
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Cancer predisposition in children: genetics, phenotypes & screening

Hopman, S.M.J.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Hopman, S. M. J. (2014). Cancer predisposition in children: genetics, phenotypes &
screening. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/cancer-predisposition-in-children-genetics-phenotypes--screening(8b1855f6-4e45-402d-82e4-f80d3c0599b6).html


Cancer predisposition 
in children: 

genetics, phenotypes & screening

Saskia
Hopman

C
ancer predisposition in children: genetics, phenotypes &

 screening              Saskia H
opm

an

This thesis describes the genetic, phenotypic and 

screening aspects of tumor predisposition syndromes 

in childhood cancer patients. In tumor predisposition 

syndromes, the same constitutional molecular defects 

that lead to the clinical phenotype predispose the 

patient to develop specific cancers.

Structural genome variations were detected in 

childhood cancer patients showing one of the 

patterns of co-occurring morphological abnormalities 

as defined previously by Merks et al., which were 

hypothesized to be susceptibility loci. 

3D Shape analysis was used in this same patient 

cohort, which demonstrated that the childhood cancer 

patients showed more overall facial dysmorphism, 

more dysmorphism in the malar region and increased 

facial asymmetry compared to controls. This 

showed the added value of morphometric analysis 

to further delineate face shape differences that are 

too subtle or geometrically complex to identify or 

quantify objectively with conventional clinical and 

anthropometric approaches.  

3D photography was also used to demonstrate 

statistically significant differences in face shape 

between individuals from the UK and the Netherlands, 

two European Caucasian populations of close 

phylogenetic and geographic proximity. From these 

results we recommend, that in genotype-phenotype 

correlation studies reference groups should be 

established in the same population as the individuals 

who form the subject of the study. 

Lastly, a screening instrument consisting of a screening 

form and 2D/3D picture series was developed, which 

showed to identify patients who (might) have a tumor 

predisposition syndrome in a first validation.
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Introduction

1.1 Definition and incidence of tumor predisposition syndromes

Approximately 1 in 600 children is diagnosed with a malignancy before the age of 15 in the 

developed world1. In the Netherlands, yearly around 600 new cases of childhood cancer are 

diagnosed. The childhood cancer registry of the Dutch Childhood Oncology Group (DCOG) 

also known as Dutch foundation for pediatric oncology Stichting Kinderoncologie Nederland 

(‘SKION basisregistratie’) registered 602 new cases of childhood cancer in the year 2011 2, 

the diagnoses are classified according to the International Classification of Childhood Cancer 

(ICCC) 3. The largest group of cases comprise the leukemias/myeloproliferative diseases/

myelodysplastic diseases (ICCC diagnostic group I, 25%), followed by CNS/miscellaneous 

intracranial/intraspinal/neoplasms  (ICCC diagnostic group III, 21%) and lymphomas and 

reticuloendothelial neoplasms (ICCC diagnostic group II, 13%). 

Of the solid tumors, rhabdomyosarcoma, Wilms’ tumors (nephroblastoma), neuroblastoma 

and hepatoblastoma comprise 10% of tumors. Malignant bone tumore (Ewing sarcoma and 

osteosarcoma) comprise 5.5% of tumors.

An important difference between solid tumors in adulthood and childhood is that in adults 

the vast majority of tumors are epithelial cancers. In adult (mainly epithelial-type) cancers, 

environmental factors contribute most to the susceptibility for developing cancer and 

inherited genetic factors only play a minor role 4. In adult cancer, about 5-10% of tumors 

is said to be caused by genetic predisposition 5, these reported percentages vary widely 

in childhood cancer 6. Adults have been exposed to several environmental factors that 

could have caused successive genetic hits. Most children only have had limited exposure to 

potential oncogenic environmental factors so that in children genetic factors are thought to 

be of higher importance.   

Genes and their corresponding proteins have (almost) invariably a dual function, one 

prenatally and one postnatally: a gene that steers the formation of an organ or body part 

(developmental gene) during embryogenesis, frequently becomes a gene that is involved 

in growth regulation after birth 7. Therefore, an altered developmental gene causes an 

unusual phenotype or syndrome prenatally and may go along with an increased risk to 

develop cancer in the same individual postnatally 8, 9. 

A tumor predisposition syndrome can be defined as a recognizable combination of features 

(i.e. related to morphological manifestations, tumor, family history or a combination) with 

a common cause, leading to an increased susceptibility for developing cancer. The gene 

alterations responsible for the tumor predisposition syndrome are not always identified in 

these tumor predisposition syndromes, so that it can also be clinical diagnosis. In these 

tumor predisposition syndromes, the same constitutional molecular defects that lead to 

the clinical phenotype predispose the patient to develop specific cancers 10. For example, 

in ‘Gorlin syndrome’ or ‘basal nevus syndrome’ [OMIM 109400] mutations in the PTCH-1 or 
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SUFU gene cause morphological manifestations such as overgrowth, short metacarpals, rib 

defects, broad face and dental abnormalities on one hand and lead to an increased risk of 

medulloblastoma and rhabdomyosarcoma on the other hand 7.

Few studies have been done into the prevalence or incidence of tumor predisposition in 

childhood cancer. One of the first studies giving an estimate of tumor predisposition in 

childhood cancer was a case record study performed by Narod et al. In their study, the files 

of 16.5 thousand childhood cancer cases from the UK were reviewed. In more than 3% of 

the cases, a genetic condition was reported and when family history was taken in account 

(whenever available) this was more than 4% 11. An important drawback in the study by 

Narod et al. is that case record studies may easily underestimate the percentage of tumor 

predisposition because of under reporting or under recognition.  Another study, performed 

by Knapke et al, reviewed the family history, clinical history and tumor type to study the 

eligibility for genetics evaluation in a cohort of 370 survivors of childhood cancer. They 

found an indication for further genetic evaluation in almost 30% of the patients 12.

The study performed by Knapke et al has a few drawbacks too. Firstly, studying a cohort 

of survivors may lead to underestimation of the incidence of tumor predisposition. Tumor 

predisposition syndromes may lead to a poorer prognosis, so that childhood cancer 

survivors are less likely to have a tumor predisposition syndrome. Secondly, studying purely 

indications of further genetic evaluation might lead to an overestimation of incidence as 

only part of the patients will have a tumor predisposition syndrome. 

In both of the studies by Narod and Knapke, morphological examination was not taking 

into account, whereas morphological abnormalities might be indicators of underlying tumor 

predisposition syndromes 13,10, 14.

The only prospective study into the incidence of tumor predisposition that has been based 

on the combination of morphological examination, patient history and family history 

is performed by Merks et al. In this study, 1073 childhood cancer patients underwent 

a physical examination. This study cohort comprised of 898 (84%) long-term survivors 

(children who are in remission for more than five years) and 175 (16%) prospectively 

recruited newly diagnosed patients. A known syndrome was diagnosed in 42 patients 

(3.9%) and in another 35 patients (3.3%), a syndrome was suspected. This means they 

identified a total of more than 7% of (possible) tumor predisposition in their cohort of 

childhood cancer patients 15. Strengths of this study are that it focused on morphology 

and tumor predisposition syndromes in childhood cancer which makes the data reliable. 

Although this study included newly diagnosed patients (16%), a disadvantage is that the 

majority of patients (84%) were long-term survivors.
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1.2 Patterns of morphological abnormalities in childhood cancer patients, a 
selected cohort

Although few studies have been done into the prevalence or incidence of tumor predisposition 

syndromes in childhood cancer, more studies have been done on the  prevalence of 

morphological abnormalities or congenital anomalies in childhood cancer patients, based 

on different methodologies. These included a review of death certificates 16, examination 

of cancer registries 14, 17-20, record linkage studies 21-27, or interviews 28, 29. Because in 

these studies no morphological examinations were performed, these analyses are mostly 

confined to major abnormalities. However, many syndromes manifest themselves rather as 

combinations of minor anomalies.  Several studies have been done on the prevalence of 

minor anomalies in childhood cancer patients, but these were all small patient cohorts 30-37.

As mentioned in the previous paragraph, the cohort Merks et al. is unique in its cohort 

size and  because not only medical history and family history were noted, but also patients 

underwent a physical examination directed to 683 morphological abnormalities. The 

prevalence and patterns of morphological abnormalities were compared with controls, 

1007 schoolchildren from the same geographical region who underwent the same physical 

examination. 

A higher incidence of both major abnormalities (28.8% in patients compared to 15.5% in 

controls, P<0.001) and minor anomalies (65.1% in patients compared to 56.2% in controls, 

P<0.001) was found in childhood cancer patients compared to their health peers. Also, 

a combination of three or more minor anomalies was found in 15.2% of the childhood 

cancer patients compared to 8.3% in controls (P<0.001) 10. The fact that morphological 

abnormalities are more prevalent in childhood cancer patients, supports tumor predisposition 

syndromes as being an explanation for part of the cases of childhood cancer.

Multiple logistic regression analysis showed a selection of independent morphological 

abnormalities that were significantly associated with childhood cancer. By performing a 

stepwize cluster analysis, four new patterns of co-occurring morphological abnormalities 

indicative of tumor predisposition syndromes were established (for detailed methodology, 

please refer to Merks et al 2008). These patterns were named after their key-abnormalities: 

‘blepharophimosis (BP) pattern’, ‘epicanthal folds (EF) pattern’, ‘asymmetric lower limbs (LLA) 

pattern’ and ‘Sydney creases (SC) pattern’. Patients, designated as showing one of the four 

patterns of morphological abnormalities formed the basis of the cohort described  in the 

Chapters 3, 4 and 6 of this thesis. (Table 1, patterns and their morphological abnormalities).

1.3 Cancer as a genetic disease

Although environmental factors have a principle role in causing sporadic cancer 4, cancer is 

in essence a genetic disease 38. It takes multiple genetic or epigenetic changes for a somatic 

cell and its progeny to develop into a cancer. This multistep process leads to changes in 

gene activity that enables the neoplastic clone to survive, proliferate and disseminate. 
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During this process cells acquire themselves capabilities, described in the iconic article 

‘Hallmarks of Cancer’ by Hanahan and Weinberg 39.  These capabilities or ‘hallmarks’ 

include self-sufficiency of growth signals, insensitivity to anti-growth signals, tissue invasion 

and metastasis, limitless replicative potential, sustained angiogenesis and evading apoptosis 
39. More recently, this concept has been expanded with so called ‘enabling characteristics’ 

that underly these hallmarks (genome instability and mutation as well tumor-promoting 

inflammation) and ‘emerging hallmarks’ for which evidence is accumulating (deregulating 

cellular energetics and avoiding immune destruction). Also the so called ‘microenvironment’ 

of a tumor, which is constructed during tumorigenesis and consists of different cell types, 

contributes to the biology of tumors 40 (Figure 1). 

Figure 1: The hallmarks of cancer; emerging hallmarks and enabling characteristics. Adapted from ‘Hallmarks 
of cancer, the next generation’ D. Hanahan and R. A. Weinberg, Cell, Volume 144, Issue 5, 4 March 2011, 
Pages 646–674. Reprinted with permission.

In tumor predisposition, inherited alteration in cancer predisposition genes (i.e. oncogenes, 

tumor-suppressor genes and stability genes) make an individual more susceptible for 

developing a cancer 38. Sometimes, four types of genetic predisposition are being 

distinguished 1. Firstly, predisposition through highly penetrant genes; these usually lead to 

familiar clusters of malignancies with a clear mode of inheritance. Examples of these include 

retinoblastoma predisposition syndrome [OMIM 180200] and LiFraumeni syndrome [OMIM 

12



General introduction

ch
ap

te
r 

1

151623]. Secondly, syndromes which present primarily with morphological abnormalities 

but also lead to an increased cancer risk. Examples of these include Beckwith-Wiedemann 

syndrome [OMIM 130650] and Denys-Drash syndrome [OMIM 194080]. Thirdly, genes with 

lower penetrance, which means that not all carriers are affected. In these cases, familial 

clustering is usually not evident although there might be first degree relatives that are both 

affected. It is hypothesized that such genes could play an important role (or actually might 

comprise the largest category of inherited predisposition) in causing (childhood) cancer 1, 41. 

Examples of these include the efforts to define susceptibility loci for ALL42, 43. Lastly, normal 

genomic variants of genes may exist that act as genetic modifiers by influencing response to 

environmental factors or have effect on other genes. These modifier genes can affect the 

threshold for trait expression, leading to a larger or smaller proportion of individuals affected 

by a certain event and thus affect penetrance. Also, modifier genes can affect the range of 

phenotypes associated with a certain event and thus lead to variable expressivity 1, 41, 44.

1.4 Advances in genetic research

Genetic testing for congenital disorders and/or tumor predisposition syndromes has 

switched from mainly cytogenetic techniques (at chromosome level) to mainly molecular 

techniques (at DNA level) over the last 10 to 15 years.

To study alterations at chromosome level, karyotyping using G-banding has proven to be 

a highly reliable cytogenetic technique for identifying chromosomal aberrations such as 

translocations, inversions, duplications and deletions. However, the resolution of karyotyping 

is limited to 5-10 Mb. Consequently, chromosomal aberrations of smaller size cannot be 

detected using karyotyping 45, 46 . FISH allows identification of smaller chromosomal 

aberrations but because of the relatively large size of most probes (100-150 kb), smaller 

deletions and duplications cannot be detected 45, 46. 

To study alterations at DNA level, different high density microarray techniques such as 

oligo-array and SNP (Single Nucleotide Polymorphism) array have become available. Among 

other things, the number of probes on the array chip as well as the spacing of the probes, 

determines the coverage and resolution. For example on the platform used in Chapter 3 

(Illumina® Bead Chip 660W SNP array), almost 660.000 probes are spotted on the array, 

leading to a median genomic coverage of 1,0 (mean genomic coverage 0,92) and a median 

spacing of 2,3 kb (mean spacing 4,4 kb). SNP arrays can be used to detect genome-wide 

associations (GWA) of a specific polymorphism in a cohort of patients with the same 

disease. Therefore, a study cohort of sufficient size as well as a second, independent, so 

called ‘replication cohort’ are required to establish the association between a SNP and 

a certain disease. However, SNP arrays can also be used to detect loss (deletion) or gain 

(duplication), also known as Copy Number Variations (CNVs) in a single individual 45, 46. CNVs 

are structurally variable regions of DNA and occur in all individuals. Most of the CNVs are 

“common”, which means that they are shared by other individuals. Therefore, to distinguish 
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the “pathogenic” CNVs from these “common” CNVs, the use of a representative reference 

set is necessary. Until now, the importance of CNVs to cancer predisposition has not been 

explored fully. However, Shlien et al showed that the number of CNVs in the genome of 

individuals with Li-Fraumeni cancer predisposition syndrome was highly significant increased 

compared to healthy individuals 47. These results suggest that screening individuals and 

families predisposed for cancer for CNVs may identify individuals with an abnormally high 

number of these events, possibly contributing to tumor development 47. The genes that 

are involved in a pathogenic CNV event can be a candidate for the association with the 

corresponding clinical phenotype 48. Using a CNV approach has limitations in detecting 

structural variations such as small insertions or inversions and point mutations. These 

changes at the level of individual nucleotides can be detected by DNA sequence analysis 
49. Direct sequence techniques, in which single genes or gene panels are studied, are 

labour-intensive. Over the last five years, genome-wide sequencing using next-generation 

sequencing techniques has proven to be an efficient and effective alternative for discovering 

new genes involved in diseases 50-53. More recently, next generation sequencing techniques 

are also introduced for diagnostic purposes. A recent whole-exome study amongst 

unselected patients who were referred for genetic evaluation of mainly neurologic disorders 

(including developmental delay, autism spectrum disorder, speech delay and intellectual 

disability) or neurologic disorders in combination with a disorder in another organ-system, 

led to a molecular diagnosis in 25% of the patients 54. 

At the time of the molecular studies described in part I of this thesis, next generation 

sequencing techniques were not yet as easily carried out as they currently are. Therefore, 

our approach described in Chapter 3 of this thesis was confined to using SNP array to 

detect deletions and duplications and conventional cytogenetics to identify large inversions 

and translocations. Recently, we started a whole-exome study in a selection of probands 

showing one of the patterns of co-occurring morphological abnormalities, in whom we had 

not identified a structural genomic variant using our approach as described in Chapter 3. 

However current results and validation of these analyses are pending so they could not be 

included as a separate chapter. Next generation sequencing will be discussed in the General 

Discussion in part III of this thesis.

1.5 Advances in phenotypic research

In the diagnosis of genetic conditions, morphological abnormalities are often a first 

clue55. Precise phenotypic descriptions are necessary to define homogeneous study 

populations and subsequently compare patients with controls and  establish genotype-

phenotype relations 56. In both studying genotype-phenotype relations and evaluation 

of large patient populations as well as on individual level, it is essential to use the same 

nomenclature for morphological abnormalities. Therefore, in 2009, an international group 

of clinicians working in the field of dysmorphology has initiated the standardization of terms 
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used to describe human morphology 56-63. Firstly, to have the disposal of uniform and 

internationally accepted terms to describe the human morphological phenotype, is essential 

to formalize and standardize the clinical assessment of a proband. Secondly, using uniform 

nomenclature for morphological abnormalities identified in a proband will help in better 

description of (tumor predisposition) syndrome patients facilitating exchange of knowledge 

and experiences in recognition of (tumor predisposition) syndromes. Lastly, the definition 

of patient groups homogeneous in phenotype before performing molecular diagnostics 

increases the chance of finding the responsible genetic defect.

Traditionally, direct anthropometry has been an important tool in analysing a patient’s 

phenotype 64. However, disadvantages include inter-observer variability, impossibility to 

repeat or perform additional measurements in absence of the subject and the necessity of 

a subject to sit still. These are important limitations for performing direct anthropometry 

in pediatric patients. Two-dimensional photography compensates somewhat for these 

limitations, but the quality and the usability of a 2D picture is highly dependent of the 

experience of the photographer and cooperation, pose and lighting of the subject 65. In 

contrast, 3D photography offers a fast capture of images, independent of the subject’s 

pose 55. Also, it allows for repeated measurements without requiring the presence or 

prolonged cooperation of the subject. In 3D photography, photogrammetric and laser 

scanning devices are the most commonly used. These devices capture tens to hundreds of 

thousands of 3D point on a human face. The captured faces are annotated with anatomical 

landmarks and these landmarks, can be used for linear and angular measurements. 

However, when performing surface-based shape analysis, so called dense surface models 

(DSMs) need to be created. Following manual landmarking, collections of face surfaces are 

used to compute DSMs. Dense surface modelling techniques introduce tens of thousands 

of densely corresponded points as quasi-landmarks across the surface of the face. Following 

the placing of landmarks on a given set of 3D face surfaces, the generalized Procrustes 

algorithm is used to calculate the mean landmarks for the set. Each surface is then warped 

(pulled together) to bring corresponding landmarks on each face into precise alignment 

with the mean landmarks. During this process, surfaces of the faces are pulled together to 

generate a dense surface correspondence of mesh points across all of the surfaces. In other 

words, landmarks guide the formation of a dense correspondence between a common set of 

points across all face surfaces in the study group. Once the dense correspondence has been 

made, as many as 10,000 points are used as landmarks. After landmarking and construction 

of a dense surface correspondence, principal components analysis (PCA) of shape differences 

from the mean face were computed in order to build dense surface models (DSMs) (Figure 2). 

A DSM consists typically of sufficient PCA modes responsible for 99% of shape variation in 

the target population. Moreover, every face used to build the DSM can be reconstructed as a 

weighted linear sum of the DSM modes 55, 65-67. 3D Analysis of facial morphology using dense 

surface modeling has successfully delineated the facial phenotype of genetic conditions such 

as Noonan, Williams, Smith-Magenis and 22q11 deletion syndromes 67, 68. In each of these 
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conditions, Dense surface modeling techniques have attained high rates of discrimination 

between the faces of unaffected and syndromic groups 67. Using these highly sensitive 

models of facial dysmorphism, it is then possible to detect fine-grained differences in atypical 

patients and assist genotype-phenotype studies 69. 

Figure 2: 3D surface scanning of the face. (A) Multiple views of a 3D photogrammetric face image. (B) Mesh 
of 3D points on the face annotated with landmarks. (C) Three face surfaces depicting the use of landmarks 
to warp the faces close together prior to generating a dense surface correspondence of mesh points across 
all of the surfaces. (D) Polyhedral depiction of face shape using 3D landmarks. Courtesy of Prof. Peter 
Hammond, Figure ‘3D surface scanning of the face’, reprinted with permission from ‘The use of 3D face 
shape modelling in dysmorphology’ Arch Dis Child 2007; 92: 1120-1126

1.6 Importance of recognition of tumor predisposition syndromes

The diagnosis of a specific tumour predisposition syndrome in patients with childhood 

cancer is important and clinically relevant because it can affect management and optimize 

care for patients and their families 15, 70-72. Firstly, diagnosing a tumor predisposition 

syndrome may allow screening for subsequent malignancies. Early detection of a malignancy 

may improve the cancer prognosis and therefore, could be lifesaving 15, 70, 72. Secondly, it can 

facilitate pre-symptomatic identification of other relatives at risk for malignancies who can 
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be screened if appropriate. Thirdly, some syndrome-associated malignancies require specific 

treatment strategies 6, 72. Fourthly, better knowledge of the underlying syndrome may guide 

care for non-malignancy manifestations. It might contribute to familial understanding and 

acceptance and might provide better insight in recurrence risks and prognosis 15, 56-63, 71. 

Lastly, recognizing and increased knowledge of tumor predisposition syndromes will improve 

our understanding of normal development and the pathophysiology of cancer. 

Even though testing for tumor predisposition syndromes can be beneficial and might lead to 

better care and cure for childhood cancer patients, few ethical considerations should be taken 

into account when testing children for tumor predisposition. These include the distinction 

between diagnostic and pre-symptomatic testing in children. Pre-symptomatic testing in children 

should only be performed when a positive test result will have medical consequences 72-74. 

Genetic testing can have important social and psychological consequences for a child 73, 75. 

The genetic counselling of testing for tumor predisposition syndromes should include benefits 

and harm of testing and should carefully be considered with the parents and child amongst 

others 73. Several recommendations have been proposed for the counselling of genetic testing 

for tumor predisposition syndromes in children. These give guidance to professionals to help 

parents and children in their process of informed decision making 5, 73, 76.

Merks et al. showed that half of the tumor predisposition syndromes diagnoses in childhood 

cancer patients had been missed during routine care, despite intensive pediatric care and 

follow-up 15. This illustrates that it can be difficult to diagnose a tumor predisposition 

syndrome in childhood cancer patients. Many tumor predisposition syndromes have a 

low incidence, so that not every caretaker is familiar with the phenotype which makes 

it less likely that the caregiver will recognize the tumor predisposition syndrome. Also, 

most pediatricians are not specifically trained in performing a morphological examination. 

Furthermore, in many tumor predisposition syndromes morphological abnormalities and 

other features can be subtle, so that they are easily missed.

Therefore, we and others recommended that all children diagnosed with a malignancy 

should be assessed by a clinical geneticist or a pediatrician skilled in clinical morphology 13, 

15, 77. Because in many countries there is limited access to such consultations and genetic 

consultations can be a low priority in acutely ill patients, a screening instrument could be 

a reliable aid in assuring that all childhood cancer patients at risk for having a tumour 

predisposition syndrome can be recognized and referred. 

To our knowledge, only two efforts have been done to develop such a screening instrument. 

Jongmans et al. developed a referral test, to be completed by the pediatrician involved. 

Based on five criteria, the test determines whether referral for further clinical genetic 

evaluation is indicated 78. 

We developed a screening instrument which consists of a screening form (to be completed 

by a genetic counsellor or nurse), together with 2D and 3D pictures of the patient.  The 

completed screening instrument can serve as a condensed clinical genetic evaluation of 
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the patient. Based on the completed screening form and pictures, the clinical geneticist 

can then select those suspected to have a syndrome for a full genetic consultation in an 

efficient manner. This guarantees that the possibility of a tumor predisposition syndrome 

is considered in all childhood cancer patients 79. The design of our screening instrument as 

well as the pilot validation are described in part III of this thesis. 

1.7 Objective and outline of this thesis

The objectives of this thesis were

1. To identify the structural genomic variants that might underlie the four patterns of 

co-occurring morphological abnormalities

2. To further delineate the morphological abnormalities in patients from the patterns of 

co-occurring morphological abnormalities, using 3D photography and determine the 

added value of 3D photography in characterization of facial morphology

3. To develop a screening instrument for known tumor predisposition syndromes

The patterns of co-occurring morphological abnormalities indicative of new tumor 

predisposition syndromes are described in Table 1, the establishment of this cohort is 

explained in Chapter 1.2: Patterns of morphological abnormalities in childhood cancer 

patients, a selected cohort.

Case illustration of a tumor predisposition syndrome in 
childhood cancer

Chapter 2 describes a patient with molecularly proven PTEN Hamartoma Tumor Syndrome 

and Gorham-Stout phenomenon. Gorham-Stout phenomenon has not been reported before 

in a patient with a constitutional mutation in the PTEN gene. 

Part I. Genetic aspects of tumor predisposition syndromes in 
childhood cancer

In Chapter 3 we describe the structural genome variations (microdeletions and 

microduplications) in individuals showing the patterns of co-occurring morphological 

abnormalities indicative of new tumor predisposition syndromes. 
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Name pattern of co-occurring morphological 
abnormalities

Morphological abnormalities

BLEPHAROPHIMOSIS PATTERN
(n=10)

≥2 of the following:
Blepharophimosis
Patchy hypopigmentation
Café-au-lait spots
Increased angulation of the spine

ASYMMETRIC LOWER LIMBS PATTERN 
(n=17)

≥2 of the following:
Asymmetric lower limbs
Tall stature
Ptosis
Hypoplastic malae
Pectus carinatum or pectus excavatum

EPICANTHAL FOLDS PATTERN
(n=8)

≥3 of the following:
Epicanthal folds
Flat, broad, nose
Full lips
Prominent ears
Café-au-lait spots
Hyperlaxity of joints

SYDNEY CREASE PATTERN
(n=6)

≥3 of the following:
Sydney crease
Full lateral parts of eyelids
Microdontia
Clinodactyly digitus V
Hypermobility of small joints

Table 1: Summary of patterns of statistically significant co-occurring morphological abnormalities and 
number of patients in each pattern. The total of 41 probands that were included for our analyses in Chapter 
3, 4 and 6 were selected from a large prospective cohort of childhood cancer probands and all showed one 
of the four patterns of statistically significant co-occurring morphological abnormalities. The table shows 
the criteria for each of the patterns and the number of patients included from each pattern, based on the 
morphological examination by Merks et al. (partly described in 10).

Part II. Phenotypic aspects of tumor predisposition 
syndromes in childhood cancer

Originally, we used a UK-Dutch control group in our 3D analyses. In order to test whether 

the use of a combined UK-Dutch control group was justified or not, in Chapter 4 we use 

3D photography to assess differences in face shape between individuals from the UK and 

the Netherlands. The added value of 3D shape analysis to characterize facial morphology 

in childhood cancer patients from the four patterns of morphological abnormalities is 

illustrated in Chapter 5. We compare overall facial dysmorphism and dysmorphism of a 

19



Chapter 1

localized malar region between patients and controls. Also, we study differences in facial 

asymmetry in patients and controls. Chapter 6 reviews the clinical and molecular aspects 

of syndromes associated with brain tumors in children, thereby facilitating recognition of 

syndromes in children with a brain tumor and early diagnosis of brain tumours in children 

with syndromes. 

Part III. Screening for tumor predisposition syndromes in 
childhood cancer

In Chapter 7 the development of a clinical screening instrument for tumor predisposition 

syndromes in childhood cancer and its first clinical validation is described. 

Part IV General discussion 

Chapter 8 summarizes the main findings, conclusions, strengths and limitations of the 

studies in this thesis. Furthermore, recommendations for further studies within the field of 

tumor predisposition syndromes in childhood cancer are provided.
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Chapter 2

Abstract

PTEN hamartoma tumor syndrome (PHTS) is a group of syndromes caused by mutations in 

PTEN. Gorham-Stout phenomenon (GSP) is a rare condition characterized by proliferation of 

vascular structures in bones, resulting in progressive osteolysis.

Here we present a one- year-old boy with PHTS and GSP. The lesion that later proved to be 

GSP was evident from the age of four months, and became symptomatic at the age of one 

year. Eventually, he developed a fatal chylothorax. Mutation analysis revealed a germline 

heterozygous mutation c.517 C>T (p.Arg173Cys) in exon 6 of PTEN. Analysis of the lymphatic 

malformation tissue revealed no loss of heterozygosity (LOH) nor a second, somatic PTEN 

mutation of the remaining wild type allele. The germline p.Arg173Cys mutation was also 

present in the mother and the propositus’ younger sister and brother. Further molecular 

work-up showed a heterozygous variant c.2180C>T (p.Ala727Val) FLT4 in the lymphatic 

malformation tissue, which was also present in the germline of mother and two sibs.

Gorham-Stout phenomenon has not been reported before in a patient with a PTEN 

mutation. Up to this date, this mutation is the only genetic defect possibly involved in the 

etiology of Gorham-Stout phenomenon which is plausible given the known function of 

PTEN in angiogenic signalling.
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Introduction

The PTEN hamartoma tumor syndrome (PHTS) is a collective term for clinical entities 

caused by a germline mutation in PTEN and leading to formation of benign and malignant 

neoplasms. Macrocephaly is common 1. PHTS includes PTEN mutation-positive subsets of 

Cowden syndrome (CS), Bannayan-Riley-Ruvalcaba syndrome (BRRS), and an entity that 

resembles Proteus syndrome (PS) but is still different and has been designated with different 

terms 2. All PTEN hamartoma syndromes overlap clinically, but can usually be distinguished 

from one another 3. Germline mutations in the tumor suppressor gene PTEN (MIM 601728, 

phosphatase and tensin homolog at 10q23.31) have been found in 80% of individuals 

seen by specialist tertiary care centers, in 25%  from the community 1 who meet the full 

diagnostic criteria for classic Cowden syndrome, and in 60% of individuals who meet the 

clinical diagnosis of BRRS 3. 

PTEN encodes a dual phosphatase protein that antagonizes the PI3K/Akt/mTOR pathway 

and negatively regulates the MAPK pathway 4. PTEN mutations lead to unregulated cellular 

proliferation which gives rise to the formation of malignant and benign tumors, especially 

hamartomas. Because of the increased cancer risks, recognition of PHTS is important 1,3.

Gorham-Stout phenomenon, also referred to as “Gorham massive osteolysis”, vanishing 

bone disease or disappearing bone disease, was first defined by Gorham and Stout  5. 

They originally referred to the condition as a “syndrome”. As the cause is likely to be 

heterogeneous, it is more appropriate to tag it as a sign rather than an entity in itself, and 

thus we prefer to use the term Gorham-Stout phenomenon (GSP). It refers to progressive 

idiopathic massive osteolysis and lymfatic malformations (LM) with disappearance of bone. 

Histologic study shows prominent proliferation of lymphatic and blood vessels, which has 

been described as “hemangiomatosis” (venous malformation, VM)  or “lymphangiomatosis” 

(lymphatic malformation, LM) 5. The vascular malformed tissue growing rampant invades 

the bone and its surrounding soft tissue without respect for anatomical boundaries. The 

condition affects men and women equally, occurs mostly in young individuals, and affects 

most often the skull, shoulder and pelvic girdle but may affect any part of the body 5. The 

course and outcome of the disease is diverse, clinical manifestations depend on the affected 

site, 17% of the patients have been reported to have chylothorax as a complication of chest 

involvement, often resulting in respiratory failure and death 6. The underlying causes of GSP 

are unknown and no genetic defects have been associated with the disease. 

Here we present a boy with GSP and molecularly proven PHTS, and discuss the possible 

relationship between the two findings. 

Clinical report 

The patient was born to a mother of Caucasian ancestry and a father of Caucasian/Chinese/

Indonesian ancestry after an uneventful pregnancy of 38 weeks. His weight at birth was 
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3810 g (75th-97.7th centile); length was 52 cm (50th centile) and head circumference 36 cm 

(50th centile). At birth, a skin lesion was noticed under the right axilla, which initially looked 

like an open blister surrounded by erythematous skin. At four months, the lesion started 

growing and developed into a subcutaneous tumor. 

At 12 months he was referred because of progressive dyspnoea. The patient had reached 

the developmental milestones within the normal range and clinically appeared to follow a 

normal cognitive development. Clinical exam showed macrocephaly (head circumference 

50.5 cm, > 97.7th centile) and a vascular tumor covering part of the right axilla and flank 

(Figure 1 A). 

The chest radiograph showed absence of VIIIth and IXth rib on the right side and 

extensive pleural fluid. A chest MRI confirmed an extensive tumor resembling a lymphatic 

malformation, displacing most of the right lung and infiltrating the surrounding tissues 

(Figure 1C). Ultrasound study of liver and spleen showed venous malformations, and limb 

radiographs showed osteolytic lesions of humerus, femur and tibia, most pronounced in the 

Figure 1: Clinical pictures A/B: Clinical presentation  A: At age 12 months, note erythematous skin and 
hemangioma-like appearance of the tumor. B: At age 20 months, note growth of lymphangioma, dark 
purple discoloration.  C/D: Radiological examinations  C: Coronal STIR (TR4000ms, TE 70.9ms, Sl.Th 3mm, FLA 
90° showing soft tissue involvement of the right chest wall, right chest cavity and left chest wall. Note splenic 
involvement (arrow); S= stomach. D: Post-mortem chest radiograph at 24 months, showing marked progression 
of osteolysis. Note fracture of rib VI, thinned cortex of rib VII, absence of rib VIII en IX and involvement of rib 
XI and XII. Note bilateral involvement of the proximal humerus and collaps of the thoracic vertebrae 8 to 12. 
E/F/G: Postmortem examination.  E. Large number of small and medium-sized blood vessels in inner thoracic 
wall. F. Mid-thoracic vertebrae with destructed vertebral bodies. G. Collagen IV staining of a section through a 
vertebra showing numerous thin walled and dilated lympatic vessels (brown outline) that have replaced the 
pre-existing bone trabecula (B).

A

E F G

B C D
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distal femoral metaphyses. The possibility of Maffucci syndrome was raised, but clinically 

and radiologically the hands were not affected. 

Biopsy of the intra-thoracic lesion was estimated to have an unacceptable risk for 

complications, therefore only a chest wall biopsy was taken. This confirmed the clinical 

suspicion of lymphatic malformation. The dyspnoea was managed by pleural drainage 

and oxygen supplemention but his general condition deteriorated. Intravenous interferon-

alpha 2b (5,000,000 units/ m2 per day) stabilized the thoracic lymphatic malformation for 

5 months, but was subsequently discontinued as prolonged interferon-alpha therapy has a 

risk of persisting bone marrow suppression. After 3 months, the lymphatic malformation 

started expanding again and eventually covered most of his thorax (Figure 1 B). The patient 

died of respiratory insufficiency at age 2 years.

Pathology examination

Postmortem macroscopic examination showed extensive lymphatic malformation in the 

thorax, covering most of the right lung and infiltrating the chest wall (Figure 1 E) and 

vertebral column (Figure 1F). Most of the ribs in the right hemi-thorax and part of the right 

clavicle and scapula had disappeared. Lymphatic malformations were found in liver and 

spleen and in the vertebrae lympatic vessels were found that had replaced the pre-existing 

bone trabecula (Figure 1G).

Molecular studies 

Propositus meets the pediatric criteria for PTEN testing recently developed by Tan et al.,in 

terms of macrocephaly and vascular manifestations 1. PTEN sequence analysis of the patient’s 

lymphocytic DNA showed a germline heterozygous mutation c.517 C>T (p.Arg173Cys) in 

exon 6 of PTEN (RefSeq NM_000314.4). Father was normal and mother had the c.517 

C>T (p. Arg173Cys) PTEN mutation. Further molecular studies included TSC1 mutation 

analysis, which did not identify a mutation, deletion or insertion. An unusual polymorphism 

was found in TSC2 (c.649-26G>T, RefSeq NM_000548.3 ). However, using splice site 

prediction software (Alamut, version 2.0), this sequence change was considered as having 

no effect and thus, was considered non-pathogenic. No loss of heterozygosity or somatic 

mutation for the remaining wild type PTEN allele was found in DNA from abnormal tissue. 

Further studies in involved tissue included RASA1, FOXC2, SOX18, and AKT1, all without 

showing abnormalities. A heterozygous variant c.2180C>T, p.Ala727Val) in FLT4 (RefSeq 

NM_002020.3, also known as VEGFR3) was found in DNA from lymphatic malformation 

tissue. This variant was not found in the germline DNA of 100 Dutch controls, nor has it 

been described as a pathological variant of FLT4. The variant was also found in the germline 

of mother and two sibs, indicating that the mutation must have been inherited and, thus, 
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been present in healthy tissue and the germline  of the propositus as well. Because of 

limited stocks of germline DNA of the propositus, we did not want to use this for studying 

FLT4 as results can be reliably predicted.

Family history

Father’s head circumference was 57 cm (25th-50th centile) and mother had macrocephaly 

(head circumference 60 cm, > 97.7th centile). Mother was known to have fibrocystic disease 

of the breasts, and had had adenomas of the thyroid and subcutaneous hamartomas of the 

skin. Mother did not have any sibs, her parents were found not to harbour the mutation. 

Mother has been under medical supervision according to standard surveillance protocols 7.

The parents subsequently had 5 further children, 2 of whom were found to harbour the 

PTEN mutation: both had macrocephaly without vascular malformations, at age 7 years and 

7 months, respectively.

Discussion 

This is the first report of a proven germline mutation (i.e. PTEN, c.517 C>T (p. Arg173Cys)) in 

a patient with Gorham-Stout phenomenon (GSP). Many causes of GSP have been suggested, 

summarized in Table 1.

Vascular malformations are known to occur in PHTS and GSP. In an entity that resembles 

Proteus syndrome but is still different and has been designated with different terms, 

capillary (CM), venous (VM) or lymphatic malformations (LM) have been reported. Zhou 

et al. described a case with features resembling Proteus syndrome but still different from 

PS with a germline R335X mutation who had a second hit (R130X mutation) on the other 

allele in a lipoma, an epidermoid naevus and an arteriovenous malformation (AVM) 8. This 

patient did not have lymphatic malformations.  Brasseur et al. reported a prenatal case 

Mechanism Author

Osteolysis through angiomatosis Gorham and Stout 1955 5

Resorption of bone through activation of silent hamartoma Knoch et al., 1963
(Referred to by Möller et al., 1999 18)

Osteolysis through increased osteoclastic activity Tilling et al., 1968 19

Angiomatosis leads to enhanced activity of local hydrolytic 
enzymes, leading to osteolysis

Heyden et al., 1977 20

Osteolysis through endothelial dysplasia of blood / 
lymphatic vessels

Young et al., 1983 21

Table 1: Suggested mechanisms as causes for Gorham Stout phenomenon
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with supposed Proteus syndrome and a thoraco-brachial “cystic lymphangioma“ (LM) 9. 

However, both the atypical (prenatal) presentation and lack of phenotypic data on this 

patient are insufficient to mark this case as a Proteus syndrome patient. Our patient does 

not meet the diagnostic criteria for PS 10 either. In Bannayan-Riley-Ruvalcaba syndrome 

(BRRS), capillary malformations (CM) are commonly found and patients with BRRS and 

lymphatic malformations (LM) have been reported 11. In half of these cases, the lymphatic 

malformations were seen in combination with lipomas. There are similarities to our case, but 

the size and skin discoloration in our proband have not been reported in BRRS. In Cowden 

syndrome, vascular anomalies are infrequently reported but no prospective, systematical 

study has been performed. An individual with a “cystic cavernous lymphangioma” (LM) 

of the mesentery was reported 12, and we have personal knowledge of three unrelated 

patients with PHTS and venous malformations: one child with a single VM in the neck; a 

second patient with a large lesion in the neck extending to the mediastinum (pathologic 

study showed lymphatico-venous malformation and lipoma) and several scalp VM’s; and a 

third patient with several small LVM on one of her fingers and under her feet. In all three 

patients, the venous malformations remained localized and did not show progressive and 

invasive growth.

The present p.Arg173Cys mutation has been described before only once as a germ line 

mutation, in a study of >3,000 prospectively ascertained PHTS presentations 1. The 

mutation is also found as somatic mutation in atypical endometrial hyperplasia, endometrial 

carcinoma, and glioblastoma 13.The mother of the present patient is therefore under 

surveillance according to the currently advised cancer screening guidelines in PHTS with 

special attention to endometrial cancer screening 7.

The mother and two siblings of the propositus have the PTEN mutation but do not 

show any signs of vascular malformations or GSP. We hypothesize that our patient may 

have had a second (somatic or germline mosaic) mutation. Alternatively, gene-gene 

and gene-environment interactions may have been involved. Loss of heterozygosity 

was not detected in affected tissue of the present patient. We considered a digenic 

pattern of inheritance. The genes causing tuberous sclerosis (TSC1/TSC2) and PTEN 

function in the PI3K-Akt pathway. In addition, TSC2 mutations have been found in 

lymphangioleiomyomatosis (LAM) 14. LAM shares features with GSP and is usually confined 

to the lung. Mutation analysis and MLPA in lymphatic malformation tissue did not show 

any pathogenic TSC aberrations in the propositus however. Lindhurst et al. described 

in Proteus syndrome somatic activating mutations in AKT1, which also functions in the 

PI3K-Akt pathway 15, but AKT1 mutation analysis in lymphatic malformation tissue failed 

to show abnormalities. Somatic analysis of genes involved in vasculogenesis, angiogenesis 

and lymphangiogenesis 16 were studied in lymphatic malformation tissue: RASA1 (mutated 

in capillary malformation-arteriovenous malformation, CM-AVM), FOXC2 (mutated 

in lymphedema-distichiasis/lymphedema-ptosis/yellow nail) and SOX18 (mutated in 

hypotrichosis-lymphedema-teleangiectasia syndrome) were all without detectable mutations.  
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A novel variant of unknown significance in FLT4 (also known as VEGFR3) was found. In 

silico prediction of pathogenicity yielded contradictory results; SIFT predicts the variant 

to be deleterious (score 0.00), while POLYPHEN2 predicts it to be benign (scores 0.001 

HumDiv en 0.006 HumVar). Pathogenicity of this variant remains uncertain. FLT4 is 

involved in lymphatic development and missense mutations in FLT4 lead to an entity known 

as primary congenital lymphedema or Milroy disease 17, which was not present in the 

propositus. The somatic variant in FLT4 was also found in the germline of mother and a 

sib of the propositus who also harbour the PTEN mutation. However, the fact that these 

individuals do not share the phenotype of the propositus and that one sib who tested 

negative for the PTEN mutation harbours the same FLT4 variant, does not support the FLT4 

variant alone being responsible for the severity of the phenotype. No direct relationships 

between FLT4 and PTEN have been described and we have been unable to find proof for 

digenic inheritance. We cannot exclude the presence of undetected variants or variants in 

other genes which explain the severity of the phenotype in the propositus, and still favour 

this digenic or polygenic hypothesis as the most likely explanation. When this patient was 

evaluated, next generation sequencing analysis techniques were not yet available and 

because of limited availability of DNA derived from unaffected tissue from the propositus, 

next generation techniques are no longer possible. Therefore, we chose to specifically 

look at logical candidates because of their function in vasculogenesis, angiogenesis and 

lymphangiogenesis in DNA of affected tissue.

In conclusion, we report a PTEN mutation in a patient with Gorham-Stout phenomenon. 

We hypothesize that the PTEN mutation was the first of two or more steps in the relentless 

growth of lymphatic malformation in the propositus. Additional (epi)genetic, either somatic 

or germline, or environmental factor(s) might have led to the severity of the phenotype 

in the propositus. Further studies of other genes, especially in the PI3K-Akt pathway and 

performed in affected tissue may explain this.  

Acknowledgements

We would like to thank the family for their cooperation. We thank M. Vikkula (Laboratory 

of Human Molecular Genetics, Christian de Duve Institute of Cellular Pathology, Brussels), 

A. M. W. van den Ouweland and D. J. J. Halley (Department of Clinical Genetics, Erasmus 

Medical Center, Rotterdam) and the Department of Clinical Genetics, Radboud University 

Nijmegen Medical Center for help in molecular studies. CE is the Sondra J. and Stephen 

R. Hardis Chair of Cancer Genomic Medicine at the Cleveland Clinic, and is an American 

Cancer Society Clinical Research Professor, generously funded, in part, by the F.M. Kirby 

Foundation. 

32



PTEN hamartoma tumor syndrome and Gorham-Stout phenomenon

ch
ap

te
r 

2

References

 1   Tan MH, Mester J, Peterson C et al. A clinical 
scoring system for selection of patients 
for PTEN mutation testing is proposed on 
the basis of a prospective study of 3042 
probands. Am J Hum Genet 2011; 88: 
42-56.

 2   Oduber CE, van der Horst CM, Sillevis Smitt 
JH et al. A proposal for classification of 
entities combining vascular malformations 
and deregulated growth. Eur J Med Genet 
2011; 54: 262-71.

 3   Orloff MS, Eng C. Genetic and phenotypic 
heterogeneity in the PTEN hamartoma 
tumour syndrome. Oncogene 2008; 27: 
5387-97.

 4   Stambolic V, Suzuki A, de la Pompa JL et al. 
Negative regulation of PKB/Akt-dependent 
cell survival by the tumor suppressor PTEN. 
Cell 1998; 95: 29-39.

 5   Gorham LW, Stout AP. Massive osteolysis 
(acute spontaneous absorption of bone, 
phantom bone, disappearing bone); its 
relation to hemangiomatosis. J Bone Joint 
Surg Am 1955; 37-A: 985-1004.

 6   Tie ML, Poland GA, Rosenow EC, III. 
Chylothorax in Gorham’s syndrome. A 
common complication of a rare disease. 
Chest 1994; 105: 208-13.

 7   NCCN Clinical Practice Guidelines in 
Oncology.  July 4, 2011. http://www.
nccn.org/professionals/physician_gls/pdf/
genetics_screening.pdf (accessed December 
1, 2011).

 8   Zhou XP, Marsh DJ, Hampel H et al. 
Germline and germline mosaic PTEN 
mutations associated with a Proteus-like 
syndrome of hemihypertrophy, lower limb 
asymmetry, arteriovenous malformations 
and lipomatosis. Hum Mol Genet 2000; 9: 
765-8.

 9   Brasseur A, Seryer D, Plancq MC et al. 
Thoraco-brachial cystic lymphangioma and 
Proteus syndrome: prenatal diagnosis and 
MR follow-up. J Radiol 2009; 90: 608-11.

 10   Biesecker LG, Happle R, Mulliken JB et 
al. Proteus syndrome: diagnostic criteria, 
differential diagnosis, and patient evaluation. 
Am J Med Genet 1999; 84: 389-95.

 11   Hayashi Y, Ohi R, Tomita Y et al. Bannayan-
Zonana syndrome associated with lipomas, 
hemangiomas, and lymphangiomas. J 
Pediatr Surg 1992; 27: 722-3.

 12   Christofi N, Hextall A. Cystic cavernous 
lymphangioma of the mesentery in a patient 
with Cowden syndrome. J Obstet Gynaecol 
2007; 27: 329-30.

 13   Bonneau D, Longy M. Mutations of the 
human PTEN gene. Hum Mutat 2000; 16: 
109-22.

 14   Carsillo T, Astrinidis A, Henske EP. Mutations 
in the tuberous sclerosis complex gene 
TSC2 are a cause of sporadic pulmonary 
lymphangioleiomyomatosis. Proc Natl Acad 
Sci U S A 2000; 97: 6085-90.

 15   Lindhurst MJ, Sapp JC, Teer JK et al. A 
Mosaic Activating Mutation in AKT1 
Associated with the Proteus Syndrome. N 
Engl J Med 2011.

 16   Brouillard P, Vikkula M. Genetic causes of 
vascular malformations. Hum Mol Genet 
2007; 16 Spec No. 2: R140-R149.

 17   Irrthum A, Karkkainen MJ, Devriendt K, 
Alitalo K, Vikkula M. Congenital hereditary 
lymphedema caused by a mutation that 
inactivates VEGFR3 tyrosine kinase. Am J 
Hum Genet 2000; 67: 295-301.

 18   Möller G, Priemel M, Amling M et al. The 
Gorham-Stout syndrome (Gorham’s massive 
osteolysis). A report of six cases with 
histopathological findings. J Bone Joint Surg 
Br 1999; 81: 501-6.

 19   Tilling G, Skobowytsh B. Disappearing bone 
disease, morbus Gorham. Report of a case. 
Acta Orthop Scand 1968; 39: 398-406.

 20   Heyden G, Kindblom LG, Nielsen JM. 
Disappearing bone disease. A clinical and 
histological study. J Bone Joint Surg Am 
1977; 59: 57-61.

 21   Young JW, Galbraith M, Cunningham J et 
al. Progressive vertebral collapse in diffuse 
angiomatosis. Metab Bone Dis Relat Res 
1983; 5: 53-60.

33





Genetic aspects of tumor predisposition 
syndromes in childhood cancer

Part I





Saskia Hopman1, Johannes Merks1, Hubertus Eussen2, Hannie Douben2, Simone 

Snijder3, Raoul Hennekam3,4, Annelies de Klein2, Huib Caron1

1: Department of Pediatric Oncology, Emma Children’s Hospital, Academic Medical Center, 
Amsterdam, the Netherlands

2:  Department of Clinical Genetics, Erasmus Medical Center, Rotterdam, the Netherlands
3: Department of Clinical Genetics, Academic Medical Center, Amsterdam, the Netherlands 
4:  Departments of Pediatrics, Emma Children’s Hospital, Academic Medical Center, Amsterdam, 

the Netherlands

3

Structural genome variations in individuals with 
childhood cancer and tumor predisposition 

syndromes

Eur J Cancer, 2013 Jun;49(9):2170-8.



Chapter 3

Abstract

Background

Previous studies have shown a high prevalence of syndromes in children with cancer. 

We described four patterns of co-occurring morphological abnormalities indicating new 

tumor predisposition syndromes. These patterns were named after their key-abnormalities: 

blepharophimosis (BP), epicanthal folds (EF), asymmetric lower limbs (LLA) and Sydney 

creases (SC) pattern. The purpose of our study was to identify structural genomic variants 

possibly involved in these tumor predisposition syndromes.

Patients and methods

In 49 probands (13 from BP, nine from EF, 20 from LLA and seven from SC patterns 

respectively) karyotyping was performed. Copy number variation (CNV) in genomic DNA 

of the probands was analyzed to detect microdeletions/-duplications using SNP array. FISH 

and quantitative-polymerase chain reaction (q-PCR) experiments were done to validate 

events identified by cytogenetic and CNV analysis. 

Results

Cytogenetic analysis showed an inherited inversion of chromosome 15, inv(15)(q25q26) in 

a proband with LLA-pattern. Evaluation of the genes at the breakpoints made it unlikely 

that these explained the phenotype and tumor in this patient. Eleven CNV events met our 

inclusion criteria; three inherited CNV events involved an oncogene. A duplication involving 

BCL9 was identified in a proband diagnosed with Burkitt lymphoma. A duplication involving 

PCM1 was identified in a proband diagnosed with pre-B-ALL. Both probands showed 

the EF-pattern of morphological abnormalities. A deletion involving TRA@ was identified 

in two probands from the BP-pattern diagnosed with rhabdomyosarcoma and pre-B-ALL 

respectively. 

Conclusions

We report on structural genomic variants in pediatric cancer patients with newly recognized 

tumor predisposition syndromes. We identify three CNV events which we suggest to be 

susceptibility loci.
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Introduction

Genetic syndromes can be associated with an increased risk for tumor development. In 

such tumor predisposition syndromes, the constitutional molecular defects that lead to the 

specific phenotype play an important role in oncogenesis1. 

Previous studies from our center showed a significantly increased incidence of morphological 

abnormalities and high prevalence of syndromes in a cohort of 1073 childhood cancer 

probands compared to 1007 healthy schoolchildren2. Furthermore, we described four new 

patterns of co-occurring morphological abnormalities as tumor predisposition syndromes 
3. These were named after their key- abnormalities: ‘Blepharophimosis (BP) pattern’, 

‘epicanthal folds (EF) pattern’, ‘asymmetric lower limbs (LLA) pattern’ and ‘Sydney creases 

(SC) pattern’ (Table 1). The aim of the present project is to identify the structural genomic 

Name pattern of co-occurring morphological 
abnormalities

Morphological abnormalities

BLEPHAROPHIMOSIS PATTERN 
(n=10)

≥2 of the following:
Blepharophimosis
Patchy hypopigmentation
Café-au-lait spots
Increased angulation of the spine

ASYMMETRIC LOWER LIMBS PATTERN 
(n=17)

≥2 of the following:
Asymmetric lower limbs
Tall stature
Ptosis
Hypoplastic malae
Pectus carinatum or pectus excavatum

EPICANTHAL FOLDS PATTERN 
(n=8)

≥3 of the following:
Epicanthal folds
Flat, broad, nose
Full lips
Prominent ears
Café-au-lait spots
Hyperlaxity of joints

SYDNEY CREASE PATTERN 
(n=6)

≥3 of the following:
Sydney crease
Full lateral parts of eyelids
Microdontia
Clinodactyly digitus V
Hypermobility of small joints

Table 1: Summary of patterns of statistically significant co-occurring morphological abnormalities and 
number of patients in each pattern. The total of 41 probands that were included for our analyses were 
selected from a large prospective cohort of childhood cancer probands and all showed one of the four 
patterns of statistically significant co-occurring morphological abnormalities. The table shows the criteria for 
each of the patterns and the number of patients included from each pattern, based on the morphological 
examination by Merks et al. (partly described in 3).
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variants that may cause these tumor predisposition syndromes. Copy number variants 

(CNVs) are structural variants that affect copy count number such as deletions, duplications 

and insertions.

Until now, the importance of CNVs to cancer predisposition has been explored only in part. 

An increased number of CNVs in the genome of individuals with Li-Fraumeni syndrome was 

reported 4 and 40% of cancer genes reported in the ‘census of human cancer genes’ 5 are 

altered by CNVs 6.

Genes involved in pathogenic CNV events are candidates for the association with the 

corresponding phenotype 6. In this project we used conventional cytogenetics and SNP 

arrays to identify inversions, deletions and duplications in genes which may explain both 

malignancy and morphological abnormalities in the new tumor predisposition syndromes.

Patients and methods

Probands

Forty-nine Caucasian probands, previously designated as showing one of the four patterns 

of morphological abnormalities 3 were asked to participate. Probands and parents with a 

written consent were included. Blood was collected from probands and if possible from 

their parents. 

Karyotyping

Cell cultures and sediments for karyotyping using G-banding were performed for all 

probands using local standard protocols. For all chromosome analyses, about 550 bands per 

haploid karyotype were visible. Karyotypes were described according to ISCN classification 

(2009) 7.

Whole-genome high-resolution SNP array

SNP array was carried out using the Illumina® Bead Chip 660W SNP array (Illumina, San 

Diego, CA, USA) in a certified laboratory (Service XS, Leiden, the Netherlands) according to 

the manufacturer’s protocol. For the Illumina® Bead Chip 660W SNP array 660.000 probes 

are spotted on the array, leading to a median spacing of 2.3 kb. The call rate was 0.99 or 

higher for all samples, excluding CNV markers.

SNP array analysis

Data for each bead chip were self-normalized in Genomestudio GT (Illumina) using 

information contained within the array. Copy numbers were estimated for each individual 

by comparison with a common reference set of 200 samples from the HapMAP project 

(www.hapmap.org/downloads/raw_data) supplied by Illumina and visualized in Nexus 
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Copy Number™ software package (version 4, Biodiscovery, El Segundo, CA, USA). For 

analysis, SNP-Rank segmentation method was used with significance thresholds of 1 x 10-5 

and log-ratio thresholds of 0.2 and -0.2 for duplications and deletions, respectively. The 

maximum contiguous probe spacing was 1000 kb and the minimum number of probes 

per segment was set to five, limiting CNV detection to sizes > 10.6 kb. Comparison was 

performed with reference sets of Shaikh et al. 8 (2026 control subjects), Pinto et al.9 (776 

control subjects), Jacobsson et al. 10 (485 control subjects) and Simon-Sanchez et al.11 (272 

control subjects). CNV events in which LogR and BAF read-outs correlated, which were not 

reported in the reference sets, with a size > 120 Kb from probands of Caucasian ancestry, 

or that involved an (onco)gene, were included for validation. The process of CNV analysis is 

illustrated in Figure 1.

Validation using fluorescent in-situ hybridization and/or relative-quantitative 
PCR analysis

CNV events found to be eligible for validation were validated using FISH and/or quantitative-

polymerase chain reaction (q-PCR) in accordance with common protocols 12. An example of 

validation steps in a CNV event is shown in Figure 2. 

Duplications are often difficult to distinguish using FISH. If FISH was inconclusive, q-PCR 

was used. If parents’ material was limited to DNA and no cells were available to perform 

Figure 1: Flow chart for CNV analysis.

604 CNV events

11 CNV events (6 duplications, 5 deletions)

138 CNV events

SNP array in 49 patients
Illumina® BeadChip 660W SNP array, excluding 60K CNV markers

Normalization data 
Illumina® Genome Studio

CNV event calling
Nexus Copy number™ software

Correlation LogR and BAF

Application inclusion criteria
Caucasian ancestry, (onco)genes involved or size >120 kb, not reported in ref set
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Figure 2 A, B, C: Example of validation steps for one CNV event in a proband. 
A: The SNP array read out is shown for region 1q21.1 for proband number 2. An increase of the LogR 

(intensity) is observed together with a separation in the B-allele frequency, consistent with a duplication 
event. The location of the BAC probes RP11-102F23 (green signal) and RP11-30I17 (red signal) are 
depicted schematically.

B: FISH experiment using a BAC-probe in the region of the duplication. There is a hyperintense green signal 
on the aberrant chromosome 1 and a clear interphase signal, meaning that the duplication can be 
confirmed by BAC-FISH. 

C: Quantitative-PCR experiment for proband and parents, primers were chosen in the region of the 
duplication. The relative quantification bar for the proband is marked “PIN2 (proband)”, the RQ bars in 
both mother and father are marked “PIN2m (mother) and “PIN2d (father)” respectively. The three outer 
right RQ bars correspond to controls (Control1, Control2, Control3). Compared to controls, the signal in 
proband PIN2 and her mother is significantly increased. This confirms a duplication in their DNA at this 
location. The duplication in this proband is inherited from mother.

A B

C

FISH, q-PCR was primarily used. For FISH experiments, BAC clones were selected from 

the UCSC Genome Browser (http://genome.ucsc.edu/,build 36.1, hg18), purchased from 

BACPAC resources center (Oakland, CA, USA) and labelled (Random Prime labelling system; 

Invitrogen corporation) with Bio-16-d UTP (biotin, red) or Dig-11-dUTP (digoxigenin, green), 

Roche Applied Science, Indianapolis, IN, USA.

For qualitative real-time PCR, primer pairs were designed from unique sequences within the 

minimal deleted or duplicated regions using Primer Express® Software version 3 (Applied 
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Biosystems, Carlsbad, CA, USA). The nucleotide BLAST algorithm at NCBI (http://www.

ncbi.nlm.nih.gov/BLAST/) was used to confirm that each PCR amplification product was 

unique. Experiments were designed with the C14orf145region as control locus. In the 

35 cycle q-PCR assays, sybergreen was used as fluorochrome (KAPA SYBR® FAST q-PCR 

Master Mix, Kapa Biosystems).

The Decipher Database (http://decipher.sanger.ac.uk/, version 5.1) was used to compare 

phenotypes in probands to patients with the same CNV.

Results

Karyotyping

Conventional karyotyping showed a normal 46,XX/XY karyotype in 48/49 probands. Proband 

43 (PIN43), who had a Wilms tumor at the age of four and the LLA-pattern of morphological 

abnormalities, was found to have an inversion of chromosome 15; inv (15)(q25q26) (Figure 

3). Further analysis of the parents showed that this inversion was inherited from father, 

who has had no malignancies and did not show any morphological abnormalities of the 

LLA- pattern. The family history of father’s side was blank for malignancies. Breakpoints of 

the inversion were characterized using BAC-FISH and showed BAC RP11-1105N16 (15q25.2) 

to span the proximal breakpoint. There are several genes in this region: C15orf40, BTBD1 

(OMIM 608530), TM6SF1 (OMIM 606562) and FAM103A1 (OMIM 614547). BAC probe 

RP11-794C20 (15q26.3) spanned the distal breakpoint. ADAMTS17 (OMIM 607511) is located 

in this region. None of the genes at the breakpoint regions, including ADAMTS17 have been 

reported in relation to the morphological abnormalities and/or malignancy observed in this 

proband. We were not able to test the status of ADAMTS17 in tumor tissue of proband. 

Because of the asymmetric lower limbs in combination with the Wilms tumor, Beckwith-

Wiedemann syndrome loci (methylation at KCNQ1OT1 (LIT1) and H19) were analyzed, these 

tested normal.

SNP array/CNV analysis

In total 604 CNV events were identified in 49 probands. Most events (n = 466) were not 

considered to be real CNVs as there was no good correlation between BAF and LogR, likely 

due to technical artefacts. We detected 138 ‘realistic events’ (i.e. CNV events with a good 

correlation of LogR and BAF): an average of 2.8 (138/49) CNV events per subject (median 

size 106 kb; average size 215 kb). Of the latter, 138 only CNV events that met the other 

inclusion criteria (see ‘Patients and Methods’ section) were included, leading to eleven CNV 

events eligible for validation. All eleven CNV events were found to be present in germ-line 

material of the probands, and all had been inherited from a healthy parent and thus not 

specific to the probands, except for two cases in whom parental material was not available 

(Table 2).  
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Validation of CNV events

The eleven events detected in 10 probands were included for analysis (Table 2). Here we 

only discuss the CNV events involving a (possible) oncogene and the CNV events that 

occurred in more individuals with the same pattern of morphological abnormalities. In the 

single patient of whom tumor material was available, the CNV event was present in the 

tumor material as well. Additional information on the family histories concerning cancer 

Proband Pattern of co-occuring 
morphological abnormalities

Type of malignancy Event Size (bp) RefSeq gene 
involved

Event validated 
in germline

Heritability Event validated 
in tumour

Relationship 
predisposition

PIN2 Epicanthal folds syndrome Burkitt lymphoma Dupl 1q 1592297 BCL9, NBPF11, 
NBPF24, PRKAB2, 
CHD1L, FMO5, 
ACP6, GJA5, GJA8, 
GPR89B, GPR89C

yes; present Maternal 
inheritance

N/A Likely

PIN21 Epicanthal folds syndrome Pre-B-acute 
lymphoblastic leukemia

Dupl8p 188909 MTUS1, FGL1, PCM1 yes; present Maternal 
inheritance

N/A Likely

PIN12 Blepharophimosis syndrome Embryonal 
rhabdomyosarcoma

Del 14q 400054 TRA@ yes; present Maternal 
inheritance

N/A Unlikely

PIN14 Blepharophimosis syndrome Pre-B-acute 
lymphoblastic leukemia 
and leiomyosarcoma 
(adult age)

Del 14q 231673 TRA@ yes; present Maternal 
inheritance

N/A Likely

PIN19 Asymmetric lower limbs syndrome Ependymoma Dupl 12q 372032 KRT1, KRT3,KRT4, 
KRT8, KRT18, KRT76, 
KRT77, KRT78, 
KRT79, EIF4B, TENC

yes; present Maternal 
inheritance

N/A Unlikely

PIN19 Asymmetric lower limbs syndrome Ependymoma Dupl 5q 178949 ARL15 yes; present Paternal 
inheritance

N/A Unlikely

PIN27 Asymmetric lower limbs syndrome Malignant fibrous 
histiocytoma

Dupl 21q 180078 KCNE1, KCNE2, 
FAM165B, RCAN1

yes; present Paternal 
inheritance

yes; present Unlikely

PIN40 Asymmetric lower limbs syndrome Endodermal sinus 
tumour testis

Dupl 8p 188909 FGL1, MTUS1, PCM1 yes; present Maternal 
inheritance

N/A Unlikely

PIN37 Asymmetric lower limbs syndrome Embryonal 
rhabdomyosarcoma

Del 20q 11249 BCAS1 yes; present N/A N/A Unlikely

PIN30 Asymmetric lower limbs syndrome T-cell acute 
lymphoblastic leukemia

Del 20q 10352 BCAS1 yes; present Maternal 
inheritance

N/A Unlikely

PIN31 Sydney crease syndrome Pre-B-acute 
lymphoblastic leukemia

Del 3q 282702 RARRES1, 
MFSD1

yes; present N/A N/A Unlikely

Table 2: Summary of CNV events included for validation and their results. All events could be validated in 
germline material and were indeed present. Heritability could not be established in one proband because of 
lack of parental material. Tumor material on behalf of validation of the event in the tumor was only available 
for one proband. N/A= not available
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Proband Pattern of co-occuring 
morphological abnormalities

Type of malignancy Event Size (bp) RefSeq gene 
involved

Event validated 
in germline

Heritability Event validated 
in tumour

Relationship 
predisposition

PIN2 Epicanthal folds syndrome Burkitt lymphoma Dupl 1q 1592297 BCL9, NBPF11, 
NBPF24, PRKAB2, 
CHD1L, FMO5, 
ACP6, GJA5, GJA8, 
GPR89B, GPR89C

yes; present Maternal 
inheritance

N/A Likely

PIN21 Epicanthal folds syndrome Pre-B-acute 
lymphoblastic leukemia

Dupl8p 188909 MTUS1, FGL1, PCM1 yes; present Maternal 
inheritance

N/A Likely

PIN12 Blepharophimosis syndrome Embryonal 
rhabdomyosarcoma

Del 14q 400054 TRA@ yes; present Maternal 
inheritance

N/A Unlikely

PIN14 Blepharophimosis syndrome Pre-B-acute 
lymphoblastic leukemia 
and leiomyosarcoma 
(adult age)

Del 14q 231673 TRA@ yes; present Maternal 
inheritance

N/A Likely

PIN19 Asymmetric lower limbs syndrome Ependymoma Dupl 12q 372032 KRT1, KRT3,KRT4, 
KRT8, KRT18, KRT76, 
KRT77, KRT78, 
KRT79, EIF4B, TENC

yes; present Maternal 
inheritance

N/A Unlikely

PIN19 Asymmetric lower limbs syndrome Ependymoma Dupl 5q 178949 ARL15 yes; present Paternal 
inheritance

N/A Unlikely

PIN27 Asymmetric lower limbs syndrome Malignant fibrous 
histiocytoma

Dupl 21q 180078 KCNE1, KCNE2, 
FAM165B, RCAN1

yes; present Paternal 
inheritance

yes; present Unlikely

PIN40 Asymmetric lower limbs syndrome Endodermal sinus 
tumour testis

Dupl 8p 188909 FGL1, MTUS1, PCM1 yes; present Maternal 
inheritance

N/A Unlikely

PIN37 Asymmetric lower limbs syndrome Embryonal 
rhabdomyosarcoma

Del 20q 11249 BCAS1 yes; present N/A N/A Unlikely

PIN30 Asymmetric lower limbs syndrome T-cell acute 
lymphoblastic leukemia

Del 20q 10352 BCAS1 yes; present Maternal 
inheritance

N/A Unlikely

PIN31 Sydney crease syndrome Pre-B-acute 
lymphoblastic leukemia

Del 3q 282702 RARRES1, 
MFSD1

yes; present N/A N/A Unlikely

Table 2: Summary of CNV events included for validation and their results. All events could be validated in 
germline material and were indeed present. Heritability could not be established in one proband because of 
lack of parental material. Tumor material on behalf of validation of the event in the tumor was only available 
for one proband. N/A= not available and morphological abnormalities in the families of probands is presented in Supplementary 

Table 1. 

CNV events including oncogenes 

Proband 2 (PIN2, EF-pattern) showed a duplication on 1q21.1 involving BCL9 (OMIM 

609004). This proband has had a Burkitt lymphoma (Table 2, Figure 2). She inherited the 

duplication 1q21.1 from her mother, who has had no malignancies and only showed the 

broad nasal tip of the ‘EF pattern’. 

Proband 21 (PIN21, EF-pattern) and proband 40 (PIN40, LLA-pattern) had a duplication 

on 8p22, both maternally inherited. The mother of PIN40 has had no malignancies and 
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did not show any morphological abnormalities of the LLA-pattern, PIN21 has had pre-B 

acute lymphoblastic leukemia, PIN40 has had an endodermal sinus tumor of the testis. 

The duplication involved PCM1 (OMIM 600299), FGL1 (OMIM 605776) and MTUS1 (OMIM 

609589). 

CNVs occurring in more individuals with the same pattern of morphological 
abnormalities 

Two probands with the BP-pattern of morphological abnormalities shared a hemizygous 

deletion involving TRA@ (OMIM 186880) (Table 2). One (PIN12) has had an embryonal 

A B

C

Figure 3 A, B, C: Inversion (15)(q25q26) in proband 43. 
A:  A picture of chromosomal pair 15 of the proband is shown, the distal long arm of the right chromosome 

is aberrant as depicted schematically in the ideogram.
B:  FISH using BAC probes shows a double signal for BAC RP11-1105N16 (green signal), indicating a split 

BAC covering the proximal breaking point on one the aberrant chromosome 15. The BAC RP11-121E15 
(red signal) was used as a reference. 

C:  FISH using BAC probes shows a double signal for BAC RP11-794C20 (green signal), indicating a split BAC 
covering the distal breaking point on the aberrant chromosome 15. The BAC probe RP11-14C10 (red 
signal) was used as a reference.
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rhabdomyosarcoma, the other (PIN14) has had pre-B acute lymphoblastic leukemia as a 

child and a leiomyosarcoma at adult age. In both cases the CNV was maternally inherited. 

The mother of PIN12 has had no malignancies and did not show any morphological 

abnormalities of the BP-pattern. The mother of PIN14 has had mamma carcinoma, she did 

not show any morphological abnormalities of the BP-pattern. 

Two probands of the LLA-pattern of morphological abnormalities shared a CNV event 

involving the oncogene BCAS1 (OMIM 602968). Proband 30 (PIN30) had a homozygous 

deletion and had suffered from T-cell acute lymphoblastic leukemia; proband 37 (PIN37) 

had a hemizygous deletion and had suffered from an embryonal rhabdomyosarcoma. In 

PIN30, the event was maternally inherited. The mother has had no malignancies and she 

did not show any morphological abnormalities of the LLA-pattern. In PIN37 inheritance 

could not be established because both parents’ material were unavailable. Information on 

malignancies and morphological abnormalities in the father was unavailable. The mother 

has had no malignancies and she did not show any morphological abnormalities of the 

LLA-pattern.

Discussion

In this project we use SNP array and karyotyping in combination with FISH and q-PCR to 

identify CNV events in genes which may explain both the tumor and phenotypes in four 

newly delineated tumor predisposition syndromes. 

We did not find a de novo CNV event that could explain for both tumor and dysmorphic 

phenotypes. However, the duplication identified in PIN2 involving BCL9 (1q21.1) may be 

part of the explanation for the Burkitt lymphoma in her, even though translocations and 

not duplications involving BCL9 have been reported in B-cell malignancies/lymphoma 13. 

Unfortunately no tumor material was present to further investigate this possible relationship.

Several authors have reported on patients with a (micro)duplication in this region 14-18. 

(Micro)duplications involving #1q21.1 have been reported in patients with congenital 

heart disease 14-18 and ocular, neuromuscular and skeletal abnormalities 14. Brunetti et al. 

mentioned hypertelorism and frontal bossing as main facial morphological abnormalities 

in #1q21.1 microduplications. The phenotype of PIN2 did not show any overlap with 

these features, nor with the phenotypes of the 27 patients that are listed in the Decipher 

Database. Because detailed morphological signs on the patients in the Decipher Database 

were lacking, we remain unsure whether the duplication in BCL9 may explain the epicanthal 

folds pattern of morphological abnormalities.

In two probands who have had pre-B acute lymphoblastic leukemia (PIN21) and endodermal 

sinus tumor of the testis (PIN40) respectively, a duplication on chromosome 8p22 involving 

PCM1, FGL1 and MTUS1 was found. PCM1 encodes a component of centriolar satellites, 
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its 5 prime portion is known to be involved in rearrangements of the RET tyrosine kinase 

domain in papillary thyroid carcinoma. The duplication involving PCM1 may be associated 

with the acute lymphoblastic leukemia in PIN21, as chromosomal aberrations involving PCM1 

are reported to be associated with a variety of haematological malignancies such as chronic 

myeloid leukemia and T-cell lymphoma 19-21. Proband 40 has had an endodermal sinus tumor 

of the testis and PCM1 is not known to be involved in such tumors. FGL1 is known to be a 

mitogenic active factor for hepatocytes, may play a tumor suppressive role in hepatocellular 

carcinoma, 22 and is suggested to act as acute phase reactant 23. FGL1 is not known to be 

involved in endodermal sinus tumor of the testis. MTUS1 encodes a protein that interacts 

with the Angiotensin II receptor and seems to act as tumor suppressor in prostate cancer, 
24 colon cancer 25 and breast cancer with poor prognosis 26. In the Decipher Database 

seven patients are listed with a duplication of the same region. This database reports only 

on major malformations, which did not overlap with the phenotype in our probands, and 

morphological details were lacking, so data are insufficient to determine if the CNV event 

explains for the asymmetric lower limbs pattern. 

We found a hemizygous deletion involving TRA@ at chromosome 14q11.2 in two probands 

(PIN12 and PIN14) of the BP-pattern. Proband 14 has had pre-B acute lymphoblastic 

leukemia and a leiomyosarcoma at the age of 30. Inversions in TRA@ are known to occur 

somatically in T-cell chronic lymphoblastic leukemia and translocations involving TRA@ are 

detected somatically in T-cell malignancies of patients with ataxia telangiectasia 27. As TRA@ 

is known to be somatically involved in human T-cell leukemias and lymphomas, it seems 

plausible that the constitutional hemizygous deletion in TRA@ could have contributed to 

the susceptibility to develop acute lymphoblastic leukemia in PIN14. No tumor material was 

available so we were not able to test the status of TRA@ in bone marrow of PIN14. There 

have been no reports of TRA@ involvement in leiomyosarcoma. Because PIN14 received 

total body irradiation, the leiomyosarcoma might be secondary to the irradiation 28.

A few reports have described patients with a 14q11.2 deletion, 29-32 and the phenotypes in 

these patients did not show significant overlap with our patients. In the Decipher database 

four patients with a TRA@ deletion are listed, but phenotype information is too limited to 

decide whether overlap with probands 12 or 14 exists. 

In two probands of the LLA-pattern (diagnosed with T-cell acute lymphoblastic leukemia 

and embryonal rhabdomyosarcoma respectively) a deletion involving BCAS1 was identified. 

BCAS1 is located in a region harbouring copy number gains in breast cancer and other 

tumors, but no association with acute lymphoblastic leukemia or rhabdomyosarcoma has 

been reported so far. There have been no reports on patients with a germ-line deletion 

in BCAS1. BCAS1 is highly expressed in most breast cancer cell lines in which its region is 

amplified, while in the present probands a deletion was found. We remain unsure whether 

an association exists between the deleted BCAS1 and the phenotype. 
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In all present cases, the specific CNV event was inherited from one of the parents. Finding de 

novo CNV events would make the relation between the events and the phenotype including 

malignancy strong. However, finding inherited CNV events does not necessarily exclude 

them as being causative. Various publications have discussed mechanisms explaining this 

phenomenon 33,34. Several syndromes have shown that not all carriers of the genetic defect 

exhibit the full phenotype (‘incomplete penetrance’). Also, there is the phenomenon of 

variable expressivity, the extent to which a genotype exhibits its phenotype expression. Both 

incomplete penetrance and variable expression can be explained by modifier genes, genes 

that alter the expression of other genes. These modifier genes can affect the threshold 

for trait expression, leading to a larger or smaller proportion of individuals affected by a 

certain event and thus affect penetrance. Also, modifier genes can affect the range of 

phenotypes associated with a certain event and thus lead to variable expressivity. Other 

explanations for incomplete phenotypes in parents carrying the same genomic variant 

could be allelic variation or complex environmental and genetic interaction 35. Translating 

this to oncogenesis, the CNV can be a susceptibility locus; having this CNV event makes 

that particular individual more susceptible for developing cancer, but still other factors are 

needed to actually develop a malignancy. We hypothesize that the duplications involving 

BCL9, PCM1 and the deletion involving TRA@ may be such susceptibility loci.

Interestingly enough, the events seem to be predominantly maternally inherited. However, 

because of the relatively small size of the cohort this might result from mere coincidence. 

One could try to confirm these findings in a second validation cohort. However, low 

numbers of patients fulfilling the criteria for the patterns of morphological abnormalities 

may make this a challenging exercise. If indeed there were to be a predominantly maternal 

inheritance, this could be explained by mitochondrial inheritance or an epigenetic effect 

such as maternal imprinting. In this study we did not investigate epigenetic processes such 

as methylation status. 

To further elaborate the relation between the identified CNV events and the malignancy 

and morphological abnormalities in the proband, several strategies could be followed. 

Further analyses of the tumors (if they would have been available) could have shown if 

the specific event was retained in the tumor and thus of importance for tumorigenesis and 

identification of a second hit of the remaining allele. In functional experiments involving the 

gene of interest in tumor cell-lines matching the histiotype of the proband’s tumor, silencing 

by shRNA and/or upregulation by transfection could be useful.

Recently, sequencing techniques such as next generation sequencing (NGS) have become 

widely available, 36,37 and have become an important tool in genetic and genomic 

analysis. The present approach using a SNP array to detect deletions and duplications and 

conventional cytogenetics to identify large inversions and translocations allow us to identify 
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most structural variations at acceptable cost. However, the present approach has limitations 

in detecting structural variations such as small insertions or inversions and point mutations. 

In part of the patients, there could be a polygenic cause of the childhood malignancy and 

morphological abnormalities. We think the additional value of NGS rests in the identification 

of second genomic variants that could not be detected in the current approach. However, 

more detail comes with a price: namely the presence of individual variants (both inherited 

or de novo) which may not be related to the syndrome of the proband. NGS might also 

identify variations in the probands who were found negative for variations in the current 

approach. Therefore, a subsequent study using NGS techniques has now been initiated.
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Proband Pattern of 
co-occuring 
morphological 
abnormalities 
(proband)

Type of malignancy 
(proband)

Malignancies in family (age at diagnosis 
in years)

Morphological abnormalities in parents 
overlapping with pattern in the proband and 
noticeable morphological abnormalities in rest 
of family

PIN2 Epicanthal folds 
syndrome

Burkitt lymphoma S1MM: 
S2MM:
SPP:
FsFP:

mamma carcinoma (>50)
mamma carcinoma (>50)
mamma carcinoma (40)
carcinoma of unknown origin (40)

M:
P:

broad nasal tip
full lips

PIN21 Epicanthal folds 
syndrome

Pre-B-acute lymphoblastic 
leukemia

S1MM:
S2MM:
S3MM:
F1MM:
F2MM:

F3MM:
FeSM: 
S1MP:
S2MP:
S3MP:
S4MP:

leukemia (>80)
mamma carcinoma (>50)
pancreas carcinoma (>70)
lung carcinoma (70), smoker
oesophagus carcinoma (age 
unknown)
gastric carcinoma (>50)
brain tumor of unknown origin (34)
mamma carcinoma (>50)
mamma carcinoma (>50)
mamma carcinoma (>50)
mamma carcinoma (>50)

M:
P:
S:

broad nasal tip
prominent ears
large hyperpigmented area over face, neck, 
breast, arm

PIN12 Blepharophimosis 
syndrome

Embryonal 
rhabdomyosarcoma

FP: 
SP: 

PP: 
MP: 

SPM:
PPM:

acute leukemia (65)
lung carcinoma (70), breast 
carcinoma (70)
lung carcinoma (>90)
renal carcinoma (>60), colorectal 
carcinoma (>80)
chronic leukemia (>60)
leukemia (>60)

M: 
P:
FP:

none
none
extra toe on one foot

PIN14 Blepharophimosis 
syndrome

Pre-B-acute lymphoblastic 
leukemia and 
leiomyosarcoma (adult 
age)

M: 
PP:

mamma carcinoma (55)
carcinoma of unknown origin (40)

M: 
P:

none
none

PIN19 Asymmetric lower 
limbs syndrome

Ependymoma SM: 
FeFM: 
PM: 
FPM:
SPM:
S1MM:
S2MM:
F1MM:
F2MM:
F3MM:
F4MM:
Fe1SMM: 
FeFMM:
FsFMM:
FPP:

thyroid carcinoma (49)
leukemia (9)
lymphoma (>50)
lung carcinoma (>40), smoker
ovarian carcinoma (60)
leukemia (48)
cervix carcinoma (65)
gastric carcinoma (45)
oesophagus carcinoma (65)
lung carcinoma (45)
lung carcinoma (55), smoker
lung carcinoma (55)
carcinoma of unknown origin (64)
lung carcinoma (50), smoker
colorectal carcinoma (58)

M: 
P:

none 
hypoplastic malae

Supplementary data 
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Proband Pattern of 
co-occuring 
morphological 
abnormalities 
(proband)

Type of malignancy 
(proband)

Malignancies in family (age at diagnosis 
in years)

Morphological abnormalities in parents 
overlapping with pattern in the proband and 
noticeable morphological abnormalities in rest 
of family

PIN2 Epicanthal folds 
syndrome

Burkitt lymphoma S1MM: 
S2MM:
SPP:
FsFP:

mamma carcinoma (>50)
mamma carcinoma (>50)
mamma carcinoma (40)
carcinoma of unknown origin (40)

M:
P:

broad nasal tip
full lips

PIN21 Epicanthal folds 
syndrome

Pre-B-acute lymphoblastic 
leukemia

S1MM:
S2MM:
S3MM:
F1MM:
F2MM:

F3MM:
FeSM: 
S1MP:
S2MP:
S3MP:
S4MP:

leukemia (>80)
mamma carcinoma (>50)
pancreas carcinoma (>70)
lung carcinoma (70), smoker
oesophagus carcinoma (age 
unknown)
gastric carcinoma (>50)
brain tumor of unknown origin (34)
mamma carcinoma (>50)
mamma carcinoma (>50)
mamma carcinoma (>50)
mamma carcinoma (>50)

M:
P:
S:

broad nasal tip
prominent ears
large hyperpigmented area over face, neck, 
breast, arm

PIN12 Blepharophimosis 
syndrome

Embryonal 
rhabdomyosarcoma

FP: 
SP: 

PP: 
MP: 

SPM:
PPM:

acute leukemia (65)
lung carcinoma (70), breast 
carcinoma (70)
lung carcinoma (>90)
renal carcinoma (>60), colorectal 
carcinoma (>80)
chronic leukemia (>60)
leukemia (>60)

M: 
P:
FP:

none
none
extra toe on one foot

PIN14 Blepharophimosis 
syndrome

Pre-B-acute lymphoblastic 
leukemia and 
leiomyosarcoma (adult 
age)

M: 
PP:

mamma carcinoma (55)
carcinoma of unknown origin (40)

M: 
P:

none
none

PIN19 Asymmetric lower 
limbs syndrome

Ependymoma SM: 
FeFM: 
PM: 
FPM:
SPM:
S1MM:
S2MM:
F1MM:
F2MM:
F3MM:
F4MM:
Fe1SMM: 
FeFMM:
FsFMM:
FPP:

thyroid carcinoma (49)
leukemia (9)
lymphoma (>50)
lung carcinoma (>40), smoker
ovarian carcinoma (60)
leukemia (48)
cervix carcinoma (65)
gastric carcinoma (45)
oesophagus carcinoma (65)
lung carcinoma (45)
lung carcinoma (55), smoker
lung carcinoma (55)
carcinoma of unknown origin (64)
lung carcinoma (50), smoker
colorectal carcinoma (58)

M: 
P:

none 
hypoplastic malae
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PIN27 Asymmetric lower 
limbs syndrome

Malignant fibrous 
histiocytoma

MM:
SMM: 

mamma carcinoma (>50)
oesophagus carcinoma (>60)

M:
P:
FeSM:

none
hypoplastic malae
spina bifida

PIN40 Asymmetric lower 
limbs syndrome

Endodermal sinus tumor 
testis

MM:

SPM:
SP:
F1P: 
F2P: 
PP:

gastric carcinoma (41), breast 
carcinoma (41)
colorectal carcinoma (68)
mamma carcinoma (45)
pancreas carcinoma (>50)
gastric carcinoma (60)
lymphoma (60)

M:
P: 

none
none

PIN37 Asymmetric lower 
limbs syndrome

Embryonal 
rhabdomyosarcoma

SMM: carcinoma of unknown origin (>50) M:
P:

none
information not available

PIN30 Asymmetric lower 
limbs syndrome

T-cell acute lymphoblastic 
leukemia

F1M:
F2M:
FsFM: 
PM: 
SMM:
SMMM: 
SP: 
SMP:

prostate carcinoma (59)
lung carcinoma (>50), smoker
carcinoma of unknown origin (32)
pancreas carcinoma (>70)
mamma carcinoma (66)
mamma carcinoma (>70)
mamma carcinoma (over 50)
carcinoma of unknown origin (>50)

M:
P:

none
information not available

PIN31 Sydney crease 
syndrome

Pre-B-acute lymphoblastic 
leukemia

M: chronic myeloid leukemia (47) M: full lateral parts of eyelids

MM: melanoma (78) P: none

FMM: colorectal carcinoma (70)

FPM: prostate carcinoma (78)

MPM: multiple myeloma (age unknown)

PP: chronic myeloid leukemia (>50)

Supplementary Table 1: Family history concerning malignancies and morphological abnormalities which 
overlap with pattern of proband and noticeable morphological abnormalities in rest of family. Relatives were 
described using French nomenclature: M= mother, P= father, F= brother, S= sister, Fs= son, Fe= daughter. 
For example for a cousin who is the son of the brother of mother of proband(=son of uncle mother’s side): 
FsFM.

56



Structural genome variations in childhood cancer

ch
ap

te
r 

3

PIN27 Asymmetric lower 
limbs syndrome

Malignant fibrous 
histiocytoma

MM:
SMM: 

mamma carcinoma (>50)
oesophagus carcinoma (>60)

M:
P:
FeSM:

none
hypoplastic malae
spina bifida

PIN40 Asymmetric lower 
limbs syndrome

Endodermal sinus tumor 
testis

MM:

SPM:
SP:
F1P: 
F2P: 
PP:

gastric carcinoma (41), breast 
carcinoma (41)
colorectal carcinoma (68)
mamma carcinoma (45)
pancreas carcinoma (>50)
gastric carcinoma (60)
lymphoma (60)

M:
P: 

none
none

PIN37 Asymmetric lower 
limbs syndrome

Embryonal 
rhabdomyosarcoma

SMM: carcinoma of unknown origin (>50) M:
P:

none
information not available

PIN30 Asymmetric lower 
limbs syndrome

T-cell acute lymphoblastic 
leukemia

F1M:
F2M:
FsFM: 
PM: 
SMM:
SMMM: 
SP: 
SMP:

prostate carcinoma (59)
lung carcinoma (>50), smoker
carcinoma of unknown origin (32)
pancreas carcinoma (>70)
mamma carcinoma (66)
mamma carcinoma (>70)
mamma carcinoma (over 50)
carcinoma of unknown origin (>50)

M:
P:

none
information not available

PIN31 Sydney crease 
syndrome

Pre-B-acute lymphoblastic 
leukemia

M: chronic myeloid leukemia (47) M: full lateral parts of eyelids

MM: melanoma (78) P: none

FMM: colorectal carcinoma (70)

FPM: prostate carcinoma (78)

MPM: multiple myeloma (age unknown)

PP: chronic myeloid leukemia (>50)

Supplementary Table 1: Family history concerning malignancies and morphological abnormalities which 
overlap with pattern of proband and noticeable morphological abnormalities in rest of family. Relatives were 
described using French nomenclature: M= mother, P= father, F= brother, S= sister, Fs= son, Fe= daughter. 
For example for a cousin who is the son of the brother of mother of proband(=son of uncle mother’s side): 
FsFM.
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Abstract 

3D analysis of facial morphology has delineated facial phenotypes in many medical 

conditions and detected fine grained differences between typical and atypical patients 

to inform genotype-phenotype studies. Next generation sequencing techniques have 

enabled extremely detailed genotype-phenotype correlative analysis. Such comparisons 

typically employ control groups matched for age, sex and ethnicity and the distinction 

between ethnic categories in genotype-phenotype studies has been widely debated.  The 

phylogenetic tree based on genetic polymorphism studies divides the world population into 

nine subpopulations. Here we show statistically significant face shape differences between 

two European Caucasian populations of close phylogenetic and geographic proximity from 

the UK and the Netherlands. The average face shape differences between the Dutch and 

UK cohorts were visualized in dynamic morphs and signature heat maps, and quantified 

for their statistical significance using both conventional anthropometry and state of the 

art dense surface modeling techniques. Our results demonstrate significant differences 

between Dutch and UK face shape. Other studies have shown that genetic variants influence 

normal facial variation. Thus, face shape difference between populations could reflect 

underlying genetic difference. This should be taken into account in genotype-phenotype 

studies and we recommend that in those studies reference groups be established in the 

same population as the individuals who form the subject of the study.
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Introduction

3D analysis of facial morphology using dense surface models (DSMs) has successfully 

delineated the facial phenotype of a variety of neurodevelopmental conditions and has 

attained high rates of discrimination between the face shape of affected and unaffected 

subgroups1,2. Using highly sensitive models of facial morphology, it has been possible to 

detect subtle differences in atypical patients and inform genotype-phenotype studies3,4. 

Advanced molecular genetics techniques have established increasingly detailed correlations 

between genotype and phenotype. It has been the subject of debate whether it is valid to 

distinguish ethnic or ancestral categories in such studies5-7. Cavalli-Sforza et al. proposed 

a phylogenetic tree dividing the world population into nine subpopulations: New Guinean 

and Australian, Pacific Islander, Southeast Asian, Northeast Asian, Arctic Northeast Asian, 

Amerind, European, North African and West Asian, and African8-10. This subdivision is 

based on genetic polymorphism studies in various populations grouped by continental 

sub-areas. FST statistics compute genetic distance between populations by measuring the 

portion of total genetic variation attributed to differences between them6. Smaller genetic 

distance, or FST, is observed when populations live in closer proximity, but morphological 

differences are observed even in populations with the same phylogenetic origin or who live 

in relatively close geographic proximity8. Few investigators have addressed morphological 

differences between phylogenetically related populations11, 12. Here, we aimed to determine 

morphological differences in the faces of two European Caucasian populations of close 

geographical proximity. 

Subjects and materials

Permission to perform the study was obtained from Medical Ethics Review Committees 

of the Academic Medical Center Amsterdam and University College London. Both centers 

recruited scientific and medical professionals as well as unaffected parents. The scientific 

and medical recruited professionals were invited through internal ‘advertisement’ mailing. 

Unaffected members of families with children with a genetic condition were recruited at 

patient meetings and outpatient clinics. The family members had tested negative for the 

genetic condition of the child. All study subjects received written patient information and 

subsequently provided written consent. 

The inclusion criteria were subjects who were from self-reported UK or Dutch descent up 

until the second degree of relatives. Study subjects who had undergone surgery or other 

treatments altering facial morphology were excluded. We captured 3D photogrammetric 

images of 400 Caucasian adults, 200 from the United Kingdom (UK) and 200 from the 

Netherlands (Dutch) (Table 1). Eight Dutch adults were excluded (5 females and 3 males) 

because of image quality or technical issues. The university scientific and hospital medical 
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professionals made up 40% of the study population (157/392) and the unaffected parents 

of children with a molecularly proven genetic syndrome contributed 60% (235/392). 

Methods

A dense surface model (DSM) of all faces in the dataset was generated as the set of 

principal component analysis (PCA) modes covering 99% of shape variation from the overall 

mean face. DSM construction involved methods described in supplementary material. 

Animated morphs were generated from the face DSM. Mean Dutch male and female faces 

were normalized with respect to UK faces of the same sex. We investigated face shape 

discrimination at the individual face level using multi-folded cross validation. The shape 

differences identified in the animations and heat map comparisons were also investigated 

for significance in terms of linear and angular measures (defined in Supplementary Table S2 

and derived from landmarks shown in Supplementary Figure S1). 

Results

The animated morph between the mean Dutch female and mean UK female faces 

(Supplemental_movie_1.avi) showed the former to be broader and longer than the latter. 

Greater separation of outer canthi and nasal alae were noticeable, and the nose was shorter 

in the mean Dutch female face. The animated portrait morph between mean Dutch male 

face and mean UK male face (Supplemental_movie_2.avi) suggested the former to be 

broader at the exocanthi and temples. The profile view showed a more pronounced oral 

and supraorbital region in Dutch males compared to UK males. 

To determine the significance of differences visible in the animations, we normalized the 

mean Dutch male and mean Dutch female faces with respect to UK faces of the same 

sex (Figure 1). The red/green/blue spectrum of the heat map corresponds to contraction/

coincidence/expansion or to translation difference along lateral/vertical/anterior-posterior 

axes of the surface being compared. The greater width and length of the mean Dutch 

female face are highlighted respectively in the lateral (Figure 1B: opposing red-blue at the 

MALE (N=197) FEMALE (N=195)

UK (N=100) Dutch (N=97) UK (N=100) Dutch (N=95)

mean age (yrs) 39.7 38.5 38.4 35.4

Prof/Family 37/63 43/54 39/61 39/57

mean age (yrs) 39/40 33/42 33/42 31/38

Table 1: Demographics of 392 recruits. Prof = recruits from scientific and medical professionals; Family = 
recruits from unaffected family members attending clinics and support groups
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left and right exocanthi at 0.7 S.D.) and vertical heat maps (Figure 1C: yellow on chin at 

0.7 S.D.). The nasal shortness is shown in the vertical heat map (Figure 1B: blue nasal tip). 

Whereas in the surface normal comparison of the female Dutch and UK mean faces, there is 

widespread surface expansion reflecting greater face size (blue regions in Figure 1A) in the 

analogous male comparison significant regions of expansion are largely peri-oral (Figure 1E). 

The greater separation of outer canthi in the Dutch to UK male mean face comparison is 

highlighted by opposing red-blue hues in Figure 1F). The vertical heat mapped comparison 

(Figure 1G) does not reflect a shorter nose in the mean Dutch male face at the same 

significance level as in the female comparison.

Compared to the mean UK female face, the mean Dutch female face has as significant 

differences  a greater face length, shorter nasal ridge length, greater nose width, greater 

nares anteversion;  and, as highly significant differences, greater outer canthal separation, 

longer palpebral fissure width  (Table 2). Relative to face length, the reduced nasal ridge 

and upper face lengths in the Dutch mean female face are both highly significantly different 

from the UK mean female face. Unlike females, the mean Dutch male face demonstrated 

an increased length that did not reach significance. In comparing faces of Dutch males to 

UK males, the anthropometric results confirm a significantly shorter nose relative to face 

Figure 1: Colour-coded heat-map comparisons. Heat map comparisons showing the shape differences 
(red-green-blue colour code spectrums) of the Dutch mean female face normalized against all UK female 
faces (A-D), of the Dutch mean male face normalized against all UK male faces (E-H), of the UK mean male 
face normalized against all UK female faces (I-L) and, of the Dutch mean male face normalized against 
all Dutch females (M-P). The first of each group of four columns is a heat map comparison of the raw 
mean faces, reflecting displacement normal to the face surface. Heat map comparisons parallel to three 
orthogonal axes are given in the second (x-axis), third (y-axis) and fourth (z-axis) columns. Colour-coded 
differences are depicted in standard deviations and correspond to the colour scales at ± the range indicated. 
In the Male -> Female comparisons, the degree and regional location of differences between the Dutch and 
UK are very similar, except that the former are slightly reduced in degree. In the Dutch -> UK comparisons, 
the differences for the females mean faces are greater and in different locations than those for the male 
mean faces.
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length; greater separation of the outer canthi; and both relatively and absolutely broader 

palpebral fissure width (Table 2).

Subsequently we investigated face shape discrimination at individual face level using 

multi-folded cross validation and the closest mean pattern matching algorithm. To check 

there were no internal biases in each ethnicity-gender subgroup we randomly partitioned 

them into an A and B subgroup and undertook 20-folded discrimination testing between 

the A and B subgroups. This was iterated five times and in each comparison dense surface 

model included PCA modes covering 99% of shape variance from the mean. The area under 

the corresponding ROC curves and standard error of the mean (SEM) were computed for 

the 100 comparisons:

Dutch 
female

UK  
female

P Dutch 
male

UK 

male

P

face length (mm) 113.7 111.9 <0.05* 122.8 122.4 0.68

nasal ridge length (mm) 46.4 47.4 <0.05* 49.6 50.5 0.10

relative nasal ridge length 0.41 0.42 <0.0001** 0.40 0.41 <0.05*

upper face proportion 0.46 0.47 <0.001** 0.45 0.46 0.06

nares anteversion 0.82 0.83 <0.05* 0.83 0.84 0.09

nose width (mm) 33.4 32.7 <0.05* 36.3 36.9 0.15

outer canthal separation (mm) 88.3 86.2 <0.0005** 92.3 90.6 <0.005**

palpebral fissure width (PBW) mm) 28.3 27.3 <0.001** 29.5 28.8 <0.005**

Palbebral fissure length relative to 
face length (mm)

0.25 0.24 0.13 0.24 0.24 <0.05*

Table 2: Differences in facial measurements between Dutch and UK. Anthropometric calculations and 
t-tests were performed in Excel (Microsoft Office 2010). *= significant (p-value <0.05),  **= highly significant 
(p-value <0.005, including <0.001 and <0.0001)  

UK female A-B: 0.50 ± 0.003 UK male A-B:  0.52 ± 0.008

Dutch female A-B: 0.53 ± 0.007  Dutch male A-B: 0.48 ± 0.007

Each result is close to the expected chance rate of 0.5, supporting the hypothesis of lack of 

bias. As expected, discrimination between UK female and UK male faces and that between 

Dutch female and Dutch male faces was close to perfection (Figure 2). However, female 

UK-Dutch and male UK-Dutch comparisons produced much higher discrimination rates of 

0.68 and 0.71 respectively than the expected chance rate of 0.5. This confirmed that the 

average differences found were reproducible at the individual face level.
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Discussion

Dutch people are significantly taller than the UK population13. Therefore, it is to be expected 

that Dutch and UK faces differ dimensionally14, 15. The differences identified here, however, 

include differences based on both shape and proportion, and some are contrary to the 

greater height of Dutch individuals. Dutch women have significantly longer and broader 

faces compared to UK women; their palpebral fissure and nasal widths are significantly 

greater, their nasal ridge length and upper face proportion are significantly reduced; and 

their nares are significantly more anteverted. In particular, the nasal differences from UK 

women show that the nose in Dutch women is more likely to be shorter and more retroussé. 

Dutch men did not have significantly longer faces despite their greater height. Their nasal 

ridge length relative to face length is significantly shorter; and, relative to face length, 

they have longer palpebral fissures than UK men. Dutch and UK females show significant 

difference for nearly every measure, whereas for Dutch and UK males few measures show 

significant difference. This could be explained by sexual dimorphism, which would mean 

that overall, Dutch and UK females differ more from each other than males do.  Facial and 

cranial sexual dimorphism has been observed in many human populations16, 17.

Figure 2: Rates of discrimination between gender-ethnic subpopulations. In order to determine discrimination 
rates between the faces of particular sex-ethnicity subgroups multi-folded cross validation was undertaken 
using closest mean classification. Overall discrimination was calculated as the mean of the AUC estimates for 
the multiple cross validation results. AUC corresponds to the probability of correctly classifying a randomly 
selected pair of subjects, one from each classification subgroup. If there were no significant differences 
between the face shape of two subgroups being compared then the expected AUC would be 0.5 as 
indicated by the horizontal broken line. The vertical broken lines indicate the number of modes in the dense 
surface models used corresponding to 99% of shape variation from the mean face.
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It is unlikely that the differences in facial morphology we find between UK and Dutch 

populations were influenced by biased composition of the study group. For example, we 

recruited both medical/scientific professionals and family members covering a range of 

social backgrounds. The proportion of professionals to family members and the age ranges 

in both ethnic groups were comparable. Furthermore, we considered normalized mean 

difference of professionals from family members within ethnic groups. We also normalized 

the mean of the UK family members against UK medical/scientific professionals and detected 

no significant difference (Supplementary Figure 3A). We normalized Dutch family members 

against Dutch medical/scientific professionals producing minimal difference around the lips 

(especially the lower lips) and zygoma region (Supplementary Figure 3B). Neither of these 

comparisons shows any nasal bias which reconfirms the differences we find between our 

Dutch and UK subgroups as both realistic and generalizable.

In the present study, we describe morphological differences between mean Dutch and UK 

faces. However, it is unlikely that there is a typical UK or typical Dutch face considering 

that multiple waves of invasion and immigration in both countries have likely dispersed 

individual traits. Undoubtedly, there may be regions or subpopulations where less mixing 

has occurred for geographical or religious reasons, but we have not studied such relatively 

isolated populations.

Face shape differences are an important determinant of phenotype variation in humans. 

Craniofacial development is a complex process determined by genetic regulation and 

genetic variants influence facial morphology in the general population18, 19. Thus, face 

shape difference between populations reflects underlying genetic differences. Therefore, 

our findings indicate that different baselines for face shape norms for individual populations 

should be applied when considering craniofacial conditions. Genovese et al. have shown 

how differences between populations can help identify genomic “missing pieces” in the 

reference human genome20. They described the location of these “missing pieces” using 

the patterns of variations in sequences that were a result of the admixture of human 

populations.

Our findings could have fundamental implications for genotype-phenotype correlation 

studies: a so-called “Caucasian” reference group, encompassing subjects from even close 

geographical proximity, may not be sufficiently reliable. The morphological differences 

in phylogenetically related individuals from close geographical proximity described here 

suggest that in genetic studies reference groups should be established in the same 

population as the individuals who form the subject of the study.

Supplementary data

Supplementary Methods

Supplementary Figure S1: Landmarks of the face
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Supplementary Table S2: Landmark based linear and angular measures

Supplementary Figure S3: Normalized mean difference between medical volunteers and 

families within ethnic groups.

Supplementary_movie_1: Morph between mean Dutch and mean UK female faces

Supplementary_movie_2: Morph between mean Dutch and mean UK male faces

Supplementary References
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Supplementary methods

Image capture. Commercial stereo-photogrammetric cameras (Canfield Imaging Systems, 
New Jersey, USA and  3dMD, Atlanta, USA) were used for image capture. The devices used 
capture more than 25,000 3D points on the face surface. Each face image was manually 
annotated with 22 landmarks previously shown to be reliable and reproducible1, 2. The 
landmarks were used to induce a dense correspondence across all faces of all surface points 
enabling average face surfaces to be calculated for any subgroup. A dense surface model 
(DSM) of all faces in the dataset was generated as the set of principal component analysis 
(PCA) modes covering 99% of shape variation from the mean face. DSM construction 
methods are described elsewhere2-5. 
Animated morphs (or rapidly interpolated image sequences) between the mean Dutch 
and mean UK female faces, and between the mean Dutch and mean UK male faces, were 
generated from a DSM using in-house developed and commercial software (VideoMach 
version 5.9.8,www.gromada.com).

Face signature and heat maps. We normalized the mean Dutch male and female faces 
with respect to UK  faces of the same sex as follows. For each point on the mean male 
(respectively female) Dutch face, its displacement along the surface normal from the 
corresponding point on the mean male (respectively female ) UK face was normalized with 
respect to analogous displacements at the corresponding point on faces of all UK males 
(respectively UK females). Heat maps of these differences using a red-green-blue colour 
scale, known as face signatures, were generated at min-0-max units of standard deviation 
for appropriate minima and maxima. Thus, for differences orthogonal to the face surface, 
the red/green/blue spectrum corresponded to contraction/coincidence/expansion of the 
surface being compared. Analogous processes can be used to produce signatures for other 
reference subgroups (e.g. normalizing a male face against female faces) and for differences 
along lateral, vertical, and anterior-posterior axes. 

Face shape discrimination testing. We investigated individual face shape discrimination 
using multi-folded cross validation. For  example, the classification rate of female faces into 
Dutch and UK using a DSM representation of face shape was estimated from 20 random 
90%-10% training-unseen test pairs of subject subsets (stratified with respect to Dutch/UK 
origin) for two pattern recognition algorithms. With closest mean discrimination testing, 
average faces were computed for each gender-ethnicity subset of a training set and each 
unseen test face was classified according to which average it was closest in terms of its 
DSM representation. For linear discriminant analysis, the goal was a linear combination of 
PC modes exhibiting the largest difference in the ethnic subgroup means relative to within-
group variance. The validity of our discrimination was determined using receiver–operating 
characteristics (ROC) curve analysis. The discrimination success of a single test result was 
estimated as the area under the ROC curve (AUC) arising from a plot of pairs of false positive 
rate and true positive rate, when a classification parameter was varied through its full range. 
The overall discrimination was the mean AUC of multiple cross validation results. An intuitive 
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interpretation of AUC is the probability of correctly classifying a randomly selected pair of 
subjects, one from each classification subgroup, or, in the case described, individuals from 
each of the UK or Dutch female populations.
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Supplementary data 

Mid-line landmarks

n nasion: the point in the midline of both the nasal root and the nasalfrontal suture
prn pronasale: the most protruded point of the apex nasi identified in lateral view of the  

rest position of the head
sn subnasale: the midpoint of the angle at the columella base where the lower border of 

the nasal septum and surface of the upper lip meet
lip1 labiale superius: the midpoint of the upper vermillion line 
lip2 labiale inferius: the midpoint of the lower vermillion line 
gn gnathion: lowest median landmark on the lower border of the mandible

L-R paired landmarks 

en endocanthion: point at the inner commissure of the eye fissure
ex exocanthion: point at the outer commissure of the eye fissure
al alare: the most lateral point on each alar contour
ear otobasion inferius: the most inferior point on the earlobe, located at the attachment 

(junction of the lobe to the face.
cp christa philtrum: point where philtral ridge meets the vermillion border of the upper lip
ch cheilion: the point located at each labial commissure
e1 palpebrale superius:  the highest point in the mid portion of the free margin of each 

upper eyelid
e2 palpebrale inferius: the lowest point in the mid portion of the free margin of each lower 

eyelid

Figure S1 Landmarks of the face2, 6, 7
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Supplementary Table S2 Landmark based linear and angular measures

Figure S3 Normalized mean difference between medical volunteers and families within 

ethnic groups

MEASURE DEFINITION IN TERMS OF LANDMARKS

inner canthal separation enL:enR

outer canthal separation exL:exR

mean palpebral fissure width 0.5·(enL:exL+enR:exR)

upper face proportion n:sn/n:gn

nasal ridge length n:prn

face length n:gn

relative nasal ridge length n:prn/n:gn

nose width alL:alR

nose tilt angle (180/p)•acos((n:prn2 + n:sn2 - sn:prn2)/(2•n:prn•n:sn))

nares anteversion n:prn•cos(nose tilt angle)/n:sn

enL = left inner canthus; enR = right inner canthus; exL = left outer canthus; enR = right outer canthus; 
n=nasion; gn=gnathion; prn=pronasale; sn=subnasale; a:b denotes distance between landmarks a and b

A B

Figure S3 A: UK family members normalized against UK medical/scientific professionals. This comparison 
does not show any significant facial difference between the family members and the medical/scientific 
professionals within the UK subgroup of the research population. 
B: Dutch family members normalized against Dutch medical/scientific professionals. This comparison shows 
minimal difference around the lips (especially the lower lips) and zygoma region. Neither of the family 
members-medical/scientific professionals comparisons show any nasal bias.
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Animations (available online)

Supplementary_movie_1: Morph between mean Dutch and mean UK female faces

Supplementary_movie_2: Morph between mean Dutch and mean UK male faces
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Chapter 5

Abstract

A group of patients who had cancer as a child were previously found to have distinct 

patterns of morphological abnormalities. In this study, we investigated the added value of 

3D shape analysis to characterize their facial morphology.  

Primarily, we showed in an objective and quantitative manner that the overall facial 

dysmorphism of the individuals who had had a childhood cancer was significantly greater 

than that of the controls. We also demonstrated how the same approach can be used 

to detect a similar disparity for a more localized malar region comprising customized 

disconnected patches defined on both sides of the face. In addition, by comparing original 

face surfaces to their mirrored forms, we confirmed that the patient group had significantly 

greater facial asymmetry than the controls. Each of these results made use of surface shape 

differences not detectable by simple linear or angular characteristics as might be used in 

analyses based on measures captured manually or derived from landmarks annotating 2D 

photographic images.

We conclude that 3D morphometric analysis of a relatively small heterogeneous patient 

group can further delineate face shape differences from typically developing individuals that 

are too subtle or geometrically complex to identify or quantify objectively with conventional 

clinical and anthropometric approaches.
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Introduction

Many genetic syndromes involve facial morphological characteristics, and the facial 

‘Gestalt’ can be an important clue in the identification of genetic conditions 1-3. We also 

know that in tumor predisposition syndromes, the constitutional molecular defects that 

lead to oncogenesis may also play an important role in facial development 4. Traditionally, 

anthropometry has been an important tool in analyzing the phenotype of an individual 5. It 

has the disadvantage of inter-observer variability and requires prolonged co-operation of the 

subject as well as their presence for capturing additional measurements. This limits the use 

of anthropometry on children or individuals with an intellectual disability. Two-dimensional 

photography overcomes some of these limitations, but the quality and usability of a 2D 

picture is highly dependent on the experience of the photographer and cooperation, pose 

and lighting of the subject 1.

Three-dimensional (3D) photogrammetric images are independent of pose, and offer repeat 

measurement without the subject’s presence or prolonged cooperation 6. Typically, 3D face 

images are annotated with anatomical landmarks to produce linear and angular measurements. 

For facial analysis, dense surface modelling (DSM) techniques induce tens of thousands of 

densely corresponded points as quasi-landmarks from a small number of manually placed 

landmarks. Using DSMs, the average surface of a group of faces can be computed and 

quantitative shape comparisons of face surfaces can be performed between individuals or 

relative to ethnically, age- and sex-matched means 6. DSM based analysis has successfully 

delineated the facial phenotype of a variety of neurodevelopmental conditions 7, 8. 

In a previous study, we used ‘traditional’ anthropometry and morphological examination 

in a cohort of 1,073 individuals who had cancer as a child, and compared these to 

1,007 healthy schoolchildren 9. We demonstrated significantly increased incidence of 

morphological abnormalities and high prevalence of syndromes. Furthermore, we described 

four new patterns of co-occurring morphological abnormalities as tumor predisposition 

syndromes 10. These were named after key abnormalities: “blepharophimosis (BP) pattern”, 

“epicanthal folds (EF) pattern”, “asymmetric lower limbs (LLA) pattern” and “Sydney creases 

(SC) pattern” (Table 1). The structural genomic variants identified in these patients were 

reported recently 11. The purpose of this study is to bear in mind the results of the traditional 

morphological examination and anthropometry and determine the added value of 3D facial 

morphometry. More specifically, we used 3D dense surface modelling techniques:

to reconfirm the  greater facial dysmorphism found previously in childhood cancer patients  

compared to controls;

to show how to objectify shape characteristics of a geometrically complex facial region, e.g. 

the malar region, that previously could only be evaluated subjectively; and, 

to identify additional morphological signs, namely facial asymmetry, that were previously 

undetected.
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Subjects and methods

Patients and control subjects

Because of recent findings of face-shape differences even in phylogenetically-related 

populations, we confined our analyses to subjects of self-reported Dutch descent 12. 

Forty-nine childhood cancer patients, previously designated as showing one of four patterns 

of morphological abnormalities 10, 11 were asked to participate and only one declined. The 

3D photos of 7/48 patients were excluded for technical reasons or due to their non-Dutch 

descent 12. The characteristics of the patient subgroups are shown in Table 2.

Name pattern of co-occurring morphological 
abnormalities

Morphological abnormalities

BLEPHAROPHIMOSIS PATTERN
(n=10)

≥2 of the following:
Blepharophimosis
Patchy hypopigmentation
Café-au-lait spots
Increased angulation of the spine

ASYMMETRIC LOWER LIMBS PATTERN 
(n=17)

≥2 of the following:
Asymmetric lower limbs
Tall stature
Ptosis
Malar flattening*
Pectus carinatum or pectus excavatum

EPICANTHAL FOLDS PATTERN
(n=8)

≥3 of the following:
Epicanthus*
Flat wide nose, broad nasal tip, wide nasal 
ridge*
Thick vermillion of the upper and/or lower lip*
Protruding ears*
Café-au-lait spots
Hyperlaxity of joints

SYDNEY CREASE PATTERN
(n=6)

≥3 of the following:
Sydney crease
Fullness of upper eyelid*
Microdontia
Clinodactyly digitus V
Hypermobility of small joints

Table 1: Summary of patterns of statistically significant co-occurring morphological abnormalities and number 
of patients in each pattern for 3D analyses. In the current study 41 patients were available for 3D facial 
analyses. The patients from the current cohort were selected from a large prospective cohort of childhood 
cancer patients and all showed one of the four patterns of statistically significant co-occurring morphological 
abnormalities. The table shows the criteria for each of the patterns and the number of patients included 
from each pattern, based on the morphological examination by Merks et al. (partly described in 10). This 
table is adapted from 11.

*= Modified according to Elements of Morphology nomenclature 19-26.
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The control group consisted of 274 subjects of self-reported Dutch descent recruited from 

university scientific and hospital medical professionals (81/274, 30%) and unaffected parents 

and sibs of children with a molecularly proven genetic syndrome who visited out-patient 

departments or attended family support group meetings (193/274, 70%). The composition 

and average ages of patient and control groups are shown in Table 3.

Image capture and preparation

3D facial imaging was undertaken using commercial stereo-photogrammetric cameras able 

to capture more than 25,000 3D points on an adult face surface (Canfield Imaging Systems, 

New Jersey, USA; 3dMD, Atlanta, USA). Each face image was manually annotated using 

in-house software with 22 landmarks previously shown to be reliable and reproducible 13. 

The landmarks were used to induce a dense correspondence across all subjects of all 25,000+ 

surface points. A DSM of all faces in the dataset was generated as the set of principal 

component analysis (PCA) modes covering 99% of shape variation of face shape difference 

from the overall mean face. DSM construction involved methods developed in-house which 

are described elsewhere 6, 7, 14. 

Subjective morphological signs that show differences in a specific direction were evaluated 

along an appropriate axis (lateral, vertical, anterior-posterior) and in a model confined to 

SEX PATTERN SUBJECTS MEAN AGE

Male
(N=29)

LLA 17 24.9

BP 4 27.3

SC 3 11.0

EF 5 23.6

Female
(N=12)

LLA 0 24.9

BP 6 21.8

SC 3 15.2

EF 3 25.7

Table 2: Characteristics of patient subgroup

SEX GROUP SUBJECTS MEAN AGE

Male
(N= 167)

Patients 29 23.6

Controls 138 30.5

Female
(N=148)

Patients 12 21.1

Controls 136 28.0

Table 3: Characteristics of patient and control groups 
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a region containing the sign under study 6. Separate DSMs of the reduced face without 

ears and the malar region (Figure 2A) were computed. Ears were omitted because of their 

frequent partial, or occasional complete, occlusion by hair.

Statistical analyses

For the continuous outcome variables with a normal distribution, student-t-tests were 

performed using a significance level of 0.05. For t-tests, only the controls in the patient 

defined age range of 10 to 40 years were included. Anthropometric calculations and t-tests 

were performed in Excel (Microsoft Office 2010) and StatPlus (AnalystSoft, version 5.7.5). In 

order to maximize the analysis of the relatively small number of female patients, male and 

female asymmetry measures were adjusted for sex and age based on the control population 

before combined analysis.  Age adjustment was achieved using separate age-based linear 

regressions for male and female controls,  and the formula:

adjusted = (orginal - m*age-c)/sqrt(1+ m*m)

where y = m*x + c is the equation of the regression line for original against age. Following 

age adjustment, z-scores were computed based on means and standard deviations for the 

appropriate age range and same sex controls.

Face signatures and colour-coded heat maps of average and individual faces

Each individual was matched with 50 age-contiguous same sex controls whose mean age 

most closely matched that of the individual. The displacements of the densely corresponded 

points on an individual’s face were normalized with respect to corresponding displacements 

on the faces of matched controls to produce a face signature 2. In order to match the age 

range of the patient group, only control subjects aged between 10 and 40 years were 

included in signature graph analysis (the full age range was employed when selecting 

age-sex matched controls). 

Individual face signatures were heat mapped to visualize normalized shape differences 

from matched controls using a red-green-blue colour scale at min-0-max units of standard 

deviation for appropriate minima and maxima (-2SD and +2SD unless otherwise stated). 

Thus, for differences normal to the face surface, the red/green/blue spectrum corresponded 

to contraction/coincidence/expansion of the surface being compared. Analogous processes 

produce signatures for surface shape differences parallel to lateral, vertical, and depth 

(anterior-posterior) axes. The signature weight of an individual face or face patch (square 

root of the sum of the squared normalized differences orthogonal to the face surface for all 

relevant points) reflects the deviation of a subject from matched controls and was used as 

an estimate of dysmorphism. 

A face signature graph is constructed using face signatures as vertices or nodes and a 

directed edge links each vertex to its most “similar” signature. An alternative, but topologically 

identical, “coloured” form of a face signature paints the vertices to reflect a diagnostic or 

82



3D Morphometry enhances facial analysis of individuals with a childhood cancer 

 

ch
ap

te
r 

5

other subgroup labelling such as control-patient dichotomy or tumor disposition pattern. 

Finally, a “coloured” signature graph can be “collapsed” to a simplified form where vertices 

represent clusters of same-coloured connected vertices of the original 6. An entropy-like 

measure is used to summarize the associated clustering or dispersion of the members of each 

labelled subgroup. The lower the dispersion factor of a labelled subgroup, the stronger is the 

similarity of the facial dysmorphism of subcluster members compared to other subgroups. A 

maximum dispersion factor of 1.00 means that a subgroup’s members are perfectly dispersed 

into singleton subsets and so do not cluster at all because they lack homogeneity and differ 

from other labelled subgroups in their dysmorphism. All signature graphs were drawn using 

the open source software GraphViz (version 2.26, www.graphviz.org).

Facial asymmetry

As in previous studies of facial asymmetry, we constructed a DSM containing the original and 

reflected face surfaces of all study participants 8. We estimated individual facial asymmetry 

as the generalized Euclidean distance between the DSM representations of the original 

and mirrored face surfaces. This was adjusted to take age and sex into consideration since 

there are gender differences and asymmetry tends to increase with age within the general 

population 8, 15.  

Results

1. The individuals with a childhood cancer have greater facial dysmorphism 
than age-sex-ethnicity matched controls but no set of common dysmorphic 
features, not even within the tumor predisposition patterns found 
previously

The heat mapped signatures in Figure 1A delineate localized individual facial dysmorphism 

of 12 female (row 1) and 29 male patients of Dutch descent (rows 2 to 4). This visualization 

of detailed face shape differences offers an objective adjunct to clinical examination. It is 

possible to identify small subgroups of patients with a similar heat map highlighting similar 

facial dysmorphism such as malar flattening (anterior red patches on cheeks of LLA_9, 

LLA_24, LLA_34, LLA_43), perioral insufficiency (red regions around mouths of LLA_29, 

LLA_45, SC_3, SC_26, LLA_29) and mid-facial hyperplasia (blue patches on midface of 

EF_2, EF_7, LLA_20). However, overall, there is considerable heterogeneity in the facial 

dysmorphism of the patient group. This is confirmed in the collapsed form of the face 

signature graph for controls and patients (Figure 1C and 1D) with dispersion factors of 0.94 

for patients and 0.16 for controls, and the patient group’s clustering as a large number of 

singletons, a few duos and a quartet.  

The location of patients in the periphery or as terminal nodes of the signature graph 

for controls and patients is as a result of their greater facial dysmorphism (Figure 1B). 
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Figure 1. Face signatures of patients; and signature weights and graphs for patients and controls. 
A: Heat mapped face signatures of 41 patients of Dutch descent. Each demarcates localized facial 
dysmorphism using a red/green/blue scale for “below -2SD”/zero SD/”over +2SD” contractive/coincident/
expansive surface difference compared to a mean of age-sex-ethnicity matched controls.

A

B: Collapsed version of the face signature graph for patients and controls, shown as empty and filled circles 
respectively. The annotated dispersion rates, between 0 and 1, summarize the overall clustering of the 
control and patient signatures. The low value (0.16) for controls and high value for patients (0.94) suggests 
that the patient dysmorphism is significantly different from the majority of controls. The high value for the 
patient group also reflects the relatively large number of clusters into which it is decomposed and the lack of 
homogeneity in the facial dysmorphism of its members.

B
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C: Face signature graph for patients (with square outline) and controls. Typically, in a signature graph the 
least dysmorphic individuals are located more centrally and the most dysmorphic more peripherally. The 
location of patient signatures largely at the periphery and terminally reflects their greater facial dysmorphism. 

C

D: Histogram of log-transformed normalized 
signature weights showing greater overall 
facial dysmorphism in faces of patients 
compared to controls. 
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Furthermore, the associated (log transformed) face signature weight distribution (Figure 

1D) confirms a significantly greater mean for patients (M= 2.20) compared to controls (M= 

2.14); t(54)= 2.35, p= 0.02. Inspection of the face signatures in Figure 1A suggests the LLA 

pattern subgroup to have more red-blue hues than green and hence to be more facially 

dysmorphic. Some quantitative evidence for this is seen in a control vs pattern histogram 

of signature weights (Supplementary Figure 1) but the relatively low numbers in the other 

pattern subgroups rather undermines such cross pattern comparisons.

2. The malar region is more dysmorphic in patients compared to controls

Although, as shown above, there was no discernible set of common dysmorphic features 

in the patient group when considering the face in its entirety, the malar region is notably 

painted red or blue (at 2SD) in a majority of the heat mapped signatures of Figure 1A. 

This clinical observation suggested that the malar region should undergo closer objective 

scrutiny. Given the complex geometry of the malar region, this would be impossible using 

linear or angular measures derived solely from landmarks. In order to investigate malar 

dysmorphism, a customized region was demarcated as depicted in Figure 2A. 

The distribution of signature weight as a measure of dysmorphism for the malar region is 

shown in the histogram in Figure 2B. The malar dysmorphism score is indeed significantly 

higher in patients (M=1.81) compared to controls (M=1.74); t(58)=2.93, p=0.004. The 

collapsed signature graph for the malar region for controls and patients, as was the case 

for the face, shows patients to be located more at the periphery, reflecting greater malar 

dysmorphism. The malar region dispersion factors for controls (0.16) and patients (0.92) 

also reflect the heterogeneity of the malar dysmorphism for the patients when considered 

as a whole (Supplementary Figure 2). 

Interestingly, the signature graph for differences along the anterior-posterior or z-axis of the 

malar region for patients alone shows some stronger clustering for LLA patients compared 

to other pattern subgroups (Figure 2C). This is more clearly shown in the collapsed form of 

the signature graph and the lower dispersion factor (0.66) for LLA-pattern patients (Figure 

2D). In comparison, EF-, SC- and BP-pattern patients show dispersion factors of 0.83, 0.87 

and 1.00 respectively. This suggests that the LLA-pattern subgroup of these 41 patients 

are more similar in their malar flattening or malar prominence than patients from the other 

pattern subgroups (Figure 2D). 

3. Patients have significantly greater facial asymmetry when compared to 
controls

The PCA-vector representation of each original face surface was subtracted from that for 

its mirrored form in the DSM generated for all original and mirrored or reflected images. 

The “size” of this vector difference is an estimate, or index, of the overall asymmetry of the 

original face surface. Facial asymmetry increases with age and at different rates for females 
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and males as is shown by the separate female and male scatter plots for the raw asymmetry 

index against age (Supplementary Figures 3A and 3B) 8,26. When adjusted for age (linear 

regression adjusted) and z-scored for gender within the approximate patient age range of 

10 to 40 years, there was significantly greater asymmetry in patients (M= 0.75) compared 

to controls (M= 0; t(52)= 2.2, p= 0.03).

This greater facial asymmetry for patients compared to controls can also be appreciated on 

an individual basis by interpreting the PCA vector difference between original and mirrored 

DSM PCA vectors as a surface in the DSM model. The resulting original-reflected difference 

for each patient can then be normalized against corresponding control differences just as 

for signatures for the original faces. Thus, corresponding to the gallery of face signatures 

of Figure 1 is another showing normalized asymmetry differences from the asymmetry of 

age-sex matched controls in the form of heat mapped facial asymmetry signatures (Figure 

3A). Once again, it is possible to discern subgroups, this time with similar asymmetry 

dysmorphism. This is more easily observed by considering the induced clustering in the 

asymmetry signature graph of the patients alone (Figure 3B). Of the seven subclusters 

within the graph, subcluster 2 contains a duo of faces showing almost no difference 

(mostly green hue) from the asymmetry of age-sex-ethnicity matched controls. Subcluster 

3 contains 8 individuals displaying a right dominant asymmetry difference from controls 

in the supraorbital region (blue above right eye, red above left eye). Indeed, the faces in 

subclusters 3, 4 and 5, below and to the left of subcluster 2, largely show right dominant 

asymmetry differences from controls, whereas subclusters 1, 6 and 7, above and to the 

right of subcluster 2, largely include individuals with more left dominant asymmetry. It 

also noticeable that most mandibular asymmetry occurs in the EF pattern. However, the 

small sizes of the pattern subgroups in this patient population somewhat undermines such 

attempts to hypothesize about intra-pattern similarities and inter-pattern differences.

Discussion

The main purpose of this study was to identify additional benefits that 3D facial morphometry 

might offer beyond the clinical and classical anthropometric facial analysis carried out in the 

origin Merks et al study 9 of more than 1,000 individuals who had suffered a childhood 

cancer and a similarly sized group of controls. In the previous study,  tumor predisposing 

syndrome patterns were identified by considering not just the face but other physical 

attributes as well. Inevitably, in this study of only faces, and in less than 3% of the original 

patient cohort, it was unlikely that the original patterns could be confirmed or that novel 

patterns might emerge. With the future study in mind of tens of thousands of individuals 

who have had a childhood cancer, it was more important that this study determine how 

best to exploit 3D facial morphometric analysis in the future on a much larger scale and in a 

much more heterogeneous population than has generally been undertaken hitherto. 
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Figure 2. Malar region definition, signature 
weight (for anterior-posterior depth axis) 
A: A butterfly-shaped patch of the face surface 
was used to demarcate a malar region. The 
right inner canthus (ICR) was connected with 
the right exocanthus (OCR) following the 
lower orbit border. The right exocanthus was 
connected with the right lower ear attachment 
(LEAR) and the upper ear attachment (UEAR) 
was connected with the right cheilion (CHR); 
their crossing formed the lateral border. For the 
medial border, the right cheilion was connected 
with the right inner canthus following the 
nasolabial fold. All connecting curves followed 
the surface. The same procedure was repeated 
for the left side.
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C: Signature graph for differences along the anterior-posterior axis for the malar region. Each malar signature 
is annotated by an outline of a different colour depending on its pattern label: BP-green; EF-black; LLA-blue; 
SC-red.

C

D

D: Collapsed version of signature graph shown in C using the same colour 
coding of pattern labels.

89



Chapter 5

Rather than investigate individual linear or angular measures derived from landmarks, we 

employed signature based analysis where surface shape differences at 25,000+ surface 

points are normalized against age-sex-ethnicity matched controls for the whole face, for face 

patches and for the difference between an original face and its mirrored or reflected form. 

We used heat maps of the signatures to delineate individual localized dysmorphism. The 

“weight” of the signatures was used to estimate an index of dysmorphism, through which 

we established statistically significant differences between the patients and controls within 

the same age range. Signature graphs with directed edges linking most similar signatures 

were used to cluster both controls and patients into subsets with similar dysmorphism i.e. 

shape differences from age-sex matched controls. Relative central or peripheral position in 

signature graphs reflected low or high levels of dysmorphism and, in the collapsed form of 

signature graphs, rates of dispersion quantified overall clustering rates of patients compared 

to controls and/or between pattern subgroups of patients.

Using the methodological approach summarized above, we detected significantly higher 

dysmorphism scores (signature weights) for the facial region without ears in the individuals 

who had cancer as a child. This was also reflected in the corresponding signature graph 

for controls and patients where the latter patients appeared more in the periphery and as 

terminal nodes. Common facial differences between patients and controls could not be 

identified and a high dispersal rate, reflecting lack of similarity clustering of the patient 

group, provided supporting evidence. Similarly, when considering patients on their own, no 

intra-pattern similarities or inter-pattern differences were evident in the signatures or the 

signature graphs.

Based on subjective evaluation of the face signatures, we hypothesized that the malar region 

of patients was more dysmorphic than in controls. This would be a challenging hypothesis 

to test using linear or angular measures derived from clinical examination or derived from 

landmarked photographs. It required an analysis of 3D surface shape. An experienced 

dysmorphologist (RCMH) defined a customized region to act as the focus for analyzing 

shape differences in the malar region and as a base shape for constructing DSMs. Following 

the same methodological sequence as for face shape analysis, we established significantly 

greater dysmorphism of the malar region in the patients compared to controls. Once 

again, shape signature graphs were used to confirm this. In terms of intra-pattern analysis 

of anterior-posterior malar shape difference, the LLA pattern subgroup produced a lower 

dispersion rate suggesting some commonality of form for malar flattening or prominence. 

Finally, we identified increased facial asymmetry in patients compared to controls. This could 

have been an effect of therapy that childhood cancer patients may have received. However, 

patients who had undergone radiotherapy in the facial region were excluded. Therefore, 

the increased facial asymmetry in patients is more likely to reflect ‘intrinsic asymmetry’ 

rather than asymmetry caused by external effects. Asymmetry occurs frequently in genetic 

conditions associated with a malignancy. For example, it is a well-known feature in Bannayan-

Riley-Ruvalcaba syndrome (BRRS, OMIM: 153480) 16 and Beckwith-Wiedemann Syndrome 
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Figure 3 Facial asymmetry signatures and associated graph for patients A. Heat mapped face asymmetry 
signatures of 41 patients of Dutch descent. Each demarcates differences of original and reflected surfaces for 
each patient normalized to similar differences of matched controls using a red/green/blue scale for “below 
-2SD”/zero SD/”over +2SD”. Each heat map will necessarily be anti-symmetric in its red-blue colouring since 
the right sided differences of original surface face compared to its reflection or mirrored form will be the 
opposite for the left side.

B. Signature graph for the signatures in A. Colour outlines are used to identify the pattern subgroup to 
which an individual belongs: BP-black; EF-red; LLA-green; SC-blue.

A

B
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(BWS, OMIM: 13060) 17. It should be noted that none of the patient subgroup of this 

study were diagnosed with established syndromes such as BRRS or BWS. Some potential for 

inter- and intra-pattern analysis of facial asymmetry was identified for particular parts of the 

face, e.g. supra-orbit and mandible, and may assist in future determination of face shape 

differences and even alternative tumor disposition patterns of dysmorphism.

In this project, we used 3D facial photographs and dense surface modelling morphometric 

techniques to characterize the facial phenotype of a cohort of patients who had cancer 

as a child, and in whom distinct patterns of morphological abnormalities were previously 

demonstrated using physical examination and anthropometry 10. The patterns consist of 

abnormalities located both in the face and in other body parts. As we used only the face, it 

is impossible to evaluate the complete morphology of patterns this way. Therefore, it was 

impossible to repeat the grouping of the patients using signature graphs for the complete 

cohort (1,073 childhood cancer patients) described by Merks et al. 10, blinded from the 

statistical patterns of co-occurring morphological abnormalities. The relatively small number 

of individuals of the various patterns and in the total cohort hampers detailed statistical 

analyses and prevents some subgroup analysis. Another overall limitation of our analysis 

could be that, in computing face signatures, the age- and sex-matched controls selected are 

according to a matching running mean age, which could be biased by lack of coverage of 

certain ages. 

Despite these limitations, the 3D face image capture and subsequent analysis has shown 

significant added value. We conclude that dense surface modelling techniques expand 

the possibilities for physicians (plastic surgeons, clinical geneticists etc.) to describe and 

characterize the phenotype of an individual or group of individuals and allow objective 

comparisons to age- and sex-matched controls. The addition of the approach adopted here 

in a large, nation-wide study of individuals who have had cancer as a child, together with 

a recently developed tool to recognize individuals with a high chance to have a tumor 

predisposition syndrome 18 will allow recognition of larger subgroups within pediatric 

cancer patients, and allow further characterization of the faces and facilitate subsequent 

molecular analyses. Such a study is presently in preparation.  
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DEFINITIONS AND EXPLANATION OF FREQUENT USED TERMSa

LANDMARKS: Designated soft tissue points on anatomically well-defined locations.

DENSE SURFACE MODEL (DSM):  The actual 3D model, which forms the basis for further 3D 

analysis. A DSM is built from a set of surfaces of which mean landmarks are calculated using 

the Procrustes algorithm. The surfaces of the individual subjects are warped to the mean 

landmarks, aligning them. The points on a selected face can be mapped to the closest points 

on each face to induce a dense correspondence of tens of thousands of images across all 

images. The DSM is formed from the principal components covering 99% of shape variation 

from the overall average based on the densely corresponded points.

FACE SIGNATURE: The normalized differences, typically orthogonal to the face surface, 

of surface point displacements from corresponding positions of the densely corresponded 

points on the mean surface.

SIGNATURE WEIGHT: The square root of the sum of the squared normalized differences for 

all densely corresponded points. 

FACE SIGNATURE DISTANCE (FSD): The Euclidean distance between the vectors representing 

the normalized differences across the densely corresponded points for two signatures. 

SIGNATURE GRAPH: Graphical representation of a set of face signatures as vertices. A 

directed edge is drawn from one signature to another signature with the smallest FSD from 

the first. In a signature graph, the FSD is the length of the edge between two vertices.

LINEAR MEASUREMENTS: Calculations of anthropometric distances using the 3D 

coordinated of anatomical landmarks. 
a Adapted from 6 and 2
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Supplementary data 

Supplementary Figure 1

Distribution of face signature weights for controls and pattern specific subgroups of the 

patient group
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Supplementary Figure 2

Collapsed signature graph for the malar region showing the dispersion rates of the control 

and patient groups. The low value (0.16) for controls and high value for patients (0.92) 

suggests patient malar dysmorphism to be different from the majority of controls. The 

high value for patients also reflects the relatively large number of clusters and lack of 

homogeneity in the malar dysmorphism of its members.
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Supplementary Figure 3 A/B: Raw facial asymmetry scores

The scatter plots show the age adjusted raw facial asymmetry scores of female (A) and male 

(B) patients and controls  
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Abstract

(Brain) tumors are usually a disorder of aged individuals. If a brain tumor occurs in a child 

there is a possible genetic susceptibility for this. Such genetic susceptibilities often show 

other signs and symptoms. Therefore, every child with a brain tumor should be carefully 

evaluated for the presence of a “tumor predisposition syndrome”. Here, we provide an 

overview of the various CNS tumors that occur in children with syndromes and of the various 

syndromes that occur in children with brain tumor. Our aim is to facilitate recognition of 

syndromes in children with a brain tumor and early diagnosis of brain tumors in children with 

syndromes. Diagnosing tumor predisposition syndromes in children may have important 

consequences for prognosis, treatment and screening for subsequent malignancies and 

non-tumor manifestations. We discuss pitfalls in clinical and molecular diagnoses, and 

the consequences of diagnosing a hereditary disorder for family members. Our improved 

knowledge of cancer aetiology is increasingly translated into management strategies in 

syndromes in general, and will likely lead in the near future to personalized therapeutic 

approaches for tumor predisposition syndromes. 
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Introduction

Genetic and epigenetic changes play an extremely large role in the aetiology of cancer.1 

Cancer is usually a disorder of aged individuals and uncommon in children. If cancer occurs 

in children this suggests an increased susceptibility to develop cancer.2 Consequently, 

cancer in children will be frequently caused by a genetic change (mutation) and thus can be 

inherited. There are numerous examples of cancers occurring within families.3 Mutations 

in the same gene can occur both in inherited tumors (germline mutations) and in sporadic 

tumors (somatic mutations).4 Well known examples of this are sporadic basal cell carcinoma 

and Gorlin syndrome (GS), or sporadic meningioma and Neurofibromatosis type II (NFII). In 

patients with inherited mutations of genes that can cause cancer, the inherited mutation 

itself is not sufficient to cause cancer: cells from such patients need to acquire one or 

more further mutations (Knudson’s second hit theory).5,6 Not everyone will acquire such 

a second mutation, so not everyone who inherits a mutation in a cancer gene will indeed 

develop cancer. In hereditary tumor disorders patients can develop multiple primary tumors 

as the second hit can occur independently at different loci. Furthermore, as children with a 

hereditary predisposition already have the first hit at conception, they are usually younger 

developing a tumor compared to their sporadic counterparts caused by acquired somatic 

mutations.7 

Genes and their corresponding proteins have (almost) invariably a dual function, one 

prenatally and one postnatally: a gene that steers the formation of an organ or body 

part (developmental gene) during embryogenesis, frequently becomes a gene that is 

involved in growth regulation after birth.4 Subsequently, we may expect that a mutated 

developmental gene causes an unusual phenotype or syndrome prenatally and may go 

along with an increased risk for the same individual to develop cancer postnatally. Indeed, 

children with congenital anomalies and syndromes have a higher risk to develop cancer,8 

including tumors of the central nervous system.9,10 In addition, children with cancer have 

more morphological abnormalities,11 malformations12 and more syndromes as well.13 The 

recognition of syndromes in children is often problematic as it needs proper examination by 

a clinical geneticist or a pediatrician skilled in clinical morphology and obtaining a detailed 

family history to detect this (Figure 1).14 

Like other types of cancer, tumors of the central nervous system (CNS) usually occur in adults: 

only 7% of CNS tumors occur in children.15 CNS tumors are relatively frequent compared 

to other types of cancer in children, and comprise ~25% of all childhood tumors.16 Some 

CNS tumors in children (embryonal CNS tumors as medulloblastoma and ependymoma, 

and also pilocytic astrocytoma) are linked to factors contributing to brain growth early in 

(postnatal) life,17 as these tumors occur less frequent with increasing age.15 In contrast, 

during adolescence the incidence of intracranial germ cell tumors peaks suggesting that 

puberty itself either initiates or drives their growth.17 The increased risk for a child with 

malformations to develop a tumor8 is reflected in the increased risk for children with CNS 
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malformations to develop CNS tumors.10 For example, closing defects of the neural tube 

(including occult spinal dysraphism) are known to have a higher co-occurrence of both 

intracranial and intraspinal lipoma and teratoma.18,19,20 Furthermore, the same pathway 

seems to be aberrantly activated in different disorders. For example, the SHH-PTCH-

GLI pathway is involved in holoprosencephaly, Smith-Lemli-Opitz syndrome, pediatric 

medulloblastomas and Gorlin syndrome (Table 1).21 Recently, an overview of somatic 

mosaic mutations in neurodevelopmental and overgrowth syndromes was provided, and 

some of these genes (or pathways they act in) are also involved in tumor predisposition 

syndromes.22 

To our knowledge no overall analysis has been published on the frequency of CNS tumors 

in children with a genetic syndrome or the occurrence of syndromes in children with a CNS 

tumor. Here, we provide a review of the various CNS tumors that occur in children with 

syndromes and of the syndromes that occur in children with brain tumors. With this, we 

aim to facilitate recognition of syndromes in children with a brain tumor and early diagnosis 

of brain tumors in children with syndromes. First, we address from a tumor perspective, 

which syndromes may be associated with the specific CNS tumor type (Table 1). Next, we 

concentrate on well-characterized hereditary syndromes that result from germline mutations 

in high-penetrance genes and predispose to CNS tumor development (Table 2). We do not 

Figure 1: Child with neuroblastoma and LEOPARD syndrome. Due to the enormous swelling of the belly in 
the acute stage as a consequence of the neuroblastoma (A), the LEOPARD syndrome was not diagnosed at 
that time. Only after treatment for the neuroblastoma and recovery, the phenotype became clear and child 
was diagnosed to have LEOPARD syndrome (B).12
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provide data on brain tumors caused by somatic mutations. Because of limited space we 

have not aimed to be exhaustive for each syndrome, but have put emphasis on the most 

frequent (morphologic) manifestations and most prevalent syndromes. We acknowledge 

that most pediatricians and neurologists may not be familiar with the terminology used in 

clinical genetics and dysmorphology and have provided short descriptions of the main terms 

used in the box Genetic Vocabulary.

Methodology

We used four sources to obtain data for the overview: the Winter-Baraitser Dysmorphology 

Database (WDBB);23 the text Gorlin’s Syndromes of the Head and Neck;8 the WHO 

classification of Tumors of the Central Nervous System;24 and literature searches using 

PubMed. A detailed description of the methodology to obtain the data from the first 

two sources is available elsewhere.25 In short, search terms derived from the diagnostic 

groups of the International Classification of Childhood Cancer26 were checked in all 

syndromes from the WBDD and the Gorlin text. This search was focussed on syndromes 

with morphological abnormalities in which malignant brain tumors occur in infants and/

or children. This overview was supplemented with syndromes with either benign CNS 

tumors (for example, meningioma) and/or tumor predisposition syndromes without unusual 

morphology (for example, LFS). Data for this was derived from the WHO classification of 

Tumors of the Central Nervous System,24 Familial Cancer Database (http://www.facd.info), 

Gene Reviews (http://www.ncbi.nlm.nih.gov/books/NBK1116/) and directed searches for 

each of the CNS tumor types in this overview in Pubmed (http://www.ncbi.nlm.nih.gov/

pubmed). The CNS tumor types are named according to the WHO classification of Tumors 

of the Central Nervous System.24 To decrease the number of citations we do not refer to 

original references but to the above main sources. 

All syndromes resulting from our searches in which at least once a CNS tumor was reported, 

have been included in this overview. In infrequent entities it may remain uncertain whether 

the co-occurrence of a tumor is explainable by chance or has a true causal relation. Therefore, 

the present overview (Table 1) may contain overestimations of associations between CNS 

tumors and syndromes. We have accepted this as in our opinion it is preferable to report all 

known possible associations instead of exclusion of true but presently uncertain associations. 

In Table 1 only major (morphologic) manifestations are reported. Therefore, other 

manifestations that may be seen in children do not exclude the presence of either one of 

the mentioned syndromes.
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Results

General 

Table 1 contains all major brain tumor types occurring in children and the various syndromes 

that have been reported to be associated with these tumors. Table 2 contains a short 

overview of all major tumor predisposition syndromes. The most frequent entities with 

a high chance to develop a brain tumor are summarized in Table 2. We provide short 

descriptions restricted to major presentations and co-occurring brain tumor of each of the 

entities below. 

Neurofibromatosis type 1 (NF1)

The first clinical suspicion of NF1 (Recklinghausen disease) should be raised when in an infant 

or child multiple café-au-lait spots are noticed. NF1 may not be obvious immediately: axillary 

or inguinal freckling appears during the first five years of age. Iris hamartoma (Lisch nodules) 

generally appear just after and are found only if specifically looked for at ophthalmological 

examination. Cutaneous neurofibroma are seen in most patients starting in puberty .27 

NF1 mutations are highly penetrant, but expression is extremely variable. Approximately 

15% of patients with NF1 develop a CNS-tumor. Particularly optic nerve astrocytoma is 

common, which only requires treatment if symptoms develop or progression occurs. Other 

gliomas seen in NF1 are pilocytic and diffuse astrocytomas (preferential localizations pons 

and cerebellum) and rarely glioblastoma. At T2-weighted MR-images unidentified bright 

objects (UBO), previously wrongly tagged as hamartomas, can be noted in over 50% of NF1 

patients. They are seemingly innocent and disappear with age. Neurofibromas are generally 

treated surgically if causing pain by nerve compression or for cosmetic reasons. Diffuse 

plexiform neurofibromas are generally hidden internally in close vicinity of organs, and can 

be difficult to detect and treat. ~10% of NF1 patients develop malignant peripheral nerve 

sheath tumors (MPNST). Radical surgical resection is the mainstay of treatment of MPNST 

and adjuvant chemotherapy and/or radiotherapy should be considered. A limited (32%) 

5-years overall survival in the context of NF1 is seen.28,29 Also other, non-nervous system 

associated tumors and osseous and vascular abnormalities occur more often in NF1 patients. 

In NF1 patients exposure to diagnostic and therapeutic radiation should be minimized to 

avoid the risk of radiation-induced malignancies. With an extreme clinical variability even 

within families, the genotype-phenotype correlation is complex in NF1. A few correlations 

have been identified thus far. A more severe phenotype occurs in NF1 patients who have a 

microdeletion (5-10% of patients) due to a loss of ~1.5 Mb at 17q including the NF1 gene, 

whereas a milder phenotype is observed in NF1 patients with a common 3bp in frame 

deletion in exon 17. Other genotype-phenotype correlations have been described for spinal 

neurofibromatosis, optic pathway gliomas and Watson syndrome. The life expectancy of 

individuals with NF1 is about eight years lower compared to the general population.30 
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A NF1-Noonan syndrome phenotype occurs in ~12% of individuals with NF1 and is caused 

by NF1 mutations. Affected individuals have a phenotype that combines NF1 and Noonan 

syndrome including ocular hypertelorism, down-slanting palpebral fissures, low-set ears, 

webbed neck and pulmonic stenosis. 

Neurofibromatosis type 2 (NF2)

The hallmark of NF2 is (bilateral) vestibular schwannoma, which typically present with 

hearing disabilities, tinnitus and balance dysfunction in patients by their third decades. 

NF2 is generally considered an adult-onset disease, however, in childhood skin features 

(schwannomas and café-au-lait spots) and ocular findings (cataract, strabismus and 

amblyopia) may be evident but remain often unrecognized.31,32 Dermatological and 

ophthalmological manifestations can sometimes resemble NF1.33,34 Furthermore in children, 

palsy due to mononeuropathy is an increasingly recognized finding. As most patients 

(50-75%) develop (often multiple) meningioma, any childhood meningioma should be 

considered as a possible early sign of NF2. Two-third of NF2 patients develop spinal tumors, 

both with extramedullary (schwannoma and less frequent meningioma) and intramedullary 

(ependymoma and rarely pilocytic or diffuse astrocytoma) localization. Penetrance is 

almost 100%. Truncating mutations have been associated with earlier onset and more 

NF2-associated tumors.34 Furthermore, when NF2 presents in children, the phenotype is 

usually more severe due to symptoms of meningioma.35 With earlier diagnosis and novel 

therapeutic strategies such as cochlear and brain stem implants, life expectancy and quality 

of life has improved considerably. Still, many NF2 patients have a limited survival (15 years 

after initial diagnosis).

Rhabdoid tumor predisposition syndrome (RTPS) and Schwannomatosis

In early childhood, RTPS is characterized by an increased risk for developing malignant 

rhabdoid tumors (MRTs). MRTs may be localized in the kidney, extra renal but 

intra-abdominally or in the CNS. CNS-localized MRTs are called atypical teratoid/rhabdoid 

tumors (AT/RTs), which are highly malignant and have a limited survival despite aggressive 

multi-modality therapy (surgery, irradiation and chemotherapy). AT/RTs generally present 

before the age of 3 years, an age at which radiation therapy is relatively contraindicated 

because of an increased vulnerability to long-term neurocognitive deficits.36 Penetrance 

is highly variable.13 In children with an AT/RT in which no SMARCB1 mutation is found, 

germline mutations in SMARCA4 may be considered.37 In families with RTPS, choroid plexus 

carcinoma, infratentorial medulloblastoma and supratentorial primitive neuro-ectodermal 

tumors (PNETs) have been reported as well.38 However, it is possible that these cases due 

to similar histologies have been misdiagnosed and may in fact represent AT/RTs with a 

prominent epithelial component, as was afterwards shown for the medulloblastoma 

reported in that study.39
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SMARCB1 germline mutations are also found in 40-50% of families with schwannomatosis 

(previously referred to as NF3).40,41 The main distinction with NF2 is that schwannoma in 

RTPS are generally not localized at the nervus vestibularis.41,42 At adult age sometimes 

meningioma, preferentially located at the falx, may be seen.43 At this moment, only three 

families have been described with a combined phenotype of both RTPS and schwannoma. 

This suggests that the combined phenotype is rare. However, if RTPS patients survive, they 

may suffer at adult age from schwannoma.41 A genotype-phenotype correlation likely 

explains why not in all schwannomatosis families the risk for MRT is increased.13 Germline 

mutations in SMARCB1 and related genes have been found to cause Coffin-Siris syndrome44 

but until now no individual with a molecularly confirmed syndrome diagnosis has developed 

an ATRT malignancy.45 

Von Hippel-Lindau disease (VHL disease)

VHL disease is characterized by hemangioblastomas of the CNS and retina, 

pheochromocytoma, renal cysts and clear cell carcinoma and other visceral cysts. 

Penetrance of VHL is close to 100%. At the age of 65 most patients have VHL-related 

manifestations. However, the manifestations and severity are highly variable both within 

and between families. Although hemangioblastomas typically occur in young adults, 

the occurrence of a hemangioblastoma in a child or adolescent should point to VHL as 

multiple hemangioblastomas are likely to develop.46 Most VHL-patients have multiple 

hemangioblastomas, which are localized in the brain stem, spinal cord and nerve roots, 

compared to sporadic hemangioblastomas which are generally localized in the cerebellum. 

Hemangioblastomas are frequently accompanied by cysts which can cause symptoms 

due to their rapid growth. To avoid cysts to recur, complete surgical removal of the 

hemangioblastomas is essential, and gamma knife treatment is not sufficient. Based on 

genotype four different VHL phenotypes have been suggested to predict the likelihood to 

develop pheochromocytoma or renal cell carcinoma. Median life expectancy is significantly 

lower in VHL patients,30 as approximately 70% of individuals with VHL develop renal cell 

carcinoma which is the major cause of death. 

Tuberous Sclerosis Complex (TSC)

Patients with TSC develop multiple hamartomas, mainly in the brain (70%), heart (30%) and 

eyes (50%), and renal (60%) and skin abnormalities (nearly 100%). At birth, hypomelanotic 

macules, sometimes only visible with a Wood’s lamp, may be present. Before the age of 

15 years most children with TSC have manifestations.47 Epilepsy (up to 80%), intellectual 

disability (40%) and behavioural problems due to cortical tubers, subependymal 

hamartomatous nodules and intracranial calcifications are frequently seen. Penetrance 

is thought to be 100%. TSC exhibits extreme variability in clinical findings both among 

and within families. The severe end of the spectrum is represented by the classic triad 
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consists of seizures, intellectual disability and angiofibroma. Patients with TSC1 mutations 

are usually less severely affected than patients with TSC2 mutations, and females tend to 

have milder disease than males. In 10-15% of individuals with TSC, usually within the first 2 

decades of life, a subependymal giant cell astrocytoma (SEGA) may be detected. SEGA is a 

benign, slowly growing tumor, typically arising unilateral or bilateral in the wall of the lateral 

ventricles, and virtually pathognomonic of TSC.48 Treatment of enlarging SEGAs may consist 

of mTOR inhibitors;  if size causes life-threatening neurologic symptoms neurosurgery is 

unambiguously indicated. 

Li-Fraumeni syndrome (LFS)

LFS is characterized by multiple primary tumors in children and young adults. The predominant 

tumors are brain tumors, bone and soft tissue sarcomas, breast and adrenocortical tumors. 

Half of LFS-associated malignancies are estimated to occur before the age of 30 years. 

Individuals with LFS are at increased risk of developing various types of generally highly 

malignant brain tumors (astrocytomas, glioblastomas, medulloblastomas, choroid plexus 

carcinomas (CPC)). The median age of onset for brain tumors is 16 years, suggesting that 

more than half of LFS-associated brain tumors occur in children under 18 years of age. 

The risk for brain tumors has been reported to be increased if the TP53 mutation lies in 

the DNA-binding loop that contacts the minor groove of DNA. Children with a CPC, who 

typically present at young age (≤3 years), are at high risk to harbour a TP53 germline 

mutation, even in the absence of a positive family history, due to de novo mutations.49,50 In 

a recent report, TP53 germline mutations were also found children with medulloblastoma 

of the sonic hedgehog subtype (SHH-MB) with chromothripsis .51  In SHH-MB, typically 

presenting between age 5 and 18 years, 12% of TP53 germline mutations were identified.52 

Overall, LFS is known to give a high lifetime risk for a range of tumors: 93% in woman and 

75% in men, with an estimated 30–40% risk for cancer in childhood and adolescence.53 

In LFS affected family members, the risk to develop a second or third malignancy was 

estimated to be 15% and 4%, respectively. For 30 childhood cancer survivors, these risks 

were considerably higher (57% and 38%). Various genotype-phenotype correlations have 

been reported. Due to the high risk to develop (multiple) malignant tumors, overall survival 

is limited. Preliminary studies have shown positive aspects of early diagnosis and surveillance 

in LFS patients for overall survival.53 In LFS patients exposure to diagnostic and therapeutic 

radiation should be minimized to avoid the risk of radiation-induced malignancies. 

Gorlin syndrome (GS)

Individuals with GS (nevoid basal cell carcinoma syndrome [NBCCS]) have congenital 

abnormalities such as bifid or fused ribs or wedge-shaped vertebrae (>50%), often 

macrocephaly (>50% above >97th percentile), sometimes cleft lip and/or palate (5%) 

and polydactyly (5%). Jaw keratocysts develop around their teens; sporadic reports of 
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ameloblastoma arising in these are known. Generally, basal cell carcinoma of the skin are 

seen starting in adolescence or early adulthood, unless prior exposure to radiotherapy. 

Palmar and plantar pits can be seen in most patients (Figure 2A). Approximately 5% 

of GS patients present during their first years of life with a medulloblastoma. These 

medulloblastomas have desmoplastic histology with an expression pattern indicating 

activation of the sonic hedgehog signalling pathway and have a more favourable prognosis 

compared to their sporadic counterparts. Treatment of medulloblastoma exists of surgical 

resection, (intrathecal) chemotherapy and irradiation in indicated cases (for example, 

metastatic cases or residual disease after surgery).54 It has been suggested that young 

children presenting with medulloblastoma of nodular or desmoplastic histology need to be 

assessed for GS.55,54 In PTCH1-negative children <3 years of age with a desmoplastic/nodular 

medulloblastoma with and without other manifestations fitting GS, germline mutations in 

SUFU have been identified. Non-tumor CNS manifestations include calcification of the falx 

cerebri or tentorium cerebellum, present in 90% of individuals by age 20. Meningioma are 

also reported to occur with an increased frequency in GS patients, furthermore, incidental 

cases of astrocytomas, oligodendroglioma and craniopharyngioma have been reported. 

Penetrance is probably 100%, expression is highly variable also within a single family. Except 

for an increased chance for intellectual disability in individuals with a microdeletion that 

include PTCH1, no genotype-phenotype correlations have been recognized. Patients with 

GS generally have a good prognostic outcome with (near) normal life expectancy.30

Cowden syndrome (CS)

CS is one of the clinical manifestations of the PTEN hamartoma tumor syndromes and is 

characterized by multiple hamartomas and a high risk for benign and malignant tumors of 

predominantly the thyroid, breast, and endometrium. Patients with CS usually present by 

their 20s when mucocutaneous manifestations (Figure 2B) have been developed. Dysplastic 

gangliocytoma of cerebellum, also known as Lhermitte Duclos disease (LDD), is the 

Figure 2: Various non-neurological signs that can be seen at regular outpatient contacts in children (and/
or their parents) with tumor predisposition syndromes causing brain tumors. Palmar pits as can be seen in 
Gorlin syndrome (A), and mucosal lesions at the gingiva in Cowden syndrome (B).
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pathognomonic CNS manifestation of CS. LDD is a rare benign hamartomatous overgrowth 

composed of dysplastic ganglion cells in the cerebellum and usually arises at adult age, 

but affected children do occur. Sporadically occurring meningioma, medulloblastoma, 

gangliocytoma and glioblastoma have been reported at adult age in patients with CS. 

Additional cerebral manifestations of CS include macrocephaly in 20-70% of cases (often 

skull circumferences are 3SD or more above the mean), hydrocephalus, intellectual disability, 

autism, and seizures. In children diagnosed with CS neurodevelopmental evaluation is 

generally useful. An age-dependent penetrance has been observed, becoming complete 

in the late fourth decade. Because of the variable and often subtle external manifestations 

of CS, many individuals remain undiagnosed.56 Both the presence of a germline mutation 

(in 85% of patients who fulfil the diagnostic criteria of CS a mutation is identified) and the 

location of the mutation are associated with severity of disease. Due to the risk to develop 

(multiple) malignant (extra-CNS) tumors survival is limited. 

Turcot syndrome

Turcot syndrome is characterized by the co-occurrence of a primary brain tumor and 

(multiple) colorectal adenoma(s) or carcinoma.57 This association was described as possible 

result from two germline defects: mismatch-repair gene mutations or APC mutations. The 

pathology of the CNS tumor may help distinguish between the underlying genetic cause. 

Medulloblastoma are generally associated with APC mutations, whereas glioblastoma are 

usually associated with mismatch repair gene mutations.58 It is important to note that in 

the original consanguineous family described by Turcot,59 one child developed at age 15 

multiple polyps with two adenocarcinoma and a spinal medulloblastoma and his sister had 

multiple polyps at age 13 and developed a glioblastoma at age 21. We think that this 

family suffered from CCMR-D and that the term Turcot syndrome should be revised. Thus 

far, however, the term Turcot syndrome is being used for the co-occurrence of a primary 

brain tumor and (multiple) colorectal adenoma(s) or carcinoma. Of note, the association of 

brain tumors and colon cancer also may occur in LFS, but in this context the term Turcot 

syndrome is generally not used. 

l	 Lynch syndrome (LS; previously known as hereditary non-polyposis colorectal cancer 

[HNPCC]) predisposes to colorectal cancer and other tumor types (as endometrial, gastric, 

ovarian, urinary tract, small bowel, pancreas, breast and sebaceous skin neoplasias). 

Also brain tumors are associated with LS.58,60 Glioma, predominantly glioblastoma, 

but also ependymoma, high grade astrocytoma and oligodendroglioma, and incidental 

cases of ganglioma, meningioma and hemangioblastoma are described in LS.61,62 LS is 

quite common (3-5% of colorectal cancer cases are caused by LS), but a CNS tumor as 

primary manifestation, especially in children, has not been reported.62 In adolescents 

with LS glioblastoma are sporadically described, this may be due to an unidentified 

Constitutional mismatch repair-deficiency syndrome. 
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l	 Constitutional mismatch repair-deficiency syndrome (CMMR-D) is caused by 

mutations of both alleles of one of the four mismatch repair genes. This causes a more 

severe phenotype with tumors at young age. Children resemble the NF1 phenotype with 

café-au-lait spots. A minority also have freckling, Lisch nodule or neurofibroma, although 

generally no other NF1 features have been seen.63 Children develop various tumors, 

predominantly haematological malignancies, brain tumors and colorectal carcinoma 

around 10 years of age. Other LS-associated and not LS-associated tumors are reported 

in CMMR-D (reviewed in 63). The risk to develop a second malignancy is high.63,64 Brain 

tumors observed at a mean age of 8 years are glioma, predominantly glioblastoma, 

medulloblastoma and supratentorial PNET.63 Pedigree analysis and sometimes parental 

consanguinity may point to autosomal recessive inheritance; however, with low 

penetrant mutations negative family histories for LS are common.65

l	 Familial adenomatous polyposis (FAP) patients generally have a colorectum 

carpeted by hundreds to thousands of polyps, that without treatment will lead to 

colorectal carcinomas. Polyps are usually first detected in adolescence. However, in 

rare cases the first manifestation of FAP is a medulloblastoma in childhood. Children 

presenting with medulloblastomas having no evidence of polyps is of poor prognosis.66 

Extracolonic (non)-neoplastic manifestations as osteoma, hepatoblastomas, ampulla of 

vater carcinomas, desmoid tumors and epidermoid cysts are also associated with APC 

germline mutations67 and are known as Gardner syndrome.68 Efforts are being made 

to further delineate the observed genotype-phenotype correlation thus far. Several 

cases of craniopharyngioma in the cerebellopontine angle69 and also meningioma70,71 

were reported in Gardner syndrome. Gliomas have been incidentally reported as well, 

however, this may be erroneous due to confusion in Turcot syndrome. The life-expectancy 

in FAP patients has significantly increased in the past decennia due to preventive surgical 

options and ameliorated screening. 

Discussion

In 5-10% of children with cancer an underlying genetic syndrome has been suggested.12,72,73 

The development of new molecular techniques and more stringent diagnostic efforts may 

well cause a further increase of this percentage. The present paper demonstrates that 

also in children with brain tumors a significant number of syndromes can be diagnosed, 

with wide-spread consequences. We and others74,12 have recommended that all children 

diagnosed with a tumor should be assessed by a clinical geneticist or a pediatrician skilled 

in clinical morphology. 

In some cases, the tumor type itself pinpoints to an underlying syndrome. An example 

is a child with a choroid plexus carcinoma, who has a high likelihood to have a germline 

mutation in TP53 causing LFS even in the absence of a family history suggestive of 

LFS. Another example is formed by dysplastic gangliocytoma of cerebellum (Lhermitte 
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Duclos disease) which is a pathognomic CNS manifestation of CS. In other cases, various 

morphological abnormalities may pinpoint to recognizable syndromes.12,14,11 Several CNS 

tumor predisposition syndromes (such as GS, NF1, NF2, TSC and VHL) have dermatological 

manifestations, which can be expected due to their joint embryological origin and are referred 

to as neuro-cutaneous syndromes or phakomatoses.72 Consultation of a dermatologist may 

be helpful in diagnosing such entities. Absence of skin anomalies does not exclude every 

phakomatosis completely however, and further studies may still be indicated. The same 

holds for various other anomalies in tumor predisposing syndromes: it is uncommon that a 

manifestation is an absolute prerequisite for an entity, and absence does not exclude the 

entity with certainty. Referral to a clinical geneticist, who is also specialized in obtaining 

detailed family histories and combines seemingly unrelated data from patients and family 

members, needs to be considered.72 An example is the combination of medulloblastoma 

in a child and young age onset breast cancer and sarcoma in family members, which fulfils 

LFS-criteria.  

Once a clinical diagnosis is made or suspected, DNA-diagnostics is generally subsequently 

performed to confirm this. Interpretation of molecular results, particularly of unclassified 

variants which may be identified in DNA-diagnostics, can be difficult. The absence of a 

likely pathogenic variant in a gene which fits very well the clinical phenotype should not 

immediately lead to the rejection of the gene as the cause and asks for further analyses. We 

have also learned that we cannot always rely on investigating DNA derived from lymphocytes 

in the blood: sometimes a mutation is detectable only in other (tumor) tissues (mosaicism). 

Well-known examples are Proteus syndrome75 and Cornelia de Lange syndrome76 but it 

has also been described in segmental NF177 and NF2.78 Evaluation of results of recently 

developed techniques such as next-generation sequencing, especially whole-exome 

sequencing, asks for a careful interplay between molecular geneticist, bioinformatician 

and clinician. Whole-exome sequencing is used in diagnostics for well-known entities for 

which the causative gene was not identified.79,51,80 Whole-exome sequencing may also be 

considered in families with a phenotype in which regular clinical and molecular diagnostics 

have failed to find the cause. A commonly used strategy is checking genes acting in the 

same pathway(s) as the genes known to cause such phenotypes. An example can be a 

patient with a phenotype that resembles Cowden syndrome but who has no detectable 

PTEN mutation. Whole-exome sequencing in such patients has learned that germline 

mutations in PIK3CA and AKT1, both belonging to the PTEN/PI3K/AKT pathway can be 

found.75 Undoubtedly, further genes acting in this pathway will be found in other, clinically 

similar patients. The present molecular techniques allow for much more rapid detection of 

causative genes in rare entities and indeed the number of genes known to cause syndromes 

is growing enormously. It has led to the understanding that deletions of tumor suppressor 

genes can cause tumor predisposition phenotypes in the same way as mutations in these 

genes can do. We also understand now that clinically different entities can be caused by 

mutations in the same gene. For example, both Turcot and Gardner syndrome can be seen 
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as tails of the FAP spectrum caused by APC mutations. In addition, mutations in SMARCB1 

are not only known to be responsible for RTPS and schwannomatosis, but also play a 

role in other diseases including Coffin-Siris syndrome (CSS).44 In CSS no increased risk of 

schwannomas or MRTs has been noticed, however, a medulloblastoma in a child with CSS 

that was not molecularly confirmed has been described (Table 1).81

Diagnosing tumor predisposition syndromes in children has several important consequences.72 

First, syndrome-associated malignancies may have a different prognosis and require specific 

treatments. Elevated risks for developing secondary malignancies after treatment of the 

primary tumor may influence the choice of chemotherapy or radiation. Optic nerve gliomas 

may serve as an example. If treatment is required, optic nerve gliomas are generally treated 

with radiotherapy, but in the context of NF1, radiotherapy, should be avoided.82 In several 

other tumor predisposition syndromes (NF2, LFS and GS) irradiation should be avoided 

as well, especially in childhood, as this may induce, accelerate, or transform tumors in 

children with an inactive tumor suppressor gene. Furthermore, increased intrinsic radio- and 

chemosensitivity to standard treatment can be seen in syndromes as Nijmegen Breakage 

syndrome and Ataxia Telangiectasia (Table 2), in which DNA repair genes are non-functional. 

In such entities standard treatments need to be adjusted, otherwise severe unexpected, 

potentially fatal, toxicity may be observed.83 Secondly, some tumor predisposition 

syndromes require screening for subsequent malignancies. The mere knowledge of the 

presence of any of the tumor predisposition syndromes listed in Table 2 in a child will 

elicit increased vigilance to warning signs that may reflect an underlying malignancy. If 

radio-imaging is indicated as part of surveillance, MR-imaging is recommended instead of 

CT-scanning due to the risk for radiation-induced malignancies in most tumor predisposition 

syndromes. Thirdly, the other, non-tumor manifestations of the syndrome may require 

surveillance or even preventive measurements as well. As example, NF1 individuals should 

be regularly checked for the development of hypertension due to a higher risk of vascular 

abnormalities. Lastly, tumor predisposition syndromes are hereditary disorders, and siblings, 

parents and other family members may be affected as well. Most tumor predisposition 

syndromes follow an autosomal dominant pattern of inheritance and have recurrence risks 

of 50% for offspring of an affected individual. If the germline mutation is not de novo, 

there is a recurrence risk of 50% for all other first-degree family members. These family 

members should be informed about their increased risks to develop cancer, and preventive 

(screening) options. Prenatal diagnostics and pre-implantation diagnostics are options to 

consider in order not to pass the tumor predisposition syndrome on to offspring. Genetic 

testing can bring along ethical issues,84 insecurities on prognosis and quality of life, and 

patients and their relatives may be hesitant to get tested. Genetic counselling may help 

them to make the right choices for them in these ethical dilemmas. 

A large amount of tumors has been sequenced in the search for therapeutic targets85 and 

more studies will probably follow. In those studies, many somatic ‘’driver’’ mutations are 

described, however, germline mutations are hardly reported and not generally checked for 
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in research basis.86 Our ameliorated knowledge of the aetiology of cancer is increasingly 

translated into management strategies in tumor predisposition syndromes.53 Textbooks 

(such as ‘Management of Genetic Syndromes’ by Cassidy and Allanson)87 and sites (such 

as Orphanet, http://www.orpha.net/consor/cgi-bin/home.php) are available that describe 

the general care for individuals with one of the various syndromes described above. Small 

molecule inhibitors, that act against a particular function of a protein causing tumors, 

have been developed and are being tested, also in tumor predisposition syndromes.88 For 

example, a range of small molecule inhibitors are tested in clinical trials to inhibit growth of 

neurofibroma and vestibular schwannoma in individuals with NF189 and NF2, respectively.90 

In TSC, loss-of function mutations in TSC1/2, encoding for the proteins Hamartin and 

Tuberin, disrupt the complex of these two proteins and activate mTOR signalling. Indeed, 

mTOR inhibitors have shown to induce partial regression of SEGA in TSC.91 It is conceivable 

that in the near future, such strategies are not only based on this knowledge but also on 

the specific mutation(s) found in an individual, and that personalized therapy will become 

possible for tumor predisposition syndromes, also in children. 

Take home messages

Genetic factors play a significant role in the etiology of brain tumors in children.

Every child who develops a brain tumor should be evaluated for signs and symptoms 

pointing to a syndrome with more wide-spread consequences and by taking a detailed 

family history.

A significant number of syndromes is associated with an increased risk to develop a brain 

tumor as a child. 

Counselling patients with syndromes should also include information about (possible) 

liabilities to develop tumors and other syndrome manifestations both in the patients and 

their family members.

Screening recommendations are available only for the most prevalent tumor predisposition 

syndromes; screening should be determined on an individual basis after multidisciplinary 

consultation and taking data on the patient and family into account. 
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Genetic Vocabulary

Names of Genes: these are derived from HUGO Gene Nomenclature Committee (HGNC)  

(http://www.genenames.org/) and are listed in capitals and italics to indicate their human 

origin (gene names in animal models are in small letters and italics).

Names of Proteins: these may be similar to the gene which encodes for it, but can also be 

completely different (examples: the gene NF1 encodes for the protein Neurofibromin; the 

gene NF2 encodes for the protein Merlin). A protein name of human origin starts with a 

capital (protein names in animal models are without a capital).

Names of Syndromes: these may be related to the name of the gene causing it, but can 

also be completely different (examples: mutations in NF1 cause Neurofibromatosis type 1 

(NF1); mutations in TP53 cause Li-Fraumeni syndrome (LFS)).

Syndrome: a pattern of anomalies, at least one of which is morphologic, known or thought 

to be causally (aetiologically) related.92

Tumor predisposition syndrome: a syndrome in which a germline mutation leads to 

increased susceptibility (typically >5%) to develop a syndrome-related tumor.

Genotype: The primary DNA sequence, either overall or at a specific locus, of an individual 

or of the organ(s), tissue(s), or cell(s) of that individual. The genotype includes both the 

nuclear and mitochondrial DNA sequence, and is the counterpart of the phenotype.92

Phenotype: All morphologic and functional attributes of an individual, or of the organs, 

tissues, or cells of that individual.92 

Penetrance: the proportion of genotypes that actually show the expected phenotype. 

Penetrance is frequently an age-dependent phenomenon, so individuals with a particular 

genotype can gradually develop (part of) the expected phenotype over time (example: in 

NF1 children are usually born with some café-au-lait spots but may develop more in time, 

and later during life also freckling, Lisch nodules and neurofibromas may become evident).

Expressivity: the severity of the phenotype (examples: NF1 can show in a child all 

manifestations, but can be detected in its parent only by careful directed searches for 

café-au-lait spots and freckling, which can be present only in a very limited way).

Germline mutation: a mutation that occurs in all cells of the body including the germ cells. 

Therefore, the mutation is hereditary and can be passed on to offspring.

Somatic mutation: a mutation that occurs in any cell of the body except germ cells (example: 

a cell that acquires somatic mutations during life and undergoes malignant transformation 

to form a sporadic tumor). Therefore, the mutation is not hereditary and cannot be passed 

on to offspring.

De novo mutation: a germline mutation that has arisen in an individual and is not 

inherited from either parent. The chance for the parents to have another affected child 

is not increased, except in case of gonadal mosaicism. The affected child can transmit 

the abnormal gene to its own offspring (example: NF2 mutations arise de novo in 50%, 

therefore only half of the neurofibromatosis type 2 (NF2) patients can have a positive 

family history for NF2). 
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Mosaicism: a mutated gene is not present in all tissues of an individual, but only in (part of) 

the its cells (example: ~30% of NF2 patients mutations are not detected in the blood as a 

result of somatic mosaicism, but only in an affected body part). 

Gonadal mosaicism: a mutated gene is not present in all tissues of an individual, but only 

in (part of) the egg cells or sperm cells. The individual himself/herself does not show 

the phenotype and the mutated gene is not found in its blood, but can be passed on to 

offspring who will then have the mutated gene in all body cells and show the phenotype. 

If gonadal mosaicism is present, this can be passed on to more than a single child, so there 

is a recurrence risk for sibs of the affected child. Typically this recurrence risk is around 1% 

but in some entities it can be much higher (example: 6% in TSC). 

Microdeletion syndrome: genetic disorder caused by a deletion of a segment of chromosome 

(example: both NF1 and NF2 may be caused a deletion of a segment of a chromosome 

including the NF1 or NF2 gene).

Next-generation sequencing: a high-throughput method of sequencing, allowing sequencing 

the complete genome or large regions of the genome in a short period of time for acceptable 

costs.

Whole-exome sequencing: the sequencing of only the coding regions (exons) of the total 

genome of an individual and not the non-coding regions within the genes (introns) and 

between genes. All exons together are ~1.5% of the total genome.
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Chapter 6

Table 1: Overview of CNS Tumors and their associated syndromes. Major (morphological) manifestations are 
listed in alphabetical order.

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Glioma Astrocytoma Ataxia - telangiectasia 
(Louis-Bar)

208900 ATM AR Ataxia, Chromosome instability/breakage, Conjunctival telangiectasia, Diffuse increased 
pigmentation of skin, Extra-pyramidal disorder, Immunoglobulin abnormality, Late puberty, 
Lymphomas/leukemias, Nasal telangiectasia, Premature greying of hair, Recurrent infections, 
Short stature (proportionate), Speech defect/dysarthria, Telangiectasia of ears, Warts/
papillomata

Beckwith-Wiedemann 
(EMG) syndrome

130650 CDKN1C, NSD1, H19, 
KCNQ1OT1

AD Adrenal tumors (excluding neuroblastoma), Auricular pits/fistulas, Crease/pits of ear lobule, 
Diastasis recti, Enlarged liver, Facial hemangiomas, Hemi-hypertrophy, High birth weight (> 90th 
centile), Hypoglycemia, Large kidneys, Large spleen, Large tongue, Omphalocele/exomphalos, 
Pits of ear helix, Posterior helical pits, Renal tumors (including Wilms’)

Constitutional Mismatch 
Repair Deficiency 
Syndrome

276300 MSH2, MSH6, MLH1, PMS2 AR See Table 2

Dysplastic nevus syndrome 155600 CDKN2/4 AD Melanocytic nevi, Pancreatic carcinoma, Uveal melanoma

Familial adenomatous 
Polyposis

175100 APC AD See Table 2 

Fanconi pancytopenia 227650 SLX4, FANCA, FANCC, 
FANCE, FANCF, FANCG, 
FANCL, FANCD2, FANCM

AR Absent or hypoplastic thumbs, Agenesis/absent kidney, Anaemia/red cell abnormalities, Cafe 
au lait spots, Ectopic/supernumerary kidneys, Fusion of vertebrae, Hypoplastic or absent 
radii, Lymphomas/leukemias, Mental retardation/developmental delay, Microcephaly, Platelet 
abnormalities, Polydactyly/bifid thumb, Recurrent infections, Short stature (proportionate), Small 
ears/microtia, Small penis (including micro), Triphalangeal thumb 

Ishikawa (2000) - 
chromosome instability 
syndrome

Not listed 14q11.2 AD Ataxia, Caries, Chromosome instability/breakage, Mental retardation/developmental delay, 
Myelin abnormality, Osteoporosis, Short stature, general abnormalities, Spasticity/increased 
tendon reflex

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR Ataxia, Degeneration, Myelin abnormality, Macrocephaly, Mental retardation/developmental 
delay, Seizures/abnormal EEG, Spasticity/increased tendon reflex

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Maffucci syndrome 166000 IDH1, IDH2 Isolated 
cases

Bowing of bones, Calcification (subcutaneous), Capillary hemangioma, Cavernous hemangioma, 
Enchondromata, Hypertrophy of lower limb, Hypertrophy of upper limb, Intra-cranial 
calcification, Macrodactyly, Multiple fractures, Pancreas carcinoma, Skeletal cysts

Ollier syndrome 166000 IDH1, IDH2 Isolated 
cases

Bowing of bones, Calcification (subcutaneous), Enchondromata, Hypertrophy of lower limb, 
Hypertrophy of upper limb, Intra-cranial calcification, Macrodactyly, Multiple fractures, Pancreas 
carcinoma, Skeletal cysts

Melanoma - astrocytoma 
syndrome

155755 CDKN2A AD Nevi or lentigines, Other tumors of skin

Microphthalmos - orbital 
cyst

Not listed ? ? Microphthalmia, Orbital cyst, Phakoma/pseudoglioma of retina

Morning Glory syndrome 
- sphenoethmoidal 
encephalocele

? ? Agenesis/hypoplasia of corpus callosum, Anterior encephalocele/meningocele, Bifid nasal 
tip, Cataract, Cleft palate, Coloboma involving optic nerve, Hypertelorism, Hypo-pituitarism, 
Hypothyroidism/small/absent thyroid, Microphthalmia, Midline cleft upper lip, Optic atrophy
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Table 1: Overview of CNS Tumors and their associated syndromes. Major (morphological) manifestations are 
listed in alphabetical order.

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Glioma Astrocytoma Ataxia - telangiectasia 
(Louis-Bar)

208900 ATM AR Ataxia, Chromosome instability/breakage, Conjunctival telangiectasia, Diffuse increased 
pigmentation of skin, Extra-pyramidal disorder, Immunoglobulin abnormality, Late puberty, 
Lymphomas/leukemias, Nasal telangiectasia, Premature greying of hair, Recurrent infections, 
Short stature (proportionate), Speech defect/dysarthria, Telangiectasia of ears, Warts/
papillomata

Beckwith-Wiedemann 
(EMG) syndrome

130650 CDKN1C, NSD1, H19, 
KCNQ1OT1

AD Adrenal tumors (excluding neuroblastoma), Auricular pits/fistulas, Crease/pits of ear lobule, 
Diastasis recti, Enlarged liver, Facial hemangiomas, Hemi-hypertrophy, High birth weight (> 90th 
centile), Hypoglycemia, Large kidneys, Large spleen, Large tongue, Omphalocele/exomphalos, 
Pits of ear helix, Posterior helical pits, Renal tumors (including Wilms’)

Constitutional Mismatch 
Repair Deficiency 
Syndrome

276300 MSH2, MSH6, MLH1, PMS2 AR See Table 2

Dysplastic nevus syndrome 155600 CDKN2/4 AD Melanocytic nevi, Pancreatic carcinoma, Uveal melanoma

Familial adenomatous 
Polyposis

175100 APC AD See Table 2 

Fanconi pancytopenia 227650 SLX4, FANCA, FANCC, 
FANCE, FANCF, FANCG, 
FANCL, FANCD2, FANCM

AR Absent or hypoplastic thumbs, Agenesis/absent kidney, Anaemia/red cell abnormalities, Cafe 
au lait spots, Ectopic/supernumerary kidneys, Fusion of vertebrae, Hypoplastic or absent 
radii, Lymphomas/leukemias, Mental retardation/developmental delay, Microcephaly, Platelet 
abnormalities, Polydactyly/bifid thumb, Recurrent infections, Short stature (proportionate), Small 
ears/microtia, Small penis (including micro), Triphalangeal thumb 

Ishikawa (2000) - 
chromosome instability 
syndrome

Not listed 14q11.2 AD Ataxia, Caries, Chromosome instability/breakage, Mental retardation/developmental delay, 
Myelin abnormality, Osteoporosis, Short stature, general abnormalities, Spasticity/increased 
tendon reflex

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR Ataxia, Degeneration, Myelin abnormality, Macrocephaly, Mental retardation/developmental 
delay, Seizures/abnormal EEG, Spasticity/increased tendon reflex

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Maffucci syndrome 166000 IDH1, IDH2 Isolated 
cases

Bowing of bones, Calcification (subcutaneous), Capillary hemangioma, Cavernous hemangioma, 
Enchondromata, Hypertrophy of lower limb, Hypertrophy of upper limb, Intra-cranial 
calcification, Macrodactyly, Multiple fractures, Pancreas carcinoma, Skeletal cysts

Ollier syndrome 166000 IDH1, IDH2 Isolated 
cases

Bowing of bones, Calcification (subcutaneous), Enchondromata, Hypertrophy of lower limb, 
Hypertrophy of upper limb, Intra-cranial calcification, Macrodactyly, Multiple fractures, Pancreas 
carcinoma, Skeletal cysts

Melanoma - astrocytoma 
syndrome

155755 CDKN2A AD Nevi or lentigines, Other tumors of skin

Microphthalmos - orbital 
cyst

Not listed ? ? Microphthalmia, Orbital cyst, Phakoma/pseudoglioma of retina

Morning Glory syndrome 
- sphenoethmoidal 
encephalocele

? ? Agenesis/hypoplasia of corpus callosum, Anterior encephalocele/meningocele, Bifid nasal 
tip, Cataract, Cleft palate, Coloboma involving optic nerve, Hypertelorism, Hypo-pituitarism, 
Hypothyroidism/small/absent thyroid, Microphthalmia, Midline cleft upper lip, Optic atrophy
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Neurofibromatosis type 2 101000 NF2 AD See Table 2 

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

Noonan syndrome 163950 PTPN11, KRAS, SOS1, BRAF AD Bleeding diatheses,Cardiomyopathy, Cryptorchid testes, Cubitus valgus, Curly hair, Deafness ( 
sensorineural), Low-set ears, Mental retardation/developmental delay, Mitral incompetence, Nevi 
or lentigines, Oedema of feet, Pectus abnormalities, Posteriorly rotated ears, Ptosis of eyelids, 
Pulmonary stenosis, Short neck, Short stature (proportionate), Webbed neck

Russell-Silver syndrome 180860 ICR2, ICR1 Isolated 
cases

Asymmetric arms, Asymmetric lower limbs, Blue sclera, Clinodactyly, Delayed bone age, Down-
turned corners of the mouth, Fontanelles (delayed closure/large), Low birthweight (< 3rd 
centile), Patchy pigment of skin/cafe au lait spots, Short stature (prenatal onset), Small mandible/
micrognathia, Thin upper lip, Triangular face

Astrocytoma 
(Subependymal giant 
cell astrocytoma [SEGA])

Tuberous Sclerosis Complex 191100 TSC1, TSC2 AD See Table 2

Glioblastoma CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

Fragile X syndrome 300624 FMR1 X-linked 
dominant

Autism/autistic behaviour, Intellectual disability, Joint laxity, Macrocephaly, Mitral incompetence, 
Large, prominent ears (anteverted), Large testes, Prominent mandible/prognathism, Seizures

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Longman (2001) - 
peripheral neuropathy - 
mental retardation

Not listed Hypotelorism, Mental retardation/developmental delay, Microstomia/narrow mouth, Peripheral 
neuropathy, Short palpebral fissures, Short philtrum

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Glioma (not otherwise 
specified)

Nijmegen breakage 
syndrome

251260 NBS1, MRE11A, RAD50 AR Anaemia/red cell abnormalities, B-cell deficiency, Cafe au lait spots, Chromosome instability/
breakage, Erythema/erythroderma, Immunoglobulin abnormality, Large ears, Large nose, 
Lissencephaly/pachygyria/polymicrogyria, Long philtrum, Lymphomas/leukemias, Mental 
retardation/developmental delay, Microcephaly, Palpebral fissures slant up, Recurrent infections, 
Seizures/abnormal EEG, Short stature (proportionate), Skin photosensitivity, Sloping forehead, 
Small mandible/micrognathia, T-cell deficiency, Telangiectasia/angiokeratomata of skin

Oligodendroglioma CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

Familial adenomatous 
Polyposis

175100 APC AD See Table 2 

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU See Table 2
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Neurofibromatosis type 2 101000 NF2 AD See Table 2 

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

Noonan syndrome 163950 PTPN11, KRAS, SOS1, BRAF AD Bleeding diatheses,Cardiomyopathy, Cryptorchid testes, Cubitus valgus, Curly hair, Deafness ( 
sensorineural), Low-set ears, Mental retardation/developmental delay, Mitral incompetence, Nevi 
or lentigines, Oedema of feet, Pectus abnormalities, Posteriorly rotated ears, Ptosis of eyelids, 
Pulmonary stenosis, Short neck, Short stature (proportionate), Webbed neck

Russell-Silver syndrome 180860 ICR2, ICR1 Isolated 
cases

Asymmetric arms, Asymmetric lower limbs, Blue sclera, Clinodactyly, Delayed bone age, Down-
turned corners of the mouth, Fontanelles (delayed closure/large), Low birthweight (< 3rd 
centile), Patchy pigment of skin/cafe au lait spots, Short stature (prenatal onset), Small mandible/
micrognathia, Thin upper lip, Triangular face

Astrocytoma 
(Subependymal giant 
cell astrocytoma [SEGA])

Tuberous Sclerosis Complex 191100 TSC1, TSC2 AD See Table 2

Glioblastoma CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

Fragile X syndrome 300624 FMR1 X-linked 
dominant

Autism/autistic behaviour, Intellectual disability, Joint laxity, Macrocephaly, Mitral incompetence, 
Large, prominent ears (anteverted), Large testes, Prominent mandible/prognathism, Seizures

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Longman (2001) - 
peripheral neuropathy - 
mental retardation

Not listed Hypotelorism, Mental retardation/developmental delay, Microstomia/narrow mouth, Peripheral 
neuropathy, Short palpebral fissures, Short philtrum

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Glioma (not otherwise 
specified)

Nijmegen breakage 
syndrome

251260 NBS1, MRE11A, RAD50 AR Anaemia/red cell abnormalities, B-cell deficiency, Cafe au lait spots, Chromosome instability/
breakage, Erythema/erythroderma, Immunoglobulin abnormality, Large ears, Large nose, 
Lissencephaly/pachygyria/polymicrogyria, Long philtrum, Lymphomas/leukemias, Mental 
retardation/developmental delay, Microcephaly, Palpebral fissures slant up, Recurrent infections, 
Seizures/abnormal EEG, Short stature (proportionate), Skin photosensitivity, Sloping forehead, 
Small mandible/micrognathia, T-cell deficiency, Telangiectasia/angiokeratomata of skin

Oligodendroglioma CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

Familial adenomatous 
Polyposis

175100 APC AD See Table 2 

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU See Table 2
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Rubinstein-Taybi syndrome 180849 CBP, EP300, CREBBP AD Arched eyebrows, Broad hallux, Broad thumbs, Columella below alae nasi, Congenital cardiac 
anomaly (unspecified), Convex/beaked profile of nose, Dislocated patella, Fontanelles, delayed 
closure/large, Frontal upsweep/cowlick, Generalized hirsutism/hypertrichosis, Glaucoma, 
Hypermetropia, Keloids, Large nose, Long/prominent eyelashes, Mental retardation/
developmental delay, Myopia, Narrow palate, Palpebral fissures slant down, Polydactyly/bifid 
hallux, Posterior helical pits, Ptosis of eyelids, Short stature (proportionate), Small mandible/
micrognathia, Strabismus/gaze palsy, Supernumerary nipples, Talon cusp, Thick eyebrows

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Westerhof (1978) - 
pigmentary anomalies; 
mental retardation; short 
stature

154000 ? AD Mental retardation/developmental delay, Nevi or lentigines, Patchy depigmentation of skin, 
Patchy pigment of skin/cafe au lait spots, Short stature (proportionate)

Ependymal 
tumors

Ependymoma Familial adenomatous 
Polyposis

175100 APC AD See Table 2 

Nevoid basal cell carci 
noma syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Leukonychia - sebaceous 
cysts - renal calculi

Not listed AD White nails, Sebaceous Cysts, Pancreatitis, Renal stones

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Neurofibromatosis type 2 101000 NF2 AD See Table 2 

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Multiple endocrine 
neoplasia type 1

131100 MEN1 AD No morphological abnormalities are reported. Other tumor manifestations include amongst 
others: Adrenal adenoma, Adrenocortical cancer, Carcinoid, Collagenoma of the skin, 
Cutaneous leiomyoma, Duodenal gastrinoma, Facial angiofibroma, Gastrointestinal carcinoid, 
Lipoma, Meningioma, Pancreatic endocrine tumor, Parathyroid adenoma, Pituitary adenoma, 
Prolactinoma, Thymoma

Schinzel-Giedion syndrome 611060 SETBP1 AD Atrial septum defect, Coarse facial features, Generalized hirsutism/hypertrichosis, 
Hydronephrosis, Hypoplastic phalanges, Hypospadias, Intellectual disability, Mid-face hypoplasia 
(excluding malar region), Post-axial polydactyly of fingers, Ossification defects of skull, Short 
stature (short limbs) 

Choroid 
plexus 
tumors

Choroid plexus 
papilloma

Aicardi syndrome 304050 Xp22 XLD Agenesis/hypoplasia of corpus callosum, Aplasia or dysplasia of retina, Coloboma involving optic 
nerve, Dandy-Walker malformation, Fusion of vertebrae, Hemivertebrae, Mental retardation/
developmental delay, Microphthalmia, Neuronal migration abnormality/heterotopia, Patchy 
pigment of skin/cafe au lait spots, Punched-out lesions of the retina, Ribs (general abnormalities), 
Scoliosis, Tumors/cysts

Costello syndrome 218040 HRAS AD Cardiomyopathy, Coarse facial features, Cutis laxa, Deep palmar creases, High birth weight, 
Hyperkeratosis, Intellectual disability, Kinky/curly hair (including pili torti), Loose skin in neck, 
Low-set ears, Pectus carinatum, Pulmonary stenosis, Short stature (proportionate), Thin/brittle 
nails, Warts/papillomata, Uplift of ear lobule
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Rubinstein-Taybi syndrome 180849 CBP, EP300, CREBBP AD Arched eyebrows, Broad hallux, Broad thumbs, Columella below alae nasi, Congenital cardiac 
anomaly (unspecified), Convex/beaked profile of nose, Dislocated patella, Fontanelles, delayed 
closure/large, Frontal upsweep/cowlick, Generalized hirsutism/hypertrichosis, Glaucoma, 
Hypermetropia, Keloids, Large nose, Long/prominent eyelashes, Mental retardation/
developmental delay, Myopia, Narrow palate, Palpebral fissures slant down, Polydactyly/bifid 
hallux, Posterior helical pits, Ptosis of eyelids, Short stature (proportionate), Small mandible/
micrognathia, Strabismus/gaze palsy, Supernumerary nipples, Talon cusp, Thick eyebrows

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Westerhof (1978) - 
pigmentary anomalies; 
mental retardation; short 
stature

154000 ? AD Mental retardation/developmental delay, Nevi or lentigines, Patchy depigmentation of skin, 
Patchy pigment of skin/cafe au lait spots, Short stature (proportionate)

Ependymal 
tumors

Ependymoma Familial adenomatous 
Polyposis

175100 APC AD See Table 2 

Nevoid basal cell carci 
noma syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Leukonychia - sebaceous 
cysts - renal calculi

Not listed AD White nails, Sebaceous Cysts, Pancreatitis, Renal stones

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Neurofibromatosis type 2 101000 NF2 AD See Table 2 

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Lynch syndrome 120435 MSH6, MMR, MSH6, PMS2 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Multiple endocrine 
neoplasia type 1

131100 MEN1 AD No morphological abnormalities are reported. Other tumor manifestations include amongst 
others: Adrenal adenoma, Adrenocortical cancer, Carcinoid, Collagenoma of the skin, 
Cutaneous leiomyoma, Duodenal gastrinoma, Facial angiofibroma, Gastrointestinal carcinoid, 
Lipoma, Meningioma, Pancreatic endocrine tumor, Parathyroid adenoma, Pituitary adenoma, 
Prolactinoma, Thymoma

Schinzel-Giedion syndrome 611060 SETBP1 AD Atrial septum defect, Coarse facial features, Generalized hirsutism/hypertrichosis, 
Hydronephrosis, Hypoplastic phalanges, Hypospadias, Intellectual disability, Mid-face hypoplasia 
(excluding malar region), Post-axial polydactyly of fingers, Ossification defects of skull, Short 
stature (short limbs) 

Choroid 
plexus 
tumors

Choroid plexus 
papilloma

Aicardi syndrome 304050 Xp22 XLD Agenesis/hypoplasia of corpus callosum, Aplasia or dysplasia of retina, Coloboma involving optic 
nerve, Dandy-Walker malformation, Fusion of vertebrae, Hemivertebrae, Mental retardation/
developmental delay, Microphthalmia, Neuronal migration abnormality/heterotopia, Patchy 
pigment of skin/cafe au lait spots, Punched-out lesions of the retina, Ribs (general abnormalities), 
Scoliosis, Tumors/cysts

Costello syndrome 218040 HRAS AD Cardiomyopathy, Coarse facial features, Cutis laxa, Deep palmar creases, High birth weight, 
Hyperkeratosis, Intellectual disability, Kinky/curly hair (including pili torti), Loose skin in neck, 
Low-set ears, Pectus carinatum, Pulmonary stenosis, Short stature (proportionate), Thin/brittle 
nails, Warts/papillomata, Uplift of ear lobule
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Hypomelanosis of Ito 300337 HMI Isolated 
cases 

Asymmetric arms, Asymmetric lower limbs, Intellectual disability, Macrocephaly, Microphthalmia, 
Neuronal migration abnormality/heterotopia, Patchy depigmentation of skin, Patchy pigment of 
skin/cafe au lait spots

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Pierpont syndrome 602342 ? AD Abnormal/deep plantar creases, Dimple/smooth/absent philtrum, Drooping of lower lip, Fetal 
finger pads, Intellectual disability, Microcephaly, Prominent ears, Seizures, Thin upper lip  

Von Hippel Lindau disease 193300 VHL AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Choroid plexus 
carcinoma

Rhabdoid tumor 
Predisposition syndrome 
(RTPS)

609322 SMARCB1, SMARCA4 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Embryonal 
tumors

Atypical teratoid/ rhabdoid 
tumor

Beckwith-Wiedemann 
(EMG) syndrome

130650 CDKN1C, NSD1, H19, 
KCNQ1OT1

AD See above

Chromosome 22q13 - 
submicroscopic deletion 
(Phelan-McDermid 
syndrome)

606232 ProSAP2, SHANK3, Isolated cases Agenesis/hypoplasia of corpus callosum, Autism/autistic behaviour, Bulbous nasal tip, Cleft 
palate, Constipation, Dolichocephaly/scaphocephaly, Epicanthic folds, Flat face, Hypotonia, 
Large ears, Long philtrum, Long/prominent eyelashes, Macrocephaly, Macrostomia, Mental 
retardation/developmental delay, Prominent ears (anteverted), Seizures/abnormal EEG, Simple/
smooth/absent philtrum, Small mandible/micrognathia, Speech delay, Strabismus/gaze palsy, 
Wide forehead, Wide-spaced teeth

Distal 22q11.2 Deletion 
Syndrome

661867 22q11.2 AD Intellectual disability, Hypotonia, High-pitched voice, Large ears, Laxity, Microcephaly, Notched/
hypoplastic alae nasi, Seizures, Speech delay, Straight eyebrows, 

Rhabdoid Tumor 
Predisposition syndrome 
(RTPS)

609322 SMARCB1, SMARCA4 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Ganglioneuroblastoma Costello syndrome 218040 HRAS AD See above

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Medulloblastoma Aicardi syndrome 304050 Xp22 XLD See above

Apert syndrome 101200 FGFR2 AD Acrocephaly/turricephaly, Brachycephaly, Broad thumbs, Broad toes, Craniosynostosis, Flat 
face, Hypoplastic maxilla (excluding malar region), Prominent eyes/proptosis, Skin syndactyly of 
fingers, Syndactyly of toes, 

Ataxia - telangiectasia 
(Louis-Bar)

208900 ATM AR See above

Bloom syndrome 210900 RecQ AR Acanthosis nigricans, Breast tumors, Chromosome instability/breakage, Conjunctivitis, Erythema/
erythroderma, Flat malar region, Gastrointestinal tumor/polyp/hemangioma, High-pitched voice, 
Hypogonadism, Ichthyosis, Immunoglobulin abnormality, Lymphomas/leukemias, Microcephaly, 
Oligodontia, Patchy depigmentation of skin, Patchy pigment of skin/cafe au lait spots, Renal 
tumors (including Wilms’), Short stature (prenatal onset), Skin photosensitivity, Small mandible/
micrognathia, Telangiectasia

Blue rubber bleb nevus 
syndrome

112200 ? AD Cavernous hemangioma, Gastrointestinal hemangioma, Vascular malformations/hemorrhage of 
brain
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Hypomelanosis of Ito 300337 HMI Isolated 
cases 

Asymmetric arms, Asymmetric lower limbs, Intellectual disability, Macrocephaly, Microphthalmia, 
Neuronal migration abnormality/heterotopia, Patchy depigmentation of skin, Patchy pigment of 
skin/cafe au lait spots

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Pierpont syndrome 602342 ? AD Abnormal/deep plantar creases, Dimple/smooth/absent philtrum, Drooping of lower lip, Fetal 
finger pads, Intellectual disability, Microcephaly, Prominent ears, Seizures, Thin upper lip  

Von Hippel Lindau disease 193300 VHL AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Choroid plexus 
carcinoma

Rhabdoid tumor 
Predisposition syndrome 
(RTPS)

609322 SMARCB1, SMARCA4 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Embryonal 
tumors

Atypical teratoid/ rhabdoid 
tumor

Beckwith-Wiedemann 
(EMG) syndrome

130650 CDKN1C, NSD1, H19, 
KCNQ1OT1

AD See above

Chromosome 22q13 - 
submicroscopic deletion 
(Phelan-McDermid 
syndrome)

606232 ProSAP2, SHANK3, Isolated cases Agenesis/hypoplasia of corpus callosum, Autism/autistic behaviour, Bulbous nasal tip, Cleft 
palate, Constipation, Dolichocephaly/scaphocephaly, Epicanthic folds, Flat face, Hypotonia, 
Large ears, Long philtrum, Long/prominent eyelashes, Macrocephaly, Macrostomia, Mental 
retardation/developmental delay, Prominent ears (anteverted), Seizures/abnormal EEG, Simple/
smooth/absent philtrum, Small mandible/micrognathia, Speech delay, Strabismus/gaze palsy, 
Wide forehead, Wide-spaced teeth

Distal 22q11.2 Deletion 
Syndrome

661867 22q11.2 AD Intellectual disability, Hypotonia, High-pitched voice, Large ears, Laxity, Microcephaly, Notched/
hypoplastic alae nasi, Seizures, Speech delay, Straight eyebrows, 

Rhabdoid Tumor 
Predisposition syndrome 
(RTPS)

609322 SMARCB1, SMARCA4 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Ganglioneuroblastoma Costello syndrome 218040 HRAS AD See above

Li-Fraumeni syndrome 151623 TP53 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Medulloblastoma Aicardi syndrome 304050 Xp22 XLD See above

Apert syndrome 101200 FGFR2 AD Acrocephaly/turricephaly, Brachycephaly, Broad thumbs, Broad toes, Craniosynostosis, Flat 
face, Hypoplastic maxilla (excluding malar region), Prominent eyes/proptosis, Skin syndactyly of 
fingers, Syndactyly of toes, 

Ataxia - telangiectasia 
(Louis-Bar)

208900 ATM AR See above

Bloom syndrome 210900 RecQ AR Acanthosis nigricans, Breast tumors, Chromosome instability/breakage, Conjunctivitis, Erythema/
erythroderma, Flat malar region, Gastrointestinal tumor/polyp/hemangioma, High-pitched voice, 
Hypogonadism, Ichthyosis, Immunoglobulin abnormality, Lymphomas/leukemias, Microcephaly, 
Oligodontia, Patchy depigmentation of skin, Patchy pigment of skin/cafe au lait spots, Renal 
tumors (including Wilms’), Short stature (prenatal onset), Skin photosensitivity, Small mandible/
micrognathia, Telangiectasia

Blue rubber bleb nevus 
syndrome

112200 ? AD Cavernous hemangioma, Gastrointestinal hemangioma, Vascular malformations/hemorrhage of 
brain
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Branchio-oculo-
facial syndrome 
(hemangiomatous 
branchial clefts)

113620 TFAP2A AD Atrophic skin - patchy, Auricular pits/fistulas, Blocked/absent nasolacrimal duct, Branchial cleft/
sinus/cysts, Cataract, Cavernous hemangioma, Cleft palate, Cleft upper lip (non-midline), 
Coloboma involving optic nerve, Coloboma of iris, Dimpled or grooved chin, Dystopia canthorum 
(telecanthus), High palate, Patchy aplasia/hypoplasia of skin, Patchy depigmentation of hair/
white forelock, Pits of lower lip, Premature greying of hair, Ptosis of eyelids, Short stature, 
proportionate, Telangiectasia/angiokeratomata of skin, Wide nasal bridge

C syndrome 211750 CD96 AR Anteverted nares, Beaded/wavy/constrictions of ribs, Broad base to nose, Contractures 
(including arthrogryposis), Facial hemangiomas, Hypoplastic supra-orbital ridges, Hypotonia, 
Laxity, Long philtrum, Low-set ears, Macrostomia, Mental retardation/developmental delay, 
Metopic ridge, Multiple joint dislocation, Omphalocele/exomphalos, Oral frenula (multiple), 
Palpebral fissures slant up, Post-axial polydactyly of fingers, Post-axial polydactyly of toes, Short 
neck, Short ribs, Short stature (short limbs), Skin syndactyly of fingers, Small ears/microtia, Small 
mandible/micrognathia, Syndactyly 2-3 of toes, Syndactyly of toes (not 2-3), Thick/wide alveolar 
ridges, Ulnar deviation of hand

CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

Coffin-Siris syndrome 135900 SMARCA2, SMARCA4, 
SMARCB1 

AR Depressed/flat nasal bridge, Generalized hirsutism/hypertrichosis, Hypoplastic phalanges, 
Intellectual disability, Long/prominent eyelashes, Prominent upper lip, Short philtrum, Short 
stature (proportionate), Small/hypoplastic/deepset nails, Sparse hair/alopecia areata, Thick 
eyebrows, 

Cowden - multiple 
hamartomas

158350 PTEN AD See Table 2

Curry-Jones syndrome 601707 ? ?AR? Atrophic skin - patchy, Broad thumbs, Coloboma of iris, Craniosynostosis, Gastrointestinal 
tumor/polyp, Hydrocephaly/large ventricles (non-specific), Hypotonia, Mental retardation/
developmental delay, Microphthalmia, Polydactyly/bifid hallux, Polydactyly/bifid thumb, Pre-axial 
polydactyly of fingers, Pre-axial polydactyly of toes, Scalp defects, Skin syndactyly of fingers, 
Small bowel atresia/absence/obstruction/short

Fanconi pancytopenia 227650 SLX4, FANCA, FANCC, 
FANCE, FANCF, FANCG, 
FANCL, FANCD2, FANCM

AR See above

Familial adenomatous 
Polyposis

175100 APC AD See above

Fragile X syndrome 300624 FMR1 X-linked 
dominant

See above

Greig 
cephalopolysyndactyly 
syndrome

175700 GLI3 AD Agenesis/hypoplasia of corpus callosum, Bifid nails, Broad base to nose, Broad hallux, 
Broad thumbs, Double ureters, Hydrocephaly/large ventricles (non-specific), Hypertelorism, 
Macrocephaly, Mental retardation/developmental delay, Polydactyly/bifid hallux, Post-axial 
polydactyly of fingers, Post-axial polydactyly of toes, Pre-axial polydactyly of fingers, Pre-axial 
polydactyly of toes, Prominent forehead/frontal bossing, Skin syndactyly of fingers, Syndactyly of 
toes (not 2-3), Wide nasal bridge

Happle-Tinschert syndrome 
- basaloid follicular 
hamartoma plus

Not listed ? ? Abnormally shaped teeth, Atrophic skin (patchy), Comedones, Enamel abnormalities, Extra 
ribs (including cervical), Mental retardation/developmental delay, Oligodontia, Patchy aplasia/
hypoplasia of skin, Patchy depigmentation of skin, Patchy pigment of skin/cafe au lait spots, Post-
axial polydactyly of toes, Scoliosis, Skin tumors, Small teeth
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Branchio-oculo-
facial syndrome 
(hemangiomatous 
branchial clefts)

113620 TFAP2A AD Atrophic skin - patchy, Auricular pits/fistulas, Blocked/absent nasolacrimal duct, Branchial cleft/
sinus/cysts, Cataract, Cavernous hemangioma, Cleft palate, Cleft upper lip (non-midline), 
Coloboma involving optic nerve, Coloboma of iris, Dimpled or grooved chin, Dystopia canthorum 
(telecanthus), High palate, Patchy aplasia/hypoplasia of skin, Patchy depigmentation of hair/
white forelock, Pits of lower lip, Premature greying of hair, Ptosis of eyelids, Short stature, 
proportionate, Telangiectasia/angiokeratomata of skin, Wide nasal bridge

C syndrome 211750 CD96 AR Anteverted nares, Beaded/wavy/constrictions of ribs, Broad base to nose, Contractures 
(including arthrogryposis), Facial hemangiomas, Hypoplastic supra-orbital ridges, Hypotonia, 
Laxity, Long philtrum, Low-set ears, Macrostomia, Mental retardation/developmental delay, 
Metopic ridge, Multiple joint dislocation, Omphalocele/exomphalos, Oral frenula (multiple), 
Palpebral fissures slant up, Post-axial polydactyly of fingers, Post-axial polydactyly of toes, Short 
neck, Short ribs, Short stature (short limbs), Skin syndactyly of fingers, Small ears/microtia, Small 
mandible/micrognathia, Syndactyly 2-3 of toes, Syndactyly of toes (not 2-3), Thick/wide alveolar 
ridges, Ulnar deviation of hand

CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

Coffin-Siris syndrome 135900 SMARCA2, SMARCA4, 
SMARCB1 

AR Depressed/flat nasal bridge, Generalized hirsutism/hypertrichosis, Hypoplastic phalanges, 
Intellectual disability, Long/prominent eyelashes, Prominent upper lip, Short philtrum, Short 
stature (proportionate), Small/hypoplastic/deepset nails, Sparse hair/alopecia areata, Thick 
eyebrows, 

Cowden - multiple 
hamartomas

158350 PTEN AD See Table 2

Curry-Jones syndrome 601707 ? ?AR? Atrophic skin - patchy, Broad thumbs, Coloboma of iris, Craniosynostosis, Gastrointestinal 
tumor/polyp, Hydrocephaly/large ventricles (non-specific), Hypotonia, Mental retardation/
developmental delay, Microphthalmia, Polydactyly/bifid hallux, Polydactyly/bifid thumb, Pre-axial 
polydactyly of fingers, Pre-axial polydactyly of toes, Scalp defects, Skin syndactyly of fingers, 
Small bowel atresia/absence/obstruction/short

Fanconi pancytopenia 227650 SLX4, FANCA, FANCC, 
FANCE, FANCF, FANCG, 
FANCL, FANCD2, FANCM

AR See above

Familial adenomatous 
Polyposis

175100 APC AD See above

Fragile X syndrome 300624 FMR1 X-linked 
dominant

See above

Greig 
cephalopolysyndactyly 
syndrome

175700 GLI3 AD Agenesis/hypoplasia of corpus callosum, Bifid nails, Broad base to nose, Broad hallux, 
Broad thumbs, Double ureters, Hydrocephaly/large ventricles (non-specific), Hypertelorism, 
Macrocephaly, Mental retardation/developmental delay, Polydactyly/bifid hallux, Post-axial 
polydactyly of fingers, Post-axial polydactyly of toes, Pre-axial polydactyly of fingers, Pre-axial 
polydactyly of toes, Prominent forehead/frontal bossing, Skin syndactyly of fingers, Syndactyly of 
toes (not 2-3), Wide nasal bridge

Happle-Tinschert syndrome 
- basaloid follicular 
hamartoma plus

Not listed ? ? Abnormally shaped teeth, Atrophic skin (patchy), Comedones, Enamel abnormalities, Extra 
ribs (including cervical), Mental retardation/developmental delay, Oligodontia, Patchy aplasia/
hypoplasia of skin, Patchy depigmentation of skin, Patchy pigment of skin/cafe au lait spots, Post-
axial polydactyly of toes, Scoliosis, Skin tumors, Small teeth
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Muenke syndrome 602849 FGFR3 AD Brachycephaly, Broad hallux, Broad thumbs, Craniosynostosis, Macrocephaly, Prominent 
forehead/frontal bossing, Ptosis of eyelids, Short phalanges, Tarsal synostosis

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Nevoid basal cell carci 
noma syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

Nijmegen breakage 
syndrome

251260 NBS1, MRE11A, RAD50 AR See above

Noonan syndrome 163950  PTPN11 AD Cardiomyopathy, Cryptorchid testes, Cubitus valgus, Kinky/curly hair (including pili torti), 
Low posterior/trident hairline, Nevi or lentigines, Oedema of feet, Pectus carinatum, Platelet 
abnormalities, Ptosis of eyelids, Pulmonary stenosis, Short stature, (proportionate), Webbed neck

Rubinstein-Taybi syndrome 180849 CBP, EP300, CREBBP AD See above

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Medulloblastoma/PNET 
(not further defined)

Dicer1 syndrome 601200 DICER1 AD No morphological abnormalities are reported. Other tumor manifestations include amongst 
others: Cystic nephroma, Hamartomatous polyps in small intestine, Ovarian Sertoli-Leydig cell 
tumor, Pleuropulmonary blastoma, Thyroid hyperplasia / goitre

Primitive Neuro-ectodermal 
Tumor 
(PNET)

Ataxia - telangiectasia 
(Louis-Bar)

208900 ATM AR See above

CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Neuronal 
and mixed 
neuronal-glial 
tumors

Ganglioglioma Sotos syndrome (cerebral 
gigantism)

117550 NSD1, NFIX1 Isolated 
cases

Advanced bone age/large epiphyses, Advanced tooth eruption/development, Agenesis/
hypoplasia of corpus callosum, Coarse facial features, Dolichocephaly/scaphocephaly, Flat 
arches of feet, High birth weight (> 90th centile), High palate, Hypertelorism, Large feet, Large 
hands, Laxity, Lymphomas/leukemias, Macrocephaly, Mental retardation/developmental delay, 
Nystagmus, Palpebral fissures slant down, Prominent forehead/frontal bossing, Prominent 
mandible/prognathism, Renal tumors (including Wilms’), Scoliosis, Seizures/abnormal EEG, Tall 
stature (proportionate)

Fragile X syndrome 300624 FMR1 X-linked 
dominant

See above

Tumors of the 
meninges

Meningioma Greig - digital anomalies - 
macrocephaly

175700 GLI3 AD Agenesis/hypoplasia of corpus callosum, Bifid nails, Broad base to nose, Broad hallux, 
Broad thumbs, Double ureters, Hydrocephaly/large ventricles (non-specific), Hypertelorism, 
Macrocephaly, Mental retardation/developmental delay, Polydactyly/bifid hallux, Post-axial 
polydactyly of fingers, Post-axial polydactyly of toes, Pre-axial polydactyly of fingers, Pre-axial 
polydactyly of toes, Prominent forehead/frontal bossing, Skin syndactyly of fingers, Syndactyly of 
toes (not 2-3), Wide nasal bridge

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Neurofibromatosis type 2 101000 NF2 AD See Table 2

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Muenke syndrome 602849 FGFR3 AD Brachycephaly, Broad hallux, Broad thumbs, Craniosynostosis, Macrocephaly, Prominent 
forehead/frontal bossing, Ptosis of eyelids, Short phalanges, Tarsal synostosis

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Nevoid basal cell carci 
noma syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

Nijmegen breakage 
syndrome

251260 NBS1, MRE11A, RAD50 AR See above

Noonan syndrome 163950  PTPN11 AD Cardiomyopathy, Cryptorchid testes, Cubitus valgus, Kinky/curly hair (including pili torti), 
Low posterior/trident hairline, Nevi or lentigines, Oedema of feet, Pectus carinatum, Platelet 
abnormalities, Ptosis of eyelids, Pulmonary stenosis, Short stature, (proportionate), Webbed neck

Rubinstein-Taybi syndrome 180849 CBP, EP300, CREBBP AD See above

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Medulloblastoma/PNET 
(not further defined)

Dicer1 syndrome 601200 DICER1 AD No morphological abnormalities are reported. Other tumor manifestations include amongst 
others: Cystic nephroma, Hamartomatous polyps in small intestine, Ovarian Sertoli-Leydig cell 
tumor, Pleuropulmonary blastoma, Thyroid hyperplasia / goitre

Primitive Neuro-ectodermal 
Tumor 
(PNET)

Ataxia - telangiectasia 
(Louis-Bar)

208900 ATM AR See above

CCMR-D 276300 MSH6, MMR, MSH6, PMS2 AR See Table 2

L-2 Hydroxyglutaric aciduria 236792 L2HGDH AR See above

Neuronal 
and mixed 
neuronal-glial 
tumors

Ganglioglioma Sotos syndrome (cerebral 
gigantism)

117550 NSD1, NFIX1 Isolated 
cases

Advanced bone age/large epiphyses, Advanced tooth eruption/development, Agenesis/
hypoplasia of corpus callosum, Coarse facial features, Dolichocephaly/scaphocephaly, Flat 
arches of feet, High birth weight (> 90th centile), High palate, Hypertelorism, Large feet, Large 
hands, Laxity, Lymphomas/leukemias, Macrocephaly, Mental retardation/developmental delay, 
Nystagmus, Palpebral fissures slant down, Prominent forehead/frontal bossing, Prominent 
mandible/prognathism, Renal tumors (including Wilms’), Scoliosis, Seizures/abnormal EEG, Tall 
stature (proportionate)

Fragile X syndrome 300624 FMR1 X-linked 
dominant

See above

Tumors of the 
meninges

Meningioma Greig - digital anomalies - 
macrocephaly

175700 GLI3 AD Agenesis/hypoplasia of corpus callosum, Bifid nails, Broad base to nose, Broad hallux, 
Broad thumbs, Double ureters, Hydrocephaly/large ventricles (non-specific), Hypertelorism, 
Macrocephaly, Mental retardation/developmental delay, Polydactyly/bifid hallux, Post-axial 
polydactyly of fingers, Post-axial polydactyly of toes, Pre-axial polydactyly of fingers, Pre-axial 
polydactyly of toes, Prominent forehead/frontal bossing, Skin syndactyly of fingers, Syndactyly of 
toes (not 2-3), Wide nasal bridge

Neurofibromatosis type 1 162200 NF1 AD See Table 2

Neurofibromatosis type 2 101000 NF2 AD See Table 2

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Nijmegen breakage 
syndrome

251260 NBS1, MRE11A, RAD50 AR See above

Rubinstein-Taybi syndrome 180849 CBP, EP300, CREBBP AD See above

Schwannomatosis 162091 SMARCB1 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Turner syndrome Not listed 45, XO isolated 
cases

Aortic incompetence, Broad/barrel thorax, Cubitus valgus, Hypogonadism, Hypoplastic/inverted/
absent nipples, Nevi or lentigines, Oedema of feet, Short stature (general abnormalities), 
Webbed neck,

Other 
neoplasms 
related to the 
meninges

Hemangioblastoma Von Hippel Lindau disease 193300 VHL AD See Table 2

Intracranial 
and 
intraspinal 
germ cell 
tumors

Intracranial and 
intraspinal embryonal 
carcinoma

Aicardi syndrome 304050 Xp22 XLD See above

Intracranial and 
intraspinal germinoma

Bachman (1980) - 
anophthalmia; intracranial 
germinoma

Not listed ? not known Anophthalmia, Cleft palate, Cleft upper lip (non-midline), Hypo-pituitarism, Mental retardation/
developmental delay

Down syndrome 190685 trisomy 21 Isolated 
cases

Atrio-ventricular septal defect, Brachycephaly, Broad hands, Brushfield spots, Depressed/flat 
nasal bridge, Duodenal atresia, Epicanthic folds, Fallot tetralogy, Flat face, Hypotonia, Intellectual 
disability, Large tongue, Microcephaly, Palpebral fissures slant up, Short neck, Sandal gap of toes, 
Short stature (prenatal onset), Single palmar crease

Klinefelter syndrome Not listed 47, XXY Abnormal secondary sexual hair, Cryptorchid testes, Gynaecomastia, High-pitched voice, Hyper-
extensible knees, Inguinal hernia, Mental retardation/developmental delay, Mitral incompetence, 
Oligospermia/azoospermia, Pectus excavatum, Scoliosis, Small penis (including micro), Small 
testes, Tall stature (general abnormalities), Truncal obesity

Peutz-Jeghers syndrome 175200 STK11 AD Breast tumors, Cafe au lait spots, Colonic tumors, Early puberty in females, Gastrointestinal 
polyps, Liver cysts/tumors/angiomas, Macules, Nasal tumors, Nevi or lentigines, Oral 
pigmentation, Ovarian cysts/tumors, Pancreatic tumors, Testicular tumors, Uterine tumor/fibroid

Smith-Lemli-Opitz 
syndrome type I

270400 DHCR7 AR Absent or hypoplastic thumbs, Ambiguous/absent genitalia, Anteverted nares, Cataract, 
Cholesterol/lipids (abnormal), Cleft palate, Cryptorchid testes, Dandy-Walker malformation, 
Hypospadias, Hypotonia, Long philtrum, Megacolon or Hirschsprung syndrome, Mental 
retardation/developmental delay, Microcephaly, Neuronal migration abnormality/heterotopia, 
Post-axial polydactyly of fingers, Prominent lateral palatine ridges, Ptosis of eyelids, Pyloric 
stenosis, Short thumb, Skin photosensitivity, Small mandible/micrognathia, Syndactyly 2-3 of 
toes, Thick alae nasi

Intracranial and 
intraspinal teratoma

Semerci (2001) - absence of 
vertebrae - renal agenesis - 
VSD - teratoma

Not listed ? ? Agenesis/absent kidney, Anal atresia/stenosis, Congenital hernia of diaphragm, Contractures 
(including arthrogryposis), Meningocele/meningo-myelocele, Sacral teratoma/tumor, Small 
bowel atresia/absence/obstruction/short, Ventricular septal defect, Vertebrae, unossified

Tumors of the 
sellar region 

Craniopharyngioma Familial adenomatous 
Polyposis

175100 APC AD See Table 2 
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Nijmegen breakage 
syndrome

251260 NBS1, MRE11A, RAD50 AR See above

Rubinstein-Taybi syndrome 180849 CBP, EP300, CREBBP AD See above

Schwannomatosis 162091 SMARCB1 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Turner syndrome Not listed 45, XO isolated 
cases

Aortic incompetence, Broad/barrel thorax, Cubitus valgus, Hypogonadism, Hypoplastic/inverted/
absent nipples, Nevi or lentigines, Oedema of feet, Short stature (general abnormalities), 
Webbed neck,

Other 
neoplasms 
related to the 
meninges

Hemangioblastoma Von Hippel Lindau disease 193300 VHL AD See Table 2

Intracranial 
and 
intraspinal 
germ cell 
tumors

Intracranial and 
intraspinal embryonal 
carcinoma

Aicardi syndrome 304050 Xp22 XLD See above

Intracranial and 
intraspinal germinoma

Bachman (1980) - 
anophthalmia; intracranial 
germinoma

Not listed ? not known Anophthalmia, Cleft palate, Cleft upper lip (non-midline), Hypo-pituitarism, Mental retardation/
developmental delay

Down syndrome 190685 trisomy 21 Isolated 
cases

Atrio-ventricular septal defect, Brachycephaly, Broad hands, Brushfield spots, Depressed/flat 
nasal bridge, Duodenal atresia, Epicanthic folds, Fallot tetralogy, Flat face, Hypotonia, Intellectual 
disability, Large tongue, Microcephaly, Palpebral fissures slant up, Short neck, Sandal gap of toes, 
Short stature (prenatal onset), Single palmar crease

Klinefelter syndrome Not listed 47, XXY Abnormal secondary sexual hair, Cryptorchid testes, Gynaecomastia, High-pitched voice, Hyper-
extensible knees, Inguinal hernia, Mental retardation/developmental delay, Mitral incompetence, 
Oligospermia/azoospermia, Pectus excavatum, Scoliosis, Small penis (including micro), Small 
testes, Tall stature (general abnormalities), Truncal obesity

Peutz-Jeghers syndrome 175200 STK11 AD Breast tumors, Cafe au lait spots, Colonic tumors, Early puberty in females, Gastrointestinal 
polyps, Liver cysts/tumors/angiomas, Macules, Nasal tumors, Nevi or lentigines, Oral 
pigmentation, Ovarian cysts/tumors, Pancreatic tumors, Testicular tumors, Uterine tumor/fibroid

Smith-Lemli-Opitz 
syndrome type I

270400 DHCR7 AR Absent or hypoplastic thumbs, Ambiguous/absent genitalia, Anteverted nares, Cataract, 
Cholesterol/lipids (abnormal), Cleft palate, Cryptorchid testes, Dandy-Walker malformation, 
Hypospadias, Hypotonia, Long philtrum, Megacolon or Hirschsprung syndrome, Mental 
retardation/developmental delay, Microcephaly, Neuronal migration abnormality/heterotopia, 
Post-axial polydactyly of fingers, Prominent lateral palatine ridges, Ptosis of eyelids, Pyloric 
stenosis, Short thumb, Skin photosensitivity, Small mandible/micrognathia, Syndactyly 2-3 of 
toes, Thick alae nasi

Intracranial and 
intraspinal teratoma

Semerci (2001) - absence of 
vertebrae - renal agenesis - 
VSD - teratoma

Not listed ? ? Agenesis/absent kidney, Anal atresia/stenosis, Congenital hernia of diaphragm, Contractures 
(including arthrogryposis), Meningocele/meningo-myelocele, Sacral teratoma/tumor, Small 
bowel atresia/absence/obstruction/short, Ventricular septal defect, Vertebrae, unossified

Tumors of the 
sellar region 

Craniopharyngioma Familial adenomatous 
Polyposis

175100 APC AD See Table 2 
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

Russell-Silver syndrome 180860 ICR2, ICR1 Isolated 
cases

See above

Pituitary 
Adenoma

Carney complex 160980 PRKAR1A AD Abnormal genital pigmentation, Acanthosis nigricans, Adrenal hyperplasia, Breast tumors, 
Cafe au lait spots, Capillary hemangioma, Cysts, Gynaecomastia, Lobulated tongue (including 
hamartomata), Neurofibromas/schwannomas, Nevi or lentigines, Nevus of Ota, Oral 
pigmentation, Osteoporosis, Ovarian cysts/tumors, Papules, Pituitary tumors, Testicular tumors, 
Tumors of the heart

McCune-Albright syndrome 174800 GNAS1 Isolated 
cases

Asymmetric face, Early puberty in females, Early puberty in male, Fibrous dysplasia of bones, 
Gynaecomastia, Patchy pigment of skin/cafe au lait spots, Prominent mandible/prognathism, 
Short stature (proportionate)

Multiple endocrine 
neoplasia type 1

131100 MEN1 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Tuberous Sclerosis Complex 191100 TSC1.TSC2 AD See Table 2

Tumors of the 
pineal region 

Pineoblastoma Dicer1 syndrome 601200 DICER1 AD See above

Other 
intracranial 
and 
intraspinal 
neoplasms

Hypothalamic 
hamartoma

Pallister Hall syndrome 146510 Gli3 AD Agenesis/hypoplasia of corpus callosum, Anal atresia, Bifid epiglottis, Depressed nasal bridge, 
Double ureters, Hydrocephaly/large ventricles (non-specific), Hypopituitarism, Intellectual 
disability, Macrocephaly, Pre-axial polydactyly of toes, Polydactyly/bifid hallux, Post-axial 
polydactyly of fingers, Post-axial polydactyly of toes, Skin syndactyly of fingers, Syndactyly of 
toes (not 2-3), Wide nasal bridge

Brain tumor, 
possibly glioma

Biemond II - obesity; 
polydactyly; iris coloboma

210350 ? AR Cataract, Coloboma of iris, Hydrocephaly/large ventricles (non-specific), Hypospadias, Mental 
retardation/developmental delay, Post-axial polydactyly of fingers, Pre-axial polydactyly of 
fingers, Proximal placement of thumb, Short stature (general abnormalities), Small penis 
(including micro), Small testes, Truncal obesity

Table 2: Major CNS tumor predisposition syndromes. Abbreviations: AD; autosomal dominant, AR; autosomal 
recessive. CNS; Central Nervous System, PNS; Peripheral Nervous System

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Neurofibromatosis type 1 (NF1) 1:2500-1:3000 NF1 17q11.2 AD 50% Optic pathway 
glioma

Neurofibroma Pheochromocytoma Café-au-lait 
spots

Lisch nodules Pseudarthrosis

(Pilocytic) 
astrocytoma

Malignant 
peripheral 
nerve sheeth 
tumor

Leukaemia Axillary 
freckling

Neurofibroma Scoliosis, 
kyphosis

Unidentified Bright 
Objects

Breast carcinoma Neurofibroma Optic atrophy Hemi-
hypertrophy of 
one limb

Macrocephaly Subungal glomus 
tumors

Pruritus Ptosis
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Table 1: (cont.)

Tumor type Histology Syndrome OMIM Gene (s) or chromosomal 
location

Mode of 
Inheritance

Important morphological and clinically relevant manifestations

Nevoid basal cell carcinoma 
syndrome (Gorlin)

109400 PTCH1, SUFU AD See Table 2

Russell-Silver syndrome 180860 ICR2, ICR1 Isolated 
cases

See above

Pituitary 
Adenoma

Carney complex 160980 PRKAR1A AD Abnormal genital pigmentation, Acanthosis nigricans, Adrenal hyperplasia, Breast tumors, 
Cafe au lait spots, Capillary hemangioma, Cysts, Gynaecomastia, Lobulated tongue (including 
hamartomata), Neurofibromas/schwannomas, Nevi or lentigines, Nevus of Ota, Oral 
pigmentation, Osteoporosis, Ovarian cysts/tumors, Papules, Pituitary tumors, Testicular tumors, 
Tumors of the heart

McCune-Albright syndrome 174800 GNAS1 Isolated 
cases

Asymmetric face, Early puberty in females, Early puberty in male, Fibrous dysplasia of bones, 
Gynaecomastia, Patchy pigment of skin/cafe au lait spots, Prominent mandible/prognathism, 
Short stature (proportionate)

Multiple endocrine 
neoplasia type 1

131100 MEN1 AD No morphological abnormalities are reported. For tumor manifestations see Table 2. 

Tuberous Sclerosis Complex 191100 TSC1.TSC2 AD See Table 2

Tumors of the 
pineal region 

Pineoblastoma Dicer1 syndrome 601200 DICER1 AD See above

Other 
intracranial 
and 
intraspinal 
neoplasms

Hypothalamic 
hamartoma

Pallister Hall syndrome 146510 Gli3 AD Agenesis/hypoplasia of corpus callosum, Anal atresia, Bifid epiglottis, Depressed nasal bridge, 
Double ureters, Hydrocephaly/large ventricles (non-specific), Hypopituitarism, Intellectual 
disability, Macrocephaly, Pre-axial polydactyly of toes, Polydactyly/bifid hallux, Post-axial 
polydactyly of fingers, Post-axial polydactyly of toes, Skin syndactyly of fingers, Syndactyly of 
toes (not 2-3), Wide nasal bridge

Brain tumor, 
possibly glioma

Biemond II - obesity; 
polydactyly; iris coloboma

210350 ? AR Cataract, Coloboma of iris, Hydrocephaly/large ventricles (non-specific), Hypospadias, Mental 
retardation/developmental delay, Post-axial polydactyly of fingers, Pre-axial polydactyly of 
fingers, Proximal placement of thumb, Short stature (general abnormalities), Small penis 
(including micro), Small testes, Truncal obesity

Table 2: Major CNS tumor predisposition syndromes. Abbreviations: AD; autosomal dominant, AR; autosomal 
recessive. CNS; Central Nervous System, PNS; Peripheral Nervous System

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Neurofibromatosis type 1 (NF1) 1:2500-1:3000 NF1 17q11.2 AD 50% Optic pathway 
glioma

Neurofibroma Pheochromocytoma Café-au-lait 
spots

Lisch nodules Pseudarthrosis

(Pilocytic) 
astrocytoma

Malignant 
peripheral 
nerve sheeth 
tumor

Leukaemia Axillary 
freckling

Neurofibroma Scoliosis, 
kyphosis

Unidentified Bright 
Objects

Breast carcinoma Neurofibroma Optic atrophy Hemi-
hypertrophy of 
one limb

Macrocephaly Subungal glomus 
tumors

Pruritus Ptosis
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Table 2. (cont.)

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Intellectual disability GIST

Seizures

Neurofibromatosis type 2 (NF2) 1:33,000-1:40,000 NF2 22q12 AD 50% Meningioma (Vestibular) 
schwannoma

Café-au-lait 
spots

Cataract Deafness, 
sensorineural

Ependymoma (spinal 
localization)

Neuropathy 
(mono or poly) 

Pedunculated 
skin lesions /
skin tags

Strabismus 

Pilocytic or diffuse 
astrocytoma

Amblyopia

Retinal 
hamartoma

Opticus 
meningioma

Schwannomatosis not known (rare) SMARCB1 22q12 AD 5% Meningioma Schwannoma 
(but not 
vestibular 
localization)

Uni/bilateral renal 
malignant rhabdoid 
tumors

.

Von Hippel-Lindau disease (VHL) 01:36,000 VHL 3p25 AD 20% Hemangioblastoma (Bilateral) clear-cell 
renal cell carcinoma

. Retinal 
hemangio-
blastoma

Cysts of kidney, 
pancreas, 
epididymus and 
broad ligament

Pheochromo-
cytoma

Neuro-endocrine 
tumor

Endolymphatic sac 
tumors

TSC2 16p13 Cortical tubers Hamartomatous 
rectal polyps 

Shagreen patch Retinal achromic 
patch

Lymphangio-
myomatosis

Sub-Ependymal 
Nodule

Renal 
angiomyolipoma 

Hypomelanotic 
macule

Bone cysts

Intellectual disability Renal cell carcinoma (Peri)ungal 
fibroma

Gingival 
fibromas

Seizures “Confetti” skin 
lesions

Li-Fraumeni syndrome (LFS) 1:5,000 - 1:20,000 TP53 17p13 AD 7-20% Glioma Malignant 
triton tumor

Pre-menopausal 
breast carcinoma

.

Choroid plexus 
tumors

Sarcoma of bone 
and soft tissue

Medulloblastoma Adrenocortical 
carcinoma
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Table 2. (cont.)

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Intellectual disability GIST

Seizures

Neurofibromatosis type 2 (NF2) 1:33,000-1:40,000 NF2 22q12 AD 50% Meningioma (Vestibular) 
schwannoma

Café-au-lait 
spots

Cataract Deafness, 
sensorineural

Ependymoma (spinal 
localization)

Neuropathy 
(mono or poly) 

Pedunculated 
skin lesions /
skin tags

Strabismus 

Pilocytic or diffuse 
astrocytoma

Amblyopia

Retinal 
hamartoma

Opticus 
meningioma

Schwannomatosis not known (rare) SMARCB1 22q12 AD 5% Meningioma Schwannoma 
(but not 
vestibular 
localization)

Uni/bilateral renal 
malignant rhabdoid 
tumors

.

Von Hippel-Lindau disease (VHL) 01:36,000 VHL 3p25 AD 20% Hemangioblastoma (Bilateral) clear-cell 
renal cell carcinoma

. Retinal 
hemangio-
blastoma

Cysts of kidney, 
pancreas, 
epididymus and 
broad ligament

Pheochromo-
cytoma

Neuro-endocrine 
tumor

Endolymphatic sac 
tumors

TSC2 16p13 Cortical tubers Hamartomatous 
rectal polyps 

Shagreen patch Retinal achromic 
patch

Lymphangio-
myomatosis

Sub-Ependymal 
Nodule

Renal 
angiomyolipoma 

Hypomelanotic 
macule

Bone cysts

Intellectual disability Renal cell carcinoma (Peri)ungal 
fibroma

Gingival 
fibromas

Seizures “Confetti” skin 
lesions

Li-Fraumeni syndrome (LFS) 1:5,000 - 1:20,000 TP53 17p13 AD 7-20% Glioma Malignant 
triton tumor

Pre-menopausal 
breast carcinoma

.

Choroid plexus 
tumors

Sarcoma of bone 
and soft tissue

Medulloblastoma Adrenocortical 
carcinoma
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Table 2: (cont.)

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Primary Neuro-
Ectodermal Tumor

Leukaemia

Cowden syndrome (CS) 1:250.000 PTEN 10q23 AD 50-90% Dysplastic 
gangliocytoma of 
cerebellum 

Thyroid carcinoma Trichilemmoma Benign thyroid 
disease

Macrocephaly Benign and 
malignant breast 
tumors

Fibroma Fibrocystic 
disease of the 
breast

Menigioma Endometrial 
carcinoma

Hamartomatous 
polyps of the 
colon

Medulloblastoma Renal cell carcinoma Genitourinary 
malformation

Astrocytoma Lipomas

Intellectual disability Fibromas

Uterine fibroids

Glioma Osteoma

Craniopharyngioma Desmoid tumor

Ampulla of Vater 
carcinoma

MSH2 2p16 Ganglioma Endometrial 
carcinoma

MSH6 2p21 Meningioma Gastric carcinoma

PMS2 7p22 Hemangioblastoma Ovarian carcinoma

EPCAM 2p21 Urinary tract 
carcinoma

Small bowel 
carcinoma

Pancreas and 
hepatobiliary tract 
carcinoma

Constitutional Mismatch Repair-
Deficiency Syndrome (CMMR-D) 

46 families reported 
in 2008

See  LS See LS AR unknown 
(likely rare)

Medulloblastoma Neurofibroma 
(rare)

Colorectal adenoma 
and carcinoma

Café-au-lait 
spots

Lisch nodules

Glioma Hematological 
malignancies

Axillary 
freckling (rare)

Gorlin Syndrome (GS or Naevoid 
Basal Cell Carcinoma Syndrome 
[NBCCS])

1:57.000 PTCH1 9q31 AD 20-30% Medulloblastoma Ovarian fibroma Basal cell 
carcinomas

Cataract Jaw keratocysts

SUFU 10q24 Meningioma Cardiac fibroma Palmar and 
plantar pits

Coloboma of 
iris,chorid, and 
optic nerve

Vertebral/rib 
anomalies
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Table 2: (cont.)

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Primary Neuro-
Ectodermal Tumor

Leukaemia

Cowden syndrome (CS) 1:250.000 PTEN 10q23 AD 50-90% Dysplastic 
gangliocytoma of 
cerebellum 

Thyroid carcinoma Trichilemmoma Benign thyroid 
disease

Macrocephaly Benign and 
malignant breast 
tumors

Fibroma Fibrocystic 
disease of the 
breast

Menigioma Endometrial 
carcinoma

Hamartomatous 
polyps of the 
colon

Medulloblastoma Renal cell carcinoma Genitourinary 
malformation

Astrocytoma Lipomas

Intellectual disability Fibromas

Uterine fibroids

Glioma Osteoma

Craniopharyngioma Desmoid tumor

Ampulla of Vater 
carcinoma

MSH2 2p16 Ganglioma Endometrial 
carcinoma

MSH6 2p21 Meningioma Gastric carcinoma

PMS2 7p22 Hemangioblastoma Ovarian carcinoma

EPCAM 2p21 Urinary tract 
carcinoma

Small bowel 
carcinoma

Pancreas and 
hepatobiliary tract 
carcinoma

Constitutional Mismatch Repair-
Deficiency Syndrome (CMMR-D) 

46 families reported 
in 2008

See  LS See LS AR unknown 
(likely rare)

Medulloblastoma Neurofibroma 
(rare)

Colorectal adenoma 
and carcinoma

Café-au-lait 
spots

Lisch nodules

Glioma Hematological 
malignancies

Axillary 
freckling (rare)

Gorlin Syndrome (GS or Naevoid 
Basal Cell Carcinoma Syndrome 
[NBCCS])

1:57.000 PTCH1 9q31 AD 20-30% Medulloblastoma Ovarian fibroma Basal cell 
carcinomas

Cataract Jaw keratocysts

SUFU 10q24 Meningioma Cardiac fibroma Palmar and 
plantar pits

Coloboma of 
iris,chorid, and 
optic nerve

Vertebral/rib 
anomalies
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Table 2: (cont.)

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Gorlin Syndrome (GS or Naevoid 
Basal Cell Carcinoma Syndrome 
[NBCCS]) cont.

Macrocephaly Ameloblastoma Facial milia Pigmentary 
retinal changes

Cleft lip/palate

Intracranial 
calcifications 
(falx; tentorium; 
diaphragma sellae)

Rhabdomyomas Preaxial or 
postaxial 
polydactyly

Lymphoma Lympho-
mesenteric or 
pleural cysts
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Table 2: (cont.)

Syndrome Incidence Gene(s) Locus Inheritance % de novo Neurological manifestations Non-neurological manifestations

CNS 
manifestations

PNS 
involvement

Other tumors Skin Eye Other 
manifestations

Gorlin Syndrome (GS or Naevoid 
Basal Cell Carcinoma Syndrome 
[NBCCS]) cont.

Macrocephaly Ameloblastoma Facial milia Pigmentary 
retinal changes

Cleft lip/palate

Intracranial 
calcifications 
(falx; tentorium; 
diaphragma sellae)

Rhabdomyomas Preaxial or 
postaxial 
polydactyly

Lymphoma Lympho-
mesenteric or 
pleural cysts
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Chapter 7

Abstract

Background

Identification of tumor predisposition syndromes in patients who have cancer in childhood is 

paramount for optimal care.  A screening instrument that can help to identify such patients 

will facilitate physicians caring for children with cancer. The complete screening instrument 

should consist of a standardized series of pictures and a screening form for manifestations 

not visible in the pictures. Here we describe the development of such a screening form 

based on an international two-stage Delphi process and an initial validation of the complete 

instrument.

Patients and methods

We identified manifestations that may contribute to the diagnosis of a tumor predisposition 

syndrome through the Winter-Baraitser Dysmorphology Database and the textbook “Gorlin’s 

Syndromes of the Head and Neck”. In a two-round Delphi process, eight international 

content-experts scored the contribution of each of these manifestations. We performed a 

clinical validation of the instrument in a selected cohort of 10 pediatric cancer patients from 

another centre.

Results

In total, 49 manifestations were found to contribute to the diagnosis of a tumor 

predisposition syndrome and were included in the screening form. The pilot validation study 

showed that patients suspect of having a tumor predisposition syndrome were recognized. 

Excellent correlation for indications of patient’s referral between the screening instrument 

and the reference standard (personal evaluation by an experienced clinical geneticist) was 

found.

Conclusions

The Delphi process performed by international specialists with a function as opinion leaders 

in their field of expertise, has led to a screening instrument for childhood cancer patients. 

Patients who may have a tumour predisposition syndrome and thus have an indication to 

be referred for further genetic analysis, can be identified using the screening instrument.
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Introduction

The diagnosis of a specific tumor predisposition syndrome in patients with childhood cancer 

is important and clinically relevant because it can affect management. Some syndrome-

associated malignancies require specific treatment strategies and some require screening 

for subsequent malignancies. Also, it may guide care for non-malignancy manifestations; it 

facilitates recurrence risk assessments and can facilitate pre-symptomatic identification of 

other relatives at risk for malignancies.

In previous studies, we found a substantial incidence of morphological abnormalities 

and recognisable clinical genetic syndromes in patients with childhood cancer. Half of 

these syndromes had not been recognized by the routine caregivers involved, despite 

expert pediatric care 1-3. We and others recommended that all children diagnosed with 

a malignancy should be assessed by a clinical geneticist or a pediatrician skilled in clinical 

morphology 2,4,5. However, in many countries there is limited access to such consultations 

and genetic consultations can be a low priority in acutely ill patients.  A screening instrument 

could be a reliable aid in assuring that all childhood cancer patients at risk of having a tumor 

predisposition syndrome can be recognized and referred.

We argue that an easy-to-use screening form together with a standard series of 2D and 

3D pictures could serve as a screening instrument. The form should easily be completed by 

a genetic nurse or physician involved in treatment of pediatric cancer patients. This would 

allow for a quick, efficient screen of completed forms accompanied by corresponding sets 

of pictures by a clinical geneticist who can then select those suspected to have a syndrome 

for a full genetic consultation. Such a screening form should be based on manifestations 

of known tumor predisposition syndromes, as these manifestations have already shown 

to indicate the cancer susceptibility. The number of tumor predisposition syndromes is 

large, which would result in a significant number of individual manifestations making a 

“non-focused’ form unfeasible. Therefore, it is important to extract the most significant 

manifestations. 

Part of the manifestations in tumor predisposition syndromes will be visible on a standard set 

of two-dimensional (2D, overview; face in two directions; hands; feet) and three-dimensional 

(3D) pictures (face). The goal of this study was to identify the most sensitive manifestations 

of known tumor predisposition syndromes, not visible on these pictures, to include these in 

a screening form. 
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Patients and Methods

General strategy

Two important sources for the manifestations of tumor predisposition syndromes were 

used; a database (Winter-Baraitser Dysmorphology Database [WBDD]) 6 and a textbook 

(Gorlin’s Syndromes of the Head and Neck)7. The recently published set of standardized 

terms to describe human morphology was used in the definite screening form 8-14. 

Expert-based opinion/Delphi process

We used a two-phase Delphi process 15,16 in which eight international specialists in this field 

participated. The Delphi technique is a widely accepted method for achieving convergence 

of opinion from experts. It is used as a method for consensus-building using a series of 

questionnaires in multiple consultation rounds to collect data from a panel of experts, 

where evidence from literature is lacking 15. In the present study we interrogated the 

expert-panel regarding manifestations that only can be found in body surface examination 

and their contribution to the diagnosis of a tumor predisposition syndrome. In the first 

assessment round, eight experts gave their opinion on the relevance of the morphological 

manifestations from the sources WBDD and Gorlin’s Syndromes of the Head and Neck.  

Relevance was defined as the significance or contribution of that manifestation to 

establishing a diagnosis of a tumor predisposition syndrome. Experts were asked to score 

the relevance of a manifestation on a scale from 1 to 5 (Likert scale) in which 1 was no 

contribution to the diagnosis of a tumor predisposition syndrome and 5 was pathognomonic 

for the diagnosis of a tumor predisposition syndrome. In the second assessment round, the 

same eight experts gave their final opinion on whether manifestations should be included 

in the screening form or not using a dichotomic score (in which 0 = exclude, 1 = include in 

screening form). 

The strategy of the Delphi process is provided in Figures 1 and 2. In Supplementary data 1 

more detailed information on search strategy and item selection (S1.1), search terms used 

(S1.2) visibility score of manifestations (S1.3) and details of the Delphi process (S1.4) are 

given.

Pilot validation study

The list of selected manifestations based on both Delphi rounds was converted to a clinical 

scoring form, to which was added space for relevant general data. At this stage, WBDD 

nomenclature was harmonized with the Elements of Morphology terms 8-14 (Supplementary 

data 4, S4.1). To aid users, a booklet was composed with definitions and pictures of included 

manifestations (Supplementary data 4, S4.2).

An initial clinical validation was performed using a cohort of ten selected pediatric 

cancer patients under care of another centre, who had a standard evaluation by a clinical 
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geneticist not involved in the development of the screening instrument (A.W.). This 

cohort was composed of patients suspected to have a tumor predisposition syndrome 

and those not suspected to have this. The study protocol was approved by the Medical 

Ethics Review Committee of the Academic Medical Centre in Amsterdam. All patients 

and parents gave their written informed consent. Specifically for the validation process of 

the screening instrument an independent genetic counsellor (nurse specialized in clinical 

genetics) evaluated every patient and filled in the scoring form for each patient, which 

was complemented with the 2D and 3D picture series. Two independent clinical geneticists 

from another centre, one with specific expertise in dysmorphology (R.C.M.H.) and one with 

specific expertise in oncogenetics (C.M.A.), neither of whom had been in contact with 

the patients, evaluated for each patient the set of pictures and completed scoring form 

from the screening instrument. Based on the completed screening instrument they assessed 

whether referral to a clinical geneticist was indicated and classified the reason for referral 

(i.e., history of the patient; tumor type; family history; phenotype; or any combination of the 

above). Combined outcomes of both observers were compared to the reference standard: 

the state of the art evaluation provided by the experienced local clinical geneticist (A.W.). 

Results

Identification of tumor predisposition syndromes

Using search terms based on the pediatric cancer classification system ICCC3 (International 

Classification of Childhood Cancer) (Supplementary data 1, S1.1), 460 potential syndromes 

were identified in the WBDD. Selection for those syndromes in which the abstract in the 

WBDD reported indeed an association with malignant conditions yielded 194 definite tumor 

predisposition syndromes. The search in the textbook ‘Gorlin’s Syndromes of the Head and 

Neck’ (Supplementary data 1, S1.2) yielded 27 additional tumor predisposition syndromes. 

Collection of all morphologic manifestations of these 221 included tumor predisposition 

syndromes (Supplementary data 1, S1.5) according to WBDD systematic yielded 335 

manifestations. After exclusion of 95 manifestations that were visible on the 2D and 3D 

picture series, 240 morphological manifestations remained upon which to collect expert-

based opinions (Figure 1).

Delphi round one

Decisive agreement for inclusion (median score ≥4.5, IQR 4-5) in the screening form 

was achieved for five manifestations (5/240, 2%) in the first round: abnormal genital 

pigmentation, adenoma sebaceous, axillary freckles, conjunctival teleangiectasia, 

neurofibromas/schwannomas.

Agreement for exclusion (median score ≤2, range 1 to 5) was achieved for 181 manifestations 

(181/240, 75%). For 54 manifestations (54/240, 23%) agreement was neutral (2 < median 
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Winter -Baraitser Dysmorphology Database
(WBDD)

 Potential tumor predisposition syndromes
(n=460) 

Gorlin’s Syndromes of the Head and Neck

Definite tumor predisposition syndromes
(n=27)

 

Manifestations characterizing tumor predisposition syndromes
 (WBDD systematics )

(n=335)

Definition of search terms

Total tumor predisposition syndromes
(n=221)

 Definite tumor predisposition syndromes
(n=194) 

Manifestations not visible on standard 2D/3D picture series 
(n=240)

Delphi

 Potential additional tumour predisposition 
syndromes

(n=27) 

Figure 1: Identification of tumor predisposition syndromes, search strategy and item selection
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WBDD category Manifestation Inclusion Delphi round

Abdomen Umbilical hernia 2

Cranium Macrocephaly 2

Cranium Microcephaly 2

Cranium Scalp tumors 2

Ears Crease/pits of ear lobule 2

Ears Pits of ear helix 2

Ears Posterior helical pits 2

Endocrine Ectopic/enlarged thyroid 2

Eyes, globes Cataract 2

Eyes, globes Conjunctiva telangiectasia 1

Eyes, globes Visible nerve fibres on cornea 2

Genitalia Abnormal genital pigmentation 1

Genitalia Ambiguous/absent genitalia 2

Genitalia Early puberty in females 2

Genitalia Early puberty in male 2

Genitalia Female pseudohermaphroditism 2

Genitalia Male pseudohermaphroditism 2

Genitalia True hermaphroditism 2

Hair Brittle hair 2

HandsII Palmar pits 2 (added by expert panel)

Leukoplakia Leukoplakia 2

Lower limbs Asymmetric lower limbsI 2

Lower limbs Hypertrophy of lower limbI 2

Neurology Ataxia 2

Neurology Cranial nerve palsies 2

Nose Nasal telangiectasia 2

Oral region Large tongue 2

Oral region Lobulated tongue (including hamartomata) 2

Oral region Oral pigmentation 2

Oral region Oral tumor 2

Oral region Protruding tongue 2

Oral regionII Abnormal oral mucosa (cobblestone) 2 (added by expert panel)

Oral regionII Mucosal neurinomas 2 (added by expert panel)

Oral regionII Papilloma periorifical 2 (added by expert panel)

Skeletal Hemi-hypertrophyI 2
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Skin Adenoma sebaceous 1

Skin Axillary freckles 1

Skin Lipomata 2

Skin Neurofibromas/schwannomas 1

Skin Pedunculated skin lesions/skin tags 2

SkinII Photosensitivity skin 2 (added by expert panel)

Skin Thin skin/generalized skin atrophy 2

Skin Teleangiectasia 2

SkinII Blue naevi 2 (added by expert panel)

SkinII Hyperpigmentation 2 (added by expert panel)

Stature Short stature, proportionate 2

Stature Tall stature, proportionate 2

Thorax Supernumerary nipples 2

Upper limbs Asymmetric arms 2

Table 1: All manifestations included in the screening form, ordered by Winter-Baraitser Dysmorphology 
Database (WBDD) systematic.
II: During the Delphi procedure the original terminology as used in the WBDD was maintained. For the 

definite screening form, terms were harmonized with the Elements of Morphology terms 8-14.
II: These items were added by the experts  and are not part of the WBDD systematic; categories were 

assigned by the investigators

Patient Tumor Judgment based on 
regular consultation
CG1

Reason referral
1/2/3/4* based on 
regular consultation

Judgment based on 
screening instrument
CG2

Reason referral
1/2/3/4* based on 
screening instrument

Judgment based 
on screening 
instrument CG3

Reason referral 
1/2/3/4* based on 
screening instrument

1 Neurofibroma prostate Referral (2), 4 Referral 2, 4 Referral 2, (4)

2 Hepatoblastoma Referral 2 Referral 2, 3 Referral 2, 3

3 Wilms tumor No referral NA No referral NA Referral 4

4 Hodgkin lymphoma Referral 4 Referral 1, 4 Referral 1, 3, 4

5 Hodgkin lymphoma No referral NA No referral NA No referral NA

6 Wilms tumor Referral 1, (4) Referral 1, 4 Referral 1, (3)

7 Dysgerminoma Referral 2 Referral 2 Referral 2

8 Acute Lymphoblastic Leukemia No referral NA No referral NA No referral NA

9 Adrenal cortical carcinoma Referral 2 Referral 2, 4 Referral 2

10 Burkitt lymphoma No referral NA Referral 2, 4 No referral NA

Table 2: Overview of the patients from the validation cohort, the judgements of the three clinical geneticists 
(CG1, CG2, CG3) on the indication for referral and the reason(s) for referral. 1 = patient’s history related, 2 
= tumor related, 3 = family history related, 4 = morphological examination related
NA = Not Applicable, CG1 = Clinical geneticist 1, CG2 = Clinical geneticist 2, CG3 = Clinical geneticist 3
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<4.5, range 1 to 5) and these manifestations were brought to the second round of the 

Delphi process.

Based on personal experience, the experts added 41 manifestations in the first round. Using 

the criteria as described earlier (manifestations found by body surface examination only or 

proposed by more than one expert), 7/41 manifestations were brought to the second round 

of the Delphi process as a separate dataset (Supplementary data 2, Table S2.2).

Delphi round two

In the second assessment round, the same eight experts gave their final opinion on whether 

61 (54 + 7) manifestations should be included in the screening form or not. Agreement for 

inclusion was achieved for 41 manifestations (41/61, 67%). 

The whole group of experts scored unanimous for 14 of the included manifestations (14/41, 

34%). For 27 manifestations (27/41, 66%), the majority of experts favoured inclusion. 

Agreement for exclusion was achieved for 13 manifestations (13/61, 21%), the agreement 

of seven manifestations (7/61, 11%), was non-decisive. Of these non-decisive, three were 

included based on the principal investigator’s assessment. Thus a total of 44 items (44/61, 

72%) were included in the second Delphi round (Supplementary data 2, Table S2.3). 

Together with the five manifestations that were selected in the first round, 49 definitive 

clinical manifestations (Table 1) were included in the screening form. In Supplementary data 

4 both the screening form and the accompanying definitions and pictures are shown.

Patient Tumor Judgment based on 
regular consultation
CG1

Reason referral
1/2/3/4* based on 
regular consultation

Judgment based on 
screening instrument
CG2

Reason referral
1/2/3/4* based on 
screening instrument

Judgment based 
on screening 
instrument CG3

Reason referral 
1/2/3/4* based on 
screening instrument

1 Neurofibroma prostate Referral (2), 4 Referral 2, 4 Referral 2, (4)

2 Hepatoblastoma Referral 2 Referral 2, 3 Referral 2, 3

3 Wilms tumor No referral NA No referral NA Referral 4

4 Hodgkin lymphoma Referral 4 Referral 1, 4 Referral 1, 3, 4

5 Hodgkin lymphoma No referral NA No referral NA No referral NA

6 Wilms tumor Referral 1, (4) Referral 1, 4 Referral 1, (3)

7 Dysgerminoma Referral 2 Referral 2 Referral 2

8 Acute Lymphoblastic Leukemia No referral NA No referral NA No referral NA

9 Adrenal cortical carcinoma Referral 2 Referral 2, 4 Referral 2

10 Burkitt lymphoma No referral NA Referral 2, 4 No referral NA

Table 2: Overview of the patients from the validation cohort, the judgements of the three clinical geneticists 
(CG1, CG2, CG3) on the indication for referral and the reason(s) for referral. 1 = patient’s history related, 2 
= tumor related, 3 = family history related, 4 = morphological examination related
NA = Not Applicable, CG1 = Clinical geneticist 1, CG2 = Clinical geneticist 2, CG3 = Clinical geneticist 3
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Pilot validation study

The considered opinions of three senior clinical geneticists, on the need and indication for 

referral were compared in a selected cohort of 10 pediatric cancer patients. Need for referral 

and the reasons for referral were independently assessed based on a routine clinical genetic 

consultation by one geneticist and on the use of the developed screening instrument by 

two other geneticists.

Figure 2: Expert-based opinion, Delphi method
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The geneticist that judged based on the routine consultation found an indication for referral 

(‘suspect for having a tumor predisposition syndrome’) in six patients, the two that judged 

based on the screening instrument found an indication for referral  (‘suspect for having 

a tumor predisposition syndrome’) in seven patients (Table 2). The reasons for referral as 

result of the routine consultation were also selected by the geneticists using the screening 

instrument. The geneticists using the instrument deduced more reasons for referral than 

the geneticist that judged based on the regular consultation.

Discussion

The development of a descriptive screening form is reported, and its application in a pilot 

study. It is anticipated that physicians or genetic nurses caring for children with cancer can 

easily fill out the form for each child. Completed forms accompanied by corresponding 

sets of pictures can then quickly and efficiently be evaluated for the need for a full genetic 

consultation by a clinical geneticist. 

Because available evidence on prevalence and recognition of tumor predisposition 

syndromes in patients with childhood cancer is scarce 1,2, the value of the expert opinions 

elicited in the Delphi process reflects and values the clinical consensus of these international 

opinion leaders in their field. One of the major benefits of the Delphi method is that it offers 

the opportunity to obtain expert opinions without potential influence of group dynamics 

on individual opinions. Because we chose to give feedback on the scores anonymously, 

experts could see their own opinion in relation to that of other experts, making it a safe, 

non-judgmental environment for sharing one’s opinion. Because the time frame of response 

was defined and standardized, this assessment gave a good reflection of the current opinion 

in the field of expertise at a given time point, making it more reliable. 

Because all opinions were weighed equally, an assumption was that the experts participating 

in the Delphi process were equal in experience and knowledge. However, this may not have 

been the case, especially if their fields of expertise were very specialized, as in our study. 

For our expert panel, we chose international clinical geneticists who functioned as opinion 

leaders in both dysmorphology and clinical cancer genetics, or are leaders in one of the 

two with good experience in the other field. The number of qualified experts was relatively 

small, which restrained the number of experts in our panel. The small size of the expert 

panel could be considered as a potential limitation in the current study. However we feel 

that, considering the small field of study, the expert panel optimally represents international 

expert opinions. Other Delphi studies with similar sized expert panels have shown to yield 

reliable results 17,18. 

In the present Delphi process we had to define criteria on when to include, exclude or bring 

a manifestation to the next Delphi round. For the first round of the Delphi we used the 
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median scores of experts for each manifestation for inclusion and exclusion, as the median 

is less affected by outliers which is especially important in small groups 15. 

We used a strict exclusion (median ≤2) and inclusion criterion (median ≥4.5) on the scale 

from 1 to 5 in the first Delphi round, so only items with strong agreement among the 

experts were included or excluded. 

We performed a pilot validation study in an independent series of ten pediatric cancer 

patients and compared the clinical judgment and rationale for referral by two independent  

clinical geneticists using the instrument, to those of a third clinical geneticist who evaluated 

the patients in routine consultations. In the pilot validation study, the clinical judgments 

of the two clinical geneticists using the screening instrument were very similar despite 

their different specialisation (dysmorphology vs oncogenetics). Furthermore, this was not 

a randomly selected patient cohort; the cohort in this clinical validation study consisted of 

both patients suspect as well as patients unsuspected for having a tumor predisposition 

syndrome which could give rize to selection bias.  In our pilot validation study, a genetic 

counsellor (genetic nurse) filled in the screening form; we do not expect a significant 

difference if the form were filled in by a pediatric oncologist or other physician involved in 

the care of childhood cancer patients, although this was not tested. 

We have not added criteria for referral indications for each tumor type and family history 

on our screening form: establishing reliable algorithms for the large range of tumor 

predisposition syndromes and the accompanying clinical spectrum with respect to tumor 

type and family history needs separate studies and is outside the scope of this manuscript. 

We have left this consideration to the expertise of the senior clinical geneticists evaluating 

the results of the instrument.

The optimal validation of the instrument would be a comparative prospective study in a 

cohort of newly diagnosed pediatric oncology patients: referrals and reasons for referral 

using the screening instrument could then be compared to the routine consultation done 

by an experienced clinical geneticist (‘reference standard’). The low incidence of tumor 

predisposition syndromes requires the recruitment of large numbers of patients for a 

considerable period of time to perform a study that potentially will yield useful results. 

This approach was not suitable for an initial, short-term validation. We recognize that the 

validation cohort is too small to support clinical implementation of the instrument. However, 

it does show that geneticists using the screening instrument recognize those childhood 

cancer patients that may have a tumor predisposition syndrome when compared to the 

reference standard. We can conclude that the geneticists using the instrument to evaluate 

the patient did not miss any significant clues for referral.  This supports the design of the 

aforementioned, subsequent study.  A prospective study, in which the feasibility and validity 

of the final screening instrument will be assessed, is needed to determine the diagnostic 

value of the instrument and is planned at present.
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Conclusion

We have used a Delphi process to gather expert opinions on manifestations detectable 

at body surface examination that contribute to the diagnosis of a tumor predisposition 

syndrome. The value of the assembled expert opinions using the Delphi method is that it 

reflects consensus in a group of experts on a subject where evidence from the literature is 

lacking. This study combines data from one of the most used databases in dysmorphology 

and a major textbook in clinical genetics with the opinion of recognized experts in tumor 

predisposition syndromes. The results of the overall process formed the basis of a screening 

form which, when combined with the standardized series of pictures, formed a screening 

instrument. The screening instrument showed an excellent correlation with the reference 

standard in a small pilot study. The feasibility and validity of the screening instrument will be 

evaluated in a subsequent, prospective large study.
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Supplementary data 1, Materials and methods and List 
of included syndromes

Supplementary data S1.1: Search strategy and item selection for Delphi 

First, search terms based on the diagnostic groups of the International Classification of 

Childhood Cancer1 were collected. Next, the Winter-Baraitser Dysmorphology Database 

(WBDD, http://www.lmdatabases.com, version 1.0.19, London Medical Databases Ltd., 

London, UK)2 and “Gorlin’s Syndromes of the Head and Neck”3 were used for systematic 

identification of known tumour predisposition syndromes. The WBDD describes over 4700 

non-chromosomal syndromes and in the Gorlin textbook, around 1500 syndromes are 

described. All syndromes from the WBDD and the Gorlin text, containing one or more of 

the search terms (Supplementary data S1.2) were checked against the Online Mendelian 

Inheritance in Man database (OMIM, http://www.ncbi.nlm.nih.gov/omim), consulted 

between April 01, 2010 and January 31, 2011) and three oncology textbooks 4-6 if there 

was doubt about the malignant character of the condition. The phenotype descriptions in 

the Gorlin textbook 3 were re-named according to WBDD systematics by one of the authors 

who has experience in updating the WBDD (R.C.M.H.). Three authors (S.M.J.H.; J.H.M.M.; 

R.C.M.H.) independently determined the set of manifestations that are insufficiently visible 

on 2D and 3D picture series (Supplementary data S1.3), but still can be found in phenotype 

evaluation using body surface examination. In case of discrepancy, consensus was reached. 

This search strategy generated a set of manifestations associated with known tumour 

predisposition syndromes, which are not visible in the standard 2D or 3D picture series, and 

described in the correct terminology. 

Supplementary data S1.2: Search terms used for the search in the WBDD

The search terms that were used for the search in the WBDD, based on the diagnostic 

groups of the third edition of the International Classification of Childhood Cancer 1

malignan, tumo, carcino, neoplasm, sarcom, lymphoma, astrocyt, ependymoma, 

craniopharyngeoma, meningeom, leukemi, leukaemi, myelodysplas, myeloproliferative, 

blastoma, Wilm, rhabdo, melanoma, glioma, Langerhans cell histiocytosis, PNET, 

adamantinoma, teratoma, neuroma

Supplementary data S1.3: Visibility score

 For the score of theoretic visibility of manifestations on 2D and 3D picture series, the basic 

assumption was that the 2D picture series would comprise bilateral and frontal views of 

the face, ventral and dorsal views of the hands and feet and ventral and dorsal overview 

picture of the skin with the underpants on. For the 3D picture we assumed only the face to 

be captured. For both picture series we assumed optimal quality without lighting or position 
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artefacts and ideal conditions. The theoretic visibility of the collected manifestations on 

the 2D and 3D picture series was independently scored by three physicians; a clinical 

geneticist and pediatrician (R.C.M.H.), a pediatric oncologist (J.H.M.M.) and research 

physician (S.M.J.H.), the latter two both trained in clinical morphology. Whenever there was 

discrepancy, agreement was reached by discussions.

Supplementary data 1.4: Detailed methodology of the Delphi process.

Expert- panel
The screening instrument is meant to be an aid to the anticipated users in evaluating patients 

for possible tumour predisposition syndromes. So the expert group should consist of 

colleagues that are expert in this clinical genetic field.  Nine international clinical geneticists 

were selected based on their function as opinion leaders in their field of expertise (tumour 

predisposition syndromes, dysmorphology, or both). In February 2011, these nine experts 

were invited separately to participate in a prospective Web-based Delphi process comprising 

two iterative assessment rounds. One expert declined the call for personal reasons, thus 

eight (C.E., E.L., T.C., D.H.V., R.W., E.R.M., L.G.B. and A.V.) committed and responded to 

two assessment questionnaires. Experts responded independently with their identity not 

disclosed to the expert-panel until after the second assessment questionnaire. All eight 

experts completed both rounds of questionnaires. Please refer to Supplementary data 2, 

Table S2.1 for more detailed information on the experience of experts.

Data collection
Delphi round one. In February 2011, the expert-panel received a first assessment 

questionnaire and cover letter with instructions. The questionnaire contained 240 

manifestations identified in the item selection as described above (Supplementary data 3, 

S3.1). Experts were asked to score the relevance of each manifestation to the diagnosis 

of a tumor predisposition syndrome on a 5 point Likert scale (1= no contribution to 5= 

pathognomonic for diagnosing a tumour predisposition syndrome). A Likert-type scale is 

the common term for a psychometric scale, often used in questionnaires. 

Delphi round two. In the second questionnaire the inconclusive manifestations were 

included and presented (Supplementary data 3, S3.2). Experts were informed on the 

anonymised summarized scores of other experts in the panel, and were asked to give a 

dichotomised score (1= include in screening form and 0= exclude from screening form). 

From the manifestations added by the experts in the first round, only manifestations that 

can be found by body surface examination only or manifestations that were proposed by 

more than one expert were included in the second assessment questionnaire as a separate 

dataset and scored in an identical way, meaning a dichotomised score (1= include in 

screening form and 0= exclude from screening form).
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Data analysis
Process data from both rounds were entered and analyzed into Excel for Windows 

version 2003 and PASW (IBM SPSS) version 18.0. Descriptive statistics were used to 

analyse responses in each round. Cut-off ranges for inclusion and exclusion in the first 

questionnaire were based on three possible outcomes: agreement for inclusion (median ≥ 

4.5), agreement for exclusion (median ≤ 2) or agreement neutral (2 < median < 4.5). We 

chose for a median score because the median is less affected by the presence of an outlier 

in scoring which is important when collecting opinions among a small group of experts. If 

agreement for definitive inclusion or exclusion had been achieved for specific items after 

the first round, experts were not questioned further. The pre-set level of agreement in the 

second questionnaire was five of the eight members in agreement. For manifestations on 

which no agreement was achieved in the second round, the assessment of the principal 

investigator (RCMH) was decisive.

Supplementary data S1.5: List of 221 included syndromes from the Winter-
Baraitser Dysmorphology database (WBDD).

SYNDROME

Aase-Smith - hydrocephalus; cleft palate; joint contractures

Achondroplasia

Acro-dermato-ungual-lacrimal-tooth syndrome

Adams-Oliver - scalp defects; terminal transverse defects

Aicardi syndrome

Aleck (1988) - holoprosencephaly; ectopia cordis; embryonal neoplasms

Aniridia - Wilms’ tumour / WAGR syndrome

Apert - acrocephalosyndactyly type I

Arnold (1973) - bone dysplasia with sarcomata

Arterio-hepatic dysplasia (Alagille)

Asymmetric crying facies

Ataxia - pancytopenia

Ataxia - telangiectasia (Louis-Bar)

Bachman (1980) - anophthalmia; intracranial germinoma

Baller-Gerold - craniostenosis - radial aplasia

Bannayan-Riley-Ruvalcaba syndrome

Bardet-Biedl (Laurence-Moon-Bardet-Biedl) syndrome

Bazex - basal cell carcinoma - depressed scars/pits

Becker’s nevus

Beckwith-Wiedemann (EMG) syndrome
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Biemond II - obesity; polydactyly; iris coloboma

Blanchet-Bardon (1987) - palmoplantar keratoderma; breast and ovarian cancer

Blepharophimosis - MR - type Verloes (2006)

Blepharophimosis-Ptosis-Epicanthus inversus Syndrome (BPES)

Bloom syndrome

Blue rubber bleb nevus syndrome

Branchial cleft anomalies - Wilms’ tumour

Branchio-oculo-facial syndrome (haemangiomatous branchial clefts)

C syndrome

Cafe-au-lait spots - malignancy

Cardio-Facio-Cutaneous (CFC) syndrome

Chediak-Higashi syndrome

Chromosome 10q23 - microdeletion

Chromosome 16p11.2-p12.2 - microdeletion

Chromosome 17q11 - microdeletion

Chromosome 22q13 - submicroscopic deletion

Chromosome 3q21.1-q21.3 - microdeletion

Chromosome 4q35 - submicroscopic deletion

Chromosome 8 - maternal disomy

Cleft lip/palate - gastric cancer

Cleidocranial dysostosis

Conley (1986) - chromosomal instability disorder

Costello syndrome

Cowden - multiple hamartomas

Cox (1980) - juvenile polyposis; pulmonary AV malformation, HHT

Currarino triad - Anal atresia; Sacral anomalies; Presacral mass (ASP)

Curry-Jones syndrome

Del 11p13 aniridia-Wilms tumor

Del 13q

Del 9p

DNA ligase IV mutations

Down syndrome

Drash - nephritis; pseudohermaphroditism; Wilms’ tumour

Dubowitz syndrome

Durkin-Stamm (1978) - sacral teratomas; lower limb abnormalities

Dyskeratosis congenita

Dysplastic nevus syndrome
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Ectodermal dysplasia - X-linked hypohidrotic type

Ectrodactyly - Ectodermal dysplasia - Clefting (EEC)

Emberger (1979) - deafness; lymphoedema; leukemia

Epidermodysplasia verruciformis

Epidermolysis bullosa - dystrophic - type Hallopeau-Siemens

Epidermolysis bullosa - dystrophica

Epidermolysis bullosa - muscular dystrophy

Facies (unusual)-Anorexia-Cachexia-Eye and Skin anomalies (FACES)

Fanconi pancytopenia

Fanconi-like syndrome

Fibrofolliculomas - trichodiscomas - acrochordons

Fragile X-linked mental retardation

Frasier (1964) - renal failure; XY gonadal dysgenesis

Freckling - cancer - photosensitivity

Gardner syndrome

Giant pigmented hairy naevus syndrome

GIST - gastrointestinal stromal tumors - cutaneous hyperpigmentation

Goldenhar (facio-auriculo-vertebral) syndrome/hemifacial microsomia

Graham (1987) - cystic hamartoma of lung and kidney

Greenberg (1981) - myelocytic leukemia; polyposis coli

Greig - digital anomalies - macrocephaly

Griscelli (1978) - Chediak-Higashi-like syndrome

Haemangioendotheliomas - hemihypertrophy

Hajdu-Cheney (acro-osteolysis)

Happle-Tinschert syndrome - basaloid follicular hamartoma plus

Hay-Wells - ankyloblepharon; ectodermal defects; cleft lip and palate

Hemihyperplasia - isolated

Hess (1974) (N-syndrome) - deafness; spasticity; dysmorphic facies

Hisama (1998) - renal dysplasia-absent nipples-multiple malformations

Holoprosencephaly-hypothalamic hamartoblastoma

Houlston (1992) - microcephaly; glomerulonephritis; marfanoid habitus

Humes (1984) - melanosis; hydrocephalus

Huriez syndrome

Hyper IgM - growth and pubertal delay

Hyperparathyroidism-multiple ossifying jaw fibromas

Hyperphosphatasia-osteoectasia (Hyperphosphatasemia)

Immunodeficiency-centromeric instability-facial anomalies
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Incontinentia pigmenti

Ishikawa (2000) - chromosome instability syndrome

Juvenile polyposis

Kabuki make-up syndrome

Kartagener syndrome

Keratitis-Ichthyosis-Deafness syndrome (KID)

Kindler - acrokeratotic poikiloderma with bullous atrophy

Klinefelter

Klippel-Trenaunay-Weber syndrome

L-2 Hydroxyglutaric aciduria

Lamellar ichthyosis

Leiomyoma - hereditary - multiple, of the skin

LEOPARD syndrome

Leri-Weill dyschondrosteosis

Leukonychia - sebaceous cysts - renal calculi

Linear sebaceous nevus syndrome

Longman (2001) - peripheral neuropathy - mental retardation

Macrocephaly - cutis marmorata telengiectatica congenita

Macular bullous dystrophy - mental retardation - microcephaly (X-linked)

Maffucci syndrome

Marinesco-Sjogren syndrome

McCune-Albright - polyostotic fibrous dysplasia

McKusick - cartilage-hair hypoplasia (metaphyseal dysplasia)

Meige - lymphoedema praecox

Melanoma - astrocytoma syndrome

Melorheostosis

Michaels (1999) - sensorineural deafnesss-enamel hypoplasia-carcinoma

Microphthalmia - cataract (autosomal recessive)

Microphthalmos - orbital cyst

Miller-Dieker lissencephaly

Morning Glory syndrome - sphenoethmoidal encephalocele

Mosaic genome-wide patUPD

Mosaic variegated aneuploidy with microcephaly

Mulibrey nanism

Multiple circumferential skin folds

Multiple endocrine adenomatosis

Multiple exostoses (diaphyseal aclasis)
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Mulvihill (1975) - progeria-like syndrome

Myotonic dystrophy

Neurocutaneous melanosis

Neuroendocrine carcinoma of salivary glands, sensorineural hearing loss, enamel hypoplasia

Neurofibromatosis - type 1

Neurofibromatosis - type 2

Nevi-Atrial myxoma-Myxoid neurofibromata-Ephelides (NAME or LAMB)

Nevoid basal cell carci noma syndrome (Gorlin)

Nevus comedonicus syndrome

Nijmegen immunodeficiency syndrome

Noonan syndrome

Noonan-like features - NF-like features - SPRED1 mutations

Ollier enchondromatosis

Olmsted - palmoplantar keratoderma plus

Ondine’s curse

Osteofibrous dysplasia

Osteoma cutis

Osteosarcoma, familial

OsteoSarcoma-Limb Anomalies-erythroid Macrocytosis (OSLAM)

Paget Disease

Pallister-Hall (ano-cerebro-digital) syndrome

Palmoplantar keratoderma

Palmoplantar keratoderma - sex reversal

Parrish (1972) - hypotrichosis; milia

Parry (1978) - cataracts; small head; hypogonadism; osteosarcoma

Perifollicular fibromas - intestinal polyposis

Perlman syndrome (gigantism with renal dysplasia/tumours)

Peutz-Jeghers syndrome

Poland syndrome

Porokeratosis - disseminated superficial actinic type

Prader-Willi syndrome

Primrose (1982) - muscle wasting; MR; cataracts; calcified pinnae

Progeria syndrome

Proteus syndrome (hemihypertrophy; nevi; hamartoma)

Punctate palmar keratoderma - malignancy

Purine nucleoside phosphorylase deficiency

RAPADILINO - radial and patellar aplasia/hypoplasia
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Rendu-Osler-Weber hereditary telangiectasia

Retinal arteriolar tortuosity, stroke, nephropathy

Rib anomalies and malignancy in childhood

Rombo - skin atrophy/tumours

Rothmund-Thomson (poikiloderma congenita)

Rubinstein-Taybi syndrome

Russell-Silver syndrome

Ruzicka (1981) - ichthyosis; deafness; brachydactyly

Sacral defects (anterior)

Saethre-Chotzen - acrocephalosyndactyly type III

Schimke (1974) - spondyloepiphyseal dysplasia tarda-lymphopenia-nephrosis

Schinzel-Giedion - hypertrichosis; midface retraction

Schopf (1971) - tricho-odonto-onychodermal syndrome

Seckel syndrome

Seemanova (1985) - microcephaly; immunodeficiency

Semerci (2001) - absence of vertebrae - renal agenesis - VSD - teratoma

Sex reversal in XY males

Shwachman - pancreatic insufficiency; neutropenia; metaphyseal dysplasia

Simpson-Golabi-Behmel syndrome

Smith-Lemli-Opitz syndrome type I

Smith-Lemli-Opitz syndrome type II (severe lethal form)

Sotos syndrome (cerebral gigantism)

Spinal hemangiomas - paraparesis - cong heart disease (PTEN mutation)

Stoll (1994) - myelodysplasia; immunodeficiency; vesico-ureteral reflux

Sybert (1980) - short stature; abnormal skin pigmentation; MR

Teebi (1987a) - microcephaly; normal intelligence

Thong (1978) - abnormal neutrophil chemotaxis; short stature; deafness

Thyroglossal duct cyst, familial

Tooth ageneis - colorectal cancer

Torre - sebaceous gland tumours; internal carcinomas

Trisomy 13

Trisomy 18

Tuberous sclerosis

Tumoral calcinosis

Turcot syndrome - cerebral tumours; colonic polyposis

Turner

Tylosis-carcinoma of the oesophagus
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Tyrosinaemia type I

Unusual facies, microcephaly, normal intelligence, immunodeficiency, lymphoreticular malignancy

Unusual facies, myelodysplasia, immunodeficiency

Unusual facies, osteosarcoma and malformation syndrome

Velo-cardio-facial syndrome

Von Hippel-Lindau syndrome

Weaver syndrome

Webster (1992) - growth retardation; immunodeficiency; DNA ligase I mutation

Werner syndrome

Westerhof (1978) - pigmentary anomalies; mental retardation; short stature

Wilms’ tumour - hemihypertrophy

Wilms’ tumour - horseshoe kidney

Wilms’ tumour - radial aplasia

Wiskott-Aldrich - thrombocytopenia; eczema; immunological deficiency

WT syndrome-pancytopenia-hand defects

Xeroderma pigmentosa

References to Supplementary Materials and Methods

 1   Steliarova-Foucher E, Stiller C, Lacour B, Kaatsch P. International Classification of Childhood Cancer, 
third edition. Cancer 2005; 103: 1457-67.

 2   Winter RM, Baraitser M. The London Dysmorphology Database. J Med Genet 1987; 24: 509-10.

 3   Hennekam RCM, Krantz ID, Allanson JE. Gorlin’s syndromes of the head and neck. 5th edn. New 
York, USA: Oxford University Press Inc., 2010.

 4   deVita VT, Hellman S, Rosenberg SA. Cancer principles & practice of oncology. fourth edn. 
Philadelphia, USA: J. B. Lippincott Company, 1993.

 5   Pizzo PA, Poplack DG. Principles and practice of pediatric oncology. fifth edn. Philadelphia, USA: 
Lippincott Williams & Wilkins, 2001.

 6   Souhami RL, Tannock I, Hohenberger P, Horiot J. Oxford textbook of oncology. second edn. New 
York, USA: Oxford University Press Inc., 2002.
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Supplementary data 2, tables    

Expert
(arbitrary order)

Years of faculty Total number 
of publications 

(PubMed)

Percentage first 

authorship (%)

Percentage  last 
authorship (%)

A 31 145 12 34

B 22 116 10 27

C 24 308 31 19

D 20 369 14 40

E 23 194 16 25

F 14 468 13 47

G 24 118 13 12

H 18 181 34 55

Supplementary Table S2.1 Information on experience of experts that participated in the expert panel. 
Reference date for percentages first and last authorship is February 2012

Manifestation
 in WBDD

 systematic

Visibility on 
2D and/or 3D

3D picture series

To Delphi 
round two

Reason for inclusion 
or exclusion

Abnormal oral mucosa 
(cobblestone)

+ - yes invisible in picture series 
due to location

Blue naevi - +/- yes visibility in pictures 
depending on location 
(foot soles)

Hyperpigmented spots + +/- yes visibility in pictures 
depending on location 
(genitalia); added by two 
experts

Mucosal neurinomas - - yes invisible in picture due to 
location (oral cavity)

Palmar pits - - yes frequently invisible in 
picture series; added by 
two experts

Papilloma periorifical + - yes invisible in picture 
depending on location 
(oral cavity)

Photosensitivity of skin + +/- yes visibility in pictures 
depending on severity 
and season, added by 
two experts

A/hypoplastic thumbsI + + no visible in picture series

Aniridia + + no visible in picture series
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Blepharophimosis + + no visible in picture series

Bulging foreheadI + + no visible in picture series

Coarse face (adult) + + no visible in picture series

Comedones + + no visible in picture series

Deep set eyes + + no visible in picture series

Depigmented patches + + no visible in picture series

Hypotrichosis + + no visible in picture series

Juvenile 
xanthogranulomata

- + no visible in picture series

Large mandible / 
cherubismI

+ + no visible in picture series

Lentigines + + no visible in picture series

Loose skin on hands + + no visible in picture series

Macrosomia at birth + - no internal manifestation

Malar hypoplasiaI + + no visible in picture series

Mucosal neuromas - - no internal manifestation

Multiple exostoses + + no internal manifestation

Omphalocele + + no visible in picture series

Pectus excavatum + + no visible in picture series

Perioral macules + + no visible in picture series

Periungual fibromas - + no visible in picture series

Periungueal nodules - + no visible in picture series

Progeroid appearance - + no visible in picture series

Prominent nose + + no visible in picture series

Prominent supraorbital 
ridges

- + no visible in picture series

Radial aplasia - + no internal manifestation

Sebaceous adenoma + - no already in assessment 
questionnaire first round

Shagreen patches - + no visible in picture series

Triangular face + + no visible in picture series

Trichilemmoma - + no visible in picture series

Visceromegaly - - no internal manifestation

Supplementary Table S2.2: Manifestations added by the eight experts in Delphi round one. Only external 
manifestations that are regularly or always invisible on 2D and 3D picture series, or if added by two or more 
experts, were brought to Delphi round two. 
+= yes, -= no, +/-= dependent on other conditions (see column “Reason for inclusion or exclusion” for 
explanation.
I: During the Delphi procedure the original terminology as used in the WBDD was maintained. For the 
definite screening form, terms were harmonized with the Elements of Morphology terms1-8.
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Manifestation Proportion of agreement (%)

Abnormal oral mucosa (cobblestone) 100

Ambiguous/absent genitalia 100

Hemi-hypertrophy I 100

Hypertrophy of lower limbI 100

Large tongue 100

Lipomata 100

Macrocephaly 100

Mucosal neurinomas 100

Palmar pits 100

Perioral papilloma 100

Pedunculated skin lesions/skin tags 100

Photosensitivity skin 100

Scalp tumours 100

Visible nerve fibres on cornea 100

Asymmetric arms 88

Asymmetric lower limbsI 88

Crease/pits of ear lobule 88

Hyperpigmentation 88

Lobulated tongue (including hamartomata) 88

Male pseudohermaphroditism 88

Oral pigmentation 88

Oral tumour 88

Teleangiectasia 88

Ataxia 75

Cataract 75

Cranial nerve palsies 75

Ectopic/enlarged thyroid 75

Female pseudohermaphroditism 75

Leukoplakia 75

Pits of ear helix 75

Posterior helical pits 75

Protruding tongue 75
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True hermaphroditism 75

Umbilical hernia 75

Blue naevi 63

Early puberty in females 63

Early puberty in male 63

Microcephaly 63

Nasal telangiectasia 63

Tall stature, proportionate 63

Thin skin/generalized skin atrophy 63

Brittle hair 50II

Short stature, proportionate 50II

Supernumerary nipples 50II

Supplementary Table S2.3 Manifestations included in Delphi round two (agreement defined as 63%). 
When agreement was inconclusive (neutral), the opinion of the principal investigator was decisive.
I: During the Delphi procedure the original terminology as used in the WBDD was maintained. For the 
definite screening form, terms were harmonized with the Elements of Morphology terms1-8.
II: Because agreement was neutral in round two for these items, the principal investigator’s opinion was 
decisive. 

References to Supplementary Tables

 1   Allanson JE, Biesecker LG, Carey JC, Hennekam RC. Elements of morphology: introduction. Am J 
Med Genet A 2009; 149A: 2-5.

 2   Taub JW, Ge Y. Down syndrome, drug metabolism and chromosome 21. Pediatr Blood Cancer 2005; 
44: 33-9.

 3   Carey JC, Cohen MM, Jr., Curry CJ et al. Elements of morphology: standard terminology for the lips, 
mouth, and oral region. Am J Med Genet A 2009; 149A: 77-92.

 4   Biesecker LG, Aase JM, Clericuzio C et al. Elements of morphology: standard terminology for the 
hands and feet. Am J Med Genet A 2009; 149A: 93-127.

 5   Allanson JE, Cunniff C, Hoyme HE et al. Elements of morphology: standard terminology for the head 
and face. Am J Med Genet A 2009; 149A: 6-28.

 6   Hennekam RC, Cormier-Daire V, Hall JG et al. Elements of morphology: standard terminology for the 
nose and philtrum. Am J Med Genet A 2009; 149A: 61-76.

 7   Hunter A, Frias JL, Gillessen-Kaesbach G et al. Elements of morphology: standard terminology for the 
ear. Am J Med Genet A 2009; 149A: 40-60.

 8   Hall BD, Graham JM, Jr., Cassidy SB, Opitz JM. Elements of morphology: standard terminology for 
the periorbital region. Am J Med Genet A 2009; 149A: 29-39.
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Supplementary data 3

Supplementary data S3.1 Score form Delphi round 1
Please score (on a scale from 1 to 5) which morphological abnormalities would contribute to the 
diagnosis of known tumor predisposition syndromes in the first screening of a patient. 

1- no contribution to diagnosis tumor predisposition syndrome
2
3
4
5- pathognomonic for diagnosis tumor predisposition syndrome

Morphological abnormality Score for contribution to diagnosis tumor 
predisposition syndrome

CRANIUM N/A

Brachycephaly

Dolichocephaly/scaphocephaly

Macrocephaly

Microcephaly

Plagiocephaly/asymmetrical skull

Trigonocephaly

Flat occiput

Prominent occiput

Scalp defects

Scalp tumours

HAIR N/A

Brittle hair

Fine hair

Kinky/curly hair (including pili torti)

Coarse hair

Abnormal secondary sexual hair

Unusual hair whorl/pattern

STATURE N/A

Short stature, proportionate

Short stature, short limbs

Short stature, short trunk

Tall stature, proportionate

Tall stature, disproportionate/dolichostenomelia
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EARS N/A

Absent auditory canal

Narrow/atretic auditory canal

Pits of ear helix

Crease/pits of ear lobule

Temporal bone aplasia/dysplasia

Posterior helical pits

EYES, GLOBES N/A

Conjunctivitis

Conjunctival nodules

Conjunctival telangiectasia

Cloudy corneae/sclerocornea

Keratoconus

Macrocornea/megalocornea

Visible nerve fibres on cornea

Microcornea

Ulceration of cornea

Microphthalmia

Iris atrophy/dysplasia

Cataract

Persistent pupillary membrane

Nevus of Ota

Vision, non-specific impairment

Blindness

Hypermetropia

Myopia

Nystagmus

Photophobia

Strabismus/gaze palsy

EYES, ASSOCIATED STRUCTURES N/A

Double eyelashes

Flame nevus of eyelids

Ptosis of eyelids

Blocked/absent nasolacrimal duct

Nasolacrimal duct, abnormal position

Increased tear production
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FACE N/A

Expressionless/dull face

Facial weakness

Telangiectasia

Asymmetrical maxilla

Prominent maxilla

MOUTH N/A

Open mouth appearance

Stomatitis

Trismus

ORAL REGION N/A

Oral tumour

Leukoplakia

Oral frenula (multiple)

Oral pigmentation

Thick/wide alveolar ridges

Gingivitis

Gum hypertrophy

Periodontoclasis/periodontitis

Cleft palate

Cleft uvula

High palate

Narrow palate

Prominent lateral palatine ridges

Submucous cleft palate

Torus palatinus

Absent or hypoplastic tongue

Bound tongue/ankyloglossia

Midline cleft tongue

Furrowed tongue/prominent groove

Glossoptosis

Large tongue

Lobulated tongue (including hamartomata)

Protruding tongue

NOSE N/A

Deviated nasal septum

Nasal telangiectasia
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TEETH N/A

Advanced tooth eruption/development

Dental caries

Delayed tooth eruption/development

Enamel abnormalities

Irregular or crowded teeth

Large/prominent teeth

Malocclusion of teeth

Neonatal teeth

Oligodontia

Premature loss of teeth

Abnormally shaped teeth

Small teeth

Single central incisor

Talon cusp

Supernumerary teeth

Wide-spaced teeth

VOICE N/A

Hoarse voice

Nasal speech

High-pitched voice

Low-pitched voice

Speech defect/dysarthria

Speech delay

NECK N/A

Branchial cleft/sinus/cysts

Low posterior/trident hairline

Loose skin in neck

Torticollis, including stiff neck

BACK AND SPINE N/A

Pilonidal cyst/sinus/dimple

Scoliosis
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THORAX N/A

Asymmetric thorax

Short thorax

Short sternum

Stridor

Asternia or bifid sternum

Gynaecomastia

Supernumerary nipples

Wide-spaced nipples

Absent or hypoplastic pectorals

Winged scapulae

ABDOMEN N/A

Diastasis recti

Inguinal hernia

Umbilical hernia

Abdominal muscle hypoplasia/aplasia

Abnormal placement of anus

Anal fistula

GENITALIA N/A

Ambiguous/absent genitalia

Female pseudo hermaphroditism

Male pseudo hermaphroditism

True hermaphroditism

Hypogonadism

Abnormal genital pigmentation

Prominent clitoris

Abnormal labia

Early puberty in females

Late puberty in females

Hydrocele/lymphedema of testis

Hypospadias

Large penis

Small penis (including micro)

Early puberty in male

Late puberty in male

Hypoplastic scrotum
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Overriding scrotum

Absent testis

Cryptorchid testes

Large testes

Small testes

Scrotum, bifid

UPPER LIMBS N/A

Asymmetric arms

Mesomelia of upper limbs

Rhizomelia of upper limbs

Proportionate short arms

Limited movement of shoulder

Cubitus valgus

Dislocated elbow

Limited movement/flexion deformity of elbow

Madelung deformity

Restriction of supination/pronation

HANDS N/A

Large hands

Small hands

Thenar hypoplasia

Abnormal dermatoglyphic patterns

Hyper-mobile/extensible fingers

Post-axial polydactyly of fingers

Limited movement of fingers

Osseous syndactyly of fingers

Short/hypoplastic metacarpals

Synostosis of metacarpals

Hypoplastic phalanges

HANDS N/A

Large hands

Small hands

Thenar hypoplasia
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NAILS N/A

Thickened nails

Thin/brittle nails

LOWER LIMBS N/A

Asymmetric lower limbs

Hypertrophy of lower limb

Mesomelia of lower limbs

Oedema of lower limbs

Rhizomelia of lower limbs

Proportionate shortening of lower limb

Flexion deformity of hip

Coxa vara

Coxa valga

Absent or hypoplastic patella

Dislocated patella

Dislocated knee

Hyper-extensible knees

Limited movement of ankle

Abnormal dermatoglyphic patterns

Hyper-mobile/extensible fingers

Post-axial polydactyly of fingers

Limited movement of fingers

Osseous syndactyly of fingers

Short/hypoplastic metacarpals

Synostosis of metacarpals

Hypoplastic phalanges

Short phalanges

Wide phalanges

Abducted/hitchhiker thumb

Fetal finger pads
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FEET N/A

Flat arches of feet

High arches of feet (pes cavus)

Abnormal/deep plantar creases

Abnormal dermatoglyphics on feet

Large feet

Small feet

Vertical talus (see also rocker-bottom feet)

Hyper-mobile toes

ENDOCRINE N/A

Ectopic/enlarged thyroid

MUSCLES N/A

Muscle atrophy

Myotonia

Muscle weakness/myopathy

JOINTS N/A

Contractures (including arthrogryposis)

Laxity

Stiffness/arthritis

NEUROLOGY N/A

Anosmia

Ataxia

Cranial nerve palsies

Dementia/psychosis

Extra-pyramidal disorder

Hemiplegia

Hypotonia

Mental retardation/developmental delay

Spasticity/increased tendon reflex

Tremors
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SKELETAL N/A

Hemi-hypertrophy

SKIN N/A

Cutis laxa

Dimples

Hypohidrotic or dry skin

Hyperelastic skin

Hyperkeratosis

Space for additional items (not listed above) which cannot realiably be distinguished on the 2D and/or 3D 
picture series, that you feel would contribute to the diagnosis of a known tumor predisposition syndrome
Please check whether you have put in a score for each item

Thank you very much for your help!

SKIN N/A

Cutis laxa

Dimples

Hypohidrotic or dry skin

Hyperelastic skin

Hyperkeratosis

Keratosis pilaris

Seborrhoea

Soft skin

Thick/stiff skin

Thin skin/generalized skin atrophy

Scleroderma

Axillary freckles

Mongolian spot

Adenoma sebaceous

Cysts

Lipomata

Neurofibromas/schwannomas

Pedunculated skin lesions/skin tags

Xanthomas
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Supplementary data S3.2 Score form Delphi round 2
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Supplementary data 4

Supplementary data 4.1 Screening instrument part I, Screening form
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Tumor Predisposition Syndromes 
in Childhood Cancer Screening 

Instrument

part II: Definitions and pictures

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Cataract

Lens opacities of all types

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Brittle hair 

Easily breaking 
(often also thin) hair

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Visible nerve fibres on cornea 

Prominent nerve fibres on the 
cornea

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Photosensitivity

Hypersensitive reaction to sunlight of 
eye and/or skin

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

(Posterior) pits of ear helix 

Permanent indentation on the posteromedial aspect 
of the helix that may be sharply or indistinctly 
delineated

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Crease/pits of ear lobule 

Sharply demarcated, typically linear and 
approximately horizontal indentations in the ear lobe

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Leukoplakia 
White, slightly raised plaques on the mucosal 
surface

Supplementary data 4.2 Screening Instrument part II, Definitions and pictures
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         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Tongue (large, protruding, lobulated)

�  Large tongue: Increased length and width of 
the tongue 

�  Lobulated tongue: Multiple indentations and/
or elevations on the edge and/or surface of the 
tongue producing an irregular surface contour 

�  Protruding tongue: Tongue extending beyond 
the alveolar ridges or teeth at rest

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Abnormal oral mucosal (cobblestone) 

Thickened oral mucosa with 
irregular surface

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Oral pigmentation 

Increased pigmentation, 
either focal or generalized, 
of the oral mucosa

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Mucosal neurinomas 

Painful elevations on the edge or surface of the tongue

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Papilloma peri-orificial

Small epithelial tumor with a wart-like appearance

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Umbilical hernia 

Protruding swelling including 
the umbilicus

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Supernumerary nipples 

Uni/bilateral additional nipple(s), either complete or as indentation

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Asymmetry of extremities (length, width or both) 

Difference in the length, 
width or both of arms 
and/or legs
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         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Palmar pits 

Pin-point indentations in the palm(s) of the hand

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Abnormal genital pigmentation 

Localized or 
generalized increased 
or decreased genital 
pigmentation

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Abnormal genital pigmentation 

Localized or 
generalized increased 
or decreased genital 
pigmentation

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Ambiguous genitalia 

External genitalia without either typical male or female appearance

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Teleangiectasia (conjunctival, nasal, oral)

Dilated tangled small blood vessels on the conjunctivae or nasal/oral mucosa

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Blue naevus

Round, bluish-purple and somewhat 
elastic swelling

Tumor

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

(e.g. lipomata, adenoma sebaceous, neurofibromas, schwannomas, skin appendages)

Tumors on or just below the 
skin varying in consistency, 
size, and colour

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Axillary freckles
Freckles in the arm pits
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         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Thin skin/generalized skin atrophy 

Thin, almost translucent skin, often with decreased subcutaneous (fat) tissue

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Cranial nerve palsies (1)

1.  Patient has asymmetric pupils or has one or 
two eyelids overhanging part of the pupil

2.  Patient has jerky eye movements when 
following finger or disturbance in the 
normal balance of eye control (nystagmus)

3.  Patient has a squint (strabismus) or double 
vision (diplopia) 

4.  Sensation to light touch is abnormal on 
either side of the face

5.  Patient’s face shows asymmetry when 
raising eyebrows, closing eyes or showing 
teeth

When the patient scores “yes” for one of these items, 
please score cranial nerve palsies as “yes”on the score 
form and clarify which item was disturbed (1, 2, 3, 4, 5 or 
combination)

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Ataxia

1.  When bringing finger to nose, 
patient cannot touch the tip 
of the nose in a single fluent 
motion (dysmetria, either 
hypo- or hypermetria), or has 
increasing tremor in the vicinity 
of the target (intention tremor)

2.  When walking, the patient is not 
able to follow a straight line

When the patient scores “yes” for one of these items, please score ataxia as “yes”on the score form 
and please clarify which item was disturbed (1, 2, or combination)

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Cranial nerve palsies (2)

6.  Patient has a hearing disability or vertigo
7.  Patient has difficulty swallowing, a hoarse 

voice or a dysarthria
8.  Patient cannot hold shoulders in shrugged 

position against resistance or rotate head 
against resistance

9.  Tongue of the patient deviates when 
protruding or shows increased folds and/or 
wasting (atrophy)

When the patient scores “yes” for one of these items, 
please score cranial nerve palsies as “yes”on the score 
form and clarify which item was disturbed (6, 7, 8,9 or 
combination)

         Tumor Predisposition Syndromes in Childhood Cancer Screening Instrument  July 2012

Enlarged thyroid

Thyroid visibly enlarged or enlarged on 
palpation
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The general objectives of this thesis were to explore genetic and phenotypic aspects of 

cancer predisposition in children. In the current chapter, the main findings of the studies 

described in the six previous chapters will be summarized and discussed. The strengths and 

limitations of the studies will be discussed and general conclusions will be formulated. The 

general discussion concludes with recommendations for future studies and clinical practice 

within the field of tumor predisposition syndromes.

Case illustration tumor predisposition syndrome in childhood cancer

The spectrum of tumor predisposition syndromes in childhood cancer is too diverse to 

describe them all. To illustrate the clinical problem and potential difficulties in relating 

a certain tumor to a known tumor predisposition syndrome, Chapter 2 describes a 

patient with molecularly proven PTEN Hamartoma Tumor Syndrome and Gorham-Stout 

phenomenon. PTEN hamartoma tumor syndrome (PHTS) is a group of syndromes caused by 

mutations in PTEN .1-3Gorham-Stout phenomenon (GSP) is a rare condition characterized by 

proliferation of vascular structures in bones, resulting in progressive osteolysis 4.

Here we present a one- year-old boy with PHTS and GSP. 

We describe the clinical and family history, molecular and pathology examination. Gorham-

Stout phenomenon has not been reported before in a patient with a constitutional mutation 

in the PTEN gene. Also, our report is unique in being the first report of a proven germline 

mutation (i.e. PTEN, c.517 C>T (p. Arg173Cys)) in a patient with Gorham-Stout phenomenon 

(GSP). Up to this date, this mutation is the only genetic defect possibly involved in the 

etiology of Gorham-Stout phenomenon which is plausible given the known function of 

PTEN in angiogenic signalling. Analysis of the lymphatic malformation tissue revealed no 

loss of heterozygosity (LOH) nor a second, somatic PTEN mutation of the remaining wild 

type allele. The germline p.Arg173Cys mutation was also present in the mother and the 

propositus’ younger sister and brother, who have not shown GSP thus far. Further molecular 

work-up showed a heterozygous variant c.2180C>T (p.Ala727Val) FLT4 in the lymphatic 

malformation tissue, which was also present in the germline of mother and two sibs. 

We hypothesize that the PTEN mutation was the first of two or more steps in the relentless 

growth of lymphatic malformation in the propositus. Additional (epi)genetic, either somatic 

or germline, or environmental factor(s) might have led to the severity of the phenotype 

in the propositus. Further studies of other genes, especially in the PI3K-Akt pathway and 

performed in affected tissue may explain this. Currently, involvement of a panel of genes, 

known to be concerned in lymphatic vessel formation is tested in DNA of the lymphatic 

malformation tissue.
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Part I. Genetic aspects of tumor predisposition syndromes in 
childhood cancer

In Part I of this thesis we explored genetic aspects of tumor predisposition syndromes, 

more specific, we studied potential structural genomic variants (inversions, translocations, 

microdeletions and/or microduplications) in patients showing specific patterns of co-occuring 

morphological abnormalities, indicative of new tumor predisposition syndromes 5, 6. 

Therefore, in Chapter 3 our aim was as follows:

1. to identify the structural genomic variants that might underlie the four patterns of 

co-occurring morphological abnormalities

We identified an inherited inversion of chromosome 15, inv(15)(q25q26) in a proband from 

the asymmetric lower limbs (LLA)-pattern. Evaluation of the genes at the breakpoints made 

it unlikely that these explained the phenotype and tumor in this patient. We identified an 

inherited duplication involving BCL9 in a proband diagnosed with Burkitt lymphoma. An 

inherited duplication involving PCM1 was identified in a proband diagnosed with pre-B-ALL. 

Both probands showed the epicanthal folds (EF)-pattern of morphological abnormalities. An 

inherited deletion involving TRA@ was identified in two probands from the blepharophimosis 

(BP)-pattern diagnosed with rhabdomyosarcoma and pre-B-ALL respectively. 

In all present cases, the specific copy number variant (CNV) event was inherited from one 

of the parents. Finding de novo CNV events would make the relation between the events 

and the phenotype including malignancy strong. However, finding inherited CNV events 

does not necessarily exclude them as being causative. Various publications have discussed 

mechanisms explaining this phenomenon 7, 8. Several syndromes have shown that not all 

carriers of the genetic defect exhibit the full phenotype (“incomplete penetrance”). Also, 

there’s the phenomenon of variable expressivity, the extent to which a genotype exhibits 

its phenotype expression. Both incomplete penetrance and variable expression can be 

explained by modifier genes, genes that alter the expression of other genes. These modifier 

genes can affect the threshold for trait expression, leading to a larger or smaller proportion 

of individuals affected by a certain event and thus affect penetrance. Also, modifier genes 

can affect the range of phenotypes associated with a certain event and thus lead to variable 

expressivity. Other explanations for incomplete phenotypes in parents carrying the same 

genomic variant could be allelic variation or complex environmental and genetic interaction 
9. Furthermore, sometimes a mutation is detectable only in other (tumor) tissues (mosaicism). 

Well-known examples are Proteus syndrome10 and Cornelia de Lange syndrome11 but it 

has also been described in segmental NF112 and NF2 13. Also, in our study we have not 

investigated epigenetic events such as methylation. Methylation differences between a 

proband and parent could explain for differences in phenotype like is the case in Beckwith-
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Wiedemann syndrome14 . When studying methylation in the probands, it is important to 

realize that different methylation patterns can be present in various tissues.

Translating this to oncogenesis, the CNV can be a susceptibility locus; having this CNV 

event makes that particular individual more susceptible for developing cancer, but still other 

factors are needed to actually develop a malignancy. We suggest the identified CNV events 

to be susceptibility loci.

A strength of this study was that these are patients from a unique, clinically well-defined 

cohort of patients. The phenotypes of these patients have been extensively described 

because all patients underwent a standardized extensive body surface examination 

focused on morphology and tumor predisposition syndromes in childhood cancer and their 

morphological examinations had been re-evaluated. Also, family histories of the patients 

were complete and updated. This makes it easier to relate possible genomic variants to the 

clinical phenotype. 

However, a limitation in this study was that in the majority of cases, no tumor material 

was available to further elaborate the relation between the identified CNV events, the 

malignancy and morphological abnormalities in the proband. Also, our approach using 

SNP array to detect deletions and duplications and conventional cytogenetics to identify 

large inversions and translocations has limitations in detecting structural variations such 

as small insertions or inversions and point mutations. In part of the patients, there could 

be a polygenic cause of the childhood malignancy and morphological abnormalities. We 

think the additional value of Next-Generation Sequencing (NGS) rests in the identification of 

second genomic variants that could not be detected in the current approach. 

Recently, a whole-exome study was started in a selection of probands showing one of the 

patterns of co-occurring morphological abnormalities, in whom we had not identified a 

structural genomic variant using our approach as described in Chapter 3. However, current 

results and validation of these analyses are pending so they could not be included as a 

separate chapter.

Part II. Phenotypic aspects of tumor predisposition syn-
dromes in childhood cancer

In Part II of this thesis we explored phenotypic aspects of tumor predisposition syndromes. 

In Chapter 4 and 5 our aim was as follows:

2. to further delineate the morphological abnormalities in patients from the patterns 

of co-occurring morphological abnormalities suggestive for new tumor predisposition 

syndromes, using 3D photography and determine the added value of 3D photography in 

characterization of facial morphology 
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Originally, in our 3D analyses, a mixed UK-Dutch control group was used in our 3D analyses. 

In order to test whether the use of a mixed UK-Dutch control group was justified or not, 

in Chapter 4 we used 3D photography to assess differences in face shape between 

individuals from the UK and the Netherlands. We showed statistically significant face shape 

differences between these two European Caucasian populations of close phylogenetic and 

geographic proximity. We visualized the average face shape differences between the Dutch 

and UK cohorts in dynamic morphs and signature heat maps. Furthermore, their statistical 

significance was quantified using both conventional anthropometry and state of the art 

dense surface modelling techniques. 

Our results demonstrated significant differences between Dutch and UK face shape. Firstly, 

Dutch women have significantly longer and broader faces compared to UK women. Also, 

their palpebral fissure length and nasal width are significantly greater, their nasal ridge 

length and upper face proportion are significantly reduced and their nares are significantly 

more anteverted. In particular, the nasal differences from UK women show that the nose 

in Dutch women is more likely to be shorter and more retroussé. Dutch men did not have 

significantly longer faces than UK men, despite their greater height. Their nasal ridge length 

relative to face length is significantly shorter. Also, relative to face length, they have longer 

palpebral fissures than UK men. 

It is remarkable that Dutch and UK females show significant differences for nearly every 

measure, whereas for Dutch and UK males few measures show significant difference. This 

could be explained by sexual dimorphism, which would mean that overall, Dutch and UK 

females differ more from each other than males do.  Facial and cranial sexual dimorphism 

has been observed in many human populations15, 16. 

One could argue that a limitation of the study is that the study group (consisting of both 

medical/scientific professionals and family members) has a biased composition and that 

this could have led to the differences in facial morphology we find between UK and Dutch 

populations. However, in both populations both medical/scientific professionals and family 

members covering a range of social backgrounds were recruited. Also, the proportion of 

professionals to family members and the age ranges in both ethnic groups were comparable. 

Furthermore, we considered normalized mean difference of professionals from family 

members within ethnic groups. We also normalized the mean of the UK family members 

against UK medical/scientific professionals and detected no significant difference We 

normalized Dutch family members against Dutch medical/scientific professionals producing 

minimal difference around the lips (especially the lower lips) and zygoma region. Because 

neither of these comparisons shows any nasal bias, this reconfirms the differences we find 

between our Dutch and UK subgroups as both realistic and generalizable. 

A strength of the study is that we use an objective measure for visualization and 

quantification of differences in facial morphology. The two study populations were 

comparable in composition and age and as we discussed earlier, it was shown that the 
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differences between the populations were not influenced by biased composition of the 

study group.

Face shape differences are an important determinant of phenotype variation in humans. 

Craniofacial development is a complex process determined by genetic regulation and 

genetic variants influence facial morphology in the general population17, 18. Thus, face shape 

difference between populations reflects underlying genetic differences. Other studies have 

shown that genetic variants influence normal facial variation. This should be taken into 

account in genotype-phenotype studies and we recommend that in those studies reference 

groups be established in the same population as the individuals who form the subject of 

the study. 

In Chapter 5, the added value of 3D shape analysis to characterize facial morphology of 

childhood cancer patients from the four distinct patterns of morphological abnormalities 

was investigated. Primarily, we showed in an objective and quantitative manner that the 

overall facial dysmorphism of the individuals who had cancer as a child was significantly 

greater than that of the controls. We also demonstrated a similar disparity for a more 

localized malar region, confirming that the malar region is more dysmorphic in patients 

compared to controls. In addition, we confirmed that the patient group had significantly 

greater facial asymmetry than the controls. Each of these results made use of surface shape 

differences not detectable by simple linear or angular characteristics as might be used in 

analyses based on measures captured manually or derived from landmarks annotating 2D 

photographic images. 

Therefore, we conclude that 3D morphometric analysis of a relatively small heterogeneous 

patient group can further delineate face shape differences from typically developing 

individuals that are too subtle or geometrically complex to identify or quantify objectively 

with conventional clinical and anthropometric approaches. 

Common facial differences between patients and controls could not be identified and a 

high dispersal rate, reflecting lack of similarity clustering of the patient group, provided 

supporting evidence. Similarly, when considering patients on their own, no intra-pattern 

similarities or inter-pattern differences were evident in the signatures or the signature graphs. 

We demonstrated significantly greater dysmorphism of the malar region in the patients 

compared to controls using shape signature graphs. In terms of intra-pattern analysis of 

anterior-posterior malar shape difference, the LLA pattern subgroup produced a lower 

dispersion rate suggesting some commonality of form for malar flattening or prominence. 

Finally, we identified increased facial asymmetry in patients compared to controls. Patients 

who had undergone radiotherapy or surgery in the facial region were excluded from these 

analyses as this might have influenced potential asymmetry.  Therefore, the increased facial 

asymmetry in patients is more likely to reflect ‘intrinsic asymmetry’ rather than asymmetry 

caused by external effects. Asymmetry occurs frequently in genetic conditions associated 

with a malignancy. Asymmetry is a well-known feature in several genetic conditions 
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associated with (malignant) tumors such as Bannayan-Riley-Ruvalcaba syndrome (BRRS, 

OMIM: 153480) 19 and Beckwith-Wiedemann Syndrome (BWS, OMIM: 13060) 20. It 

should be noted that in our current patient population no established syndromes such as 

BRRS or BWS were diagnosed. Some potential for inter- and intra-pattern analysis of facial 

asymmetry was identified for particular parts of the face, e.g. supra-orbit and mandible, and 

may assist in future determination of face shape differences and even alternative patterns 

of dysmorphism.

The four patterns of morphological abnormalities consist of abnormalities located both in 

the face and in other body parts. As 3D scanning only captures the face, it is impossible to 

evaluate the complete patterns this way. 3D face images were only available for patients 

showing one of the four new patterns of morphological abnormalities suggestive of new 

tumor predisposition syndromes. Therefore, it was impossible to repeat the grouping 

of the patients using signature graphs for the complete cohort (1,073 childhood cancer 

patients) described by Merks et al. 5, blinded from the statistical patterns of co-occurring 

morphological abnormalities. The relatively small number of individuals of the various 

patterns hampers statistical analyses and prevents subgroup analyses. Another overall 

limitation of our analysis could be that, in computing face signatures, the age- and 

sex-matched controls selected are according to a matching running mean age, which could 

be biased by lack of coverage of certain ages. 

Despite these limitations, the 3D face image capture and subsequent analysis has shown 

significant added value. We conclude that dense surface modelling techniques expand 

the possibilities for physicians (clinical geneticists, plastic surgeons etc.) to describe and 

characterize the phenotype of an individual or group of individuals and allow objective 

comparisons to age- and sex-matched controls.

Chapter 6 reviews the clinical and molecular aspects of syndromes associated with brain 

tumors in children, thereby facilitating recognition of syndromes in children with a brain 

tumor and early diagnostics of brain tumors in children with syndromes. 

(Brain) tumors usually occur in aged individuals. If a brain tumor occurs in a child there 

is a possible genetic susceptibility for this. Such genetic susceptibilities often show other 

signs and symptoms. We describe all major brain tumor types occurring in children and 

the various syndromes that have been reported to be associated with these tumors. Also, 

we summarized the most frequent tumor predisposition syndromes with a high chance to 

develop a brain tumor. We provided short descriptions restricted to major presentations and 

co-occurring brain tumor of each of the entities. Also we discussed pitfalls in clinical and 

molecular diagnosis, and the consequences of diagnosing a hereditary disorder for family 

members.
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Part III. Screening for tumor predisposition syndromes in 
childhood cancer
In part III (Chapter 7) of this thesis, our aim was 

3. to develop a screening instrument for known tumor predisposition syndromes in 

childhood cancer patients

Identification of tumor predisposition syndromes in patients who have cancer in childhood 

is paramount for optimal care.  This screening instrument aims to identify childhood cancer 

patients with tumor predisposition syndromes, thereby facilitating physicians caring for 

children with cancer. The complete screening instrument consists of a standardized series of 

pictures and a screening form for manifestations not visible in the pictures. We describe the 

development of such a screening form based on an international two-stage Delphi process. 

Through the Delphi process, 49 manifestations were found to contribute to the diagnosis 

of a tumor predisposition syndrome and were included in the screening form. The pilot 

validation study showed that patients suspect of having a tumor predisposition syndrome 

were recognized. Excellent correlation for indications of patient’s referral between the 

screening instrument and the reference standard (personal evaluation by an 

available evidence on prevalence and experienced clinical geneticist) was found. 

Because available evidence on prevalence and recognition of tumor predisposition patients 

with childhood cancer is scarce 5, 21, evidence-based guidelines or international consensus 

do not exist. The value of the expert opinions elicited in the Delphi process, reflects and 

values the clinical consensus of these international opinion leaders in their field. One of the 

strengths of the Delphi method and therefore this study, is that it offers the opportunity 

to obtain expert opinions without potential influence of group dynamics on individual 

opinions. Because we chose to give feedback on the scores anonymously, experts could 

see their own opinion in relation to that of other experts, making it a safe, non-judgmental 

environment for sharing one’s opinion. Because the time frame of response was defined 

and standardized, this assessment gave a good reflection of the current opinion in the field 

of expertise at a given time point, making it more reliable. 

All expert opinions were weighed equally, based on the general  assumption that experts 

participating in a Delphi process are equal in experience and knowledge. However, this may 

not have been the case, especially if their fields of expertise were very specialized, as in our 

study. For our expert panel, we chose international clinical geneticists who functioned as 

opinion leaders in both dysmorphology and clinical cancer genetics, or are leaders in one 

of the two with good experience in the other field. The number of qualified experts was 

relatively small, which restrained the number of experts in our panel. The small size of the 

expert panel could be considered as a potential limitation in the current study. However we 

feel that, considering the small field of expertise, the expert panel optimally represented 
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international expert opinions. Also, other Delphi studies with similar sized expert panels 

have shown to yield reliable results 22, 23. 

One might feel that the fact that we have not added criteria for referral indications for each 

tumor type and family history on our screening form is a potential limitation of current 

study. However, to establish reliable algorithms for the large range of tumor predisposition 

syndromes and the accompanying clinical spectrum with respect to tumor type and family 

history separate, extensive studies are needed and this was outside the scope of our current 

study. We have decided to leave this consideration to the expertise of the senior clinical 

geneticists evaluating the results of the instrument.

We performed a pilot validation study in an independent series of ten pediatric cancer 

patients and compared the clinical judgment and rationale for referral by two independent 

clinical geneticists using the instrument, to those of a third clinical geneticist who evaluated 

the patients in routine consultations. In the pilot validation study, the clinical judgements 

of the two clinical geneticists using the screening instrument were very similar despite their 

different specialisation (dysmorphology vs oncogenetics). A limitation of this pilot validation 

was that it was not a randomly selected patient cohort; the cohort in this clinical validation 

study consisted of both patients suspect as well as patients unsuspected for having a tumor 

predisposition syndrome which could give rise to selection bias.

In our pilot validation study, a genetic counsellor (genetic nurse) filled in the screening form; 

we do not expect a significant difference if the form were filled in by a pediatric oncologist 

or other physician involved in the care of childhood cancer patients, although this was not 

explicitly tested. 

A limitation of the pilot validation was the small size of the validation cohort; we recognize 

that the validation cohort was too small to support clinical implementation of the instrument. 

The optimal validation of the instrument would be a comparative prospective study in a 

cohort of newly diagnosed pediatric oncology patients: referrals and reasons for referral 

using the screening instrument could then be compared to the routine consultation done 

by an experienced clinical geneticist (‘reference standard’). However, the low incidence of 

tumor predisposition syndromes requires the recruitment of large numbers of patients for 

a considerable period of time to perform a study that potentially will yield useful results. 

This approach was not suitable and feasible for an initial, short-term validation. Such a 

prospective study, in which the feasibility and validity of the final screening instrument will 

be assessed, is needed to determine the diagnostic value of the instrument and is planned 

at present (see ‘Recommendations for further studies’).

However, we showed that geneticists using the screening instrument recognized those 

childhood cancer patients that might have a tumor predisposition syndrome when compared 

to the reference standard. Therefore, we conclude that the Delphi process performed by 

international specialists with a function as opinion leaders in their field of expertise, has led 

to a screening instrument for childhood cancer patients. Our initial validation showed that 
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this could be a promising instrument, however, a prospective validation study is needed 

before it can be implemented in clinical practice.

Recommendations for further studies

Several findings in this thesis lead to new research questions and thus have implications for 

future studies. Further studies on genetic aspects, phenotypic aspects and  screening for 

tumor predisposition syndromes will be discussed separately.

Further studies on genetic aspects of tumor predisposition syndromes

In this thesis, we described the structural genome variants identified in patients showing 

one of the four patterns of morphological abnormalities. Our current approach was 

confined to using SNP array to detect (micro)deletions and (micro)duplications and 

conventional cytogenetics to identify large inversions and translocations. That approach 

has limitations in detecting structural variations such as small insertions or inversions and 

point mutations. These changes at the level of individual nucleotides can be detected by 

DNA sequence analysis 24. Direct sequence techniques, in which single genes or gene 

panels are studied, are labour-intensive. Over the last five years, genome-wide sequencing 

using next-generation sequencing techniques has proven to be an efficient and effective 

alternative for discovering new genes involved in diseases 25-28.

In part of the patients, there could be a polygenic cause of the childhood malignancy and 

morphological abnormalities. We think the additional value of Next-Generation Sequencing 

(NGS) rests in the identification of second genomic variants that could not be detected in 

the current approach. However, more detail comes with a price: namely the presence of 

individual variants (both inherited or de novo) which may not be related to the syndrome 

of the proband. NGS techniques such as exome sequencing might also identify variations in 

the probands who were found negative for variations in the current approach. 

Therefore recently, a whole-exome study was started in a selection of probands showing 

one of the patterns of co-occurring morphological abnormalities. In our exome study, we 

selected 6 patients from the (LLA, EF and BP) patterns of morphological abnormalities in 

whom we had not identified a structural genomic variant using our approach as described 

in Chapter 3. These patients either had a strong phenotype or showed phenotypic overlap 

with another patient within the same pattern of morphological abnormalities. For 4/6 

patients also germline DNA of parents was available so that we can perform a trio-analysis in 

these 4 patients. Because the majority of tumor predisposition syndromes show autosomal 

dominant inheritance, this scenario will be tested to begin with. Firstly, we will focus on de 

novo variants, i.e. rare variants that are confined to the proband since the family histories of 

these probands are not highly suspicious for an inherited tumor predisposition syndrome. 

However, as we discussed in Chapter 3, finding inherited variants does not necessarily 
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exclude them as being causative due to incomplete penetrance, variable expressivity and/or 

involvement of modifier genes 7-9 . As for the CNV events, a variant could also act as a risk 

factor, increasing susceptibility for developing a malignancy. 

Secondly, we will look at variants in genes related to the phenotype of the patient (in terms of 

tumor type and/or morphological abnormalities). Lastly, we will investigate shared variants 

between probands from the same pattern of morphological abnormalities. However, taking 

into account the small number of patients per morphological pattern, will make it unlikely 

to identify a shared variant that will explain the phenotype in probands from the same 

morphological pattern. When finding a variant in a candidate gene that could explain for 

the morphological abnormalities and/or the development of a malignancy, one would want 

to confirm the involvement of the gene and/or variant in an independent series of patients 

with the same tumor and/or same pattern of morphological abnormalities. Particularly 

finding patients that meet the criteria for the patterns of morphological abnormalities 

would take considerable time, because the current cohort was a rather small and specific 

selection of patients (n= 49) from a large cohort of childhood cancer patients (n= 1073).

A limitation in our current approaches is that we have do not have possession of tumor 

material for most probands. Ideally, exome sequencing of the DNA from both the proband, 

parents and the tumor would have to be performed. This way involvement of the variant in 

the tumor and germline of the proband can be studied. In tumor predisposition sydnromes, 

a variant will be present in both the germline and tumor of the proband. Comparing the 

tumor genome with the germline genome of the proband, also creates the opportunity 

to identify somatic alterations in the tumor. Currently, in the St. Jude Children’s Research 

Hospital- Washington University ‘Pediatric Cancer Genome Project’ (PCGP) such an 

approach is chosen. In the PCGP, the genomes of 600 pediatric tumors and their matched 

germline samples of the probands (thus 1200 total genomes) are studied by whole-genome 

sequencing. The PCGP aims to identify somatic mutations that underlie the major subtypes 

of pediatric cancer. With the identification of driving mutations in pediatric cancer, they 

hope to catalyze research in pediatric malignancies, improving diagnosis, monitoring and 

targeted therapy 29. Although the project is still in process, several important findings 

have emerged from initial studies. So far, the PCGP has facilitated significant insights in 

the genetics of T-cell precursor acute lymphoblastic leukemia 30, diffuse intrinsic pontine 

gliomas/ non-brainstem glioblastomas 31, neuroblastoma 32 and retinoblastoma 33. In the 

course of time, the PCGP will also make all data publicly available which will be a wonderful 

source for many research groups working on childhood cancer, tumor predisposition 

syndromes or cancer in general. 

There is one important limitation in the approach of the PCGP and that is, that as far as we 

know, unfortunately no morphological data of the probands is collected in a structured and 

uniform way. This is a missed opportunity, because this would have been an ideal situation 

to relate genotype-phenotype relations in childhood cancer. With the increasing amount of 

tumors being sequenced leading to increased insight into tumor genetics 34,  it is conceivable 
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that personalized therapy will become possible for tumor predisposition syndromes, also 

in children. However, gathering morphological information in a standardized, structural 

manner in parallel to gathering genetic information of the proband and tumor should not 

be neglected; the morphology of a proband can be directive in interpretating genetic results 

as phenotype is more than tumor type alone.

Further studies on phenotypic aspects of tumor predisposition syndromes

As we discussed in Chapter 5, because only a 3D picture of the face was captured,

it was impossible to evaluate the complete patterns of morphological abnormalities. Also, 

these 3D face images were only available for patients showing one of the four patterns 

of morphological abnormalities. Therefore, it was impossible to repeat the grouping of 

the patients using signature graphs for the complete cohort (1,073 childhood cancer 

patients) described by Merks et al. 5, blinded from the statistical patterns of co-occurring 

morphological abnormalities. Currently, we are planning a study in which 3D scanning 

will be applied in a large, prospective, nation-wide study of newly diagnosed childhood 

cancer patients. Together with our recently developed tool to recognize individuals with a 

high chance to have a tumor predisposition syndrome 35, we foresee to recognize larger 

subgroups of similar morphological abnormalities within pediatric cancer patients. This will 

allow further characterization of the faces and facilitate subsequent molecular analyses. 

Also, such an approach could expand our knowledge on the spectrum of morphological 

abnormalities in childhood cancer patients. 

In tumor predisposition syndromes, the genetic defect underlying the clinical syndrome 

also predisposes the patient to develop cancer. To study the genetic landscape of tumor 

predisposition syndromes, understanding the complexity of genotype-phenotype relations 

is vital. Several groups have shown that phenotypic overlap implies genetic overlap 
36-40. In this view, genetic diseases are considered as being ‘modular’, i.e. in genetically 

heterogeneous diseases such as Fanconi-anemia (OMIM: 603467, 614083, 227646, 

614082, 609053, 614087, 600901, 609054, 613390, 615272, 227645, 613951) or Bardet-

Biedl syndrome (OMIM: 209900), the various genes involved work in a single functional 

or biological module 41. One gene can act in various pathways; genes acting in the same 

pathway can result in related phenotypes and disorders sharing manifestations in phenotype 

often also share their tumor type as well. This concept is illustrated in Figure 1, with Wilms 

tumor used as an example. 

Over the past few years, progress has been made in understanding the ‘human phenome’. 

The human phenome is defined as the set of phenotypes that result from sequence 

variation in the human genome 37.  The fact that genetic diseases can be clustered in 

functional or biological modules based on their phenotypic similarities which indeed reflect 

biological relationships of the genes involved, also creates the possibilities to use phenotypic 

similarity to predict the involvement of apparently unrelated genes. Moreover, the same 

203



Chapter 8

bioinformatics analyses can be used to make predictions about new genes that share 

functional or biological properties 36, 41. 

In parallel to the bioinformatics tools that exist to cluster on pheno- and/or genotype, 

efforts have been made to come to a uniform annotation for the human phenotype and 

human hereditary diseases. One important initiative is the Human Phenotype Ontology 

(HPO), that aimed to cover all phenotypic abnormalities that are commonly encountered in 

human monogenic diseases, as well as annotation of clinical entries in the Online Mendelian 

Inheritance in Man (OMIM) database42. Currently, the HPO contains 10088 classes (terms) 

with 13326 subclass relationships between those classes. The HPO contains three different, 

independent subontologies that cover the mode of inheritance, onset and clinical course 

Figure 1: The relation between tumor type, gene, pathway and manifestation illustrated. This figure shows 
how alterations in different genes can cause one tumor type (Wilms tumor), although alterations in one 
gene can cause various tumor types; here TP53 was used as an example. Alterations in TP53 can lead to 
the formation of various tumor types such as adrenocortical carcinoma, choroid plexus carcinoma, colon 
carcinoma, breast carcinoma and bone or soft tissue sarcoma amongst others. The genes known to be 
involved in the formation of Wilms tumor act in different pathways; here WT1 was used as an example. WT1 
acts in different pathways such as camera-type eye development, meta- and mesonephros development, sex 
determination and male gonad development amongst others. Furthermore, various manifestations (such as 
anterior chamber abnormalities, genital or renal malformations and renal dysfunction amongst others) can 
result from (combinations of) different disturbed pathways. Lastly, different disorders sharing manifestations, 
such as Denys-Drash syndrome (OMIM 194080), Frasier syndrome (OMIM 136680) and Meacham syndrome 
(OMIM 608978) sharing renal malformations. Please note that this diagram does not aim to be complete in 
all existing relationships, but rather illustrates various relationships by specifying one example.
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and phenotypic abnormalities of human (genetic) diseases. Thereby the HPO aims to act as 

a central resource by connecting genomics, phenomics and diseasomics 43. 

 As described in Chapter 7, we identified tumor predisposition syndromes and their 

manifestations through the Winter-Baraitser Dysmorphology Database (WBDD) 44 and the 

textbook “Gorlin’s Syndromes of the Head and Neck” 45. Furthermore, we classified the 

tumors reported in these tumor predisposition syndromes according to the third edition of 

the International Classification of Childhood Cancer 46 and included these in a database with 

the tumor predisposition syndromes, manifestations and genes from the WBDD/Gorlin’s 

textbook. With this information we tried to answer the following research questions:

Do entities that cluster based on the genes and/or pathways show similar tumor types and 

manifestations? In other words: is there an overrepresentation of specific tumor types and/

or manifestations when clustering based on the genes and/or pathways?

Do entities that cluster based on tumor types show involvement of similar genes and/or 

pathways and manifestations? In other words: is there an overrepresentation of specific 

genes and/or pathways and manifestations when clustering on tumor types? In many 

pathways there are genes that have not been related to clinical recognizable syndromes yet. 

In addition, can we predict the manifestations of entities without well-defined phenotype 

when they overlap in tumor type and genes and/or pathways with entities with well-defined 

phenotypes?

Do entities that cluster based on manifestations show involvement of similar genes and/or 

pathways and tumor types? In other words: is there an overrepresentation of specific genes 

and/or pathways when clustering on manifestations? In addition, can we predict tumor 

types in entities without a known tumor predisposition when they overlap in manifestations 

and genes and/or pathways of known tumor predisposition syndromes?

We used the HPO equivalence mapping to map the manifestations from the WBDD to the 

HPO. We used the OMIM ID of the selected tumor predisposition syndromes from the 

WBDD to link the HPO and to the pathways database ‘the Kyoto Encyclopedia of Genes and 

Genomes’ (KEGG) http://www.genome.jp/kegg/. By linking the WBDD (with its indexed 

entities, manifestations and tumors) we could compare these to the manifestations and 

tumors reported in HPO as well as the diseases and pathways reported in KEGG, planning 

to study overrepresentation of genes and/or pathways, tumor types and manifestations as 

described above in the research questions.

However, this approach was hampered by important difficulties. First of all, in the equivalence 

mapping of the WBDD to HPO, there are sometimes more HPO terms describing one WBDD 

manifestation. Also, not for every WBDD term there is an equivalent HPO term. This was 

even more complicated by the fact that the version of the WBDD that HPO used for the 

equivalence mapping from WBDD to HPO was a later version than the one we used in 

our database, leading to differences. This made linking both databases more difficult than 

foreseen.
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Secondly, there is considerate overlap in pathways, i.e. many genes are involved in multiple 

pathways, which makes it different to separate pathways from one another. For example, 

in the KEGG, PTEN hamartoma tumor syndrome (PTEN gene) is not only involved in the 

mTOR pathway but also in seven other pathways such as MAPK, ErbB and VEGF signalling 

pathways. This complicates the clustering because there is so much data to cluster on. We 

tried to circumvent this to select a few well-known pathways involved in development and 

/or cancer: the mTOR, MAPK, hedgehog, TGFb, VEGF pathway. However, this of course 

constrained the data to cluster on but also made it more difficult to identify significant 

overrepresentations. 

Furthermore, like we found discrepancy between the manifestations from the WBDD and 

the HPO, we also found some discrepancy between the tumors and manifestations from 

the HPO and the tumor and manifestations that we identified using the WBDD based on 

the same OMIM ID; this influences the trustworthy of the clustering. 

In addition, KEGG reports more entities within one pathway, many of these have several 

OMIM ID’s and only a minority of these entities are predisposing for tumor development. For 

example, for the mTOR signaling pathway KEGG reports ‘PTEN hamartoma tumor syndrome 

(PHTS)’, ‘Peutz-Jeghers syndrome’ and ‘tuberous sclerosis complex (TSC)’, all tumor 

predisposing conditions as well as ‘polyhydramnios, megalencephaly, and symptomatic 

epilepsy’ and ‘focal cortical dysplasia of Taylor’, for which tumor predisposition is more 

difficult to define. One would have to actively select the tumor predisposing entities from 

the non-tumor predisposing entities, which would mean a labour-intensive and manual 

(thus easily subject to flaws) work requiring an extensive review of literature for each of the 

conditions. 

Therefore, because of discrepancies between different databases and non-uniform 

classifications, we have not succeeded in answering the research questions in our current 

approach. As the HPO constantly tries to improve their linking to molecular biology 

and disease databases 43 and internationally efforts are being done to define uniform 

nomenclature for human morphology 47-54, we foresee that a comparable effort will be 

possible in the (near) future.

Further studies on screening for tumor predisposition syndromes

To our knowledge, only one other effort have been done to develop such a screening 

instrument. Jongmans et al. developed a referral test, to be completed by the pediatrician 

involved. Based on five criteria, the test determines whether referral for further clinical 

genetic evaluation is indicated 55. Currently, the methodology, in- and exclusion criteria 

which formed the base for the application are not publicly available so that it is difficult 

to value the application for its quality. In order to make sure that no referrals for possible 

tumor predisposition syndromes with low incidences are missed, in- and exclusion criteria 
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should be carefully appreciated. In addition to that, prior to introducing a clinical screening 

tool into the clinics, validation is essential to ensure no patients are missed for referral. 

In Chapter 7 we describe the development and pilot validation of our screening instrument. 

We show an excellent correlation for indication for referral of a patient between the screening 

instrument and the reference standard (personal evaluation by an experienced clinical 

geneticist). Therefore we conclude that our screening instrument identifies patients who 

may have a tumor predisposition syndrome and thus have an indication to be referred for 

further genetic analysis. However, we also recognize that a prospective study, in which the 

feasibility and validity of the screening instrument will be assessed, is needed to determine 

the diagnostic value of the instrument. The optimal validation of the instrument would be a 

comparative prospective study in a cohort of newly diagnosed pediatric oncology patients: 

referrals and reasons for referral using the screening instrument could then be compared to 

the routine consultation done by an experienced clinical geneticist (“reference standard”). 

Because of the low incidence of tumor predisposition syndromes, large numbers of patients 

would have to be recruited for a considerable period of time. Currently we designed such a 

study for which its methodology is shown in Figure 2. 

In the validation study, we aim to assess the clinical validity of the screening instrument 

in identifying childhood cancer patients with a tumor predisposition syndrome from a 

Figure 2: Graphical representation of methodology inf the validation study
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non-selected prospective cohort of childhood cancer patients. We hypothesize that the 

screening instrument will be equivalent/at least as good as current practice in recognizing 

patients with a tumor predisposition syndrome (non-inferiority) and assume high sensitivity 

(94%). Validity of the instrument will be expressed as sensitivity and specificity of the 

instrument. 

The primary outcome measurement will be sensitivity (number of true positive patients 

divided by the sum of the number of true positives patients and false negative patients). 

True positive patients are defined as patients with a positive screening result in whom 

presence of a tumor predisposition syndrome was confirmed in routine clinical genetic 

consultation. False negative patients are defined as patients with a negative result by the 

screening instrument and in whom a tumor predisposition syndrome was diagnosed. To 

determine this we will perform a full clinical genetic consultation in a random sample of 

20% from the series of patients with a negative screening result.

Secondary outcome measurement will be specificity (number of true negative patients 

divided by the sum of the number of true negative patients and false positive patients). True 

negative patients are defined as patients with a negative result by the screening instrument 

and in whom no tumor predisposition syndrome was diagnosed. To determine this, we 

will assign a sample of the series of patients with a negative screening result to clinical 

genetic consultation. False positive patients are defined as patients with a positive screening 

result in whom no tumor predisposition syndrome was found by the routine clinical genetic 

consultation. Another secondary outcome measurement includes inter-observer variability 

of the three clinical geneticists evaluating one patient using the screening instrument, 

expressed as a Fleiss’ kappa score. Also, individual attribution of the scoring form and (2D 

and 3D) picture series to the conclusion of a clinical geneticist evaluating a patient using the 

screening instrument will be a secondary outcome measurement. A last secondary outcome 

measurement is the difference in costs of the diagnostic process using the instrument 

compared to current standard clinical genetic care. 

We hypothesize that this screening instrument can efficiently select patients who possibly 

have a tumor predisposition syndrome from a prospective cohort of pediatric cancer 

patients. We expect a high number of true positive patients and a low number of false 

negative patients, resulting in a high sensitivity of the screening instrument. In order for a 

clinical screening instrument to work, a high sensitivity is necessary since a poor sensitivity 

would mean that patients with a tumor predisposition syndrome are missed. In our sample 

size calculations we have used a minimum sensitivity of 94%. We expect that the number 

of false positive patients will be higher, resulting in a lower specificity. This means that 

potentially more patients will be referred for further evaluation by a clinical geneticist 

than eventually turn out to have a tumor predisposition syndrome. In a clinical setting 

it is important that the specificity is not loo low which would mean that the screening 

instrument would not help in selecting patients. In our sample size calculation we tolerated 

a minimum specificity of 50%.
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Based on our previous results, we expect that the opinions of the three clinical geneticists 

evaluating a single patient based on the screening instrument will be in agreement 35. 

Better agreement will result in a higher Fleiss’ kappa score. A Fleiss’ kappa score above 0.61 

reflects substantial agreement so we expect Fleiss’ kappa scores of 0.61 or above. In our 

analyses on the individual contribution of the different parts of the screening instrument 

(screening form, 2D and/or 3D picture series) to the conclusion of a clinical geneticist most, 

we expect that the picture series will attribute most to the decision of a clinical geneticist 

to refer. In our initial validation of the screening instrument we found that “findings in 

morphological examination” was most often used as reason for referral. This could still be 

based on the screening form and/or the picture series, because we did not specifically ask 

for screening form versus picture series’ contribution. We expect that the screening form 

helps in directing the clinical geneticist’s attention to key giving facts from the family history 

and manifestations that can be missed on picture series. This will increase recognition of 

tumor predisposition syndromes, leading to optimal care for childhood cancer patients 21. 

We also expect that the cost of the diagnostic process using the screening instrument 

will be lower than costs in current care, because of efficient use of personnel and more 

targeted additional genetic testing. 

Recommendations for clinical practice

The diagnosis of a specific tumor predisposition syndrome in patients with childhood 

cancer is important and clinically relevant because it affects management. Some syndrome-

associated malignancies require specific treatment strategies and some require screening 

for subsequent malignancies. Also, it may guide care for non-malignancy manifestations; it 

facilitates recurrence risk assessments and can facilitate pre-symptomatic identification of 

other relatives at risk for malignancies.

In previous studies, we found a substantial incidence of morphological abnormalities and 

recognizable clinical genetic syndromes in patients with childhood cancer. Half of these 

syndromes had not been recognized by the routine caregivers involved, despite expert 

pediatric care 5, 21, 56. We and others recommended that all children diagnosed with a 

malignancy should be assessed by a clinical geneticist or a pediatrician skilled in clinical 

morphology 21, 57, 58. A screening instrument such as we developed guarantees that all 

children with cancer are evaluated for the presence of a tumor predisposition syndrome, 

where this is not standard practice in the vast majority of pediatric oncology centers in 

developed countries/Western world.

 Moreover, the use of a clinical valid screening instrument could make the evaluation for 

tumor predisposition syndromes more efficient. In the coming years, the ‘Prinses Máxima 

Centrum voor Kinderoncologie’, will be realized. In this national hospital for childhood 
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cancer patients, care and research will be concentrated. The ‘Prinses Máxima Centrum voor 

Kinderoncologie’ aims to facilitate care and research of supreme quality, thereby improving 

care and cure for childhood cancer patients. In the care for childhood cancer patients, 

the evaluation for the presence of tumor predisposition syndromes should be part of 

regular care. Therefore ‘Prinses Máxima Centrum voor Kinderoncologie’ would be a logical 

opportunity and setting to implement such a screening instrument.

Our ameliorated knowledge of the etiology of cancer is increasingly translated into 

management strategies in tumor predisposition syndromes 59. Textbooks (such as 

‘Management of Genetic Syndromes’ by Cassidy and Allanson) 60 and websites such as 

Orphanet (http://www.orpha.net/consor/cgi-bin/home.php), the National Comprehensive 

Cancer Network (NCCN) Clinical Practice Guidelines in Oncology (http://www.nccn.org/

professionals/physician_gls/f_guidelines.asp) or the guidelines from the Dutch foundation 

for the detection of hereditary tumors ‘Stichting Opsporing Erfelijke Tumoren’ (STOET) 

(http://www.stoet.nl/uploads/richtlijnenboekje.pdf) are available that describe the general 

care for individuals with one of the various syndromes described above. However, a lot of 

these guidelines focus on management strategies for tumor predisposition syndromes in 

adults. Currently, in the Netherlands, the Dutch Childhood Oncology Group (DCOG) also 

known as Dutch foundation for pediatric oncology Stichting Kinderoncologie Nederland 

(SKION, http://www.skion.nl) has a Task Group pediatric oncogenetics (‘Taakgroep 

Kinderoncogenetica) in which both clinical geneticists and pediatric oncologists are 

represented. Their terms of reference include the responsibility to contribute to

1. Clinical genetic care:  this comprises the recognition of tumor predisposition syndromes 

and hereditary cancer in children as well as providing care in counselling, prevention 

and recommendation for therapy; therefore all childhood cancer patients need to be 

evaluated for the presence of a tumor predisposition syndrome or hereditary cancer, 

applying the most recent techniques. This also includes the screening for other, with 

a syndrome associated abnormalities. The care needs to comprise a good transition 

of pediatric to adult care. Also the care for family members (possibly) at risk should be 

safeguarded. 

2. Research: the aim is to improve the care for childhood cancer patients and their family 

members by means of translational and applied research and through fundamental 

research that contributes to understanding of the pathophysiology and underlying 

genetic predisposition of pediatric tumors and associated syndromes. Optimal research 

warrants that from all children both germ-line and tumor DNA is available for research 

by means of a central biobank.

The recommendations for further research and clinical care hopefully contribute to 

better recognition and follow-up for childhood cancer patients with tumor predisposition 

syndromes and their relatives.
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Conclusions

Within the broad theme of tumor predisposition in childhood cancer this thesis includes 

some important findings. There are a few we would like to highlight.

General conclusions

1. The copy number variations detected in patients from the four patterns of morphological 

abnormalities are likely to be susceptibility loci.

2. In genotype-phenotype correlation studies, reference groups should be established in 

the same population as the individuals who form the subject of the study. 

3. The childhood cancer patients from the four patterns of morphological abnormalities 

suggesting new tumor predisposition syndromes show more overall facial dysmorphism, 

more dysmorphism in the malar region and increased facial asymmetry compared to 

controls.

4. 3D morphometric analysis of a relatively small heterogeneous patient group can further 

delineate face shape differences that are too subtle or geometrically complex to identify 

or quantify objectively with conventional clinical and anthropometric approaches. 

5. Childhood cancer patients who might have a tumor predisposition syndrome and thus 

have an indication to be referred for further genetic analysis, can be identified using our 

screening instrument consisting of a screening form and 2D/3D picture series.

Implications for further studies

1. To detect second genomic events and/or structural variations such as small insertions, 

inversions and point mutations, next generation sequencing should be performed in the 

patients from the four patterns of co-occurring morphological abnormalities.

2. When performing exome sequencing in childhood cancer patients, DNA from both the 

proband, parents and the tumor as well as a standardized morphological examination 

should be performed.

3. The relationship between between tumor types, genes, pathways and manifestations in 

tumor predisposition  syndromes, should be used to investigate if: a: entities that cluster 

based on the same genes and/or pathways show similar tumor types and manifestations, 

b: manifestations in entities without well-defined phenotype can be predicted, based 

on overlap in tumor types, genes and/or pathways of entities with well-defined 

phenotypes c: tumor types in entities without a known tumor predisposition can be 

predicted, based on the overlap in manifestations, genes and/or pathways of known 

tumor predisposition syndromes.

4. A prospective validation study investigating the feasibility and validity of our screening 

instrument should be performed before implementation in clinical practice. 
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Implications for clinical practice

1. All children diagnosed with a malignancy should be assessed by a clinical geneticist or a 

pediatrician skilled in clinical morphology; a screening instrument could facilitate this in 

clinical practice, as well make the evaluation for tumor predisposition syndromes more 

efficient.

2. Next to a routinely and standardized evaluation for the presence of tumor predisposition 

syndromes, biobanking of germline DNA of the proband and parents as well as tumor 

DNA, is essential to guarantee advances in research and with that, optimilization of 

care for childhood cancer patients.

3. Although our increased knowledge of the etiology of cancer is increasingly translated 

into management strategies in tumor predisposition syndromes, most guidelines focus 

on management strategies for tumor predisposition syndromes in adults. Guidelines 

for management of tumor predisposition syndromes in children should be defined by 

a Task Group pediatric oncogenetics (‘Taakgroep Kinderoncogenetica) in which both 

clinical geneticists and pediatric oncologists are represented.
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Een tumor predispositie syndroom kan gedefinieerd worden als een combinatie van 

kenmerken (in het uiterlijk, in de voorgeschiedenis, tumor, of familiegeschiedenis van een 

patiënt), met een gemeenschappelijke oorzaak, die leidt tot een verhoogde kwetsbaarheid 

tot het ontwikkelen van kanker.  In essentie is kanker een genetische ziekte. Er zijn meerdere 

(epi)genetische veranderingen nodig voor een cel (en zijn nageslacht) verandert in een 

kankercel. Dit proces bestaat uit een aantal stappen, waarin verandering van activiteit 

van diverse genen leidt tot overleven, prolifereren en dissemineren (uitzaaien) van een 

populatie kankercellen. In het geval van een tumor predispositie syndroom, maakt een 

verandering in een kanker predispositie gen (bijvoorbeeld een oncogen, tumor-suppressie 

gen of stabiliteitsgen) iemand meer kwetsbaar voor het ontwikkelen van kanker. In een 

predispositie syndroom leidt een verandering in een gen tot een veranderd fenotype van het 

individu (geheel aan uiterlijke kenmerken) aan de ene kant en een verhoogde kwetsbaarheid 

voor het ontwikkelen van kanker van dit individu aan de andere kant.

Het is belangrijk een tumor predispositie syndroom te herkennen bij een kind met kanker, 

omdat het gevolgen kan hebben voor de behandeling en omdat het noodzakelijk is om een 

kind optimale zorg te verlenen. Ten eerste maakt het herkennen van een tumor predispositie 

syndroom dat je een kind intensiever zou willen controleren op het opnieuw optreden van 

kanker. Als kanker in een vroeg stadium wordt gedetecteerd heeft dat over het algemeen 

een gunstig effect op de prognose en daarmee kan het levensreddend zijn. Ten tweede 

kan het herkennen van een tumor predispositie syndroom leiden tot pre-symptomatische 

identificatie van andere familieleden die misschien ook een verhoogd risico hebben op 

het krijgen van kanker en hierdoor ook gecontroleerd kunnen worden. Ten derde vereisen 

sommige syndroom-geassocieerde tumoren een specifieke behandeling. Ten vierde kan 

kennis van een onderliggend syndroom bij een kind bijdragen aan betere zorg voor de 

niet-kanker gerelateerde manifestaties van een syndroom. Het kennen van de oorzaak van 

kanker op de kinderleeftijd kan bijdragen aan het begrip en de acceptatie van de ziekte. 

Soms kan het helpen een betere voorspelling  te doen over de herhalingskans en prognose 

van de kanker. 

Als laatste kan het herkennen van en leren over tumor predispositie syndromen onze kennis 

van de normale ontwikkeling en pathofysiologie van kanker verbeteren.

Hoewel we weten dat ook omgevingsfactoren een belangrijke rol spelen in het krijgen van 

kanker, lijkt dit bij kinderen met kanker minder te spelen. Immers, kinderen zijn nog jong 

en hebben doorgaans nog weinig blootstelling gehad aan mogelijke kankerverwekkende 

omgevingsfactoren.

In de studie van dr. Merks en collega’s zijn 1073 kinderen die kanker hadden of hadden gehad 

onderzocht door middel van een lichamelijk onderzoek, gericht op uiterlijke kenmerken. De 

uitkomsten hiervan werden vergeleken met  de uitkomsten van het lichamelijk onderzoek 

van 1007 gezonde schoolkinderen. Uit dit onderzoek bleek dat bij kinderen met kanker vaker 

sprake is van een syndroom dan bij gezonde kinderen. Namelijk, in meer dan 7% van de 

kinderen met kanker werd een syndroom vastgesteld of vermoed (diagnose in 3.9%, sterk 
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vermoeden op syndroom bij 3.3%), ten opzichte van 1% bij de gezonde schoolkinderen. 

Daarnaast werd er een verhoogde incidentie van bijzondere uiterlijke kenmerken gezien. 

Door middel van statistische analyse werden er vier patronen van uiterlijke kenmerken 

gevonden bij de kinderen met kanker, die in combinatie met elkaar significant vaker voor 

kwamen bij kinderen met kanker dan bij de gezonde schoolkinderen. Deze patronen 

werden genoemd naar hun belangrijkste kenmerken: ‘blepharophimosis (BP) patroon‘, 

‘epicanthusplooi  (epicanthal folds, EF) patroon‘, asymmetrische onderste extremiteiten 

(asymmetric lower limbs, LLA) patroon‘ en ‘Sydney plooien (Sydney creases, SC) patroon‘. 

De patiënten die voldeden aan de criteria voor een van deze 4 patronen van uiterlijke 

kenmerken vormden de basis voor het cohort wat bestudeerd werd in Hoofdstuk 3, 4 en 6 

van dit proefschrift.

De doelen van dit proefschrift waren:

1. Het identificeren van de structurele genoomvariaties die de vier patronen van 

samen-voorkomende uiterlijke kenmerken zouden kunnen verklaren

2. Het verder karakteriseren van de uiterlijke kenmerken bij patiënten die voldoen aan de 

criteria van een van de vier patronen van samen-voorkomende  uiterlijke kenmerken met 

behulp van 3D fotografie en de toegevoegde waarde bepalen van 3D fotografie in het 

karakteriseren van uiterlijke gelaatskenmerken

3. Het ontwikkelen van een screeningsinstrument voor bekende tumor predispositie 

syndromen

Hoofdstuk 2  illustreert het klinische probleem en potentiële moeilijkheden bij het in 

verband brengen van een bepaalde tumor met een bekend tumor predispositie syndroom. 

Er werd een casus beschreven van een kind met moleculair bewezen PTEN hamartoma 

tumor syndroom (PHTS) en het Gorham-Stout fenomeen (GSP). PHTS  is een verzamelnaam 

voor een groep syndromen die veroorzaakt worden door een mutatie in het PTEN gen. GSP 

is een zeldzame aandoening waarbij er proliferatie van vasculaire structuren (lymfatische 

malformatie) in botweefsel plaatsvindt, wat leidt tot progressieve osteolyse (botafbraak). 

De casus beschreef een 1-jarige jongen met PHTS en GSP. De klinische en familiegegevens, 

alsmede de moleculaire en pathologische onderzoeken werden beschreven. Gorham-Stout 

fenomeen werd niet eerder gerapporteerd in een patiënt met een mutatie in het PTEN 

gen. Er werd verondersteld dat de PTEN mutatie de eerste van twee of meer stappen in 

de ongebreidelde groei van lymfatische malformatie in de patiënt was. Bijkomende (epi)

genetische  of omgevingsfactoren in de kiembaan- of lichaamscellen zouden hebben 

kunnen geleid tot dit ernstige en uiteindelijk fatale beeld in deze patiënt.
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Deel I. Genetische aspecten van tumor predispositie syndro-
men bij kinderen met kanker

In Deel I van dit proefschrift was het doel de structurele genoomvariaties (inversies, 

translocaties, microdeleties en/of microduplicaties) bij patiënten met een van de vier 

patronen van samen-voorkomende uiterlijke kenmerken (indicatief voor nieuwe tumor 

predispositie syndromen) te beschrijven. 

In Hoofdstuk 3 werd een overervende inversie van chromosoom 15 inv(15)(q25q26) 

geïdentificeerd in een patiënt van het LLA-patroon. Karakterisering van de genen in de 

breukpunten maakte het onwaarschijnlijk dat deze inversie het fenotype en tumor in deze 

patiënt verklaart. Ook werd een overervende duplicatie met betrokkenheid van het BCL9 

gen geïdentificeerd in een patiënt met een Burkitt lymfoom. Een geërfde duplicatie met 

betrokkenheid van  het PCM1 gen werd geïdentificeerd in een patiënt met pre-B-ALL. Beide 

patiënten voldeden aan het EF-patroon. Een geërfde deletie met betrokkenheid van het 

TRA@ gen werd geïdentificeerd in twee patiënten van het BP-patroon, gediagnostiseerd 

met respectievelijk een rhabdomyosarcoom en pre-B-ALL. We veronderstellen dat de 

geïdentificeerde structurele genoomvariaties een zogenaamd ‘susceptibiliteits locus’ zijn; 

het dragen van deze structurele genoomvariatie kan een individu meer kwetsbaar maken 

voor het ontwikkelen van kanker, maar er zijn nog andere factoren nodig om daadwerkelijk 

een vorm van kanker te ontwikkelen. 

Deel II. Fenotypische aspecten van tumor predispositie syn-
dromen bij kinderen met kanker

In Deel II van dit proefschrift was het doel het verder karakteriseren van de uiterlijke 

kenmerken bij patiënten die voldoen aan de criteria van een van de vier patronen van 

samen-voorkomende  uiterlijke kenmerken met behulp van 3D fotografie en het bepalen 

van de toegevoegde waarde van 3D fotografie in het karakteriseren van uiterlijke 

gelaatskenmerken.

Oorspronkelijk werd er een gecombineerde, Engels-Nederlandse controlegroep gebruikt 

in de 3D analyses. Om te testen of het gebruiken van een dergelijke gecombineerde 

controlegroep geoorloofd was, werd in Hoofdstuk 4 3D fotografie gebruikt om de verschillen 

in gelaatsvorm en –kenmerken te beschrijven. Er werden significante verschillen gevonden 

in gelaatsvorm en – kenmerken tussen deze twee Europese kaukasische populaties met 

aan elkaar gerelateerde fylogenetische oorsprong en geografische ligging. De verschillen 

tussen de gemiddelde gezichtsvorm van Engelse en Nederlandse controlepersonen 

werden gevisualiseerd in dynamische animaties (dynamic morphs) en in kleurcodering 

(signature heat maps). Verder werden de significante verschillen gekwantificeerd met 

zowel conventionele antropometrie (uitgevoerd op de 3D foto’s) en geavanceerde 3D 
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modelleringstechnieken (dense surface modelling techniques). De resultaten toonden 

dat Nederlandse vrouwen gemiddeld genomen een significant langer en breder gezicht 

hadden dan de Engelse vrouwen. Ook was bij Nederlandse vrouwen de ooglidspleetlengte 

en neusbreedte significant groter, hun neusruglengte en bovenste deel van het gezicht 

waren significant kleiner en zij toonden meer anteversie van de nares. In het bijzonder lieten 

de verschillen in neusmorfologie zien dat de neus van Nederlandse vrouwen gemiddeld 

gezien korter en meer naar boven gekeerd is vergeleken met Engelse vrouwen. Nederlandse 

mannen hadden geen significant langer gezicht dan Engelse mannen, ondanks hun grotere 

lichaamslengte. De neusruglengte relatief tot de gezichtslengte was bij Nederlandse 

mannen significant kleiner dan bij Engelse mannen. Nederlandse mannen hadden een 

langere ooglidspleetlengte relatief tot gezichtslengte dan Engelse mannen. Verschillen in 

gelaatsvorm en -kenmerken zijn een belangrijke determinant van fenotype variatie in de 

mens. Craniofaciale ontwikkeling is een complex proces wat bepaald wordt door genetische 

regulatie en genetische varianten beïnvloeden gelaatsvorm en -kenmerken in de populatie. 

Daarmee weerspiegelen verschillen in gelaatsvorm en -kenmerken genetische verschillen 

tussen populaties. Andere studies toonden aan dat genetische variaties de variatie in 

gelaatsvorm en -kenmerken beïnvloeden.  Hiermee dient rekening gehouden te worden 

in genotype-fenotype correlatie studies. Op basis van de bevindingen uit de studie werd 

aanbevolen dat in dergelijke studies de controlepersonen uit dezelfde populatie geworven 

dienen te worden als de populatie die onderwerp van studie is.

In Hoofdstuk 5 werd bij kinderen met kanker, die aan een van de vier patronen van 

samen-voorkomende uiterlijke kenmerken voldoen, de toegevoegde waarde van 3D analyse 

bij het beschrijven van gelaatskenmerken bestudeerd. Ten eerste werd het verschil in faciale 

dysmorfie tussen personen die kanker kregen als kind en gezonde controles getoond op 

een objectieve en kwantitatieve manier. Ook werd getoond dat in de groep van personen 

die kanker kregen als kind een gelokaliseerde regio rond de malae meer overeenkomst 

vertoont in dysmorfie dan bij controles. Tevens werd geïllustreerd dat deze regio meer 

dysmorfie toont in de groep van personen die kanker kregen als kind dan bij de controles. 

Verder werd aangetoond dat er de groep van personen die kanker kregen als kind meer 

asymmetrie in het gelaat was dan bij de controles. Voor deze resultaten is gekeken naar 

zogenaamde oppervlakte vormverschillen (surface shape differences). Deze hadden niet 

gedetecteerd kunnen worden wanneer de analyses beperkt zouden zijn gebleven tot 

eenvoudige lineaire of angulaire metingen, zoals gebruikt wordt bij handmatig verkregen 

antropometrische data en data afgeleid van landmarks aangebracht op 2D foto’s. 

Daarom werd geconcludeerd dat 3D morphometrische analyse van een relatief kleine 

heterogene populatie (in dit geval patiëntengroep) kan bijdragen aan het verder definiëren 

van gelaatsvorm en -kenmerken in een specifieke groep personen, die te subtiel zijn om met 

conventionele klinische en antropometrische benaderingen te identificeren en kwantificeren.
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In Hoofdstuk 6 werd een overzicht gegeven van de klinische en moleculaire aspecten 

van syndromen geassocieerd met hersentumoren bij kinderen. Dit zou kunnen bijdragen 

aan een betere herkenning van syndromen bij kinderen met een hersentumor en aan het  

eerdere diagnosticeren van hersentumoren bij kinderen met syndromen. Hersentumoren 

komen meestal voor bij volwassenen. Als een hersentumor ontstaat bij een kind speelt 

er mogelijk een genetische predispositie. Een   dergelijk tumor predispositie syndroom 

gaat doorgaans gepaard met andere verschijnselen en symptomen. In dit overzichtsartikel 

werden de voornaamste typen hersentumoren die voorkomen bij kinderen en de 

verschillende syndromen die bekend gerelateerd zijn aan deze tumoren beschreven. 

De meest voorkomende tumor predispositie syndromen met een grote kans op het 

ontwikkelen van een hersentumor werden besproken. Van elk van deze entiteiten werden 

korte beschrijvingen van de voornaamste manifestaties  en geassocieerde hersentumoren 

gegeven. Ook werden de valkuilen bij het stellen van een klinische en moleculaire diagnose 

en de consequenties van het diagnosticeren van een tumor predispositie syndroom voor 

familieleden beschreven.

Deel III. Screening aspecten van tumor predispositie syndro-
men bij kinderen met kanker

In Deel III van dit proefschrift was het doel een screenings instrument te ontwikkelen voor 

bekende tumor predispositie syndromen bij kinderen met kanker

 .

Het herkennen van tumor predispositie syndromen bij kinderen met kanker is essentieel om 

optimale zorg aan het kind te kunnen verlenen. Het screeningsinstrument wat ontwikkeld 

werd heeft als doel tumor predispositie syndromen bij kinderen met kanker te herkennen 

en zo de betrokken artsen te ondersteunen in hun zorg voor een kind met kanker. Het 

complete screeningsinstrument bestaat uit een gestandaardiseerde serie (2D en 3D) foto’s 

van de patiënt en een screeningformulier waarop gevraagd wordt naar uiterlijke kenmerken 

die niet zichtbaar zijn op de foto’s, medische voorgeschiedenis en familiegeschiedenis van 

de patiënt. De ontwikkeling van het screeningformulier door middel van een internationaal 

georganiseerd tweetraps Delphi proces werd beschreven. In het Delphi proces werden 49 

manifestaties (uiterlijke kenmerken) geïdentificeerd die bijdragen aan de diagnose van een 

tumor predispositie syndroom en deze werden opgenomen in het screeningformulier. In 

de eerste validatie werden 10 kinderen met kanker, die onder behandeling in een ander 

centrum waren, geïncludeerd. Van twee klinisch genetici die het screeningsinstrument 

gebruikten werd het klinische oordeel om een patiënt wel of niet te verwijzen voor een 

volledige evaluatie door een klinisch geneticus en de reden van verwijzing geregistreerd 

en vergeleken met het oordeel van een klinisch geneticus die een patiënt zag volgens een 

routinematig volgens en klinisch geneticus consult.
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In deze eerste validatie werd gedemonstreerd dat alle patiënten suspect voor het hebben van 

een tumor predispositie syndroom werden herkend. Er was een uitstekende correlatie van 

de indicaties voor verwijzing bij de beoordeling door middel van het screeningsinstrument 

en beoordeling volgens de ‘Gouden Standaard’ (persoonlijke volledige evaluatie door een 

ervaren klinisch geneticus). Ook kwamen de uitspraken ten aanzien van wel of niet verwijzen 

goed overeen tussen de twee klinisch genetici die de patiënten beoordeelden door middel 

van het screeningsinstrument, ondanks hun verschillende specialisatie (dysmorfologie 

versus oncogenetica). 

We erkennen dat het validatiecohort te klein was om implementatie van het 

screeningsinstrument in de kliniek te rechtvaardigen. De optimale validatie van het 

instrument zou een vergelijkende prospectieve studie zijn in een cohort van nieuw 

gediagnostiseerde kinderen met kanker. Het aantal verwijzingen en de redenen van 

verwijzing voor een volledige klinisch genetische evaluatie naar aanleiding van evaluatie 

door middel van het screeningsinstrument zouden dan vergeleken kunnen worden met een 

standaard persoonlijke volledige evaluatie door een ervaren klinisch geneticus (‘Gouden 

Standaard’). Een dergelijke prospectieve studie waarin de uitvoerbaarheid en validiteit 

van het uiteindelijke screeningsinstrument bepaald worden, is nodig om de diagnostische 

waarde van het screeningsinstrument te bepalen ; deze studie wordt momenteel opgezet. 
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Het leukste heb ik voor het laatst bewaard: het stil staan bij de mensen die, ieder op hun 

eigen manier, belangrijk zijn geweest bij de totstandkoming van dit proefschrift.

Zonder (ex)-patiënten en hun ouders die bereid waren mee te werken aan de verschillende 

projecten was er geen proefschrift geweest. Daarom wil ik jullie als eerste bedanken. Dank 

voor het vertrouwen in ons als team, jullie geduld en bereidwilligheid om het onderzoek 

verder te helpen.

Mijn promotor prof. dr. H.N. Caron. Beste Huib, dank voor jouw vertrouwen in mij als 

onderzoeker. Ik heb grote bewondering voor jouw analytisch denken en heb groot ontzag 

voor jouw scherpte en doortastendheid. Zelf als we elkaar minder frequent spraken wist 

jij toch altijd precies waar we gebleven waren en dan ook direct weer tot de essentie te 

komen.

En dat met een ongekende snelheid van denken (en spreken). Ik heb me verschillende keren 

afgevraagd of jij misschien een dubbele cortex of een ander vernuftig iets bezit waardoor 

je alles zo snel doorziet. Dank dat ik onder jouw begeleiding en coaching mijn promotie-

onderzoek mocht doen.

Mijn promotor prof. dr. R.C.M. Hennekam. Beste Raoul, het is inmiddels alweer heel 

veel jaar geleden dat ik kennis maakte met jouw bevlogenheid voor het vak klinische 

genetica. Ik weet het nog precies, het was tijdens een werkgroep voor mijn studie Medische 

Biologie. Jouw vermogen om ingewikkelde dingen simpel te doen lijken, enthousiasme en 

gedrevenheid maakte toen al grote indruk en dat doet het tot op de dag van vandaag. Jouw 

kennis lijkt onuitputtelijk en ik meerdere keren gegrapt dat je toch een soort professor-

processor moet hebben om deze kennis van encyclopedisch formaat paraat te houden. Dat 

gecombineerd met een groot invoelend vermogen, betrokkenheid en attentie bij belangrijke 

gebeurtenissen binnen en buiten het werk maken dat ik me geen betere supervisor had 

kunnen wensen. Als klinisch geneticus en in jouw contact met patiënten ben je een groot 

voorbeeld voor mij en als ik de afgelopen jaren maar een fractie van jouw kennis  en 

communicatieve vaardigheden heb mogen overnemen ben ik een heel veel betere arts 

geworden dan ik hiervoor was. Dank Raoul.

Mijn co-promotor dr. J.H.M. Merks. Beste Hans, wat is het onwijs leuk geweest om onder 

jouw supervisie dit promotie-onderzoek te hebben kunnen doen. We delen onze fascinatie 

voor dysmorfologie en tumor predispositie bij kinderen en vanaf het eerste gesprek wat we 

over dit project hadden loopt het gewoon. Ik heb grote bewondering voor jouw vermogen 

om de kliniek met onderzoek te combineren; dit moet lang niet altijd meevallen. Ik vind het 

heel bijzonder hoe jij ondanks alle drukte altijd je scherpe oog voor detail wist te behouden 

zonder de hoofdlijnen uit het oog te verliezen. Als er eens een keer iets tegenzat was je 

steeds de geduldige en motiverende coach (“het wordt mooi!”) die klaar stond als het 
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nodig was en dat maakte echt een verschil. Ik ben je ook heel erg dankbaar voor het goede 

evenwicht wat je steeds wist te bewaken tussen sturen aan de ene kant en het vrij laten aan 

de andere kant. Dank voor jouw vertrouwen om het vervolg op jouw promotie-onderzoek 

vorm te geven. Ik voel me vereerd dat ik jouw eerste promovendus mocht zijn en ik weet 

heel zeker dat er nog veel promovendi na mij zullen volgen. 

Huib, Raoul en Hans: ik voel me bevoorrecht dat ik de afgelopen jaren deel van jullie 

fantastische team kon zijn. Dank voor de heel fijne samenwerking en ik hoop dat deze 

samenwerking nog veel jaar stand mag houden.

Members of the committee; prof. dr. J.B. van Goudoever, prof. dr. P. Hammond, dr. 

J.J.E.M. de Klein, prof. dr. V.V.A.M. Knoers, prof. dr. E. Legius, prof. dr. R. Versteeg, 

thank you very much for your critical assessment of my thesis and for participating in the 

PhD thesis defense committee. A special thank you for prof. dr. P. Hammond and prof. 

dr. E. Legius for coming all the way to Amsterdam to discuss the topics of your expertise.

Colleagues London

Dear Peter and Mike, thank you very much for introducing me in the world of 3D. I highly 

admire how you can make something so difficult understandable for an ordinary doctor 

with hardly any mathematical skills. Thank you for your patience with me. Peter, I feel 

honoured that you want to participate in my PhD committee and I am looking forward to 

meeting you and Eileen again.

Collega’s Rotterdam

Beste Annelies, Bert en Hannie, wat ben ik ongelooflijk blij met jullie fantastische hulp 

bij Hoofdstuk 3. Totaal onbaatzuchtig en zonder dat jullie mij kenden mocht ik langs 

komen, wat het begin was van onze fijne samenwerking. Ik bewaar goede herinneringen 

aan de dagen in Rotterdam. Annelies, ik vind het een grote eer dat jij zitting hebt willen 

nemen in de promotiecommissie, dankjewel! Lieve Daan, dankjewel voor het leren van de 

fijne kneepjes in het q-PCR vak. Het is te grappig hoe onze loopbanen tot nu toe totale 

kopieën van elkaar zijn geweest. Zelfs de promotie in combinatie met het starten van een 

specialisatie, een zwangerschap en een nieuw huis doe ik je na! Laten we snel weer eens 

afspreken.

Collega’s Amsterdam

Ik wil de collega’s van de Oncogenomics danken voor hun gastvrijheid en enthousiasme. 

In het bijzonder Peter v.S., Richard, Marli, Nurdan, Fieke, Ida, Linda S., Nancy, 

Franciska en Emmy, heel veel dank voor voor belangstelling en attentie bij alle belangrijke 

gebeurtenissen! Jan M. en Jan K., het gouden duo en nog gezellig ook. Dank voor het 

altijd willen meedenken en delen van jullie kennis. Rogier, dank voor het faciliteren van mijn 

plek in het aquarium, was ik na zoveel jaar toch weer een beetje terug op Oncogenomics! 

228



Dankwoord

Heel veel dank ook voor het feit dat je zitting wilde nemen in mijn promotie-commissie en 

mijn werk wilde beoordelen.

Lieve oud-aquariumgenoten Richard, Jens, Fieke, Hinco, Maaike,  Joanne, Sophie, 

Maria en Heleen voor het goede gezelschap. Heleen, wat is het toch fijn dat we (nu 

nog…) bijna buren zijn en wat ben je een ontzettende schat. Voor ons, maar ook voor Cato: 

dank voor jouw gezelligheid al die keren dat je voor ons klaar stond! Joanne, wat jammer 

dat we in dit laatste stukje niet meer dezelfde kamer delen, succes en dank voor al jouw 

interesse!

Huidige aquariumgenoten Peter S., Ksenja, Suzanne, Irene en in het bijzonder Emmy 

Dolman. Emmy, wat had ik toch zonder jou gemoeten! Van lastminute een grafiek 

vervolmaken in graph pad, tot onze uitgebreide evaluaties van sociale situaties en jouw 

eindeloze attent-zijn: je bent eigenlijk onmisbaar! Gelukkig is Utrecht jouw hometown dus 

ik hoop elkaar nog eens te zien!

Ik wil de Kinderoncologen heel erg bedanken voor hun interresse in en meedenken 

over mijn verschillende projecten. Dank ook voor het vertrouwen in mij om mee te laten 

denken over tumor predispositie bij jullie patiënten. Marianne, dank dat je altijd zo attent 

informeerde hoe het ervoor stond. Lieve, dank voor jouw meedenken en de uitnodigingen 

voor jullie leuke feestjes! Cor, dank voor je kritisch lezen van Hoofdstuk 7 en het feit dat je 

tijd en energie in het lezen van mijn manuscript en proefpromotie wilde steken.

Kinderonco dames en heer: Natasha, Reineke, Rutger, Janine, Odette, Elske en Gitta 

dank voor al jullie gezelligheid. Helaas zijn onze uitstapjes en lunches in de laatste twee jaar 

exponentieel afgenomen, maar wat was dat toch gezellig. Rein, mijn 3D partner in crime…

dank voor jouw inspanningen bij het werven van controle-personen en jouw gezelligheid. 

Succes met het laatste stuk van jouw promotie!

Elske en Gitta, mijn lieve paranimfjes (wat is dit toch een vreemd woord). In vind het 

fantastisch dat jullie deze bijzondere dag van zo dichtbij met me willen meemaken. Jullie 

zijn naast heel fijne collega’s ook heel fijne vriendinnetjes geworden. Elsie, we hebben 

het meer dan eens gehad over de tijd die zou komen “als we allebei klaar zouden zijn”. 

Inmiddels heb jij de klus alweer enige tijd geleden geklaard maar nu is het toch zover! 

Helemaal rustig is het nog niet, maar hopelijk weer ietsje meer tijd voor afspraakjes, dat 

vind ik altijd zo gezellig! Git, meer dan eens ben je onmisbaar gebleken. De lunchpauzes 

waarin van alles de revue passeerde waren altijd zo gezellig en zo’n fijne afleiding! Ook de 

afspraken buiten werk om zijn altijd zo leuk en wie weet worden Kyan en Cato nog wel echt 

een keer verliefd, wat een fijn stelletje toch die boefjes van ons.
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Collega’s van de PLEK en LATER: Minke, Heleen, Sebastiaan, Leontien, Renée, Lieke 

Judith, Jop, Susanne en Anna. Dankjulliewel voor de interresse in mijn werk, het 

meedenken en jullie gezelligheid.

Twee collega’s van het datamanagement wil ik in het bijzonder bedanken: Jeannette 

van Gelder en Richard Heinen. Jullie zijn absoluut onmisbaar geweest voor de opzet en 

querying van de database voor het Hoofdstuk 7 over het screeningsinstrument. Ongelooflijk 

veel dank hiervoor!

Marit, Ilse, Antoinet, Monique en Hester: jullie hulp bij plannen van vergaderingen, 

ontvangen en versturen van patiëntmateriaal en -correspondentie was onmisbaar! 

Monique, wat ben je toch altijd geïnteresseerd, zo leuk. Hes, onwijs bedankt voor jouw 

interesse en attentie bij alle belangrijke gebeurtenissen. Antoinet, dank voor de organisatie 

van de administratie die bij een promotie komt kijken.

Dank Chris Bor, je hebt hier echt heel veel werk in gestopt en met heel mooi resultaat!! 

Arnold Leenders, dank voor de ondersteuning bij zoek strategieën in PubMed en EMBASE.

Collega’s van de klinische genetica in AMC: in het bijzonder Simone Snijder, Lia Knegt , 

Inge Mathijssen, Saskia Maas, Jan Maarten Cobben, Cora Aalfs en Fonnet Bleeker: 

dank voor de fijne samenwerking, jullie interesse in mijn project(en) en jullie meedenken bij 

verschillende patiëntcasussen. 

Arts-onderzoekers van andere afdelingen in het EKZ/AMC wil ik bedanken voor hun 

gezelligheid, fijne kletspraatjes, lunches en morele steun: Lotte, Marieke, Tes, Sophie, 

Eva, Janneke, Sanne, Carline (prof. Tacke), Alice, Lies, Nicole, Syl, Machtelt, Amber 

en wijlen Quirine. Quirine, je was altijd zo oprecht, geïnteresseerd en sociaal, je wordt 

gemist.

Speciale dank ook aan mijn Amsterdam Kindersymposium commissie maatjes Gitta, 

Hester, Tackie, Alice, Hester, Marc en Denise, wat hebben we dat toch goed gedaan! 

Collega’s Utrecht 

Beste Nine, dankjewel dat je mij de kans gaf klinisch geneticus bij jullie te worden; ik voel 

me als een vis in het water en heb heel veel zin in de aankomende jaren. Juist daarom vind 

ik het zo leuk dat jij in mijn commissie plaats wilde nemen en mijn voorgaande werk wilde 

beoordelen, dank daarvoor! 

Ik ben een bevoorrecht mens, want toen ik het AMC verruilde voor het UMC Utrecht kreeg 

ik er minstens zo fijne collega’s bij. Dank aan alle stafleden voor het creëren van een 

fijne leeromgeving en de bereidheid jullie kennis te willen delen. Mede A(N)IOS Marijke, 

Annette, Evelien, Charlotte, Marijn en Nienke. We zijn een fijn clubje bij elkaar en ik wil 
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jullie bedanken voor de flexibiliteit en ruimdenkendheid als er eens een conflict van taken of 

agenda’s was waardoor er last-minute toch nog iets overgenomen of geruild moest worden. 

In het bijzonder wil ik mijn kamergenootjes Evelien en Charlotte bedanken omdat zij zo 

onwijs lief, meelevend en steunend zijn. 

Familie en vrienden

Tot slot wil ik heel graag mensen bedanken die misschien niet direct hebben bijgedragen 

aan mijn proefschrift maar toch onmisbaar zijn geweest door hun meeleven, steun en hulp 

achter de schermen. Git, Elsie, Tes en Marion ik wil jullie nog een keer expliciet noemen 

omdat jullie zulke fijne lieverds zijn en het zo hielp dat jullie in dat laatste taaie stuk precies 

wisten hoe het voelt. Dan zijn er ook vier eindeloos attente mensen die steeds kaartjes, 

berichtjes of gezellige dingetjes stuurden op precies het goede moment: Doortje en Bas, 

Anouk en Evert: jullie zijn waanzinnig lief en ik hoop snel weer meer tijd met jullie en onze 

lieve kindjes door te kunnen brengen. Lieve Ruth, Lieke en Sophie: heel veel dank voor 

jullie vriendschap en eindeloze geduld als ik weer eens nergens anders tijd voor had dan 

werken en een afspraak weer uitgesteld moest worden. Ruthje, je bent de allerliefste, meest 

stoere en sterke vrouw die ik ken; we zien elkaar standaard te weinig maar toch lijk je altijd 

dichtbij. Dikke kussen voor jou, Sev en Merijn, denk aan jullie. Lieve Noortje en Ralph, 

dank voor jullie fijne vriendschap. Noor, we gaan way-back naar onze medische biologie-

bijbaantje op de EHBO van de Jaap Eden ijsbaan. Onze gezellige EHBO-cursusavondjes 

waren de basis voor onze hechte vriendschap en ik hoop dat deze nog heel lang mag blijven 

bestaan. Dank voor jouw geduld in deze niet-sociale periode van mijn leven. Eindelijk weer 

tijd om goed bij te kletsen, ik verheug me er nu al op! Lieve Evelien en Michiel, naast onze 

fijnste buurtjes zijn jullie heel dierbare vrienden voor ons geworden. We delen een doel 

gemeenschappelijks en onze uitjes, vakanties en theemomentjes maken me superblij. Het is 

nog een beetje onwennig dat er straks een grotere afstand tussen onze huisjes is, maar ik 

hoop heel erg dat het ons niet gaat tegenhouden om elkaar te blijven zien.

Dan mijn lieve schoonfamilie: Frank, Ellen, Eva, Hugo en Mathilde: jullie zijn een heel 

leuk en lief stelletje bij elkaar. Frank en Ellen: vaak vertrokken jullie voor dag en dauw uit 

Nijmegen om op Cato te komen passen. ’s Avonds bij thuiskomst hangt of ligt er dan steeds 

weer een nieuw kunstwerk met een stralend Catootje erbij, dat maakt me zo blij! Dank dat 

jullie zoveel voor ons klaar staan en dank dat jullie zo’n fijne opa en oma voor Cato zijn.

Mijn lieve zussies Maaike en Nienke, schoonbroers Edwin en Ton en liefste nichtjes Farah 

en Ive. Jullie warmte en steun achter de schermen is zo fijn. Heel, heel veel dank voor jullie 

geduld, het meeleven op de leuke en minder leuke momenten en het er zijn. 

Lieve pap en mam, waar moet ik beginnen om jullie te bedanken? Het warme, geborgen 

nest waarin wij zijn opgegroeid is de basis geweest voor heel veel goeds. Nu ik weet dat 
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het zo anders kan waardeer ik dat meer dan ooit. Jullie onvoorwaardelijke liefde, steun 

en wijsheid maakt alles makkelijker. Het doorzettingsvermogen (even door de zure appel 

bijten..) dat ik van jullie heb mee gekregen hielp me dingen af te maken als het even tegen 

zat en ook daar ben ik jullie heel dankbaar voor. Ontelbare keren stonden jullie klaar voor 

ons met klussen, oppassen of een motiverend gesprek. Jullie zijn onmisbaar voor ons als 

(schoon)ouders en voor Cato als opa en oma. Ik voel me bevoorrecht met ouders zoals jullie 

en ben ongelooflijk blij dat we samen deze mijlpaal kunnen vieren, ik hou van jullie.

Liefste Cato, wat is het toch een ongelooflijk feest dat jij in ons leven bent. Jouw blije, 

bruine glansoogjes maken ieder tegenslagje onbelangrijk. Het duurt nog even voor je weet 

waar dit boekje van mama precies over gaat, maar je wist al wel heel goed dat ik daarvoor 

een boel “knopjes drukken achter de computer” moest. Je bent een fantastisch meisje en 

papa en ik zijn ongelooflijk trots op jou. I-love-you!

Liefste Steef, deze laatste paar zinnen gericht aan jou doen geen absoluut geen recht aan 

hoeveel jij voor mij betekent. De afgelopen maanden heb je zonder te klagen mij alles uit 

handen genomen om me maar de tijd en ruimte te geven dit af te maken en daar ben ik je 

ongelooflijk dankbaar voor. Maar nog veel meer dankbaar ben ik jou voor al het fijns dat 

we samen delen, we zijn zo’n goed stel en ik hou ontelbaar veel van jou. Ik kijk uit naar al 

het moois wat het leven voor ons nog meer in petto heeft, samen met jou is 1 plus 1 meer 

dan twee! KOZK, Sas
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