
3 easily accessible variables: HCA diameter at diagnosis, T0T1 regression-over-time, and 
HCA subtype. This study is the first to develop a prediction model from a clinical perspective 
for patients with HCA. The model can be used for patients diagnosed with HCA >5 cm that 
still exceed 5 cm at first follow-up imaging and estimates the chance of regression to <5 cm 
at 1 and 2 years after diagnosis. It can be of aid to clinicians in decisions pertaining to surgery 
or continued surveillance. Using this model, resection can be reserved for patients with low 
probability of HCA regression, whereas unnecessary resection in patients with a high chance 
of HCA regression can be avoided. A considerable health benefit could be provided as HCA is 
associated with obesity and the complication risk following surgery is significantly increased 
in such patients (18,19).

To identify factors predictive of HCA regression to <5 cm, 5 variables were considered to 
be clinically relevant and easily accessible. Age at diagnosis and BMI turned out to be the 
least predictive and were therefore not included in the final model. Ideally, we would have 
wanted to add change in BMI as a potential predictive variable, as weight loss seems to be 
a factor to cause regression of HCA (2). In our series a subanalysis in patients who used OC 
showed no significant differences in reaching the clinical endpoint of,5 cm between patients 
with BMI, or. 30 kg/m2. Unfortunately, change in BMI was underreported in all centers.

Our results show that the association between a high BMI at diagnosis and regression of HCA 
is minor if anything, future studies should focus on prospectively assessing the association 
between regression and weight loss. The finding that age is not a significant predictor 
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surprised us, as it has been established that HCA regress after menopause (20). This may be 
attributed to the fact that the effect of cessation of OC causes the first regression, whereas 
the effect of age will not be noticeable until a later stage of follow-up.

The model shows that the size of the HCA at diagnosis and T0T1 regression-over-time, 
defining the regression of the HCA over time between diagnosis and first follow-up imaging, 
are associated with regression to <5 cm. Larger HCA have a lower chance of reaching the 
clinical endpoint of <5 cm, as do HCA that show little regression in the first follow-up period. 
Hemorrhage was only seen on diagnostic imaging and did not occur after the establishment 
of HCA diagnosis and cessation of OC and no malignant transformation was seen during 
follow-up. This suggests that a significant decrease in size as such might be just as relevant 
to prevent bleeding as the decrease in size to ,5 cm. Currently, there are no data supporting 
the concept that there is still a risk of bleeding in regressing HCA. Therefore, surgery might 
not be necessary even in HCA .5 cm to prevent bleeding because the risk of bleeding in a 
HCA showing regression in size, apparently is very small. This study supports this concept in 
a large clinical series.

The results show that the chance of regression to <5 cm is lower in H-HCA, compared with 
I-HCA and U-HCA. However, given the low risk of complications in H-HCA, a conservative 
approach seems justified in confirmed H-HCA, independent of the chance of regression. 
In addition, because this study might lead to a more conservative approach regarding 
HCA in general, subtype determination and biopsy within the diagnostic workup becomes 
increasingly important. In this study, we deliberately excluded men with HCA and patients 
with histologically proven b-(I)HCA because resection is recommended in these cases, given 
the higher risk of malignant transformation (9,10). In addition, early resection might be 
performed in sh-HCA, given the apparent higher risk of bleeding (5). A conservative approach 
may only be justified when HCA-subtype is established in I-HCA and H-HCA, preferably with 
biopsy.

We performed 3 different sensitivity analyses in this study. In the first, the model was 
developed with baseline characteristics only to see whether the model may be used at 
diagnosis as well. This resulted in a model with HCA diameter at diagnosis and HCA-subtype 
only and a comparable C-statistic as compared to the complete analysis. We believe, 
however, that the model is of more interest to use after the first follow-up imaging because 
a conservative approach with lifestyle changes and follow-up is advised in all patients with 
HCA, irrespective of the diameter. The second and third sensitivity analyses were performed 
in patients with pathologically proven HCA and those who were treated conservatively only. 
Both show a model comprising the same variables as the model from the complete analysis 
with comparable HR’s. We aimed to make the cohort for the complete analysis as large as 
reliably possible to make a more accurate model.
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A previous study performed in the corresponding center aimed at evaluating whether 
a 6-month interval, as suggested in the European Association for the Study of the Liver 
guideline, is sufficient to expect HCA regression to <5 cm and showed that the cut-off point 
for the assessment of regression could be prolonged to at least 12 months (12,13). Time-
to-event analysis showed that HCA with larger baseline diameter take considerably longer 
to regress, as was seen in the current prediction model. The previous study did not find 
a statistically significant difference between HCA subtype and median time to regression, 
whereas in the current study, HCA subtype is included in the prediction model. This 
difference might well be explained by the larger population in the current study (180 vs 118) 
or the statistical analysis (Kaplan-Meier vs multivariable Cox regression).

This study is subject to a few limitations. Patients were included between 2000 and 2017, a 
period in which the quality of imaging improved considerably and management might have 
changed. However, no correlation was found between the year of diagnosis and whether 
an intervention was performed. Second, interval censoring may occur because imaging 
provides measurements at a set time point. Third, we used 2-dimensional measurements 
to assess tumor regression. We are well aware that 2-dimensional measurements do not 
represent a volume decrease; however, the long-term follow-up indicates a reliable outcome 
of these measurements. A fourth limitation might lie in the fact that all data were collected 
retrospectively, and we had missing data for BMI and HCA subtype. Multiple imputation was 
used to account for the missing data. Finally, the last and most important limitation is the 
lack of external validation in an independent study population. Although internal validation 
with bootstrapping techniques suggested a good model fit with minimal overfitting, external 
validation is preferred before implicating the model in the management of HCA. For external 
validation, it is custom to have a dataset of at least 100 events, and because HCA is a rare 
tumor that used to be mostly resected, it will take more time before such a dataset for 
external validation is available.

In conclusion, it was demonstrated in a large clinical series that a multivariable model 
comprising of the 3 easily accessible variables, HCA diameter at diagnosis, T0T1 regression-
over-time, and HCA subtype, could be helpful to assess the chance of HCA regression in 
female patients with non-b-catenin–mutated HCA >5 cm at diagnosis that still exceed 5 cm 
at first follow-up imaging if they adhere to life style adaptations, including cessation of OAC. 
The model may be of help to clinicians in making a well-informed management decision, 
reserving invasive treatment only for those patients with a high risk of complications and 
a low chance of HCA regression to <5 cm. The model still requires external validation in an 
independent study population. Other investigators are invited to share their data to further 
improve the risk estimations of the current model.
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SUMMARY

Background: Because most pancreatic intraductal papillary mucinous neoplasms (IPMNs) 
will never become malignant, currently advocated long‐term surveillance is low‐yield for 
most individuals.

Aim: To develop a score chart identifying IPMNs at lowest risk of developing worrisome 
features or high‐risk stigmata.

Methods: We combined prospectively maintained pancreatic cyst surveillance data‐bases 
of three academic institutions. Patients were included if they had a presumed side‐branch 
IPMN, without worrisome features or high‐risk stigmata at baseline (as de‐fined by the 
2012 international Fukuoka guidelines), and were followed ≥ 12 months. The endpoint was 
development of one or more worrisome features or high‐risk stigmata during follow‐up. We 
created a multivariable prediction model using Cox‐ proportional logistic regression analysis 
and performed an internal‐external validation.

Results: 875 patients were included. After a mean follow‐up of 50 months (range 12‐157), 
116 (13%) patients developed worrisome features or high‐risk stigmata. The final model 
included cyst size (HR 1.12, 95% CI 1.09‐1.15), cyst multifocality (HR 1.49, 95% CI 1.01‐2.18), 
ever having smoked (HR 1.40, 95% CI 0.95‐2.04), history of acute pancreatitis (HR 2.07, 95% 
CI 1.21‐3.55), and history of extrapancreatic malignancy (HR 1.34, 95% CI 0.91‐1.97). After 
validation, the model had good discriminative ability (C‐statistic 0.72 in the Mayo cohort, 
0.71 in the Columbia cohort, 0.64 in the Erasmus cohort).

Conclusion: In presumed side branch IPMNs without worrisome features or high‐risk 
stigmata at baseline, the Dutch‐American Risk stratification Tool (DART‐1) success‐fully 
identifies pancreatic lesions at low risk of developing worrisome features or high‐risk 
stigmata.
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INTRODUCTION

Pancreatic cystic lesions are a common, often incidental finding. Recent large studies using 
magnetic resonance cholangiopancreatography revealed a remarkably high prevalence in 
the general population1, 2 of up to 49% and even up to 60% for persons over 70 years.2 Many 
of these lesions are neoplastic mucinous cysts, a subgroup with a varying risk of malignant 
progression, depending on pathological subtype and extent of pancreatic duct involvement.

Of all neoplastic cysts, side branch intraductal papillary mucinous neoplasms (SB-IPMN) 
are the most common and deemed to bear the lowest risk of harboring malignancy or 
progressing to malignancy. Risk estimations were initially based on small, retrospective 
series, evaluating mainly resected SB-IPMN in tertiary referral centers.3-6 They reported 
a risk of invasive carcinoma ranging from 11%6 to 29%.3 However, several recent studies 
indicate a much lower risk for incidentally found SB-IPMN. In 2015, a meta-analysis was 
published including 2177 patients under surveillance for SB-IPMN, of which only 82 (3.7%) 
developed a pancreatic malignancy.7 Since then, several additional studies, each including at 
least 300 patients with at least five years of follow-up, reported a pancreatic cancer risk of 
only 0-1.6% for small asymptomatic cysts.2, 8-12 However, all these studies were retrospective 
and the actual, long-term risk is yet to be determined by large and prospective studies.

Pending definite answers, the European,13 AGA,14 ACG,15 and international Fukuoka16 
guidelines recommend surveillance with magnetic resonance imaging/magnetic resonance 
cholangiopancreatography and/or endoscopic ultrasound for all IPMNs, including small 
unsuspected cysts, in an attempt to detect pancreatic cancer in an early or even premalignant 
stage. These recommendations pose a considerable burden on patients and health care 
resources, while the clinical benefit with regard to survival remains to be proven. 

There are currently no tools to distinguish IPMNs that do not warrant surveillance, or that 
are helpful in selecting a tailored and optimal surveillance interval. Previous prediction 
models have focused on identifying high-risk IPMNs to improve patient selection for 
surgery.17-24 Although these models are valuable and necessary, the vast majority of SB-
IPMNs do not progress. Therefore, we aimed to develop a prediction model that identifies 
patients with SB-IPMN at lowest risk of developing worrisome features or high-risk stigmata. 
Such a stratifying tool is needed to prevent redundant surveillance and reduce the burden 
for patients and health care systems.
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MATERIALS AND METHODS

Study design
We included pancreatic cyst surveillance data from prospectively-maintained databases 
of three academic institutions, namely the Erasmus University Medical Center, Rotterdam, 
the Netherlands; Columbia University Medical Center, New York, USA; and the Mayo Clinic 
Florida, Jacksonville, USA. At the Erasmus UMC, the study was exempt from institutional 
review board review (MEC-2018-1285). The study received IRB approval at Columbia UMC 
(AAAO8260(M01Y04)) and at the Mayo Clinic (14-007100). The need for written informed 
consent was waived by the Erasmus UMC and Columbia UMC. At the Mayo Clinic Florida, 
verbal informed consent was obtained from each participant before enrollment. The study 
was performed according to the declaration of Helsinki and the manuscript complies 
with the statement for the transparent reporting of a multivariable prediction model for 
individual prognosis or diagnosis (TRIPOD).25

Participants
The databases contain all consecutive patients under surveillance for a pancreatic cyst since 
2004 (Erasmus University Medical Center), 2003 (Columbia University Medical Center), and 
2000 (Mayo Clinic Florida). From these databases, we selected patients with a radiologically 
presumed SB-IPMN who had been followed-up for at least 12 months. A subset of these 
patients have been described previously.26 We excluded individuals with one or more 
worrisome features or high-risk stigmata at baseline, as defined in the 2012 international 
Fukuoka guidelines27 (Figure 1). 

Endpoint and candidate predictors
The endpoint was defined as the development of one or more worrisome features or high-
risk stigmata according to the 2012 International Fukuoka guidelines. Candidate predictors 
were chosen based on prior publications and medical reasoning. Included in the analysis 
were age, personal history of diabetes mellitus (defined as having a previous diagnosis in 
electronic medical records), body mass index, having smoked ever, personal history of acute 
pancreatitis, personal history of any type of extrapancreatic malignancy, family history of 
pancreatic ductal adenocarcinoma, multifocality of the cyst, and the diameter of the largest 
cyst. All variables were assessed at the time of cyst diagnosis.

Statistical analysis
Missing data was imputed using multiple imputation by chained equations (MICE) based 
on the posterior distributions with five datasets with the MICE package in R software.28 We 
used a Cox-proportional logistic regression analysis to develop a multivariable prediction 
model. A linear relation was the best approximation of the relationship between the 
endpoint and the continuous predictors. A backward stepwise selection procedure was 
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performed with Akaike’s Information Criterion as stopping rule, to select the model with 
the highest predictive performance. This final model was presented with hazard ratios, and 
95% confidence intervals calculated using a parametric approach, to indicate the individual 
predictor effects. Because of interrelationships among predictors, in this approach the final 
model can include predictors that have non-statistically significant individual predictor 
effects. The Cox-proportional hazard assumption was checked and showed non-significant 
results, indicating that proportional hazards can be assumed.

 

FIGURE 1. Flow-chart of patient selection and model development process

 
We first performed an internal validation with bootstrap resampling with 500 replications 
to shrink the model’s coefficients to minimize overfitting.29 Subsequently, we performed an 
internal-external validation of the final model, in which each subcohort was in turn omitted 
from the development set and subsequently used as validation set (Figure 1). Model 
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performance in terms of discriminative ability was described with the Harrell’s concordance 
statistic (C-statistic), which varies between 0.5 (a non-informative model) and 1.0 (a perfect 
model). The coefficients were used to calculate the probability of developing worrisome 
features or high-risk stigmata within three years and within five years, which is presented 
in a score chart. We used SPSS Statistics 22 (IBM Corporation, Armonk, New York, USA) and 
R Software version 3.3.5 (R foundation for statistical computing, Vienna, Austria) for the 
statistical analysis.

RESULTS

Participants and clinical outcome
We included 875 patients. The mean age was 66 (SD 11.2) years, 37% (321) were male, 
74% (648) Caucasian, and the mean BMI was 27 (SD 4.9). At baseline, multifocal cysts were 
observed in 335 (38%) patients and the average diameter of the largest cyst was 12 mm 
(SD 6.4, see table 1 for all baseline characteristics). After a mean follow-up of 50 months 
(SD 28.5, range 12-157) and a total follow-up of 3,649 person-years, 116 (13.2%) patients 
developed one or more worrisome features or high-risk stigmata. Table 2 shows the baseline 
characteristics according to outcome. 

In the group who developed a worrisome feature, surgery was performed on 36 (31%) 
patients. Pathology showed an invasive carcinoma in 3, high grade dysplasia in 6, low 
or moderate grade dysplasia in 22, a neuroendocrine tumor in 1, and a mucinous cystic 
neoplasm in 4 patients. In the group without a worrisome feature during follow-up, surgery 
was performed on 20 (2.6%) patients. Reasons for this included the presence of symptoms 
(other than jaundice or current pancreatitis), minor growth of a cyst smaller than 3 cm, 
an increased cyst fluid carcinoembryonic antigen level, a pancreatitis episode in the past 
(but not at the moment of cyst detection), the patient’s wishes, or a combination of these 
reasons. In these cases, pathology showed only low or moderate grade dysplasia (18) or a 
mucinous cystic neoplasm (2). Of the non-operated patients, none were diagnosed with 
pancreatic cancer during follow-up.

Missing data and model specification
None of the patients had missing data for the endpoint, age, cyst multifocality, or initial cyst 
size. There was ≤5% missing data for smoking behavior (4.5%), personal history of diabetes 
(0.6%), personal history of acute pancreatitis (2.1%), personal history of extrapancreatic 
malignancy (1.0%), and family history of pancreatic ductal adenocarcinoma (4.3%). For body 
mass index, data was missing for 200 (23%) patients.
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The model with the best fit included cyst size (HR 1.12, 95% CI 1.09-1.15), cyst multifocality 
(HR 1.49, 95% CI 1.01-2.18), having smoked ever (HR 1.40, 95% CI 0.95-2.04), history of 
acute pancreatitis (HR 2.07, 95% CI 1.21-3.55), and history of extrapancreatic malignancy 
(HR1.34, 95% CI 0.91-1.97). The hazard ratios and 95% CI of each predictive variable in both 
univariable and multivariable analysis are shown in table 3.

TABLE 1. Baseline patient and cyst characteristics.

Erasmus UMC  
(n=79)

Columbia UMC  
(n=483)

Mayo Clinic Florida  
(n=313)

Patient characteristics
Age, mean (SD), y 61 (11.0) 65 (11.9) 68 (9.5)
Male gender 20 (25.3) 197 (40.8) 104 (33.2)
Race

Caucasian 
Asian 
Black 
Other 
Unknown

64 (81.0) 
2 (2.5) 
4 (5.1) 
4 (5.1) 
5 (6.3)

295 (61.1) 
20 (4.1) 
30 (6.2) 
16 (3.3) 

122 (25.3)

289 (92.3) 
3 (1.0) 

16 (5.1) 
1 (0.3) 
4 (1.3)

Diabetes mellitus 10 (12.7) 119 (24.6) 46 (14.7)
Body mass index, mean (SD) 27 (5.6) 27 (5.0) 27 (4.8)
Smoking ever 27 (34.2) 189 (39.1) 126 (40.3)
Alcohol ever 38 (48.1) 198 (41) 136 (43.5)
History of acute pancreatitis 9 (11.3) 48 (9.9) 13 (4.2)
History of extrapancreatic 
malignancy

12 (15.2) 195 (40.4) 84 (26.8)

Family history of PDAC 10 (12.7) 50 (10.4) 30 (9.6)
Cyst characteristics
Location dominant cyst

Head 
Body 
Tail

52 (65.8) 
22 (27.8) 

4 (5.1)

188 (38.9) 
188 (38.9) 
106 (21.9)

141 (45.0) 
103 (32.9) 
68 (21.7)

Multifocality 43 (54.4) 188 (38.9) 104 (33.2)
Largest diameter, mean (SD), mm 13 (6.6) 11.5 (6.5) 12 (6.1)

Values presented as n (%) unless otherwise indicated; SD, standard deviation; PDAC, pancreatic ductal 
adenocarcinoma;

Model performance
Bootstrap resampling showed limited optimism in the C-statistic of 0.02. In the internal-
external validation, model performance varied between the three subcohorts. The model 
showed the best discriminative ability in the cohorts of Mayo Clinic Florida (C-statistic 0.72, 
95% CI 0.61-0.84) and Columbia UMC (C-statistic 0.71, 95% CI 0.66-0.80). The performance 
within the Erasmus UMC cohort was 0.64 (95% CI 0.57-0.88).
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Score chart and example
The Dutch-American Risk stratification Tool (DART-1) visualises the estimated 3-year and 
5-year risk of developing one or more worrisome features or high-risk stigmata for all 
possible predictor combinations (Figures 2A and 2B). A web-based application has been 
developed and is available at https://rtools.mayo.edu/DART/ (Figure 3). When using 
the DART-1, a patient with a unifocal cyst smaller than 1 cm, without a history of acute 
pancreatitis, extrapancreatic malignancy or smoking, has an estimated 3-year risk of ≤2% 
and 5-year risk of ≤5% to develop one or more worrisome features or high-risk stigmata.

TABLE 2. Patient and cyst characteristics separated on study endpoint.

 
Total  

(N = 875)

No development 
of WF or HRS 

 (n = 759)

Development 
of WF or HRS  

(n = 116)
Center

Erasmus UMC
Columbia UMC
Mayo Clinic

79 (9.0) 
483 (55.2) 
313 (35.8)

65 (8.6) 
410 (54.0) 
284 (37.4)

14 (12.1) 
73 (62.9) 
29 (25.0)

Patient characteristics
Age, mean (SD), y 66 (11.2) 65 (10.9) 67 (12.8)
Male gender 321 (36.7) 271 (35.7) 50 (43.1)
Race

Caucasian
Asian 
Black 
Other 
Unknown

648 (74.1) 
25 (2.9) 
50 (5.7) 
21 (2.3) 

131 (15.0)

568 (74.8) 
22 (2.9) 
41 (5.4) 
18 (2.4) 

110 (14.5)

80 (69.0) 
3 (2.6) 
9 (7.8)
3 (2.6) 

21 (18.1)
Diabetes mellitus 175 (20.0) 148 (19.5) 27 (23.3)
Body mass index, mean (SD) 27 (4.9) 27 (4.9) 27 (5.3)
Smoking ever 342 (39.1) 288 (37.9) 54 (46.6)
Alcohol ever 372 (42.5) 319 (42.0) 53 (45.7)
History of acute pancreatitis 70 (8.0) 54 (7.1) 16 (13.8)
History of extrapancreatic 
malignancy

291 (33.3) 246 (32.4) 45 (38.8)

Family history of PDAC 90 (10.3) 80 (10.5) 10 (8.6)
Cyst characteristics
Location dominant cyst

Head 
Body 
Tail

381 (43.5) 
313 (35.8) 
178 (20.3)

329 (43.3) 
274 (36.1) 
153 (20.2)

52 (44.8) 
39 (33.6) 
25 (21.6)

Multifocality 335 (38.3) 280 (36.9) 55 (47.4)
Largest diameter, mean (SD), mm 12 (6.4) 11 (6.0) 17 (6.7)

Values presented as n (%) unless otherwise indicated; WF, worrisome feature; HRS, high-risk stigmata; SD, 
standard deviation; PDAC, pancreatic ductal adenocarcinoma.
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TABLE 3. Candidate predictors with associated hazard ratios.

Univariable Final multivariable model
Predictor HR 95% CI HR 95% CI
Age 1.01 0.99-1.03 NA NA
Body mass index 1.01 0.96-1.05 NA NA
Smoking, ever 1.42 0.98-2.05 1.40 0.95-2.04
History of diabetes mellitus 1.37 0.89-2.12 NA NA
History of acute pancreatitis 1.76 1.04-2.99 2.07 1.21-3.55
History of extrapancreatic 
malignancy

1.21 0.83-1.76 1.34 0.91-1.97

Cyst multifocality 1.65 1.14-2.41 1.49 1.01-2.18
Largest cyst diameter, per mm 1.12 1.09-1.15 1.12 1.09-1.15

HR, Hazard Ratio; CI, Confidence Interval; NA, Not applicable, was not included in the model with the best fit;
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FIGURE 2A. The Dutch-American Risk stratification Tool (DART-1) to identify SB-IPMN at low probability (%) of 
developing one or more worrisome features or high-risk stigmata within 3 years.
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FIGURE 2B. The Dutch-American Risk stratification Tool (DART-1) to identify SB-IPMN at low probability (%) of 
developing one or more worrisome features or high-risk stigmata within 5 years.
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DISCUSSION

In this international multicenter study, we describe the development of DART-1, the first 
version of a prediction model that does not focus on identifying IPMNs at high risk of 
malignancy, but on those at low risk instead. It is based on patient and cyst characteristics 
that can be assessed at the time of diagnosis, and predicts the 3-year and 5-year risk of 
developing worrisome features or high-risk stigmata as defined by the 2012 international 
Fukuoka guidelines. Such a model is important, as pancreatic cysts are diagnosed with 
increasing frequency and yearly imaging is generally recommended, even though the 
majority of lesions are at low risk of malignant progression. By using a stratifying tool, 
clinicians can make evidence-based risk estimations for progression in individual patients 
and identify those at lowest risk. The ultimate goal would be to decrease the burden of 
surveillance on patients, but also on health care resources by either optimizing surveillance 
intervals or, in selected cases, discontinue surveillance.

FIGURE 3. The web-based application of the Dutch-American Risk stratification Tool (DART-1) with an example 
patient with low probability of developing one or more worrisome features or high-risk stigmata. The application 
can be found at https://rtools.mayo.edu/DART/.

 
In our cohort, multivariable analysis resulted in five predictors for progression: cyst size, cyst 
multifocality, having smoked ever, history of acute pancreatitis, and history of extrapancreatic 
malignancy. Cyst size being an independent predictor of progression comes as no surprise, 
given that a size of 3 centimeters or greater is defined as a worrisome feature27 and therefore 
incorporated in our composite endpoint. However, it has been shown in other cohorts that 
initial cyst size is a predictor of cyst growth,30-32 development of other worrisome features,31, 

33 and malignancy.12 The predictive value of cyst multifocality has been described less often, 
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but is not a new finding. Crippa et al. followed 144 patients with SB-IPMN for 5 years, and 
found that an increase in the number of lesions was associated with the development of 
worrisome features or high-risk stigmata (OR 6, 95% CI 1.7-20.8).33 It was also identified 
as predictor in an earlier analysis of a subset of our cohort.26 A history of smoking and of 
acute pancreatitis are well-established risk factors for pancreatic cancer,34-37 but not for the 
development of worrisome features in IPMN. Some studies suggest smoking accelerates 
progression of IPMN, and that it predicts invasive IPMN or concomitant pancreatic cancer in 
resected IPMN, but results are conflicting.38-41

A history of extrapancreatic malignancy has not been described as a predictor for 
progression in other cohorts. In the previous analysis of a subset of our cohort, a history of 
any extrapancreatic malignancy was not an independent predictor, but a history of prostate 
cancer was. This difference is most likely attributable to the difference in sample size. 
Retrospective studies have reported an increased incidence of extrapancreatic malignancies 
in patients with IPMN, but prospective studies were unable to confirm this.8, 42 Crippa and 
colleagues did not find an association between extrapancreatic tumors and the development 
of worrisome features,33 but because their cohort consisted of 144 patients of which only 26 
developed worrisome features or high-risk stigmata, this may be due to a lack of power. The 
predictive value of a history of an extrapancreatic malignancy on progression of IPMN has 
to be confirmed by studies in other cohorts.

Having a history of diabetes was predictive in the univariable analysis but did not contribute 
significantly to the multivariable model and was therefore omitted from DART-1. The 
association between diabetes and pancreatic cancer is well-known,43-46 but the association 
with IPMN is less established. Some studies have reported an increased risk for patients with 
diabetes to develop IPMN,1, 47 but in another large population-based study, this association 
disappeared after correcting for age and body mass index.2 Morales-Oyarvide et al. showed 
that in patients with resected IPMN, preoperative diabetes is associated with high-grade 
dysplasia and invasive carcinoma,48 suggesting diabetes has a proliferative effect on the cyst. 
However, to our knowledge, there have been no studies that demonstrate that diabetes is 
associated with the development of worrisome features and high-risk stigmata. Although 
diabetes did not contribute to the predictive ability of the model in our cohort, it should be 
included in validation studies and future updates of DART-1, to further establish its value.

We encountered some minor differences between the subcohorts, the most noticeable being 
a higher prevalence of diabetes and personal history of extrapancreatic malignancy in the 
Columbia cohort, and more multifocal cysts in the Erasmus cohort. However, any meaningful 
differences between the subcohorts were ruled out by the internal-external validation. In 
this type of validation, each subcohort is in turn left out from the development set and used 
as a validation set. The final model is then based on all available data. Such an internal-
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external cross-validation can be used to demonstrate external validity of a prediction model, 
with the additional advantage that sample size is retained.49 DART-1 performed similarly in 
the total cohort before validation (apparent performance), the Columbia cohort, and the 
Mayo cohort. The slight decrease in performance within the Erasmus cohort was expected 
and is attributable to this cohort’s smaller sample size.

DART-1 shows promise, but should be interpreted with some caution. Foremost, prediction 
models are developed to augment, and not replace clinical judgment, and the given risks 
are estimates that therefore hold some extent of uncertainty. Also, it is crucial that DART-
1 is validated in other cohorts before it is implemented in clinical care. We expect DART-
1 will be highly generalisable because our development set encompasses three centers, 
each located in a different geographical region, and each collecting patient data in slightly 
different time periods. Also, our cohort consists of patients without complex cysts, and is 
therefore likely to be comparable to the patient population in the primary or secondary care 
setting. Additionally, we observed limited optimism in the C-statistic and, therefore, a good 
external performance is likely.

The main limitation of this prediction model is that it uses a composite, surrogate endpoint. 
Ideally it would predict development of malignancy. However, given the low cancer risk 
of SB-IPMNs, it would require extremely large cohorts to reach adequate numbers for 
statistical modeling. Although we collected one of the largest low-risk SB-IPMN cohorts, it 
did not yield enough pancreatic cancer cases for this purpose, and we are unable to make 
predictions on the development of malignancy. However, the ultimate objective of DART-1 
is not to identify high-risk IPMNs, but those unlikely to develop into malignancy. Although 
it has been shown that worrisome features and high-risk stigmata accurately stratify for 
malignancy risk,50 it is also known that a substantial number of IPMNs with a worrisome 
feature do not harbor high-grade dysplasia or invasive carcinoma,21-23 which is supported by 
our own results. IPMNs without worrisome features harbor an even lower risk of developing 
pancreatic cancer, which strengthens the usefulness of DART-1 as a negative prediction tool 
that can be used to identify those SB-IPMNs that require less intense surveillance.  

A second limitation is that we have based our endpoint on the 2012 international Fukuoka 
guidelines,27 whereas these were revised in 2017.16 Similar to the European guidelines,13 the 
updated version includes elevated serum carbohydrate antigen 19-9 levels as a worrisome 
feature, as well as cyst growth. In our cohorts, serum carbohydrate antigen 19-9 levels 
and exact cyst growth were not routinely determined and recorded in the past, because 
they were under surveillance long before guidelines stressed the importance of these 
parameters. Because previous studies have shown that cysts not necessarily display a linear 
growth pattern31, 32 and that there is a variability in size measurement between imaging 
modalities51 and between observers52, it was not possible to reliably assess growth rate 
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retrospectively. Therefore, we could not use the updated guidelines, and fast-growing IPMNs 
that did not reach 3 centimeters during the follow-up period, may have been misidentified 
as non-progressors. Now that serum carbohydrate antigen 19-9 levels and growth rates 
are routinely determined as per guidelines, it will be possible to include these variables 
as part of the study endpoint or as predictor in future updates. Another aspect that could 
not be completely ruled out, is if our dataset contained a bias by right censoring. However, 
the predictors in the model did not show an association with follow-up time, limiting the 
possible influence of this type of bias.

An issue of much debate is whether the risk of malignancy increases over time. Some 
recent studies have shown that even small SB‐IPMN may evolve into malignancy after 5 
or 10 years,11, 12, 33 and that a stable cyst size for 5 years does not preclude future growth.53 
Because our study population has a mean follow‐up of 50 months, we are not yet able 
to determine these long‐term risks. At this point in time, this precludes us from stopping 
surveillance altogether, based on DART‐1. Therefore, we do not advocate a complete stop of 
surveillance, but suggest a reduction of surveillance frequency for the lowest risk SB‐IPMNs, 
the ideal cut‐off for which requires further calculation in external cohorts. It is essential 
to update DART‐1 based on long‐term, prospective data. Additional predictors should 
be explored, such as diabetes, glycated haemoglobin or serum fasting glucose, serum 
carbohydrate antigen 19‐9 level, or other promising biomarkers. It may also be of interest to 
objectify smoking exposure, that is, using pack years as a predictor rather than a history of 
smoking. It is also conceivable that current smokers are at higher risk than former smokers. 
Cyst growth may also be a strong predictor, but including this will render the model unfit for 
use at the time of cyst diagnosis.

In conclusion, we have developed a prediction model that does not focus on detecting 
high‐risk IPMNs, but identifies IPMNs at lowest risk of developing worrisome features 
or high‐risk stigmata instead, by combining variables readily available at the time of cyst 
diagnosis. Even though DART‐1 is the first version of this type of prediction model, it had 
a good performance in an internal‐external validation, and high generalisability to other 
cohorts is expected. After DART‐1 is externally validated by others, it can be used to explore 
varying surveillance strategies using looser follow‐up policies for IPMNs at lowest risk. This 
very novel approach of stratifying IPMNs has the potential to protect patients with low‐risk 
IPMNs from redundant medical interventions, and to reduce costs and the burden for the 
health care system.
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SUMMARY

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

Objectives: To develop and internally validate a prediction model to calculate the absolute 
risk of a first KC in AK patients. 

Methods : The risk prediction model was based on the prospective population-based 
Rotterdam Study cohort. We hereto analyzed data of participants with at least 1 AK-lesion 
at cohort baseline using a multivariable Cox proportional hazards model and included 13 a 
priori defined candidate predictor variables considering phenotypic, genetic and lifestyle 
risk factors. KCs were identified by linkage of the data with the Dutch Pathology Registry.

Results: Of the 1,169 AK-participants at baseline, 176 (15.1%) developed a KC after a 
median follow-up of 1.8 years. The final model with significant predictors was obtained after 
backward stepwise selection and comprised the presence of 4-9 AKs (hazard ratio (HR): 
1.68, 95% confidence interval (CI): 1.16-2.42), 10 or more AKs (HR: 2.43, 95% CI: 1.64-3.61), 
AK-localization on 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 coffee consumption (HR: 0.92, 95% CI: 0.84-1.01). 
Evaluation of the discriminative ability of the model showed a bootstrap validated c-index 
of 0.60.

Conclusions: This is the first multivariable risk prediction model for KC development in 
patients with AKs. We showed that the risk of KC can be calculated with 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 prevalence 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 however unclear which AK 
patients 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 (e.g. light pigment status) and exposure related items (e.g. high UVR-exposure) have 
been described to increase progression risk (8-10). Correctly identifying high risk patients 
is important to detect KCs in an early stage and to ensure timely intervention. Moreover, 
stratified 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 first 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 simple model to predict the 
absolute risk of a first KC in patients with AK, taking into account phenotypic, lifestyle and 
genetic susceptibility factors, by analyzing over 1,000 AK-participants from the prospective 
population-based Rotterdam Study cohort (RS).

PATIENTS AND METHODS

Study population
The RS is a prospective population-based cohort study comprising 14,926 participants of 45 
years and older from the general population of Ommoord in Rotterdam, the Netherlands. 
From July 1989 to present, the participants undergo regular examinations 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 factors. We included participants 
with at least 1 AK-lesion during one of these examinations in our model. The date of first AK 
diagnosis in the RS cohort served as the starting point of  follow-up. 

The RS has been approved by the Medical Ethics Committee of the Erasmus MC (registration 
number MEC 02.1015) and by the Dutch Ministry of Health, Welfare and Sport (Population 
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Screening Act WBO, license number 1071272-159521-PG). All participants provided written 
informed consent to participate in the study and to have their information obtained from 
treating physicians. Details of the study design and objectives have been described before 
(16). 

Case definition
The study outcome was defined as a first 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 gender, birth date and first four to eight letters of the (maiden) 
family name). Participants with a KC diagnosis prior to their AK diagnosis were excluded, as 
our study was focused on skin cancer naïve AK patients. 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 July 31st 2018, whichever occurred first.  

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

As AK specific variables, we included the number of AKs at diagnosis (1-3, 4-9, >10) and 
categorized the location of AKs into 3 main groups: head, upper extremities and elsewhere. 
In 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), sex, 
tendency to develop sunburn and pigment status. The latter constituted of a combination of 
hair and eye color when young, as reported previously (13).

As lifestyle factors, smoking and coffee consumption were included in cups per day. Regarding 
UVR-exposure, we selected variables reflecting intermittent or chronic exposure to UVR. 
Intermittent UVR exposure was defined 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 per year and sun bed usage for at least 10 times in the past 5 years. Chronic 
UVR-exposure 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 AK patient by retrieving 7 SNPs that were 
significantly associated with both BCC and cSCC occurrence from the most recent genome-
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wide association studies (GWAS) (17, 18) (Table S1 in Supporting Information). A detailed 
description of the GRS computation method is presented in the Supporting Information 
online. In brief, a weighted GRS was calculated using the regression coefficients of published 
associations between the selected SNP and cSCC  (18). The genetic scores were computed 
as follows: GRS= ∑ βiGi; where βi 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, 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 first 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 
values except for GRS 10 times using multivariate imputation by chained equations (MICE) 
(19), 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 
occurrence of KC. For the continuous variables age and coffee consumption, we explored a 
possible non-linear relationship using a natural cubic spline with two degrees of freedom. 
The use of a spline for these variables did neither significantly improve the fit of our model 
(measured with the X2-value) nor provide graphical evidence for a non-linear relationship. 
We therefore included these variables in their linear forms. 

Regardless of their p-values in the univariable analyses, all candidate predictors were 
included in the multivariable model (20, 21). We reduced the multivariable model by 
backward stepwise selection using a liberal p-value of 0.20 for the inclusion of predictors to 
reduce selection bias and optimism (21). The estimated regression coefficients and variances 
from the 10 imputed datasets were combined based on Rubin’s rules (22). 

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 
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to a patient developing KC later in time and varies from 0.5 (non-informative model) to 1.0 
(perfect model) (23). As a means of internal validation, we used bootstrapping to correct the 
c-index for optimism. 

To account for overfitting, we multiplied the regression coefficients from our final model with 
a shrinkage factor, which we estimated with bootstrapping (1000 replications). Shrinkage of 
regression coefficients towards average is meant to improve predictions in future patients 
by preventing extreme distributions of the predictions (21). 

A sensitivity analysis was performed excluding all participants with missing values. Reporting 
of the model is done according to the TRIPOD Statement (24).  

Model presentation
To provide individualized predictions on the risk of first KC development in AK patients, we 
made a risk prediction tool based on the shrunk regression coefficients of our internally 
validated model using Microsoft Excel (2010). 

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

RESULTS

Study population
Selection of all participants with at least 1 AK-lesion at baseline resulted in 1,558 subjects. 
After linkage with PALGA, 389 participants were excluded who had at least 1 KC prior to 
their AK diagnosis. The median follow-up of the remaining 1,169 participants was 5.2 years 
(interquartile range (IQR) 3.5-6.9), during which 176 participants developed a KC at a median 
follow-up of 1.8 years (IQR 0.2-3.8). The majority of  participants (58.9%) had 1-3 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). 
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Table 1. Descriptive characteristics of the 1,169 participants with at least 1 actinic keratosis (AK) at baseline and 

keratinocyte carcinoma (KC) cases (N=176) separately

Candidate predictor 
variables

Category Overall
(N=1,169)

KC cases
(N=176)

Number of participants 1,169  (100%) 176 (15.1%)
Follow-up time (years) Median (IQR) 5.2 (3.5-6.9) 1.8 (0.2-3.8)
Age at AK-diagnosis (years) Median (IQR) 73.0 (67.0-80.0) 73.0 (67.0-79.0)
Sex Male 643 (55.0%) 96 (54.5%)
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%)

AK on the head1 No
Yes

182 (15.6%)
987 (84.4%)

26   (14.8%)
150 (85.2%)

AK on upper extremities2 No
Yes

882 (75.4%)
287 (24.6%)

132 (75.0%)
44   (25.0%)

AK on other locations3 No
Yes

973 (83.2%)
196 (16.8%)

132 (75.0%)
44   (25.0%)

Pigment status4 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%)

Being easily sunburned No
Yes
Missing

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

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

Intermittent sun exposure5 No
Yes
Missing

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

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

Outdoor work6 No
Yes
Missing

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

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

Smoking Never
Current or ever
Missing

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

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

Coffee consumption (cups/
day)

Median (IQR)
Missing

3.3  (1.4-3.3)
131 (11.2%)

1.4  (1.4-3.3)
23 (13.1%)

GRS Median (IQR)
Missing 

1.0 (1.0-1.1)
159 (13.6%)

1.1 (1.0-1.1)
25  (14.2%)

AK, actinic keratosis; KC, keratinocyte carcinoma; UVR, ultraviolet radiation; IQR, interquartile range; GRS, genetic 
risk score. 
1Presence of AK on the face, ears and/or scalp. 2Presence of AK on the back of the hands and/or forearms. 
3Presence of AK on locations elsewhere (not specified). 4A combination of hair- and eye color when young.  
 
5Combination variable of a confirmatory answer to one or more of the following questions: 
Are you likely to be outside when the sun is shining/do you mainly have outside hobbies? 
Do you go on holidays to a sunny country at least 4 weeks per year on average? 
Have you used a sunbed for at least 10 times during the past 5 years? 
6To have been/worked outdoors for at least 4 hours daily during at least 25 years.
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Predictors for a first KC
In univariable analyses, the presence of 4-9 AKs and 10 or more AKs, an AK-localization 
outside the head or upper extremities and increasing age were significantly associated 
with a higher risk of KC development (Table 2).  On the contrary, the risk of KC occurrence 
decreased per cup of coffee consumption (hazard ratio (HR): 0.92, 95% confidence interval 
(CI): 0.84-1.01). After backward  stepwise selection, four predictor variables remained in 
the final model: number of AKs at diagnosis (either 4-9 or 10 or more), localization of AKs 
on the upper extremities, localization of AKs elsewhere except on the head, and coffee 
consumption. After adjustment for all other predictors in multivariable analysis, age was not 
significantly associated with KC anymore. Having 10 or more AKs was the strongest predictor 
with a 2.5 times higher hazard of KC development compared to the presence of 1-3 AKs (HR: 
2.47, 95% CI: 1.65-3.61). Although evidence exists for a familial aggregation basis of skin 
cancer (17, 18, 25-27), 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 and 
the same reduced multivariable model (data not shown). 

The overall apparent c-index of the final 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  

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 first KC development, given the four prognostic factors from the final model. 
The regression coefficients of these predictors have been multiplied with an estimated 
shrinkage factor of 0.91. After filling in the individual values for each of these predictors, 
the tool calculates the percentage risk of a first 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 3 cups of coffee per day, has a 22% risk of KC development in 5 years. The Excel file 
containing this risk prediction tool is available for reference in the Supporting Information. 
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Table 2. Associations (hazard ratios (HRs) with confidence intervals (CIs)) between candidate predictor variables 

and development of a first KC (n=176) using a Cox proportional hazards model

Candidate predictor variables Coding Univariable HR
(95% CI)

Multivariable HR1

(95% CI)
Age  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) -
Coffee consumption (cups/day)  0.92 (0.84-1.01)* 0.92 (0.84-1.01)*

GRS 1.92 (0.58-6.31) -

HR, hazard ratio; CI, confidence interval; AK, actinic keratosis; UVR, ultraviolet radiation; 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 specified).  
5A combination of hair- and eye color when young. 6Combination variable of a confirmatory answer to one or 
more of the following questions: 
Are you likely to be outside when the sun is shining/do you mainly have outside hobbies? 
Do you go on holidays to a sunny country at least 4 weeks per year on average? 
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.
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Fig 1. Risk-prediction tool for KC development in patients with AK, filled in for an example patient with 10 AKs, 
located on the upper extremity and elsewhere (not on the head), and who drinks three cup sof coffee per day. 
The subsequent formula is used to predict the percentage risk of a first KC at 1 year after AK diagnosis: P = [1–
(EXP(–EXP(lp–lp.centered)*baselinehaz))] 9 100% where lp = –0.278*AK location upper extremity + 0.345*AK 
location elsewhere except head –0.060*cups of coffee 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

DISCUSSION

Our population-based study with over 1,000 participants provides the first risk prediction 
model for an AK specific patient group and encompasses readily available phenotypic, 
lifestyle and genetic KC susceptibility factors. The strongest predictor of a first KC was having 
10 or more AKs at diagnosis, which increased the KC risk with 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, 28-30). This finding 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 etiologic factors for AK development were 
essentially equal to the etiologic factors for both BCC and cSCC development (31). Secondly, 
AKs can be seen as an early phase in the biologic continuum that eventually culminates in 
cSCC, which means that part of the AKs in our cohort might have progressed directly to cSCC 
(30). Thirdly, from the concept of field cancerization, the presence of multiple AKs forms the 
ultimate groundwork for the progression of epithelial carcinogenesis (32).

Little is known about the risk of KC development based on AK affected body site. We found 
that AKs localized on the upper extremities significantly decreased and AKs localized outside 
the head and upper extremity regions significantly increased the risk of KC. This finding is 



RISK OF A PRIMARY KERATINOCYTE CARCINOMA IN PATIENTS WITH ACTINIC KERATOSIS	 137

7

consistent with a Dutch systematic review concluding that patients with AKs on the head 
or upper extremities are less likely to develop KCs compared to patients with AKs on the 
neck, trunk or lower extremities (33). An explanation for our finding 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 different carcinogenesis 
pattern than chronic UVR-exposure. 

Coffee consumption is a much discussed factor in the field of skin cancer carcinogenesis. 
In our analyses, we found that coffee consumption significantly reduced the risk of a first 
KC with 8% per cup of coffee. Findings from mainly laboratory and animal studies have 
indicated a possible protective effect of caffeine against KC development through induction 
of apoptosis in UVR damaged keratinocytes (34, 35) as well as inhibition of UVR induced 
carcinogenesis (36). The chemo-protective effect of caffeine for KC (especially for BCC) 
in European-descent populations has recently been supported  by two meta-analyses of 
observational studies as well (37, 38). Additionally, coffee intake can be considered a proxy 
for good health and wellbeing as consumers of coffee often have a healthier lifestyle in 
general (39). 

Remarkably, none of the UVR related predictor variables  nor participants’ pigment status 
were  associated with KC. This  is in line with other KC prediction models that used the same 
or comparable sun exposure variables (7, 13-15). Since we selected our study population on 
the presence of AKs, which in a way can be considered primary KCs because of equal risk 
profiles, index-event bias may underlie the results (40): UVR-exposure is a pivotal risk factor 
for the occurrence of AKs, but in our model paradoxically not for a subsequent KC. This 
is because conditioning on the presence of AKs generates dependence between all other 
known and unknown risk factors, eventually leading to underestimated or even reversed 
effects 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. 

Limitations
With the current internally validated discriminative value, our risk stratification 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. AK patients are a priori people with a fair skin, at age, and who have all had 
cumulative UVR-exposure throughout the years. Finding additional KC predictors that 
specifically discriminate within the AK population is therefore a challenging task and the 
phenotypic, lifestyle and genetic risk factors at hand appeared to be insufficient. Another 



138	 CHAPTER 7

explanation for the moderate c-index might be that we have not separated BCC and cSCC as 
separate outcome measures due to insufficient power (17 degrees of freedom in total). Effect 
estimates per predictor could differ for BCC and cSCC, hereby influencing 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 differences between both KC types 
(data not shown). Still, given the very limited existing knowledge in the AK prognostic field, 
we believe that the current model provides important insights and can be used to build 
upon for more extensive models and the selection of tailored variables. Another limitation 
is that we only assessed the number of AKs at moment of diagnosis during RS, while this 
could have fluctuated during follow-up due to e.g. treatment or spontaneous regression of 
the lesion. However, as we assessed the overall risk of KC development considering all AKs 
in a patient instead of the lesion specific progression risk, we do not expect that potential 
slight changes in the number of AKs would have affected the risk rates nor the c-index of 
our model.

Conclusion
Risk of first KC development in AK patients can be predicted by a simple tool including 
the number and location of AKs along with coffee consumption. This information can 
help physicians in identifying high risk AK patients and 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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GENERAL DISCUSSION

The overall aim of this thesis was to evaluate ethics, cost-effectiveness, and prediction 
modeling of cancer screening and treatment. We addressed four research questions. The 
main findings on these research questions are shown in box 1. In this chapter, the results of 
our studies will be discussed in the light of application in screening and the role of prediction 
models, followed by future directions and recommendations.

Box 1 - Overview of main findings per research question

1. How can we promote autonomous choices in informed consent procedures regarding participation 
in epigenetic risk-tailored cancer screening?
Informed consent models that inform patients in different stages with varying levels of information 
(e.g. the tiered-layered staged informed consent model) are highly suitable for epigenetic risk-stratified 
screening programs. We developed a framework to guide the development of Patient Decision Aids 
(PDAs), to support informed consent and promote autonomous choices in the specific context of 
epigenetic cancer screening programs.

2. What is the cost-effectiveness of offering prophylactic hysterectomy to first-degree relatives of 
patients with colorectal cancer and Lynch Syndrome?
Offering prophylactic hysterectomy to 40-80 year old women with Lynch Syndrome is expected to 
add 0.5 QALY per person at acceptable costs. Women may decide to have prophylactic hysterectomy 
at age 35 years, depending on their individual disutility for prophylactic hysterectomy and premature 
menopause.

3. What is the quality of risk prediction models for endometrial cancer in the general population?
Only a few models have been developed to predict endometrial cancer in asymptomatic or symptomatic 
women. The usefulness of most models is unclear considering methodological shortcomings, such as 
the handling of missing data and the selection of predictors. 

4. How can we obtain accurate and valid individual estimates of progression from premalignant to 
malignant cancer based on prediction models to guide decision making?
Predicting progression of precancer lesions to clinical cancer is possible based on relevant clinical 
parameters. Prediction models might be able to accurately distinguish between patients with a high 
and low risk of progression. However, external validation is currently lacking, which is a vital step 
before implementing these models in clinical practice.
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Cancer screening
Patient autonomy in cancer screening
Technological advances have made information on individuals’ (epi)genome relatively easily 
accessible compared to ten years ago. Such genetic information can be used to enrich cancer 
screening programs, as the (epi)genome holds valuable information on the presence of DNA 
methylations due to external factors (i.e. smoking status, (former) use of contraceptives) 
or genetic germline mutations (i.e. Lynch Syndrome or BRCA 1/2). The patient autonomy 
might be endangered if results from the (epi)genome are incorporated in cancer screening 
programs, as it is questionable if patients are capable of making an informed choice. In 
line with previous literature, we found that patient decision aids (PDAs) might support 
patients in making an autonomous choice regarding participation in a cancer screening 
program (Chapter 2).1 Over the past decade, the number of developed PDAs has increased 
substantially.2 Although the design and graphical presentation of each PDA may vary, every 
PDA should at least include a section with information on the test and risk probabilities, 
followed by a value clarification method.3 The latter will help patients to identify their 
values regarding the decisions they are facing. For instance, a value clarification method in 
a PDA for breast cancer screening helps women to identify their feelings regarding risk and 
benefits of mammography screening.4 

Figure 1 – Example of a value clarification method in a Patient Decision Aid (PDA) for breast cancer screening4

Several studies have investigated the clinical role of PDAs and have shown that they are 
effective in terms of improving knowledge, increasing patient participation and reducing 
decisional conflict.2, 5 However, the effectiveness of PDAs remains limited if they are 
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developed incorrectly. As a consequence, these PDAs may cause harm instead of supporting 
patient autonomy.

The development process of PDAs involves different steps, ranging from setting the scope 
and aim, to presenting the final PDA. While the development process of most PDAs includes 
the first and last step of development, the intermediary steps are often overlooked.6 These 
intermediary steps include field testing a test version of the PDA with patients and physicians 
and testing the final version in a real-life setting. The inclusion of patients and physicians 
in the development process is of great importance, as it increases the chance that the 
PDA suits to the preferences of the targeted patient population. Furthermore, barriers to 
using the PDA for physicians in clinical practice have been identified early, which eases the 
implementation process. 

While correctly developed PDAs may aid in the process of deriving an autonomous choice 
on participating in a cancer screening program, other barriers for the implementation 
of epigenetic risk-tailored cancer screening continue to exist. These barriers are 
multidimensional and contain both practical and ethical issues (Box 2).7 Some of these 
barriers might be rather easy to overcome, but some might have more consequence and 
should therefore be discussed further. For example, the ethical barrier that the results 
might contain sensitive information on (past) behavior may provoke a societal debate on 
the handling and storage of this type of information. Improper use by third parties may 
have negative consequences, for example on access to health insurers, and could also lead 
to societal pressure because we can hold a person responsible for his high risk because of 
past behavior. 

The process of implementing risk-tailored cancer screening program will therefore be 
challenging. The question remains if such innovations will be implemented in nationwide 
screening programs in the near future. Technological advances such as analysis of the 
epigenome could enrich existing cancer screening programs, if implemented correctly. This 
might result in more individualized risk predictions, which suits the movement towards 
personalized medicine and better cost-effectiveness of screening by better targeting 
screening at those at increased risk. 
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Box 2 – Barriers and potential solutions for implementation of epigenetic risk-tailored cancer screening

Practical issues

•	 Current invitations are mostly sent by mail, without the possibility to contact a physician.
	 Solution: invitations should be revised and updated with new information on the changes in the  
	 cancer screening program and the possibility to contact a physician should be adopted.

•	 Current policies on receiving the results might be insufficient in the new situation, since the  
	 results will contain more information that might provoke questions 
	 Solution: offer the possibility to obtain the results via a physician, for example a consult with the  
	 general practitioner.

•	 Results of the screening program might also have consequence for family members – how will  
	 they be informed? 
	 Solution: optional visits to a genetic counselor should be made possible for participants of the  
	 screening program. 

Ethical issues

•	 Current informed consent procedures endanger patient autonomy.
	 Solution: informed consent procedures should be revised and supported by patient decision aids  
	 to ensure that participants make an informed choice.

•	 Results from the screening program might contain sensitive information, as it contains information  
	 on past (harmful) behavior. 
	 Solution: it should be determined who has access to these data to prevent improper use by third  
	 parties (e.g. health insurers). 

Cost-effectiveness of prophylactic surgery
Cost-effectiveness studies are important to inform patients, physicians and policymakers 
on the costs and effects of interventions, including screening strategies. Screening 
strategies are not solely targeted at seemingly healthy individuals, but could also be 
designed for individuals with an increased risk of developing cancer. For example, high-risk 
individuals might benefit from prophylactic surgery such as prophylactic mastectomy in 
BRCA 1/2 mutation carriers or prophylactic hysterectomy in women with Lynch Syndrome.  
In Chapter 3 we studied the cost-effectiveness of offering prophylactic hysterectomy in first-
degree female relatives with Lynch Syndrome of probands with colorectal cancer. We found 
that prophylactic hysterectomy is most cost-effective when offered to women aged 40-80 
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years. However, the decision to undergo prophylactic surgery remains a preference-sensitive 
decision, and depends on individuals’ perception and disutility of prophylactic surgery and its 
consequence such as premature menopause. These disutilities are likely to affect the gains 
(e.g. QALY gained) of prophylactic surgery. Several factors influence the utility of participating 
in cancer screening programs, either with or without prophylactic treatment (Table 1). 

Table 1. Factors that influence the probability of participating in cancer screening programs

Factor Effect
Negative feelings on screening (anxiety, stress) Negative

Risk of developing cancer that is screened for in the 
screening program

Low risk: negative
High risk: positive

Associated negative side-effects of participation in 
screening (e.g. consequences of prophylactic surgery)

Negative

Risk reduction due to prophylactic surgery Positive

Life expectancy of participant Low life expectancy: negative
High life expectancy: positive

Rate of overdiagnosis Low rate: positive
High rate: negative

False-positive rate Low rate: positive
High rate: negative

A recent study confirmed that patients’ preferences influence the level of overall gain from 
participating in cancer screening.8 Based on a microsimulation study, the lifetime quality 
adjusted life-years (QALYs) gained from low-dose computed tomography (LDCT) screening 
for lung cancer varied substantially when different patient preferences where compared. 
For example, a significant shift from net benefit to net harm was found when unfavorable 
preferences for screening were compared with favorable preference for screening, while 
maintaining the same lung cancer risk in both groups. The difference in preferences also 
resulted in a substantial increase in the number needed to screen to avoid one lung cancer 
death.8 Although these results are simulated for people who attend lung cancer screening 
with LDCT, without the consequence of prophylactic surgery, these results are most likely 
also relevant in the case of offering prophylactic surgery to Lynch positive women. Hence, 
it must be acknowledged that individual (dis)utilities probably influence women in their 
decision to undergo prophylactic surgery and that a formal cost-effectiveness analysis might 
not fully reflect real life decisions and the delicate balance between benefits and harms.

As individual preferences might influence the decision to undergo prophylactic surgery, 
it is no surprise that the uptake of prophylactic surgery in high risk populations varies 
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between individuals and countries.9-11 For example, the uptake of contralateral prophylactic 
mastectomy in high risk women varied from 0% in Norway to 49% in the United States.9 
However, if one decides to undergo prophylactic surgery, the overall satisfaction with the 
decision is high. The satisfaction rates for prophylactic mastectomy and oophorectomy 
vary from 87-88% and 89-95% respectively. 12, 13 Furthermore, prophylactic surgery reduces 
cancer specific anxiety and psychological morbidity in patients who decide to undergo 
prophylactic surgery compared to patients who decline it.14 These results leave us with the 
question whether the low initial uptake of prophylactic surgery truly reflects individuals’ 
preference for not participating, or that there might be other factors that lower the chance 
of having prophylactic surgery. Age, prior cancer and previous utilization of prophylactic 
surgery were significant predictors of uptake of prophylactic surgery in high risk women.12, 13 

These results underline the importance of awareness amongst physicians of the preference 
sensitive nature of the decision to participate in cancer screening programs. Hence, 
physicians should aim at informing patients about all relevant risks and benefits, and should 
also provide patients with accurate and individual estimates on their risk of developing the 
cancer of interest. Personalized risk estimates can be obtained with risk prediction tools, 
which are widely available for several types of cancer.15-17 Risk prediction tools that provide 
accurate individual risk estimates contain important information for both the patient and 
the physician. A recent study on women’s perception and intended behavior regarding 
epigenetic risk-tailored cancer screening found that women want to obtain information on 
their individual cancer risk to use this information in the decision on possible participation.18 
Furthermore, physicians can use these risk estimates to support their clinical opinion and 
aid patients in making an informed decision.

Limitations
The microsimulation model that was used to estimate the cost-effectiveness of prophylactic 
hysterectomy in Lynch positive women (Chapter 3) used a fixed utility for prophylactic 
hysterectomy in the base case analysis and varied this in sensitivity analyses. Although these 
sensitivity analyses provide an estimate of the impact of variation in utilities on the decision 
to undergo prophylactic hysterectomy, it may not reflect real life individual (dis)utilities. 
Given the preference sensitive nature of the decision to undergo prophylactic surgery, it 
might be desirable to adopt these preferences into our model. However, there is currently 
no methodology available that makes it possible to incorporate this variation in preferences.

Prediction modelling in cancer
Methodological shortcoming of cancer risk prediction models
Cancer risk prediction models are potentially useful tools to estimate the probability of 
developing cancer or the probability of dying from a specific cancer. These probabilities are 
estimated for individual patients based on specific characteristics. The number of developed 
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prediction models is continuously increasing, which makes it difficult to determine their 
usefulness in clinical practice. We found that only a few models have been developed 
to predict endometrial cancer in asymptomatic or symptomatic women (Chapter 4). 
The usefulness of most models is unclear considering methodological shortcomings and 
lack of external validation. These methodological shortcomings are not specific for risk 
prediction models for endometrial cancer and are also present in other research areas such 
as cardiovascular disease and neurology.19-21 Unfortunately, there are still large numbers 
of prediction models with methodological shortcomings, which unduly might be used in 
clinical practice (Table 2). 

Model development
Regarding model development, the most important shortcomings were found in the handling 
of missing data and the selection of predictors. The majority of developed models did not 
mention the presence of missing data and handling of missing data was performed with 
suboptimal measures such as creating an indicator variable or single, simple imputation. 
It has been proven that these methods could lead to biased results.22 A modern, elegant 
approach is to impute missing data with multiple imputation methods.22, 23 Furthermore, 
transparency on the amount of missing data present in the original data is important to 
assess the quality of the data and analyses.24 

Selection of predictors for the final multivariable model was often performed with stringent 
p-values of 0.05 as stopping rule for selection of predictors in relatively small sample sizes. 
The use of stringent p-values in combination with small sample sizes will lead to overfitting.23 

The developed model is too specific for the data and will not provide valid predictions for 
new pations; not for patients from the same setting (internal validity) and not for different 
settings (external validity).25 Furthermore, this may lead to too optimistic estimates on the 
performance of a model in terms of discriminative ability. Hence, the final prediction model 
may not be useful in new populations as the resulting predictions will be too extreme.

We did not use the recently proposed PROBAST instrument for risk of bias assessment, 
as this instrument was not available during our study. This instrument contains 4 domains 
and 20 questions to assess the risk of bias of diagnostic models and prediction models.26 
Although this instrument is more elaborate than our assessment, there is some overlap in 
topics such as ‘predictors’ and ‘analysis’. 

Model validation
For model performance, internal and external validation studies were limited or completely 
lacking. Internal validation might best be performed with bootstrapping, as this is the most 
efficient and allows to develop the model on the complete data instead of a part of the data 
when the split-sample method is used.27
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External validation is a vital step before implementing prediction models in clinical practice. 
However, this step is often forgotten or ignored. This may have serious consequences, 
because results of the original model may not be generalizable and applicable in new 
patients.28 External validation can be performed by analyzing the discrimination (ability 
to distinguish between patients with an without the outcome of interest) and calibration 
(agreement between observed outcomes and predicted outcomes) of the model in a new 
population. Afterwards, the original prediction model can be adjusted based on the results 
of the external validation.24 Adjustment of existing models is preferred over developing 
new models, since developing a new model would require to start the process from model 
development to external validation all over again.29 

Even if models are developed without methodological shortcomings, this does not 
automatically lead to models with a high apparent discriminative ability. A possible reason 
could be that traditional epidemiological predictors do not contain enough information on 
the outcome of interest. Technological advances have made it possible to obtain information 
from the (epi)genome, which could be added to existing prediction models and possibly 
improve their performance.30-32

Table 2. Methodological shortcomings in prediction models and possible solutions

Shortcoming Solution
Model development
Missing data: no reporting on missing data and 
use of inefficient handling methods

Report the amount of missing data per variable 
and use multiple imputation methods to impute 
the missing data

Selection of predictors for final model:  use of 
stringent p-values (e.g. 0.05) as stopping rule in 
small sample sizes

Use Akaike’s Information Criterion to limit 
overfitting, penalization, and/or a pre-defined 
model specification

Model performance
Internal validation: no internal validation was 
performed or inefficient methods were used 
(e.g. split-sample method)

Use bootstrapping to limit overfitting and to 
correct for optimism

External validation: lack of external validation Perform external validation before using 
prediction models in clinical practice, determine 
model calibration and assess intercept and slope

Application of risk prediction models in clinical practice
In this thesis, several prediction models have been developed and internally validated 
according to state-of-the-art methodology (table 3).

Chapter 5 showed the development and validation of a model to estimate the probability 
of regression of large hepatocellular adenomas (benign liver tumors). We found that 
hepatocellular adenoma diameter at diagnosis, regression-over-time, and the inflammatory 
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subtype of hepatocellular adenoma and the unclassified subtype (compared to hepatocyte 
nuclear factor 1α inactivated HCA), were the strongest predictors of regression. The model 
yielded an internally validated c-index of 0.79.33

In Chapter 6 we developed a model to predict the risk of developing keratinocyte carcinoma 
(type of skin cancer) in patients with actinic keratosis (premalignant lesion of skin cancer). 
The final model comprised the presence of more than four actinic keratosis, actinic keratosis 
localization on the upper extremities or elsewhere except the head and coffee consumption. 
The final model was internally validated with bootstrapping and showed a c-index of 0.6.34

A prediction model to identify pancreatic intraductal papillary mucinous neoplasms 
(neoplastic pancreas cysts) at lowest risk of progression was developed in Chapter 7. 
Significant predictors of regression were cyst size, cyst multifocality, smoking status, history 
of acute pancreatitis, and history of extrapancreatic malignancy. After internal validation, 
the model had a c-index of 0.7.35 

Although the models that were developed in Chapters 5, 6 and 7 have different outcomes 
of interest, they also have important similarities. After external validation studies have been 
performed, all three models might be used to distinguish high-risk patients from low-risk 
patients to develop a specific type of cancer. This distinction is important because it can help 
physicians in determining the appropriate treatment strategy and optimal follow-up length. 
For example, the model that was developed in chapter 5 may aid physicians to identify 
patients at with benign liver tumors at low risk of progression to liver cancer in order to 
reserve invasive treatment for high-risk patients. This is beneficial for both the patient 
and society, as it results in fewer patients receiving unnecessary invasive treatment, which 
possibly leads to a reduction in health care expenditure. All three models may complement 
physicians view with objective estimates on individuals’ patients risks. However, before 
implementing these models in practice, they should be externally validated, which makes 
it possible to determine model calibration. Since our models have only been internally 
validated, assessment of calibration was considered non-informative. Ideally, external 
validation should be followed by an impact study. An impact study gives insights into the 
effects of using the prediction model on patient outcome, cost-effectiveness or other 
relevant outcome measures.29 With an impact study, it is also possible to study changes 
in doctor’s behavior. In patients with hepatocellular adenoma, this could mean that an 
impact study could show the difference in referral practice for invasive treatment between 
physicians who use the prediction tool and who do not use the tool. An impact analysis 
would provide insights in all these aspects, which will aid in eventually implementing risk 
prediction models in clinical practice.
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Table 3. Characteristics of prediction models developed in this thesis

Chapter 5 Chapter 6 Chapter 7
Area of interest Benign liver tumors Skin cancer Pancreas cysts
N (development) 180 1169 875
Validation Internal validation 

with bootstrapping
Internal validation 
with bootstrapping

Internal-external 
validation

C-statistic 
(internally validated)

0.79 0.6 0.7

Limitations
A common drawback in the development of prediction models is the unavailability of 
all clinically relevant predictors. Due to discrepancies in the measurement of certain 
predictors, we did not have access to all predictors that were planned to be incorporated 
in our model. This may have influenced the discriminative ability of the models displayed 
in this thesis. Hence, it is important to give data collection sufficient attention, as the 
performance of the prediction model is highly dependent on the quality of the data.  
Despite an extensive search for possible external populations to validate the models for 
patients with hepatocellular adenoma (Chapter 5), actinic keratosis (Chapter 6) and neoplastic 
pancreas cysts (Chapter 7), we did not succeed in performing an external validation for 
these models. As mentioned before, this is a crucial step before implementing a model in 
clinical practice, since it provides insight into the generalizability to new populations and 
quantifies the heterogeneity of risk predictors of different populations. 

Combining cancer risk prediction and cancer screening
As described before, both better risk prediction and cancer screening can individually aid 
decision making in cancer since patients might be more informed because of the use of better 
screening tests and prediction models. Moreover, a combination of cancer risk prediction 
and cancer screening might enlarge the effectiveness on improving patient outcomes and 
lower the societal burden of cancer care. 

One example of combining risk prediction and cancer screening is the use of a prediction 
model to identify individuals with Lynch Syndrome amongst patients with colorectal cancer. 
In theory, it is possible to test every colorectal cancer patient for the presence of Lynch 
Syndrome. However, this would lead to inefficient use of health care resources (e.g. high 
rate of negative tests, unnecessary surveillance) and negative patient outcomes (e.g. 
unnecessary stress of possible Lynch Syndrome diagnosis). Therefore, current guidelines 
have recommended to use the MMRPredict, MMRPro, and PREMM1,2,6  prediction models 
to distinguish between patients with low and high risk of Lynch Syndrome.36 Combined 
with a risk threshold, such as 5% risk, these models can be used to select patients who are 
likely to have Lynch Syndrome and who will benefit from more frequent diagnostic workup, 
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prophylactic surgery and other preventive strategies.36 As a consequence of using these 
prediction models, only the individuals who benefit from more intensive surveillance and 
follow-up will receive it, while low-risk individuals remain free from harm. 

Another promising effort in combining risk prediction with a nationwide screening program 
is the FORECEE project. This project aims at implementing an omics based risk prediction 
for women’s cancers (breast, ovarian, endometrial and cervical cancer) into current 
screening programs with pap smears.37 Based on analysis of the epigenome, genome, and 
metagenome, an individual estimate on women’s 1-, 2- and 5-year risk will be derived. With 
these estimates, it is possible to stratify women according to their risk (e.g.  low, medium and 
high-risk women). Each risk group will receive further preventive and screening strategies 
that are suitable for their risk. The high-risk group will receive more intensive surveillance 
such as yearly mammography screening, while the low risk group might be advised to 
undergo mammography once every five year. Hence, this risk stratification results in a lower 
burden for both individuals and society.

In conclusion, combining risk prediction of cancer with cancer screening is likely to improve 
improve patient outcomes by reducing harms and improving benefits because of targeted 
interventions instead of mass population strategies. Furthermore, a combination of 
prediction and screening will lower health care expenditure as resources are used more 
efficiently.

Conclusions 
Our conclusions on ethics, cost-effectiveness, and prediction modeling of cancer screening 
and prediction are as follows. 

• 	 Patient autonomy should receive additional attention when epigenetic risk-tailored  
	 cancer screening is implemented and could be supported by patient decision aids.
• 	 Prophylactic hysterectomy seems a promising strategy to avoid endometrial cancer  
	 cases and endometrial cancer related deaths. The optimal age of having prophylactic  
	 surgery depends on individuals’ preferences.
• 	 There are only a few models available to predict endometrial cancer and most developed  
	 models have methodological shortcomings, such as the handling of missing data and  
	 the lack of internal and external validation.
• 	 Prediction models should be developed according to proposed guidelines to obtain  
	 accurate individual risk estimates that can aid in medical decision making. 

Future directions and implications for research or clinical practice
Based on this thesis, recommendations can be made for cancer screening and prediction 
(Box 3).
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In cancer screening, further research should focus on incorporating individuals’ preferences 
into microsimulation modelling, to reflect the real life variation in (dis)utility for prophylactic 
surgery. Furthermore, more insights into the trade-offs that individuals make when weighing 
benefits and harms of cancer screening programs are necessary to estimate the amount of 
variation in preferences. If results from analysis of the epigenome are included in screening 
programs, specific attention should be paid in sustaining patient autonomy.

In cancer prediction, more attention should be paid to correct model development and 
validation. Existing models should be validated and updated, instead of the current trend of 
developing more and more new models. Impact studies might be useful tools to estimate 
the effect of the use of prediction models in clinical practice.

A combination of cancer prediction and cancer screening might result in more efficient 
cancer screening strategies. This could improve patient outcomes and reduce health care 
expenditure on cancer care.

Box 3 – Recommendations for cancer screening and prediction 

Cancer screening

-	 Acknowledge the importance of patient autonomy in cancer screening programs and support  
	 patients by providing all relevant information on their decision, possibly supported by patient  
	 decision aids
-	 Incorporate individuals’ utility on hysterectomy and premature menopause to determine the  
	 optimal starting age of performing a prophylactic hysterectomy
-	 Incorporate cancer risk prediction models in cancer screening to improve patient outcomes and  
	 lower societal burden of cancer care

Cancer prediction

-	 Develop prediction models according to proposed guidelines to prevent bias, to limit overfitting,  
	 and to improve potential generalizability
-	 Perform internal and external validation to determine the performance of the prediction model  
	 in new patients across a range of settings
-	 Incorporate new information such as epigenetics in existing prediction models to improve model  
	 performance
-	 Perform an impact study to estimate the effects of using a prediction model in clinical practice
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166	 SUMMARY

The general introduction, Chapter 1, provides an overview of the background and aims 
addressed in this thesis. The global cancer burden has increased over the past decades 
and cancer incidence and mortality are expected to spike even further in the future. 
Hence, specific actions in the area of cancer screening and risk prediction are necessary 
to change cancer’s course. Cancer screening entails testing of asymptomatic individuals 
for abnormalities that indicate the presence of pre-cancer or (early stage) cancer. Because 
of the timing of screening (before individuals become symptomatic), it often results in 
better patient outcomes in terms of mortality, morbidity and treatment possibilities. In the 
field of cancer, risk prediction models can be used to estimate the probability of cancer, 
or to estimate the probability of progression from a premalignant lesion to clinical cancer. 
Cancer screening and prediction can reinforce each other, as risk prediction allows to 
target cancer screening to those individuals who will benefit most from it. The overall aim 
of this thesis was to evaluate ethics, cost-effectiveness, and prediction modeling of cancer 
screening and treatment. Specific research questions were: 

1.	 How can we promote autonomous choices in informed consent procedures regarding  
	 participation in epigenetic risk-tailored cancer screening?

2.	 What is the cost-effectiveness of offering prophylactic hysterectomy to first-degree  
	 relatives with Lynch Syndrome of patients with colorectal cancer?

3. 	 What is the quality of risk prediction models for endometrial cancer in the general  
	 population?

4. 	 How can we obtain accurate and valid individual estimates of progression from  
	 premalignant to malignant cancer based on prediction models to guide decision  
	 making? 

Screening
In Chapter 2, we found that new informed consent models, such as the tiered-layered-
staged informed consent, are highly suitable for use in epigenetic cancer screening 
programs. Furthermore, we found that patient decision aids (PDAs) might support patients 
in making an autonomous choice regarding participation in a cancer screening program. 
We proposed a framework that guides the development of Patient Decision Aids (PDAs) to 
support informed consent in the specific context of epigenetic cancer screening programs.

In Chapter 3, we studied the cost-effectiveness of offering prophylactic hysterectomy in first-
degree female relatives with Lynch Syndrome of probands with colorectal cancer. We found 
that prophylactic hysterectomy is most cost-effective when offered to women aged 40-80 
years. However, the decision to undergo prophylactic surgery remains a preference-sensitive 
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decision, and depends on individuals’ perception and disutility of prophylactic surgery and 
its consequence such as premature menopause. 

Prediction
In Chapter 4, we found that only a few models have been developed to predict endometrial 
cancer in asymptomatic or symptomatic women. The usefulness of most models is unclear 
considering methodological shortcomings and lack of external validation. Risk prediction 
models should be externally validated before their use in clinical practice to prevent that 
resulting risk predictions that are too high or too low form the base of treatment decisions.

In this thesis, several prediction models have been developed and internally validated 
according to state-of-the-art methodology.

Chapter 5 showed the development and validation of a model to estimate the probability 
of regression of large hepatocellular adenomas (benign liver tumors). We found that 
hepatocellular adenoma diameter at diagnosis, regression-over-time, and the inflammatory 
subtype of hepatocellular adenoma and the unclassified subtype (compared to hepatocyte 
nuclear factor 1α inactivated HCA), were the strongest predictors of regression. The model 
yielded an internally validated c-index of 0.79.

In Chapter 6, we developed a model to predict the risk of developing keratinocyte carcinoma 
(type of skin cancer) in patients with actinic keratosis (premalignant lesion of skin cancer). 
The final model comprised the presence of more than four actinic keratosis, actinic keratosis 
localization on the upper extremities or elsewhere except the head and coffee consumption. 
The final model was internally validated with bootstrapping and showed a c-index of 0.6.

A prediction model to identify pancreatic intraductal papillary mucinous neoplasms 
(neoplastic pancreas cysts) at lowest risk of progression was developed in Chapter 7. 
Significant predictors of regression were cyst size, cyst multifocality, smoking status, history 
of acute pancreatitis, and history of extrapancreatic malignancy. After internal validation, 
the model had a c-index of 0.7.

Chapter 8 discussed the results and implications of this thesis. The aim of this thesis was 
to evaluate ethics, cost-effectiveness, and prediction modeling of cancer screening and 
treatment. 

We found that patient autonomy should receive additional attention when epigenetic 
risk-tailored cancer screening is implemented and could be supported by patient decision 
aids. Next, we found that prophylactic hysterectomy seems a promising strategy to avoid 
endometrial cancer cases and endometrial cancer related deaths. The optimal age of having 
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prophylactic surgery depends on individuals’ preferences. Furthermore, we showed that only 
a few models are available to predict endometrial cancer and most developed models have 
methodological shortcomings, such as the handling of missing data and the lack of internal 
and external validation. Prediction models should be developed according to proposed 
guidelines to obtain accurate individual risk estimates that can aid in medical decision making.  
A combination of cancer prediction and cancer screening might result in more efficient 
cancer screening strategies. This could improve patient outcomes and reduce health care 
expenditure on cancer care. Based on our findings, we recommend the following in the field 
of cancer screening and prediction:

Cancer screening
• 	 Acknowledge the importance of patient autonomy in cancer screening programs and  
	 support patients by providing all relevant information on their decision, possibly  
	 supported by patient decision aids.
• 	 Prophylactic hysterectomy seems a promising strategy to avoid endometrial related  
	 cancer deaths. Incorporate individuals’ utility on prophylactic hysterectomy and  
	 premature menopause to determine the optimal starting age.
• 	 Incorporate cancer risk prediction models in cancer screening to improve patient  
	 outcomes and lower societal burden of cancer care.

Cancer prediction
• 	 Develop prediction models according to proposed guidelines to prevent bias, to limit  
	 overfitting, and to improve generalizability.
• 	 Perform internal and external validation to determine the performance of the prediction  
	 model in new patients.
• 	 Incorporate new information such as epigenetics in existing prediction models to  
	 improve model performance.
• 	 Use an impact study to estimate the effects of using a prediction model in clinical  
	 practice.
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De algemene introductie, Hoofdstuk 1, geeft een overzicht van de achtergrond en de 
doelen zoals beschreven in dit proefschrift. De wereldwijde, maatschappelijke last als gevolg 
van kanker is de afgelopen eeuwen gestegen en de verwachting is dat de incidentie en 
mortaliteit van kanker nog verder door zal stijgen in de toekomst. Er zijn daarom specifieke 
interventies nodig op het gebied van kanker screening en predictie om een koerswijziging 
te realiseren. Kanker screening omvat het testen van asymptomatische individuen op 
afwijkingen die kunnen duiden op de aanwezigheid van (een voorstadium) van kanker. 
Kanker screening leidt vaak tot verbeterde uitkomsten op het gebied van mortaliteit, 
morbiditeit en behandelingsopties vanwege de timing van screening (voordat individuen 
symptomatisch worden). Op het gebied van kanker kunnen risico predictiemodellen worden 
gebruikt om een inschatting te maken van de kans op kanker of de kans op progressie van 
een premaligne stadia tot klinische kanker.

Kanker screening en predictie kunnen elkaar versterken doordat risico predictie het mogelijk 
maakt om kanker screening specifiek te richten op de individuen die het meeste profijt 
zullen hebben van de screening. Het overkoepelende doel van dit proefschrift was om de 
ethiek, kosteneffectiviteit en predictie modellering van kanker screening en behandeling te 
evalueren. Specifieke onderzoeksvragen waren:

1.	 Hoe kunnen we autonome keuzes promoten in informed consent procedures rondom  
	 deelname in epigenetische cancer screening toegespitst op specifieke risicogroepen?

2.	 Wat is de kosteneffectiviteit van het aanbieden van profylactische hysterectomie aan  
	 eerstegraads familieleden met Lynch Syndroom van patiënten met colorectale kanker?

3.	 Wat is de kwaliteit van risico predictiemodellen voor endometriumkanker in de  
	 algemene populatie?

4.	 Hoe kunnen we accurate en valide individuele schattingen van het risico op progressie  
	 van premaligne stadia naar klinische kanker verkrijgen, gebaseerd op predictie modellen  
	 om beslisvorming te ondersteunen?

Screening
In Hoofdstuk  2, vonden we dat nieuwe informed consent modellen zoals het ‘tiered-layered-
staged’ informed consent geschikt zijn voor gebruik in epigenetische kanker screening 
programma’s. Daarnaast vonden we dat keuzehulpen patiënten kunnen ondersteunen in het 
maken van een autonome keuze over deelname in een kanker screening programma. We 
ontwikkelden een raamwerk voor de ontwikkeling van keuzehulpen om informed consent 
te ondersteunen in de specifieke context van epigenetische kanker screening programma’s.
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In Hoofdstuk 3, onderzochten we de kosteneffectiviteit van het aanbieden van profylactische 
hysterectomie aan eerstegraads familieleden met Lynch Syndroom van patiënten met 
colorectale kanker. We vonden dat profylactische hysterectomie het meest kosteneffectief is 
als dit wordt aangeboden aan vrouwen in de leeftijd van 40 tot 80 jaar. De beslissing om een 
profylactische operatie te ondergaan blijft een individuele beslissing en is afhankelijk van de 
individuele perceptie en disutiliteit van profylactische hysterectomie en de bijbehorende 
consequenties zoals vroegtijdige menopauze.

Prediction
In Hoofdstuk 4, vonden we dat er maar een beperkt aantal modellen is ontwikkeld om 
het risico op endometrium kanker te voorspellen in asymptomatische of symptomatische 
vrouwen. De bruikbaarheid van de meeste modellen is onduidelijk vanwege methodologische 
tekortkomingen en het gebrek aan externe validatie. Risico predictie modellen dienen extern 
gevalideerd te worden voordat ze gebruikt worden in de klinische praktijk om te voorkomen 
dat foutieve voorspellingen (te hoog of te laag) worden gebruikt als basis voor beslissingen 
over behandelingen.

In dit proefschrift zijn verschillende predictie modellen ontwikkeld en intern gevalideerd 
volgens hoogstaande methodologie.

Hoofdstuk  5 liet de ontwikkeling en validatie zien van een model om de kans te berekenen 
van regressie van grote hepatocellulaire adenomen (goedaardige lever tumoren). We 
vonden dat de diameter van het adenoom bij diagnose, de regressie over tijd en het subtype 
van het adenoom de sterkste voorspellers waren van regressie. Het model gaf een intern 
gevalideerde c-index van 0.79.

In Hoofdstuk 6, ontwikkelden we een model om het risico op het ontwikkelen van keratinocyt 
carcinoma (huidkanker) bij patiënten met actinische keratose (een premaligne laesie van 
huidkanker). Het ontwikkelde model bevatte de voorspellers: aanwezigheid van meer dan 
vier premaligne laesies, lokalisatie van de premaligne laesie op de bovenste extremiteiten 
of ergens anders behalve op het hoofd en consumptie van koffie. Het model werd intern 
gevalideerd met bootstrapping en gaf een c-index van 0.6.

Een predictiemodel om neoplastische pancreas cysten te identificeren werd ontwikkeld in 
Hoofdstuk 7. De grootte van de cyste, multivocaliteit, roken, voorgeschiedenis met acute 
pancreatitis en voorgeschiedenis met ander maligniteiten waren significante voorspellers 
van regressie. Na interne validatie had het model een c-index van 0.7.
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In Hoofdstuk 8 werden de resultaten en de implicaties van dit proefschrift besproken. Het 
doel van dit proefschrift was om de ethiek, kosteneffectiviteit en predictie modellering van 
kanker screening en behandeling te evalueren. 

We vonden dat de autonomie van patiënten extra aandacht zou moeten krijgen en kan 
worden ondersteund met keuzehulpen als epigenetische kanker screening programma’s 
worden geïmplementeerd. Daarnaast vonden we dat profylactische hysterectomie een 
veelbelovende strategie lijkt om endometrium kanker en overlijden door endometrium 
kanker te voorkomen. De optimale leeftijd voor het ondergaan van profylactische 
hysterectomie hangt af van individuele voorkeuren. Vervolgens hebben we laten zien dat 
er slecht een aantal modellen beschikbaar zijn om het risico op endometrium kanker te 
voorspellen en dat de meeste modellen methodologische tekortkomingen hebben, zoals het 
omgaan met ontbrekende data en het ontbreken van interne en externe validatie. Predictie 
modellen zouden ontwikkeld moeten worden volgens voorgestelde richtlijnen om accurate 
individuele risico schatting te verkrijgen die bruikbaar zijn om medische besliskunde te 
ondersteunen.

Een combinatie van kanker predictie en kanker screening zou kunnen resulteren in efficiëntere 
kanker screening strategieën. Dit kan leiden tot een verbetering in patiëntuitkomsten en 
een reductie van kosten voor gezondheidszorg op het gebied van kanker. Gebaseerd op onze 
bevindingen raden we het volgende aan op het gebied van kanker screening en predictie:

Kanker screening
• 	 Erken het belang van autonomie van patiënten in kanker screening programma’s en  
	 ondersteun patiënten door alle relevante informatie over beschikbaar te stellen,  
	 eventueel ondersteunt met keuzehulpen.
• 	 Profylactische hysterectomie lijkt een veelbelovende strategie om overlijden door  
	 endometrium kanker te voorkomen. Bij het bepalen van de optimale startleeftijd moeten  
	 individuele voorkeuren over profylactische hysterectomie en vroegtijdige menopauze  
	 worden meegenomen.
• 	 Predictie modellen om het risico op kanker te voorspellen zouden moeten worden  
	 meegenomen in kanker screening om uitkomsten voor de patiënten te verbeteren en  
	 de maatschappelijke last van kanker te verlagen.

Kanker predictie
• 	 Ontwikkel predictiemodellen volgens voorgestelde richtlijnen om bias te voorkomen,  
	 om overfitting te beperken en om generaliseerbaarheid te vergroten.
• 	 Verricht interne en extere validatie om de prestatie van het predictiemodel in nieuwe  
	 patiënten vast te stellen
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• 	 Verwerk nieuwe informatie zoals epigenetica in bestaande predictiemodellen om de  
	 prestaties van de modellen te verbeteren
• 	 Gebruik een impact studie om het effect te schatten van het gebruik van een  
	 predictiemodel in de klinische praktijk
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menselijk is. Dankzij jou ben ik gegroeid als wetenschapper en als mens.
Hester, ondanks dat mijn projecten zich veelal buiten de scope van jouw projecten afspeelden 
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is om een vastomlijnd plan te hebben, dank hiervoor. 
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onderwerpen. In het bijzonder ook dank aan de ondersteunende diensten, zoals ICT en het 
secretariaat. Bedankt voor jullie geduld en hulp bij alle vragen en problemen die naar boven 
kwamen tijdens de afgelopen jaren. 
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dankjewel hiervoor.
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Zonder jou zou dit proefschrift er nooit zijn gekomen. Je bent mijn grootste supporter, je 
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