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Introduction

1
Introduction to the Neurofibromatoses
Neurofibromatosis type 1 (NF1), NF2-related schwannomatosis (NF2) and non-
NF2-related schwannomatosis (SWN) are rare tumour predisposition syndromes. 
These distinct genetic disorders are each characterised by a specific spectrum 
of associated tumours and other disease manifestations. However, due to their 
shared rare nature and predisposition to the development of nerve sheath 
tumours, they are often grouped under the term ‘Neurofibromatoses’ (NF).

NF1 is the most common of the three conditions, with an estimated birth 
incidence of 1 in 2.000 individuals (Table 1).1 It causes a wide variety of disease 
manifestations in all organ systems, including the skin. The diagnostic criteria 
for NF1 include a.o. the presence of multiple café-au-lait maculae, freckling in 
the axillary or inguinal region, and distinctive osseous lesions (Table 2).2 NF1 
is characterised by a pronounced variety in clinical expression, resulting in a 
variable prevalence and severity of disease manifestations between individuals, 
even within families and identical twins.3,4

The nomenclature for NF2-related schwannomatosis and non-NF2-related 
schwannomatosis was revised in 2022.5 NF2-related schwannomatosis 
was formerly known as neurofibromatosis type 2, and non-NF2-related 
schwannomatosis as schwannomatosis. This older nomenclature can still be 
found in some articles included in this thesis. NF2 and SWN have respective birth 
incidences of 1 in 27.9561,6 and 1 in 68.956 (Table 1).7 The hallmark manifestation 
of NF2 is the development of bilateral vestibular schwannomas (Table 3). SWN 
shows significant phenotypic overlap with NF2. It also predisposes to the 
development of multiple schwannomas, but bilateral vestibular schwannomas 
seldom occur in SWN.8
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Table 1. Characteristics and the most common associated tumours of the three 
Neurofibromatoses, including the estimated cumulative incidence for each tumour within 
the respective condition.

Neurofibromatosis type 1 NF2-related schwannomatosis Non-NF2-related schwannomatosis
Birth incidence 1 in 2.000 1 in 27.956 1 in 68.956

Affected gene(s) NF1 NF2 SMARCB1, LZTR1*

Inheritance Autosomal dominant, ~50% de novo Autosomal dominant, ~50% de novo Autosomal dominant, ~80% de novo

Associated benign tumours
(approximate cumulative incidence)

Cutaneous neurofibroma (95 - 99%)9 Vestibular schwannoma (100%)5 Schwannoma (74 - 81%)7

Subcutaneous neurofibroma (15%)10

Plexiform neurofibroma (60%)12

Low-grade glioma  (15 - 20%)14,15

(e.g. optic pathway glioma)
Gastrointestinal stromal tumour¥ (5 - 30%)10,16

Pheochromocytoma (6%)10

Other schwannoma (70%)11 

(cranial and peripheral) 
Meningioma¥ (5%)7

Meningioma¥ (80%)13

Ependymoma¥ (20 - 35%)13

Associated malignant tumours 
(approximate cumulative incidence)

Malignant peripheral nerve sheath tumour 
(8 - 16%)1,17

Malignant peripheral nerve 
sheath tumour (2%)17

High-grade glioma (0.3 - 5%)18

Breast cancer (8%)19

* = Genes most frequently affected, the genetic landscape of non-NF2-related schwannomatosis 
has not been fully identified. ¥ = depending on grade, can also be malignant.

The genetic landscape of NF
The NF1 gene was identified in 1990 and is located on 17q11.2 of chromosome 
17.20,21 Mutations in NF1 cause the loss of a functional neurofibromin protein, 
which in turn induces excessive activity of the RAS-pathway, promoting cell 
growth in NF1-deficient cells.22 The NF2 gene lies on 22q11.2 of chromosome 12 
and was identified in 1993.23,24 Mutations in this gene cause a loss of functional 
merlin, a tumour suppressor protein.24 Similarly to NF1’s neurofibromin, the loss 
of merlin also stimulates activation of proliferative signalling pathways.25-27 The 
genetic landscape of SWN is less well defined than those of NF1 and NF2, but 
mutations in SMARC1B and LZTR1 are likely responsible for the disease in the 
majority of patients with SWN.28-31 Both of these genes are located centromeric 
to NF2 on chromosome 22q and function as tumour suppression genes.
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The genetic landscape of NF
The NF1 gene was identified in 1990 and is located on 17q11.2 of chromosome 
17.20,21 Mutations in NF1 cause the loss of a functional neurofibromin protein, 
which in turn induces excessive activity of the RAS-pathway, promoting cell 
growth in NF1-deficient cells.22 The NF2 gene lies on 22q11.2 of chromosome 12 
and was identified in 1993.23,24 Mutations in this gene cause a loss of functional 
merlin, a tumour suppressor protein.24 Similarly to NF1’s neurofibromin, the loss 
of merlin also stimulates activation of proliferative signalling pathways.25-27 The 
genetic landscape of SWN is less well defined than those of NF1 and NF2, but 
mutations in SMARC1B and LZTR1 are likely responsible for the disease in the 
majority of patients with SWN.28-31 Both of these genes are located centromeric 
to NF2 on chromosome 22q and function as tumour suppression genes.

Tumours in NF
Due to mutations in the described tumour suppression genes, the three types of 
NF predispose to a variety of tumours, which primarily affect the nervous system 
(Table 1). The hallmark benign tumours of NF1 are neurofibromas, which develop 
in nerves in the skin (cutaneous neurofibromas), under the skin (subcutaneous 
neurofibromas), or in deeper peripheral nerves (plexiform neurofibromas).32 
NF1-associated low-grade gliomas can occur in any part of the brain and spinal 
cord, but the majority arise in the optic pathway: approximately 15 to 20% of 
children with NF1 will develop an optic pathway glioma (OPG), making it the most 
common brain tumour in NF1.33,34 In NF2, approximately 80% of the patients will 
develop one or more meningioma, and 20 - 35% will develop an ependymoma.13 
Whether these tumours are considered benign or malignant depends on the 
respective grade of the tumour. In addition to the characterising schwannomas, 
meningiomas may also occur in SWN, although they are uncommon.35
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Table 2. Revised diagnostic criteria for Neurofibromatosis type 1.

Revised diagnostic criteria for Neurofibromatosis type 12

A: The diagnostic criteria for NF1 are met in an individual who does not have a parent 
diagnosed with NF1 if two or more of the following are present:

•	 Six or more café-au-lait macules over 5mm in greatest diameter in prepubertal 
individuals and over 15mm in greatest diameter in postpubertal individuals

•	 Freckling in the axillary or inguinal region
•	 Two or more neurofibromas of any type or one plexiform neurofibroma
•	 Optic pathway glioma
•	 Two or more Lisch nodules identified by slit lamp examination or two or more 

choroidal abnormalities (CAs) - defined as bright, patchy nodules imaged by optical 
coherence tomography (OCT)/near-infrared reflectance (NIR) imaging

•	 A distinctive osseous lesion such as sphenoid dysplasia, anterolateral bowing of the 
tibia, or pseudarthrosis of a long bone

•	 A heterozygous pathogenic NF1 variant with a variant allele fraction of 50% in 
apparently normal tissue such as white blood cells

B: A child of a parent who meets the diagnostic criteria specified in A meets a diagnosis 
of NF1 if one or more of the criteria in A are present

The common characteristic of the abovementioned tumours is that although 
benign, they can cause significant morbidity due to their size and/or location. 
For example, plexiform neurofibromas can cause pain, neurological deficits, and 
disfigurement,36,37 while cutaneous neurofibromas can cause symptoms like 
irritation, itching, and decreased psychological well-being due to the number and 
visibility of the tumours.38 The vestibular schwannomas in NF2 cause (complete) 
hearing loss, which may be accompanied by tinnitus and balance problems.13 The 
schwannomas in SWN can be painful, with no clear association between the pain 
and the size or location of the schwannoma.39

NF is also associated with an increased risk of various malignancies. Approximately 
8 - 16% of patients with NF1 will develop a malignant peripheral nerve sheath 
tumour (MPNST),1 and 0.3 - 5% will develop a high-grade glioma.40-42 Patients with 
NF1 also have a significantly increased risk of developing various other malignant 
tumours, such as breast cancer and hematopoietic malignancies.15 Patients with 
NF2 can develop malignant ependymoma and meningioma, while patients with 
SMARCB1-related SWN can develop MPNST, although the latter occurs rarely.17,35
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Table 3. Revised diagnostic criteria for NF2-related schwannomatosis and the different 
types of non-NF2-related schwannomatosis.

Revised diagnostic criteria for NF2-related schwannomatosis, formerly known as NF25

A diagnosis of NF2-related schwannomatosis can be made when an individual has one 
of the following:
1.	 Bilateral vestibular schwannoma (VS)
2.	 An identical NF2 pathogenic variant in at least 2 anatomically distinct NF2-related 

tumours (schwannoma, meningioma and/or ependymoma)
3.	 Either 2 major or 1 major and 2 minor criteria as described in the following:
Major criteria:
•	 Unilateral VS
•	 First-degree relative other than sibling with NF2-related schwannomatosis
•	 2 or more meningiomas
•	 NF2 pathogenic variant in an unaffected tissue such as blood
Minor criteria:
•	 Can count >1 of a type (e.g. 2 distinct schwannomas would count as 2 minor 

criteria)
•	 Ependymoma, meningioma, schwannoma

•	 Can count only once (e.g. bilateral cortical cataracts count as a single minor 
criterion)
•	 Juvenile subcapsular or cortical cataract, retinal hamartoma, epiretinal 

membrane in a person aged <40 years, meningioma
•	 Pattern of genetic changes in unaffected and tumour tissue

Revised diagnostic criteria for non-NF2-related schwannomatosis5

A diagnosis of SMARCB1 or LZTR1-related schwannomatosis can be made when an 
individual meets 1 of the following criteria:
•	 At least 1 pathologically confirmed schwannoma or hybrid nerve sheath tumour 

and a SMARCB1 (or LZTR1) pathogenic variant in an unaffected tissue such as 
blood

•	 A shared SMARCB1 or LZTR1 pathogenic variant in 2 schwannomas or hybrid 
nerve sheath tumours

A diagnosis of 22q-related schwannomatosis can be made when an individual 
does not meet criteria for NF2-related schwannomatosis, SMARCB1-related 
schwannomatosis, or LTZR1-related schwannomatosis, does not have a germline 
DGCR8 pathogenic variant, and has both of the following molecular features:
•	 Loss of heterozygosity of the same chromosome 22q markers in 2 anatomically 

distinct schwannomas or hybrid nerve sheath tumours
•	 A different NF2 pathogenic variant in each tumour, which cannot be detected in 

unaffected tissue
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The lack of effective treatments for NF-associated tumours
Given the associated morbidity and risk of malignancy, it is essential to develop 
effective treatments for NF-associated tumours. Surgical options are often limited 
due to the close relationship of the tumours with their originating nerve and/
or their vicinity to other vital areas (such as the brain stem in NF2). In addition, 
tumours like plexiform neurofibromas show a high chance of regrowth after 
resection.43,44 Radiation therapy is not recommended in NF due to limited 
effectiveness compared to sporadic tumours,45 an increased risk of developing 
secondary malignancies, and the risk of malignant transformation of existing 
tumours.46 Given the ineffectiveness of these treatment modalities, there is great 
need for drug treatments for NF-associated tumours.

The tumours that are associated with NF also occur sporadically in the general 
population. In the past, many clinical drug trials focussed on individual tumour 
types, and not specifically on tumours in patients with NF. Consequently, patients 
with NF have regularly been included in trials that also included patients with 
sporadic tumours.47 Interestingly, multiple therapies have shown to be less 
effective in NF-associated tumours than in sporadic tumours.48,49 Study of the 
molecular genetics of NF-associated tumours has revealed that tumours in NF 
may have a different pathogenesis than sporadic tumours. For example, NF1-
associated gastrointestinal stromal tumours (GISTs) rarely display mutations in 
KIT or PDGFRA, which are typically seen in sporadic GISTs.50 Contrarily, mutations 
in ATRX are thought to be more frequent in NF1-associated high-grade gliomas 
than in sporadic high-grade gliomas.51 Given their distinct genetic origin and 
pathogenesis, effective therapies for tumours in NF can only be identified through 
clinical trials exclusively for the NF population, studying drugs that target the 
specific growth control pathways that are de-regulated in NF1, NF2, and SWN.

The development of targeted treatments
With the study of the underlying genes and molecular pathogenesis of the 
disorders, multiple novel molecular-targeted therapies were identified for NF 
over the past decades. Following the creation of this pipeline of new candidate 
drugs, two drugs have been currently approved for clinical use: selumetinib for 
the treatment of progressive and inoperable plexiform neurofibroma in children,52 
and bevacizumab for the treatment of vestibular schwannoma in NF2.53 Although 
the approval of these drugs are promising first steps, they are approved for just 
two of the NF-associated tumours, and selumetinib is only approved for a specific 
subset of the NF1 patient population. Therefore, NF remains a disease area with 
an urgent and unmet medical need.
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The limited translation from drug candidates to drug approval can be explained by 
a number of difficulties that are encountered in the design and conduct of clinical 
trials for NF. Hence, the aim of this thesis is to contribute to the improvement of 
clinical trials for NF, by identifying and addressing specific challenges in trials for 
these conditions.

The main challenge in trials for NF: small sample sizes
In trials specific for NF-associated disease manifestations, the main difficulty lies in 
reaching adequate sample sizes. Due to the low prevalence of the disorders, patient 
accrual will be slow. This makes the recruitment of sufficient patient numbers 
challenging, especially in NF2 and SWN. The high phenotypic variability adds 
an additional layer of complexity: the number of patients that develop a specific 
manifestation is even lower, further shrinking the pool of available patients. 
Finally, not all patients will require treatment, and not all patients will be eligible 
for trials. The patients that are eligible will be geographically dispersed, often 
making multi-centric and multinational trials a necessity to reach the required 
sample sizes. These large-scale trials take significant time, funds, and efforts 
to organise, with problems encountered in protocol harmonisation, differences 
between participating countries in healthcare structure, regulatory processes, and 
requirements for ethical review, as well as cross-cultural differences (e.g. having 
to supply study material in multiple languages).54

Randomised controlled trials (RCTs) have long been considered the gold standard 
in trial design. However, they may not be the optimal design for rare diseases due 
to their unique pitfalls. Innovative trial designs could accelerate the identification 
of effective therapies by addressing some of the challenges in NF, including 
the small pool of available patients. There are multiple innovative clinical trial 
designs available, each with their own advantages and disadvantages.55 As 
a part of the European Patient-CEntric ClinicAl TRial PLatforms (EU-PEARL) 
project, which was funded under the Innovative Medicines Initiative (IMI), NF 
researchers and clinicians got the opportunity to establish such an innovative 
trial design for NF: a platform trial specifically designed for NF-associated 
tumours.56 In consequence, this innovative trial design will be described in 
greater detail in this thesis.

Platform trials
Platform trials have been used most frequently in the field of oncology,57-59 and 
neuro-oncological conditions have been successfully included.60 The Adaptive 
Platform Trials Coalition defines platform trials as “the study of multiple targeted 
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therapies to a single disease in a perpetual manner, with therapies allowed to 
enter or leave the platform on the basis of a predefined decision algorithm”.61 If 
a platform trial includes more than one disease or disease subtype, it is called 
a platform-basket trial. The main distinct characteristics of traditional clinical 
trials and platform trials are described in Table 4. Where traditional clinical 
trials typically evaluate a single intervention in one disease, platform trials can 
evaluate multiple treatments at the same time. In addition, platform trials offer 
the opportunity to add new interventions to the platform during the course of 
the trial, as soon as they become available (Figure 1). These interventional arms 
can be compared to a common control group, which can be either a placebo 
or the current standard of care. In theory, a platform trial can run indefinitely, 
until it is decided that sufficient effective therapies have been identified for the 
targeted patient population.62

Figure 1. Illustration of how new drug arms can be introduced and dropped in a platform 
trial.63 In this example, the platform trial starts with two interventional arms and a common 
control arm. At the first interim analysis, one new arm is introduced (intervention 3) while 
intervention 1 is dropped from the platform.

A platform trial can have various benefits compared to a standard RCT. By sharing 
the control group between interventions in the platform, data from individual 
participants is used more efficiently, reducing the required sample size. Since new 
interventions are added to the trial as amendments, and not as new trial protocols, 
investigational agents can be assessed for efficacy faster than they would be in 



19

Introduction

1
separate clinical trials. Lastly, platform trials will evaluate multiple treatments 
over time while utilising the same overall trial structure, significantly decreasing 
the costs, time, and efforts of drug development, compared to running multiple 
separate clinical trials.64,65

Table 4. The general characteristics of traditional clinical trials and platform trials. 
Adapted from Paganoni et al.62

Traditional clinical trial Platform trial
Focusses on an intervention in a particular 
disease

Focusses on the disease and not on a 
particular intervention

Generally studies a single intervention Can evaluate multiple interventions at the 
same time

Studies a set number of prespecified 
interventions

New interventions can be introduced 
during the course of the trial

Separate protocols for each individual trial Overarching master protocol for the whole 
trial, with intervention specific appendices

Separate control group for each trial Shared control group for some or all 
interventions

Intervention generally declared effective 
or non-effective at end of trial

Allows for early stopping of intervention 
due to efficacy or futility following interim 
analysis

Set randomisation and treatment 
allocation

Possibility for response-adaptive 
randomisation: randomisation 
probabilities can change to increase the 
likelihood of allocation to treatments with 
higher efficacy

Trial ends at pre-specified time Trial can remain open for an unlimited 
time

Generally stand-alone, singular trials Trial functions on a shared infrastructure 
(platform)

Other challenges in trials for NF
Despite the various benefits of platform trials, there are other challenges in trials 
for NF besides limited patient numbers. These other challenges may not be easily 
solved, regardless of the chosen trial design. For instance, the natural history 
of most manifestations of NF has not been fully described. This lack of natural 
history data influences the design and conduct of clinical trials for NF in multiple 
ways. Natural history data is useful in helping to decide the best time points 
for initiating treatment, eligibility criteria, meaningful outcome measures and 
endpoints, and frequency of data collection.66,67 It also provides insight in the 
effect of current standard of care, as well as possible predictors of progression and 
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disease burden. In diseases with pronounced phenotypic heterogeneity, specific 
subgroups of patients may be identified that could benefit most from a particular 
intervention.67 Lastly, knowledge about the natural course of tumours is critical 
for studies that use natural history data as a comparator group, which is common 
in NF and other rare diseases. Thus, further study of the natural history of NF-
associated tumours will be critical for the conduct of high-quality clinical trials 
in NF.

For NF1 specifically, another complexity is that patients can present with a 
considerable variation of disease manifestations that can develop throughout 
the patient’s lifetime. The timing and severity of manifestations varies between 
individuals, resulting in variable treatment needs between patients and within 
individual patients over time.68 As patients can develop multiple tumour types 
over time, they could potentially need treatment for more than one disease 
manifestation. Trials in NF must offer the flexibility needed to account for this 
shift in treatment needs.

Another major challenge in NF is the lack of clinically meaningful and validated 
endpoints. The tumour manifestations of NF generally comprise non-malignant, 
slow growing, non-life-threatening tumours, making the traditional endpoint 
‘survival’ inappropriate. Furthermore, the symptoms that are caused by NF 
tumours will vary strongly between individual patients. While radiological 
techniques provide reliable insight into physiologic disease severity, a decrease 
in tumour size does not always lead to clinical improvement. This highlights the 
need for including the patient’s perspective on disease severity and the effect of 
(investigational) treatments. For this reason, there has been increased support 
for the use of NF-specific patient-reported outcomes (PROs).69 However, there 
currently is a great lack of PROs specifically designed for NF. The limited number 
of NF-specific PROs that do exist are often not validated in other languages, 
severely restricting their use in international trials. The international collaboration 
“Response Evaluation in Neurofibromatosis and Schwannomatosis” (REiNS)69 
aims to establish a set of consensus endpoints and response criteria for trials 
in NF. However, REiNS has not yet provided recommendations for PROs for all 
manifestations of NF. In addition, the REiNS group primarily exists of members 
from the United States. As a result, the availability and validation of PROs in 
other languages could be of less importance when including PROs in their 
recommendations. Further international collaboration is essential to develop 
specific PROs for all the manifestations in NF, and there is great need for cross-
cultural validation of these outcomes in countries across Europe and beyond.
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The overall objective of this thesis is to contribute to the improvement of clinical 
trials for NF, by identifying and addressing specific challenges in trials for NF. In 
particular, it has the following specific aims:

The current state of clinical drug trials in NF
1.	 To systematically review clinical drug trials for NF over the past decade.
2.	 To identify learning points from past trials which can be used to guide the 

development of future clinical trials for NF.

Designing a platform-basket trial for NF
3.	 To reach consensus on the most important manifestations of NF to select 

for clinical drug trials, based on the opinions of both NF experts and patient 
representatives.

4.	 To design a platform-basket trial for NF, and discuss the expected benefits of 
this innovative trial design as compared to traditional clinical trials.

5.	 Develop a methodology that can be used effectively to acquire expert and 
patient feedback on an innovative trial design that includes paediatric 
patients.

Optimising patient identification for clinical trials in NF
6.	 To assess how data from electronic health records can be used to identify 

patients with NF1-related optic pathway glioma.

Patient-reported outcome measures for clinical trials in NF1
7.	 To investigate health-related Quality of Life (HRQoL) in Dutch children with 

NF1 using proxy-reports of two generic HRQoL-questionnaires: the Pediatric 
Quality of Life Inventory (PedsQL) and the Child Health Questionnaire 
(CHQ).

8.	 To investigate whether the PedsQL or the CHQ would be more suitable to 
measure generic HRQoL in children with NF1.

9.	 To develop and validate a Dutch version of the Plexiform Neurofibromas 
Quality of Life (PlexiQoL) questionnaire.

10.	 To develop and validate a Dutch version of the cNF-Skindex questionnaire.
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Outline
The first part of this thesis describes the current state of clinical drug trials in NF. 
Chapter 2 reports the results of a systematic review of recent clinical drug trials 
in NF, which was used to identify learning points to guide the development of 
future trials in NF.

In the second part of this thesis we describe the process of designing a platform-
basket trial for NF. In Chapter 3 it is explained how the wide variety of disease 
manifestations in NF complicates the design of the platform trial. We describe 
how a modified Delphi-procedure was used to prioritise clinical manifestations 
for inclusion into drug trials, involving both clinical experts and patient 
representatives. Chapter 4 first describes the principle of platform trials and 
subsequently the platform-basket trial design that was developed specifically 
for NF. Chapter 5 reports the experiences from a series of advice meetings with 
trial experts and patients/caregivers, in which they provided feedback on the 
platform-basket trial design for NF. Based on these experiences, a methodology 
is presented which could be used to acquire feedback from trial experts, patients 
and their parents on innovative trial designs.

Part three of this thesis explores if tools can be developed to help identify patients 
for clinical trials in NF. Chapter 6 examines whether the Observational Medical 
Outcome Partnership Common Data Model could be used to identify patients with 
NF1 who had a history of optic pathway glioma in an electronic health record-
derived database.

The fourth part of this thesis focuses on patient-reported outcome measures 
for clinical trials in NF1. In Chapter 7, the HRQoL of Dutch children with NF1 
was compared to a healthy reference population, using two generic HRQoL-
questionnaires. This chapter also present an analysis of the psychometric 
properties and content of both questionnaires, to determine which questionnaire 
would be more suitable to measure HRQoL in children with NF1. Chapter 8 and 9 
describe the development and validation of the Dutch versions of two disease-
specific patient-reported outcomes for NF1: the PlexiQoL and the cNF-Skindex.

To conclude, Chapter 10 provides a general discussion on the main findings of 
these thesis and future directions, followed by a summary in Chapter 11.
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Abstract

Background: Neurofibromatosis (NF) is the umbrella term for neurofibromatosis 
type 1 (NF1), neurofibromatosis type 2 (NF2) and schwannomatosis (SWN). 
EU-PEARL aims to create a framework for platform trials in NF. The aim of this 
systematic review is to create an overview of recent clinical drug trials in NF, to 
identify learning points to guide development of the framework.

Methods: We searched Embase, Medline and Cochrane register of trials on 
October 1, 2020 for publications of clinical drug trials in NF patients. We excluded 
publications published before 2010, systematic reviews, secondary analyses and 
studies with <10 patients. Data was extracted on manifestations studied, study 
design, phase, number of participating centres and population size.

Results: Full-text review resulted in 42 articles: 31 for NF1, 11 for NF2, none for 
SWN. Most NF1 trials focused on plexiform neurofibromas (32%). Trials in NF2 
solely studied vestibular schwannomas. In NF1, single-arm trials (58%) were most 
common, and the majority was phase II (74%). For NF2 most trials were single-
arm (55%) and exclusively phase II. For both diseases, trials were predominantly 
single-country and included five centres or less. Study population sizes were 
small, with the majority including ≤50 patients (74%).

Conclusions: In conclusion, NF research is dominated by studies on a limited 
number out of the wide range of manifestations. We need more trials for 
cutaneous manifestations and high-grade gliomas in NF1, manifestations other 
than vestibular schwannoma in NF2 and trials for SWN. Drug development in 
NF may profit from innovative trials on multiple interventions and increased 
international collaboration.
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Introduction

Neurofibromatosis type 1 (NF1), neurofibromatosis type 2 (NF2) and 
schwannomatosis (SWN) are autosomal dominant hereditary disorders that 
are frequently grouped under the umbrella term neurofibromatosis (NF). All 
three diseases predispose to benign and malignant tumour formation. Disease 
manifestations are mainly located in both the peripheral and central nervous 
system, but NF1 displays a wide range of disease manifestations in (almost) all 
organ systems.1-3 In addition, NF is characterised by a wide variability in expression 
of manifestation types and severity, resulting in some patients having little to no 
symptoms, and others being severely affected.3,4

In rare hereditary diseases with strong phenotype variability like NF, it can be 
difficult to perform drug trials. Small patient populations are a bottleneck for 
classical single-centre clinical trials, resulting in high operational costs, low 
statistical efficiency and an overall lengthy time to drug approval.5 Diseases 
such as NF therefore may profit from a different kind of trial to improve research 
efficiency. A platform trial, also known as a basket or umbrella trial, is a clinical 
trial with a single master protocol which offers flexible features such as dropping 
or adding new treatments during the trial, and declaring one or more treatments 
superior.6 Ideally, platform trials will involve fewer patients, fewer patient failures, 
less time, and provide greater probability of success in finding beneficial treatments 
than traditional clinical trials.6,7

EU-PEARL (EU Patient-Centric Clinical Trial Platforms) is a European collaborative 
project that aims to create a framework for the future conduct of platform trials 
in four main disease areas, including NF.8 Being in the early stages of developing 
platform trials in NF, we were in need of information on the current scene of trials 
in NF so far, to identify gaps and recommendations in past NF research. The aim 
of this systematic review is to create an overview of clinical drug trials performed 
in NF over the last ten years and use this information to identify learning points 
which can be used to guide the development of future platform trials.
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Methods

Search strategy
Following a PICOS format we defined our search strategy, without specifying 
a specific outcome. We were interested in NF patients (population) treated 
with a drug therapy (intervention and comparator), researched in either a 
clinical trial or an observational study (study type). This systematic review was 
conducted according to the Preferred Reporting Items for Systematic reviews 
and Meta-Analyses (PRISMA) guidelines and recommendations.9 The initial 
literature search was performed on February 4, 2020. However, due to a delay 
in the writing of this review, we chose to run the search again to include 
recent articles that were published in the elapsed time. We performed the 
final literature search on October 1, 2020, searching the databases Embase, 
Medline and Cochrane register of trials using a string of terms designed by our 
librarian specifically for this review. For the full search strings per database we 
refer to Appendix I.

Selection criteria
Two authors (BD and RO) independently performed the screening process 
and full text reviews. Any conflicting findings were reviewed and discussed 
until consensus was reached. We included publications that reported results 
of 1) studies performed in NF patients, or studies that described NF patients 
as a subgroup of the study population, 2) drug trials, which could be either 
observational or clinical trials. Articles published earlier than January 1st, 2010 
were excluded. We also excluded systematic reviews, secondary analyses of 
studies already included into our systematic review, studies reporting n < 10 
patients, and studies that did not report results for NF patients separately. 
For conference abstracts, we excluded records that were updated in a later 
publication, which could be either a more recent conference abstract or a full 
publication. Only publications in English were considered.

Data extraction
Data was directly abstracted from publication texts, tables and figures by 
the first author (BD). Information extracted included study design and phase 
(if applicable), number of participating centres, the manifestation that was 
targeted in the study, number of study population, and number of dropouts 
and dropout reasons. Analysing all used endpoints in trials would fall outside 
the scope of this systematic review, so we decided to only extract the primary 
endpoints of each study. To group the wide variability of manifestations in NF, 
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we adopted the approach from a previous study,10 resulting in ten manifestation 
groups for NF1, and two for NF2 (Appendix 2). Manifestations that were studied 
in the included articles of this systematic review were grouped according to 
those defined groups.

Quality and bias assessment
We performed an assessment of the risk of bias in the results of the included full-
text articles. In addition to the overall risk of bias, we investigated which domains 
are the most common causes of bias in drug trials in NF. Two independent 
researchers (BD and GH of the Sophia Children’s Hospital) applied the ROBINS-I 
tool for non-randomised trials11 and the RoB 2 tool for randomised trials.12 The 
ROBINS-I tool investigates risk of bias for the following domains: 1) confounding, 
2) selection of participants, 3) deviations from intended interventions, 4) missing 
outcome data, 5) measurements of the outcome and 6) selection of the reported 
result. The risk of bias judgement can be low, moderate, serious and critical risk 
of bias, both for each domain-level risk of bias and the overall risk of bias. The 
RoB 2 tool investigates the same domains as the ROBINS-I tool, except that the 
domains 1) and 2) are replaced by the domain risk of bias due to the randomisation 
process. The risk of bias judgement can be low risk, some concerns and high 
risk of bias, both for each domain-level judgement about the risk of bias and the 
overall risk of bias.
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Results

The database search identified 3478 records (see Figure 1 for the results of the 
screening and full-text eligibility process). After removing duplicates and adding 
four additional records through searching reference lists, 2363 records remained 
for title and abstract screening. After screening, 121 records were deemed eligible 
for full-text review. Seventy-two publications were subsequently excluded. In the 
end, 49 records were included into this systematic review, consisting of 42 full 
articles and seven conference abstracts.
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1 Full text not available 
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38 Conference abstracts which 
were updated in later publication 

 

Studies included in 
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Articles (n = 42) 
Conference abstracts (n= 7) 

Figure 1. A flowchart of the search results according to the PRISMA-guidelines.
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Of the full-text articles, 31 described trials in NF1, 11 in NF2, but none in SWN. 
Among the conference abstracts, we identified five trials in NF1, two in NF2, but 
none in SWN. Most records were identified in the years 2014 and 2016 (Appendix 
3). Multiple conference abstracts published in 2018 have not yet been updated by 
a later conference abstract or article.

Targeted manifestations
Most trials within the NF1 population focused on the manifestation group benign 
peripheral nerve sheath tumours (10/31 published articles (32%)), followed by 
the groups neurodevelopmental manifestations (eight articles, 26%) and low-
grade glioma (LGG) (seven articles, 23%) (Figure 2). Malignant peripheral nerve 
sheath tumours (MPNST) were featured in four trials, and for bone and cutaneous 
manifestations, only one trial was performed. There were no trials performed for 
high-grade brain glioma and vascular manifestations in NF1 patients. All studies 
within the NF2 population focused on the tumour manifestations, in particular 
on the vestibular schwannomas.

The majority of trials targeted one specific manifestation within their respective 
manifestation group: trials within the benign peripheral nerve sheath tumour 
group exclusively targeted plexiform neurofibromas, and trials for LGG prioritised 
low-grade brain gliomas (5/7 trials) over optic pathway gliomas. As an exception, 
trials in the group of neurodevelopmental manifestations included a wide scope of 
targeted manifestations. Studies on malignant peripheral nerve sheath tumours/
sarcomas (MPNST/Sarcomas) were only published from 2017 and onwards, while 
the studies on peripheral benign nerve sheath tumours, LGG, neurodevelopmental 
disorders and NF2 tumour manifestations were quite evenly distributed among 
the 10 year scope of this systematic review.

Study design and phase
The majority of included NF1 articles reported the results of single arm trials 
(18/31 articles, 58%) (Figure 3). A total of eight Randomised Controlled Trials 
(RCTs) were identified, of which six were performed for neurodevelopmental 
manifestations (75% of the performed RCTs). The remaining five articles were 
observational trials. The trials on benign peripheral nerve sheath tumours and 
LGG consisted almost exclusively out of single arm trials: 8/10 trials (80%) and 
6/7 trials (86%), respectively. Of all 31 NF1 publications, 23 were phase II studies 
(74%), but no phase III or phase IV studies were identified. The majority of studies 
in NF2 were single arm trials (55%), and all were phase II. The other studies were 
observational studies; there was no RCT performed.
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Figure 3. Bar chart showing the study designs used in the included articles. The colour or 
fill of the bars represent the type of manifestation that was targeted in the article.

Collaboration between countries and number of participating centres
For NF1, 25 studies were single-country studies (81%), and six resulted from an 
international collaboration (19%) (Table 1). Trials for benign peripheral nerve sheath 
tumours were single-country only. The number of participating centres varied 
greatly among studies. Seven out of 31 studies were single-centre studies (23%), 
while only six trials had eleven or more participating centres (19%). Studies for LGG 
were large multi-centre trials most often, with three out of six trials involving 11 
centres or more (50%). All included NF2 studies were single-country. Eight studies 
were single-centre, with only three studies involving two centres or more.

Primary endpoints
Endpoints used in NF1 varied widely amongst studies (Appendix 5). The most 
common primary endpoint was a description of tumour response, related to 
the high number of trials that studied tumour manifestations: out of 21 trials in 
tumour manifestations, 17 used tumour response on MRI as primary endpoint 
(81%). Studies in the field of neurodevelopmental manifestations showed the 
greatest variability in endpoints used (eight different primary endpoints for eight 
studies), partly due to the difference in targeted manifestations. Only three out 
of 31 NF1 trials used a patient-reported outcome (PRO) as a primary endpoint 
(10%). In NF2 trials almost all studies used tumour response on MRI as primary 
endpoint (82%) and seven studies used hearing response (73%). In addition, there 
was one study that also used a PRO on tinnitus, vertigo and headache symptoms 
as primary endpoint, and one study that used a quality of life questionnaire.
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Population characteristics
Most of the trials in this systematic review only included patients that were 
diagnosed with NF (32 out of 41 trials (78%)) (Appendix 4). Inclusion of a 
combination of NF and non-NF patients was only seen in trials for MPNST/
Sarcomas and LGG. For MPNST, all trials included both NF1 and non-NF1 patients. 
Within the LGG manifestation group, 5/7 trials provided a subgroup analysis for 
NF1 patients, and 2/7 studies focused exclusively on NF1 patients.

Most NF1 studies were small, including 10 to 25 patients (32%) or 26 to 50 patients 
(36%). The majority of these small studies were seen in the benign peripheral 
nerve sheath tumour group (4/10 studies (40%)), and consisted of small single arm 
trials or single-centre experiences. A minority of studies included 100 patients 
or more (13%). The majority of studies that included more than 50 patients were 
performed in the LGG manifestation group (4 out of 6 studies). The studies with 
larger patient populations were generally multi-centre studies (80%) and half of 
them were international collaborations. In NF2, population numbers were small, 
with 9 studies including 10 to 25 patients (82%) and two studies including 30 
patients or more.

In most trials of this systematic review, children were the target population 
(Appendix 4). Fourteen studies were performed in children only (defined as <18 
years old), and eight reported on trials performed in children and young adults 
(mainly defined as <21 years old), representing 71% of all NF1 trials. Five studies 
included patients of all ages, while only four focused on adult patients only. The 
median age of the included patient population was therefore generally low, with 
a median age of 20 years or lower in 21 studies (68%) (Table 1). One study in 
NF2 focused on adults only, while the remaining ten included both children and 
adults into the study. The patient population was generally older than the NF1 
population, with the majority of patient populations having a median age of 21 to 
30 years old (73% of studies).

Drop-out rates
One-third of the trials in NF1 reported drop-out rates of 20% or less. Overall, studies 
on neurodevelopmental manifestations reported the least amount of drop-outs, 
with five out of eight studies reporting 20% drop-outs or less (63%). Studies on 
benign peripheral nerve sheath tumours generally performed worse with only 
two out of nine clinical trials reporting 20% dropouts or less. Dropout rates in NF2 
were low: five studies reported 0 to 10% of the included patient population as 
dropout (45%), and three studies reported 11 to 20% (27%). The other three studies 
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were retrospective observational studies so dropout rates were not applicable. 
The reasons of the drop-outs were very diverse. The most common reasons were 
progressive disease (32%), toxicity (20%) and patient withdrawal (19%).

Conference abstracts
The majority of conference abstracts in NF1 were about plexiform neurofibromas 
(Appendix 6). There was one conference abstract on cutaneous neurofibroma. The 
two conference abstracts for NF2 were in the tumour manifestation group and 
targeted meningiomas. Most were single arm trials, and there were no reports on 
phase III or IV studies. Six out of seven abstracts dated from 2018 and later. Only 
one abstract published in 2011 was older and was not updated in later conference 
abstract or a full article.

Quality assessment
Figure 4a and 4b present the risk of bias per domain, and the final overall bias 
risk. Five out of eight RCTs were classified as low risk of bias, three studies were 
assigned moderate to high risk of bias. This bias originated from the domains 
bias due to missing outcome data (25% of RCTs), bias in selection of the reported 
result (13%), and bias arising from the randomisation process (25%) (Figure 4a).

Due to possible bias by confounding (resulting from their non-randomised design), 
the observational and single arm studies are always classified as moderate risk of 
bias or higher (Figure 4b). Six studies were judged as having “serious risk of bias” 
(18%). This was related to bias in measurement of the outcome (3%) and bias in 
the selection of the reported result (18%). Besides the bias due to confounding, 
moderate risk of bias judgement was most commonly seen in the domains bias 
due to missing outcome data (26%) and bias due to selection of the reported result 
(38%). All studies that were marked as serious risk of bias were observational 
studies. A detailed result from the bias assessment can be found in Appendix 7 
and 8.
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Table 1. Summary of the results from the data extraction. NA = not applicable, NF1 = 
neurofibromatosis type 1, NF2 = neurofibromatosis type 2, SWN = Schwannomatosis, 
MPNST = malignant peripheral nerve sheath tumour, RCT = randomised controlled trial. 
*Studies with either NA, or those that did not specify this item in their article were not 
used in de calculation of the median, range and/or percentage.

NF1/NF2/SWN 
and manifestation 
group

References Study design (% within 
manifestation group)

Phase (% within 
manifestation 

group)*

Single-country/
Multi-country 

(% within 
manifestation 

group)

Median number 
of participating 
centres (range)

Median number 
of population 

(range)*

Range of 
patient ages in 
years (median 

age range)*

Median 
dropouts 

(% included 
population)

(range)*
NF1
MPNST/
Sarcomas

28, 29, 30, 31 2x Single arm trial (50%)
2x Observational (50%)

2x Phase II (100%) 2x Single-
country (50%)

2x Multi-
country (50%)

14 (5 - 32) 50 (25 - 159) Newborn - 66 
(12.7 - 33)

23%

Benign peripheral 
nerve sheath 
tumours

32, 33, 34, 35, 
36, 37, 38, 39, 

40, 41

8x Single arm trial (80%)
1x Observational (10%)

1x RCT (10%)

1x Phase I (11%)
8x Phase II (89%)

10x Single-
country (100%)

4 (1 - 10) 33 (12 - 86) 1.6 - 52
(8.2 - 16)

36%
(0 - 100)

Cutaneous 
manifestations

42 Single arm trial Phase II Single-country 2 22 Not specified 23%

Neurodevelop-
mental 
manifestations

43, 44, 45, 46, 
47, 48, 49, 50

1x Single arm trial (13%)
1x Observational (13%)

6x RCT (75%)

1x Phase I (14%)
6x Phase II (86%)

6x Single-
country (75%)

2x Multi-
country (25%)

1 (1 - 11) 42 (22 - 146) 7.1 - 44
(9.3 - 25.7)

10%
(0 - 27)

Low-grade gliomas 51, 52, 53, 24, 
54, 55, 56

6x Single arm trial (86%)
1x Observational (14%)

1x Phase I (17%)
5x Phase II (83%)

5x Single-
country (71%)

2x Multi-
country (29%)

10 (1 - 21) 54 (23 - 264) 0.4 - 21
(2.7 - 10.2)

32%
(7 - 48)

Bone 
manifestations

57 RCT Phase II Single-country 1 20 2 - 7 (mean age 
4.1 years)

0

NF2
Tumour 
manifestations

58, 59, 60, 61, 
62, 63, 64, 65, 

66, 67, 68

6x Single arm trial (55%)
5x Observational (45%)

6x Phase II (100%) 11x Single-
country (100%)

1 (1 - 12) 14 (10 - 61) 10 - 79
(23 - 34)

10%
(0 - 20)
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Table 1. Summary of the results from the data extraction. NA = not applicable, NF1 = 
neurofibromatosis type 1, NF2 = neurofibromatosis type 2, SWN = Schwannomatosis, 
MPNST = malignant peripheral nerve sheath tumour, RCT = randomised controlled trial. 
*Studies with either NA, or those that did not specify this item in their article were not 
used in de calculation of the median, range and/or percentage.
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Single-country/
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(range)*
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Figure 4a. Bar chart representing the results from the bias assessment of the randomised 
controlled trials (RCTs), depicting the percentage of studies that scored low risk, some 
concerns and high risk of bias on the different domains and the overall risk of bias.
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Figure 4b. Bar chart representing the results from the bias assessment of the non-
randomised controlled trials, depicting the percentage of studies that scored low risk, 
some concerns and high risk of bias on the different domains and the overall risk of bias.
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Discussion

Our systematic review highlights the dominance of NF1 in NF trials, and the 
absence of trials performed for SWN. In NF1, clinical trial publications mainly 
focused on plexiform neurofibromas, neurodevelopmental disorders and LGG. 
NF2 trials were solely focused on vestibular schwannomas. Single-arm trials 
were the most common, all limited to phase I and II trials. RCTs were performed 
in a quarter of NF1 trials and mainly performed in neurodevelopmental 
manifestations. Most trials were single-country (NF2 in particular) and included 
five participating centres or less. Primary endpoints were mainly functional; 
PROs were only used in 10% of all trials as primary endpoint. The majority of 
NF1 trials included only children and young adults into their study population. 
Included patient populations were small, with high drop-out rates of more than 
20% in two-thirds of NF1 trials. Risk of bias was mainly due to missing outcome 
data, bias arising from the (lack of a) randomisation process, and bias in selection 
of the reported result.

Our study shows an evident neglect of the disease Schwannomatosis among 
clinical trials. This may be expected due to its low prevalence (1 in 69.00013), 
however clinical drug trials in SWN are still urgently needed. Schwannomatosis 
patients commonly present with chronic pain that can severely affect quality 
of life, masses due to growing schwannomas, and depression and anxiety are 
common comorbidities as a result from chronic pain.13,14 The fact that, at the 
time of writing this systematic review, a randomised, double-blind, placebo 
controlled clinical trial is being conducted on the effect of Tanezumab on 
moderate to severe pain in SWN patients (https://clinicaltrials.gov/ct2/show/
NCT04163419), is a first important step in the right direction. Another research 
gap is the absence of trials on manifestations in NF2 other than vestibular 
schwannoma. Recently, a platform-basket screening study was launched to 
test multiple experimental therapies in NF2 patients with multiple associated 
tumours, including ependymomas and meningiomas. (https://clinicaltrials.gov/
ct2/show/NCT04374305)

As shown in this systematic review, cutaneous manifestations have received 
less to no priority in clinical trials, in contrast to the relative high manifestation’s 
prevalence. Qualitative studies in NF1 patients have shown that cutaneous 
manifestations are often considered as one of the worst aspects of the condition, 
and that they often cause emotional distress,15,16 highlighting the priority of 
finding new therapies in the future. There is a noticeable increase in (planned) 
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trials for oral and/or topical drug treatments and laser/photodynamic therapy 
for cutaneous manifestations, but more adequately designed trials are needed to 
find suitable treatment options for patients with high burden due to cutaneous 
manifestations.

Another gap for NF trials is the absence of trials for NF1 patients with high-
grade gliomas. This may be due to its very low incidence, lack of early detection 
methods, and a current short life expectancy from diagnosis, complicating trials 
for this manifestation.17-22 This contrasts, however, to the high priority as assigned 
by patients to this manifestation.10

The small patient numbers in trials, and the lack of (multi-country) multi-centre 
studies identify the need for multi-centre efforts in NF1, NF2 and SWN. Platform 
trials may fill this gap, by testing multiple interventions simultaneously and 
requiring fewer participants. Almost all trials on LGG and MPNST/Sarcomas 
included in this review included both NF patients and non-NF patients into their 
study population. This hampers the disease-specific evaluations of new drug 
treatments in NF, since treatment effects may differ significantly from the non-
NF population.23,24 Given the different genetic pathology of the manifestations, 
finding NF-specific treatments is essential, and should not be ignored due to the 
low feasibility of performing NF-only trials.

By performing the search and data-extraction in a systematic fashion, we aimed 
to provide a complete and unbiased review of drug research in NF. A limitation 
of this study is that we only included trials that were performed during the last 
ten years. This may have resulted in a skewed image of studies performed in NF 
(e.g. what manifestations have been studied), but we felt that a review of the past 
decade would provide a realistic view on the current scene of trial development 
in NF. Another limitation in our search is that we only included published articles 
and conference abstracts, and did not search for published trial protocols. Given 
the fact that institutions will be more likely to report a positive trial result, as 
opposed to negative or null findings, this can lead to publication bias. Another 
limitation is that we might have missed a relevant trial that was not specifically 
focused on NF patients only, since NF patients might have been included in the 
study population of a trial without being specifically mentioned in the text.

The results from our systematic review reveal gaps in NF research of the last decade 
and highlight possible implications for research in the future. Some manifestations 
are targeted more frequently than others, resulting in manifestations being under-
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represented in NF clinical trials. Next we identified the need for more RCTs and 
phase III and IV trials. An internationally organised NF research network could 
reform and improve NF research through collaboration between both NF centres 
and countries, facilitating data sharing and enlarging patient populations in trials 
for this rare condition. There is an obvious lack of trials in adult NF1 patients. 
With respect to trial endpoints, PROs are rarely used as outcome measures and 
should be used much more frequently to assess treatment effects in clinical trials 
in NF, given the impact of these conditions on patients’ quality of life.25 While the 
REiNS group has provided advice on the domains pain and physical functioning,26 
there is no consensus on the use of PROs in other domains as of yet. Drop-outs 
in NF research seem quite high when comparing it to research in other fields,27 
and were mainly related to progressive disease, toxicity and patient withdrawal. 
Trials should aim to reduce these sources of drop-outs as much as possible. Patient 
withdrawal could especially be reduced by adequately addressing the patient 
burden of participating in a trial. Advances in discovering and testing new drug 
treatments for all NF manifestations in clinical trials are likely to require research 
efforts across multiple countries and NF centres. Through the EU-PEARL project, 
we encourage the creation of further collaborative, multi-centre, and international 
efforts to ensure that all NF manifestations that urgently need new treatments 
are adequately represented in future research.

In conclusion, we in particular identify the need for more research on 
underrepresented manifestations like cutaneous manifestations and high-grade 
gliomas in NF1, tumour manifestations other than vestibular schwannoma in 
NF2, and schwannomatosis. We also see a need for more trials for adult NF1 
patients. Innovative trial designs such as platform trials with more efficient use of 
participants and the possibility of testing multiple interventions simultaneously 
could be a solution for these research gaps.
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Supplementary appendices

Available as online supplementary files on the website of the European Journal of 
Medical Genetics:
•	 Appendix 1. Search strings per database
•	 Appendix 2. Manifestations groups as defined by Dhaenens et al. 2021
•	 Appendix 3. Graphical representation of records identified per year
•	 Appendix 4. Results from the data extraction of the full-text articles, sorted by 

manifestation group (online only)
•	 Appendix 5. Baseline inclusion criteria and primary endpoints of included full-

text articles (online only)
•	 Appendix 6. Results of the data extraction of the conference abstracts
•	 Appendix 7. Results from the bias assessment of the randomised controlled trials
•	 Appendix 8. Results from the bias assessment of the non-randomised controlled 

trials

Appendix 1. Search strings per database
Embase.com (1971-)
(‘neurofibromatosis’/exp OR ‘schwannomatosis’/de OR (‘neurilemoma’/de AND 
‘central nervous system tumor’/exp) OR (neurofibromatos* OR Recklinghausen 
OR neurofibrosit* OR neuroinomatos* OR Neurilemmomatos* OR neuromatos* OR 
(multiple NEAR/3 (neurofibroma* OR neuroma OR neuromas)) OR schwannomatos* 
OR ((neurilemoma OR schwannoma*) AND ((nervous-system OR cns OR brain OR 
spin*) NEAR/3 (tumo* OR neoplas* OR cancer* OR malign* OR carcinoma*)))):ab,ti,kw) 
AND (‘clinical trial’/exp OR ‘Crossover procedure’/de OR ‘Double-blind procedure’/
de OR ‘Single-blind procedure’/de OR (random* OR factorial* OR crossover* OR 
(cross NEXT/1 over*) OR placebo* OR ((doubl* OR singl*) NEXT/1 blind*) OR assign* 
OR allocat* OR volunteer* OR trial* OR groups):ab,ti,kw) NOT ([animals]/lim NOT 
[humans]/lim)

Medline ALL Ovid (1946-)
(exp Neurofibromatoses/ OR (Neurilemmoma/ AND exp Central Nervous System 
Neoplasms/) OR (neurofibromatos* OR Recklinghausen OR neurofibrosit* OR 
neuroinomatos* OR Neurilemmomatos* OR neuromatos* OR (multiple ADJ3 
(neurofibroma* OR neuroma OR neuromas)) OR schwannomatos* OR ((neurilemoma 
OR schwannoma*) AND ((nervous-system OR cns OR brain OR spin*) ADJ3 
(tumo* OR neoplas* OR cancer* OR malign* OR carcinoma*)))).ab,ti,kf.) AND (Exp 
clinical trial/ OR “Double-Blind Method”/ OR “Single-Blind Method”/ OR “Random 
Allocation”/ OR (random* OR factorial* OR crossover* OR cross over* OR placebo* 
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OR ((doubl* OR singl*) ADJ blind*) OR assign* OR allocat* OR volunteer* OR trial* 
OR groups).ab,ti,kf.) NOT (exp Animals/ NOT Humans/)

Cochrane CENTRAL register of trials (1992-)
((neurofibromatos* OR Recklinghausen OR neurofibrosit* OR neuroinomatos* OR 
Neurilemmomatos* OR neuromatos* OR (multiple NEAR/3 (neurofibroma* OR 
neuroma OR neuromas)) OR schwannomatos* OR ((neurilemoma OR schwannoma*) 
AND ((nervous-system OR cns OR brain OR spin*) NEAR/3 (tumo* OR neoplas* OR 
cancer* OR malign* OR carcinoma*)))):ab,ti)

Appendix 2. Manifestations groups as defined by Dhaenens et al. 2021
NF1
MPNST/Sarcomas
Malignant peripheral nerve sheath tumour
Sarcoma (other than MPNST)

Peripheral benign nerve sheath tumours
Plexiform neurofibroma
Subcutaneous neurofibroma
Neurofibroma near the spinal cord (spine root neurofibroma)

Cutaneous manifestations
Cutaneous neurofibroma

Neurodevelopmental manifestations
Problems with coordination and/or motor skills
Emotional and/or behavioural problems
Cognitive impairment
Problems with speech and language development
ADHD
Autism spectrum disorder

High-grade glioma
High-grade brain glioma

Low-grade glioma
Low-grade brain glioma
Optical pathway glioma
Low-grade glioma in the spinal cord
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Bone manifestations
Tibial bowing / pseudoarthrosis
Scoliosis
Bone dysplasia of the long bones and/or vertebrae
Sphenoid bone dysplasia
Osteoporosis

Vascular manifestations
Cerebrovascular manifestations
Renal artery stenosis

Other malignancies
Breast cancer
Phaeochromocytoma
Gastrointestinal stromal tumour
Other malignancies

Other manifestations
Pain
Pruritus

NF2
Tumour manifestations
Vestibular schwannoma
Schwannoma in other location
Meningioma
Ependymoma

Neuropathies
Peripheral neuropathy
Mononeuropathy
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Appendix 3. Graphical representation of records identified per year
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Figure A1. Barchart of the number of records identified per year, divided into NF1 articles 
and conference abstracts, and NF2 articles and conference abstracts.

Appendix 6. Results of the data extraction of the conference abstracts
NF1/NF2/SWN and 
manifestation group

Reference Manifestation Study design Phase Number of 
population

Median age in years (range)

NF1
Benign peripheral nerve 
sheath tumours

Coyne et al. 202068 Plexiform neurofibroma Single arm trial 2 27 33 (18 - 60)

Weiss et al. 201869 Plexiform neurofibroma Single arm trial 2 19 24 (16 - 39)

Shih et al., 201870 Plexiform neurofibroma Single arm trial 2 19 Mean age 23 years (range not specified)

McCowage et al. 201871 Plexiform neurofibroma Single arm trial 1+2 26 5.5 (1 - 16)

Cutaneous manifestations Wataya-Kaneda et al. 201972 Cutaneous neurofibroma RCT 2 18 Not specified

NF2
Tumour manifestations Plotkin et al. 201873 Meningioma Single arm trial 2 18 40 (18 - 60)

Nunes et al. 201174 Meningioma Observational NA 14 29.5 (16 - 63)
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Appendix 3. Graphical representation of records identified per year

Figure A1. Barchart of the number of records identified per year, divided into NF1 articles 
and conference abstracts, and NF2 articles and conference abstracts.

Appendix 6. Results of the data extraction of the conference abstracts
NF1/NF2/SWN and 
manifestation group

Reference Manifestation Study design Phase Number of 
population

Median age in years (range)

NF1
Benign peripheral nerve 
sheath tumours

Coyne et al. 202068 Plexiform neurofibroma Single arm trial 2 27 33 (18 - 60)

Weiss et al. 201869 Plexiform neurofibroma Single arm trial 2 19 24 (16 - 39)

Shih et al., 201870 Plexiform neurofibroma Single arm trial 2 19 Mean age 23 years (range not specified)

McCowage et al. 201871 Plexiform neurofibroma Single arm trial 1+2 26 5.5 (1 - 16)

Cutaneous manifestations Wataya-Kaneda et al. 201972 Cutaneous neurofibroma RCT 2 18 Not specified

NF2
Tumour manifestations Plotkin et al. 201873 Meningioma Single arm trial 2 18 40 (18 - 60)

Nunes et al. 201174 Meningioma Observational NA 14 29.5 (16 - 63)
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Appendix 7. Results from the bias assessment of the randomised controlled trials
Reference Study design Bias arising from 

randomisation process
Bias due to deviations 

from intended 
interventions

Bias due 
to missing 

outcome data

Bias in 
measurement 

of the outcome

Bias in 
selection of 

reported result

Overall bias

Widemann et al., 201422 RCT with crossover Low Low High Low Low High risk

Stivaros et al., 201827 RCT Low Low Low Low Low Low risk

Payne et al., 201628 RCT Low Low Low Low Low Low risk

Bearden et al., 201629 RCT Low Low Low Low Low Low risk

Lion-François et al., 201430 RCT with crossover Low Low Low Low Low Low risk

Van der Vaart et al., 201332 RCT Low Low Low Low Low Low risk

Mainberger et al., 201333 RCT Some concerns Low High Low Some concerns High risk

Das et al., 201442 RCT High risk Low Low Low Low High risk

Appendix 8. Results from the bias assessment of the non-randomised controlled trials
Reference Study design Bias arising 

due to 
confounding

Bias in 
selection of 
participants 

into the study

Bias due to 
deviations 

from intended 
interventions

Bias due 
to missing 
outcome 

data

Bias in 
measurement 

of the 
outcome

Bias in 
selection 

of reported 
result

Overall bias judgement

Meister et al., 202012 Observational Moderate Low Low Low Moderate Moderate Moderate risk of bias

Van Noesel et al., 201913 Observational Moderate Low Low Low Low Moderate Moderate risk of bias

Higham et al., 201715 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Gross et al., 202016 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Espírito Santo et al., 202017 Observational Moderate Low Low Low Serious Serious Serious risk of bias

Widemann et al., 201914 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Zehou et al., 201918 Single arm trial Moderate Low Low Moderate Low Moderate Moderate risk of bias

Slopis et al., 201826 Single arm trial Moderate Low Low Moderate Low Low Moderate risk of bias

Jakacki et al., 201719 Single arm trial Moderate Low Low Moderate Low Moderate Moderate risk of bias

Weiss et al., 201520 Single arm trial with 
historic control

Moderate Low Low Low Low Moderate Moderate risk of bias

Dombi et al., 201621 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Widemann et al., 201423 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Weiss et al., 201424 Single arm trial Moderate Low Low Moderate Moderate Moderate Moderate risk of bias

Robertson et al., 201225 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Lidzba et al., 201431 Observational Moderate Moderate Low Low Moderate Serious Serious risk of bias

Acosta et al., 201134 Single am trial Moderate Low Low Low Moderate Moderate Moderate risk of bias

Vairy et al., 202035 Single arm trial Moderate Low Low Moderate Low Low Moderate risk of bias

Ullrich et al., 202036 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Fangusaro et al., 201937 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias
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Appendix 7. Results from the bias assessment of the randomised controlled trials
Reference Study design Bias arising from 

randomisation process
Bias due to deviations 

from intended 
interventions

Bias due 
to missing 

outcome data

Bias in 
measurement 

of the outcome

Bias in 
selection of 

reported result

Overall bias

Widemann et al., 201422 RCT with crossover Low Low High Low Low High risk

Stivaros et al., 201827 RCT Low Low Low Low Low Low risk

Payne et al., 201628 RCT Low Low Low Low Low Low risk

Bearden et al., 201629 RCT Low Low Low Low Low Low risk

Lion-François et al., 201430 RCT with crossover Low Low Low Low Low Low risk

Van der Vaart et al., 201332 RCT Low Low Low Low Low Low risk

Mainberger et al., 201333 RCT Some concerns Low High Low Some concerns High risk

Das et al., 201442 RCT High risk Low Low Low Low High risk

Appendix 8. Results from the bias assessment of the non-randomised controlled trials
Reference Study design Bias arising 

due to 
confounding

Bias in 
selection of 
participants 

into the study

Bias due to 
deviations 

from intended 
interventions

Bias due 
to missing 
outcome 

data

Bias in 
measurement 

of the 
outcome

Bias in 
selection 

of reported 
result

Overall bias judgement

Meister et al., 202012 Observational Moderate Low Low Low Moderate Moderate Moderate risk of bias

Van Noesel et al., 201913 Observational Moderate Low Low Low Low Moderate Moderate risk of bias

Higham et al., 201715 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Gross et al., 202016 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Espírito Santo et al., 202017 Observational Moderate Low Low Low Serious Serious Serious risk of bias

Widemann et al., 201914 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Zehou et al., 201918 Single arm trial Moderate Low Low Moderate Low Moderate Moderate risk of bias

Slopis et al., 201826 Single arm trial Moderate Low Low Moderate Low Low Moderate risk of bias

Jakacki et al., 201719 Single arm trial Moderate Low Low Moderate Low Moderate Moderate risk of bias

Weiss et al., 201520 Single arm trial with 
historic control

Moderate Low Low Low Low Moderate Moderate risk of bias

Dombi et al., 201621 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Widemann et al., 201423 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Weiss et al., 201424 Single arm trial Moderate Low Low Moderate Moderate Moderate Moderate risk of bias

Robertson et al., 201225 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Lidzba et al., 201431 Observational Moderate Moderate Low Low Moderate Serious Serious risk of bias

Acosta et al., 201134 Single am trial Moderate Low Low Low Moderate Moderate Moderate risk of bias

Vairy et al., 202035 Single arm trial Moderate Low Low Moderate Low Low Moderate risk of bias

Ullrich et al., 202036 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Fangusaro et al., 201937 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias
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Appendix 8. Continued
Reference Study design Bias arising 

due to 
confounding

Bias in 
selection of 
participants 

into the study

Bias due to 
deviations 

from intended 
interventions

Bias due 
to missing 
outcome 

data

Bias in 
measurement 

of the 
outcome

Bias in 
selection 

of reported 
result

Overall bias
 judgement

Falzon et al. 201838 Observational Moderate Low Low Low Moderate Low Moderate risk of bias

Lassaletta et al., 201639 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Ater et al, 201640 Single arm trial Moderate Low Moderate Moderate Low Moderate Moderate risk of bias

Fisher et al., 201241 Observational Moderate Low Low Moderate Low Serious Serious risk of bias

Fujii et al., 202043 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Plotkin et al., 201944 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Sverak et al., 201945 Observational Moderate Low Low Low Moderate Moderate Moderate risk of bias

Blakeley et al., 201646 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Morris et al., 201647 Observational Moderate Low Low Moderate Low Low Moderate risk of bias

Goutagny et al., 201548 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Alanin et al., 201549 Observational Moderate Moderate Low Low Low Serious Serious risk of bias

Karajannis et al., 201450 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Karajannis et al., 201251 Single arm trial Moderate Low Low Moderate Low Low Moderate risk of bias

Plotkin et al., 201252 Observational Moderate Moderate Low Low Low Serious Serious risk of bias

Plotkin et al., 201053 Observational Moderate Moderate Low Low Low Serious Serious risk of bias
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Appendix 8. Continued
Reference Study design Bias arising 

due to 
confounding

Bias in 
selection of 
participants 

into the study

Bias due to 
deviations 

from intended 
interventions

Bias due 
to missing 
outcome 

data

Bias in 
measurement 

of the 
outcome

Bias in 
selection 

of reported 
result

Overall bias
 judgement

Falzon et al. 201838 Observational Moderate Low Low Low Moderate Low Moderate risk of bias

Lassaletta et al., 201639 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Ater et al, 201640 Single arm trial Moderate Low Moderate Moderate Low Moderate Moderate risk of bias

Fisher et al., 201241 Observational Moderate Low Low Moderate Low Serious Serious risk of bias

Fujii et al., 202043 Single arm trial Moderate Low Low Low Low Moderate Moderate risk of bias

Plotkin et al., 201944 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Sverak et al., 201945 Observational Moderate Low Low Low Moderate Moderate Moderate risk of bias

Blakeley et al., 201646 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Morris et al., 201647 Observational Moderate Low Low Moderate Low Low Moderate risk of bias

Goutagny et al., 201548 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Alanin et al., 201549 Observational Moderate Moderate Low Low Low Serious Serious risk of bias

Karajannis et al., 201450 Single arm trial Moderate Low Low Low Low Low Moderate risk of bias

Karajannis et al., 201251 Single arm trial Moderate Low Low Moderate Low Low Moderate risk of bias

Plotkin et al., 201252 Observational Moderate Moderate Low Low Low Serious Serious risk of bias

Plotkin et al., 201053 Observational Moderate Moderate Low Low Low Serious Serious risk of bias





Part 2
Designing a platform-
basket trial in NF





Britt A. E. Dhaenens, Rosalie E. Ferner, Annette Bakker, Marco Nievo, Gareth 
Evans, Pierre Wolkenstein, Cornelia Potratz, Scott R. Plotkin, Guenter Heimann, 
Eric Legius, Rianne Oostenbrink

Eur J Hum Genet. 2021 Nov;29(11):1625-1633
https://doi.org/10.1038/s41431-021-00892-z

Chapter 3
Identifying challenges 
in Neurofibromatosis: 
a modified Delphi procedure



Abstract

Background: Neurofibromatosis type 1 (NF1), neurofibromatosis type 2 (NF2) 
and schwannomatosis (SWN) are rare conditions with pronounced variability 
of clinical expression. We aimed to reach consensus on the most important 
manifestations meriting the development of drug trials.

Methods: The five-staged modified Delphi procedure consisted of two 
questionnaires and a consensus meeting for 40 NF experts, a survey for 63 patient 
representatives, and a final workshop. In the questionnaires, manifestations were 
scored on multiple items on a 4-point Likert scale.

Results: The highest average scores for NF experts deciding the ‘need for new 
treatment’ were for malignant peripheral nerve sheath tumour (MPNST) (4.0) and 
high-grade glioma (HGG) (3.9) for NF1; meningioma (3.9) for NF2 and pain (3.9) 
for SWN. The patient representatives assigned high scores to all manifestations, 
with plexiform neurofibroma being highest in NF1 (4.0), vestibular schwannoma 
in NF2 (4.0), and pain in SWN (3.9). Twelve experts participated in the consensus 
meeting and prioritised manifestations. MPNST was ranked the highest for NF1, 
followed by benign peripheral nerve sheath tumours. Tumour manifestations 
received highest ranking in NF2, and pain was the most prominent problem for 
SWN. Patient representative ratings for NF1 were similar to the experts’ opinions, 
except that they ranked HGG as the most important manifestation. For NF2 and 
SWN, the patient representatives agreed with the experts.

Conclusions: We conclude that NF experts and patient representatives consent to 
prioritise development of drug trials for MPNST, benign peripheral nerve sheath 
tumours, cutaneous manifestations and HGG for NF1; tumours for NF2; and pain 
for SWN.
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Introduction

Neurofibromatosis type 1 (NF1), neurofibromatosis type 2 (NF2) and 
schwannomatosis (SWN) are genetic disorders that predispose to the development 
of nerve sheath tumours.1,2 These tumours are mostly benign with a low chance of 
malignant transformation but can cause significant neurological morbidity due to 
their size and/or location. All three diseases are autosomal dominantly inherited, 
with a high de novo mutation rate (50% in NF1 and NF2) and characterised by a 
prominent variability in expression.1,3,4

Rare hereditary conditions like the neurofibromatoses (NF) require large, 
multicentre trials and multiple patient populations for successful evaluation of 
new treatments. EU-PEARL (EU Patient-Centric Clinical Trial Platforms) is an 
international project, and the aim is to create a framework for the future conduct 
of Integrated Research Platforms (IRPs).5 Instead of conducting multiple single 
clinical drug trials, the goal of IRPs is to accelerate the development of new 
treatments and to reduce operational costs, something that is much needed in 
NF and health care in general.

The wide range of manifestations of NF (especially in NF1) presents a challenge 
when trying to create a framework for future IRPs. Since it would be impossible to 
include all disease manifestations, it is critical to prioritise clinical manifestations 
for evaluation. Given the patient-centric design of EU-PEARL and the general 
importance of including patients’ opinion in clinical trial design, patient input on 
this prioritisation is vital. The aim of this study was to reach consensus on the 
most important manifestations of NF to select for clinical drug trials, based on the 
opinions of both NF experts and patient representatives.
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Methods

We used a five-staged modified Delphi procedure, consisting of two questionnaires 
and a consensus meeting for NF experts, a survey and consensus meeting for patient 
representatives, and a final workshop for the selection of manifestations (Figure 1).

Preparation of the initial list of manifestations
Initially, we prepared the list of clinical manifestations that would be presented to the 
NF experts in the first questionnaire. Based on a literature search in Medline6,7 and 
the clinical experience within our work package group of EU-PEARL (work package 
7 (WP7)), we produced a list of the most common and important manifestations for 
NF1, NF2 and SWN to be included in the first questionnaire to NF experts.

Selecting and contacting NF experts for the Delphi questionnaires and consensus 
meeting
Potential Delphi participants were included from our contacts through (a) the 
European Neurofibromatosis Group (ENFG), (b) NF experts within ERN GENTURIS, 
(c) clinicians from the Children’s Tumour Foundation (CTF) clinical care advisory 
board and (d) international NF experts who participated in the development of 
the new diagnostic criteria.8 We did not use a set definition of ‘an expert’, as this is 
arbitrary. There is no known method to calculate the needed group size for a Delphi 
procedure,9 since it is often researcher and situation specific.10 We estimated that 
40 - 50 NF experts would be a convenient sample size for the Delphi. Fifty-two 
possible participants were invited by email to participate in the Delphi and informed 
of the estimated time required to complete the questionnaires. Positive responders 
to this email were included in both Delphi questionnaires. A subset of these positive 
responders (n = 12) were asked to participate in the NF expert consensus meeting.

At the start of each questionnaire participants received an announcement email, 
followed by a second email with a hyperlink to the questionnaire. The deadline for 
completing the questionnaires was set at 2,5 weeks after sending the hyperlink. 
Non-responders were sent a general reminder after two weeks, and a personalised 
reminder email on the day of the deadline. The questionnaires were built and 
distributed using Google Forms.

Stage 1: First Delphi questionnaire for NF experts
The first questionnaire aimed to reduce the number of manifestations. 
Participants were asked to score each manifestation on a 4-point Likert scale 
(1 = ‘No priority’ to 4 = ‘High priority’) for priority of inclusion into a platform 
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trial (Appendix 1). Manifestations were excluded from the second Delphi 
questionnaire if ≥75% of the participants rated the manifestation as low priority 
or no priority (score ≤ 2).

Stage 2: Second Delphi questionnaire for NF experts
The second questionnaire aimed to obtain information on why manifestations 
should or should not be included into a platform trial. Participants were asked 
to rate the manifestations on: (i) the need for a new drug treatment in addition 
to existing treatments, (ii) the availability of existing drug treatments and (iii) 
the available evidence for these treatments. Need for new treatments and 
availability of drug therapies were scored on a 4-point Likert scale, and evidence 
for effectiveness of existing drug therapies on a 5-point Likert scale. For items 
(ii) availability and (iii) evidence, a ‘Do not know’ option was provided. Answers 
from experts who chose this option were excluded from the analysis for that item.

Stage 3: Consensus meeting for NF experts
The consensus meeting was hosted virtually due to the COVID-19 pandemic and 
planned two weeks after the deadline of the second Delphi questionnaire. The 
consensus meeting had two goals: (i) to arrange the various NF manifestations 
into manifestation groups that could be studied in a combined platform trial, 
and (ii) to reach consensus about a priority ranking for these groups. First, 
manifestations were excluded in a group discussion, based on the results from the 
second questionnaire and clinical expertise of participants. Next, the remaining 
manifestations were aggregated into groups, based on pathophysiology, targets for 
treatments, organ system, etc. Participants were asked to rank these manifestation 
groups according to priority for inclusion into platform trials. Given the larger 
number of manifestations for NF1, this condition required a third questionnaire. 
It consisted of a question on feasibility of performing a platform trial for this group 
(easy or difficult) and the ranking of the manifestation groups.

Stage 4a and 4b: Patient representatives’ survey and consensus meeting
To include input from patients in our final selection of manifestations, a survey 
and consensus meeting was performed for patient representatives. Separate 
surveys were developed for NF1, NF2 and SWN patient representatives in close 
coordination with two NF patient organisations (Neurofibromatosis Patients United 
(NFPU) and CTF).11,12 Together with a group of patient representatives selected 
from these organisations, two WP7 members (BD, RO) identified five items that 
could influence patient representatives’ priority for inclusion of manifestations: 
burden (physical, psychosocial and economic burden), severity and the need for 
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new drug treatments. Patient representatives were recruited through the patient 
organisations: they were eligible if they were able to read and answer the survey 
in the English language. Patient representatives could be patients themselves, 
parents of patients, or unaffected individuals who were closely involved in NF 
patient organisations. An invitation email with the link to the surveys was sent 
directly to known patient representatives or to other patient organisations, with 
the request to forward the survey to their patient representatives. The deadline 
for completing the surveys was set at two weeks after launch. General reminder 
emails were sent 1 week and 1,5 weeks after launch. Participants completed the 
survey solely for the condition that they represented (NF1 patient representatives 
answered the NF1 survey, NF2 and SWN representatives answered the NF2 and 
SWN survey, respectively). Participants were asked to score the five previously 
mentioned items on a 4-point Likert scale. This was done for the manifestation list 
that resulted from the NF expert consensus meeting. They were also asked to rank 
the groups of manifestations according to priority for finding new treatments. The 
patient representatives did not know the results of the ranking from the NF expert 
consensus meeting. Results were discussed among patient representatives from 
NFPU and CTF and WP7 members (BD, AB, MN) in a consensus meeting hosted 
virtually, and a consensus was reached on the final ranking of manifestation 
groups as seen by patient representatives.

Stage 5: Final workshop
The outcomes of the NF expert consensus meeting and the patient representatives’ 
survey and consensus meeting were used by the WP7 group to decide on a final 
selection of manifestations groups in a final virtual workshop.

Data analysis
Results from the second Delphi questionnaire for NF experts and the patient 
representatives’ survey were analysed by calculating the average score on the 
Likert scale for each item. Additionally, all items were analysed for floor and 
ceiling effects (75% of the respondents allotted either the highest or the lowest 
score). For the NF expert consensus meeting and patient representatives’ survey, 
average rankings were calculated. The ranking could range between 1 and 8 for 
NF1 (since eight manifestation groups could be ranked); between 1 and 2 for 
NF2, and between 1 and 3 for SWN. A lower ranking implies a higher priority for 
inclusion into future clinical trials.
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Preparing the initial
list of

manifestations

Stage 1

First Delphi 
questionnaire

Stage 2

Second Delphi 
questionnaire

Stage 3

Consensus meeting

Stage 4a

Patient 
representatives  

survey

Stage 4b

Consensus meeting

 Goal: Create initial list of manifestations to     
   include in first Delphi questionnaire.

 Participants: WP7 clinicians.

 How: Literature review and clinical experience.
 

  Goal: Reduce number of manifestations for  
    second Delphi questionnaire. 

  Participants: 40 NF experts.

  How: Score manifestations on priority.
            Manifestations are excluded if 75% of the
            experts score manifestation in the two 
            lowest categories.
            Add manifestations based on suggestions.

 Goal: Obtain information on why
           manifestations should or should not be
           included into platform trials. Information
           will be used as input in expert consensus   
           meeting.

 Participants: 36 NF experts.

 How: Score manifestations on need for
            new drug treatment, availability of 
            drug treatments, evidence for treatments.

 Goal: Group manifestations and rank
            groups on priority for inclusion in future
            platform trials.

 Participants: WP7 clinicians and invited
                         NF experts (12 total).
 
 How: Exclude manifestations based on results   

   from second questionnaire.
   Group remaining manifestations into main 
   manifestation groups (organ system,   
   pathophysiology etc.).
   Rank manifestation groups on priority of  
   inclusion into platform trials.

 Goal: Obtain information from patients on why 
   manifestations should or should not be  
   included into platform trials.

 Participants: 63 patient representatives
                          invited by patient organizations
                          CTF and NFPU.

 How: Use manifestation list and groups that 
   resulted from NF experts  consensus  
   meeting. Score manifestations on burden 
   (physical, psychosocial, economic), severity 
   and need for new drug treatment.
   Rank manifestation groups on priority of  
   inclusion into platform trials.

 Goal: Define final ranking of manifestation   
   groups as decided by patient    
   representatives. 

 Participants: WP7 lead members, 
                          representatives from CTF and 
                          NFPU
 
 How: Discuss results from patient    

   representatives  survey with patient  
   organizations. Define final ranking.

Stage 5: Final workshop
 Goal: Final selection of manifestation groups to    

   include in future platform trials
 Participants: WP7 clinicians
 How: Using results from expert consensus   

   meeting and patient representatives       
   survey.

Preparing patient
representatives  

survey

 Goal: Prepare survey for patient representatives 

 Participants: WP7 clinicians, patient 
                         organizations CTF and NFPU.

 How: Together with patient organizations, select 
   items which could influence the priority of 
   manifestations being included as seen by 
   patients.

NF experts Patient representatives

January 2020

4  February 2020
-

21 February 2020

17 March 2020
-

10 April 2020

March 2020
-

April 2020

23 April 2020

12 May 2020
-

29 May 2020

8 June 2020

10 June 2020

Figure 1. A flowchart depicting the multiple stages of the study. The study consisted 
of two pathways, one for NF experts and one for patient representatives. The expert 
pathway consisted of two Delphi questionnaires and a consensus meeting, the patient 
representatives had one survey and a consensus meeting. The final selection of 
manifestations was done in a final workshop. CTF = Children’s Tumour Foundation, NFPU 
= Neurofibromatosis Patients United, WP7 clinicians = clinicians involved in work package 
7 of the EU-PEARL project, dedicated to neurofibromatosis.
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Results

We identified a total of 66 manifestations; 52 for NF1, nine for NF2 and five 
for SWN.

Stage 1: First Delphi questionnaire for NF experts
There were 43 positive responses to the Delphi invitation and nine individuals 
did not respond. Thirty-eight participants completed the first questionnaire in 
the given timeframe (Figure 1). The questionnaire was reopened temporarily 
for two days at the request of two additional respondents, achieving 40 
respondents in total (93%). Thirty-two out of these 40 respondents reported 
expertise in NF1 (80%), 24 in NF2 (60%) and 17 in SWN (43%). Fourteen NF1 
manifestations were excluded using the pre-defined criteria. After reviewing the 
suggestions for additional manifestations and rephrasing, one manifestation 
was added for both NF1 (problems with motor skills and/or coordination) and 
NF2 (mononeuropathy). Four manifestations were rephrased, and for NF1, 
‘brain or spinal cord glioma’ was split into three separate manifestations: low-
grade brain glioma, high-grade brain glioma, and low-grade spinal cord glioma. 
A total of 55 manifestations remained; 40 for NF1, 10 for NF2 and five for SWN 
(Appendix 2).

Stage 2: Second Delphi questionnaire for NF experts
Due to the COVID-19 outbreak the original deadline of 2,5 weeks after launch 
was extended by 1 week. Thirty-six participants completed the questionnaire 
(84%) (Figure 1). For NF1, the manifestations with the highest average score for 
need for treatment (NT) were the malignant peripheral nerve sheath tumour 
(MPNST) (4.0), high-grade glioma (HGG) (3.9) and plexiform neurofibroma 
(3.8) (Appendix 3). Seven manifestations displayed a ceiling effect: (sub)
cutaneous neurofibroma, plexiform neurofibroma, atypical neurofibroma, 
spinal nerve root neurofibroma, high-grade glioma and MPNST. No floor effects 
were observed in NT scores. In NF2 the highest score for NT was observed 
in meningioma (3.9) (Appendix 4). The visual complications cataract (2.2) 
and retinal hamartoma (2.4) were appointed the lowest average NT scores. 
Vestibular schwannoma and meningioma displayed a ceiling effect. Pain 
received the highest average NT score for schwannomatosis (3.9) (Appendix 
4) and was also the only manifestation to display a ceiling effect. The other 
manifestations obtained high average scores but showed higher variability, as 
reflected in the distribution of appointed scores (Appendix 4).
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Stage 3: Consensus meeting for NF experts
Seven external NF experts and five WP7 clinicians participated in the consensus 
meeting. In the NF1 consensus discussion, a number of manifestations were 
excluded based on the availability of existing effective treatments (e.g. vitamin D 
deficiency, precocious puberty, growth hormone deficiency), which was reflected 
in their average scores for availability and evidence for treatment (Appendix 5). 
Two manifestations were excluded due to limited feasibility to perform trials 
(fatigue/strength, sleep disorder). The remaining manifestations were grouped 
into 10 main groups (Appendix 3). It was decided not to include the groups 
‘Other malignancies’ and ‘Other manifestations’ into the final ranking of the 
manifestation groups. ‘Other malignancies’ would be more feasible to study in 
oncology trials, and the pathophysiology of the group ‘Other manifestations’ 
(with pain and pruritus) was considered not to be sufficiently understood for the 
development of a platform trial. All consensus meeting participants completed 
the third and final questionnaire on the ranking of the eight manifestation groups. 
Average rankings ranged from 2.3 to 7.5 (Figure 2). The ‘benign peripheral 
nerve sheath tumour group’ was deemed most feasible to perform trials for 
(92% of respondents marking feasibility as ‘easy’), followed by the ‘Cutaneous 
manifestations’ (83%) and ‘MPNST/Sarcoma’ group (75%). Lowest feasibility was 
appointed to vascular manifestations (8%) (Appendix 5).

For NF2, three manifestations were excluded during the consensus meeting, 
either because effective (surgical) treatments are already available (cataract), or 
because the manifestations are rare and/or rarely cause significant symptoms 
(retinal hamartoma, cutaneous schwannoma) (Appendix 4). Orbital meningioma 
was grouped under ‘Meningioma’. The remaining manifestations were grouped 
into a ‘Tumour’ and a ‘Neuropathy’ group, with the first group receiving the 
highest priority in future platform trials.

For SWN, unilateral vestibular schwannoma and meningioma were excluded 
because of their rarity and due to the availability of reasonably effective surgical 
treatment options. Pain was identified as the most important manifestation, given 
its severity and best feasibility for performing platform trials. Loss of function 
and numbness and/or tingling due to a schwannoma were also considered, but 
received a lower ranking than pain due to low feasibility for performing platform 
trials and lack of clear outcome measures.
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NF experts Average
ranking Rank 1-3 Rank 4-6 Rank 7-8

MPNST/Sarcomas 2.7 10 1 1

Benign peripheral nerve 
sheath tumours 2.3 9 3 0

Cutaneous 3.3 7 4 1

Neurodevelopmental 4.1 4 8 0

High-grade gliomas 4.8 3 6 3

Low-grade gliomas 4.8 2 9 1

Bone manifestations 6.4 1 4 7

Vascular manifestations 7.5 0 1 11

NF patient 
representatives

Average
ranking Rank 1-3 Rank 4-6 Rank 7-8

High-grade gliomas 3.2 20 11 3

MPNST/Sarcomas 3.4 20 9 5

Cutaneous 4.6 17 7 10

Benign peripheral nerve 
sheath tumours 4.4 16 10 8

Neurodevelopmental 6.2 8 10 16

Low-grade gliomas 5.3 5 20 9

Bone manifestations 7.0 2 9 23

Vascular manifestations 7.3 2 8 24

Figure 2. Distribution of the rankings of NF1 manifestation groups as given during the 
expert consensus meeting and the patient representatives’ survey. A lower ranking 
means higher priority for inclusion in clinical trials. Manifestation groups are sorted to 
the number of votes in the highest priority rankings (rank 1 - 3).

Stage 4: Patient representatives’ survey and consensus meeting
The invitation to participate in the survey was sent to 91 patient representatives 
(Appendix 6). We obtained 34 responses from patient representatives for NF1, 20 
for NF2 and 9 for SWN. All manifestations were assigned high average scores, 
particularly NF1 manifestations. Since all items were scored in a uniform way, 
we chose to consider solely the need for new treatment score for our main 
analysis. The average NT scores for NF1 were highest for the manifestations 
plexiform neurofibroma (4.0), MPNST (3.9) and spinal nerve root neurofibroma 
(3.9) (Appendix 3). Further ranking of the manifestation groups resulted in the 
highest priority for high-grade gliomas (average ranking of 3.2), followed by the 
groups ‘MPNST/Sarcoma’ (3.4) and ‘benign peripheral nerve sheath tumour’ (4.4) 
(Figure 2). Low priority was assigned to vascular manifestations (average ranking 
7.3), bone manifestations (7.0) and the developmental/neuropsychological 
manifestations (6.2). Patient representatives’ rankings differed from those from 
the NF experts (Figure 2). Ten manifestations of NF1 displayed a ceiling effect for 
the NT item, including three manifestations of the ‘benign peripheral nerve sheath 
tumour’ group, the two sarcoma manifestations (MPNST and other sarcoma) and 
high-grade gliomas.

For NF2, the highest average NT score was appointed to vestibular schwannoma 
(average score 4.0), but all manifestations within the tumour group received high 
average scores with relatively small variability in appointed scores (Appendix 
4). The tumour group was assigned the highest average priority ranking of 
1.1, for neuropathies this was 2.0 (Appendix 7). Vestibular schwannoma and 
ependymoma showed a ceiling effect on NT.
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In SWN, pain had highest average scores (Appendix 4) and also was the only 
manifestation to show a ceiling effect. Numbness and/or tingling caused by a 
schwannoma received the lowest average scores. Pain also received the highest 
average priority ranking of 1.2.

The average rankings of the manifestation groups by the patient representatives 
were discussed with members from NFPU and CTF during the virtual consensus 
meeting. The rankings were agreed upon without any changes.

Stage 5: Final workshop
Based on the results from the NF expert consensus meeting and results from the 
patient representatives’ survey and consensus meeting, we achieved consensus 
that for NF1 the following groups will be included into future platform trials: (1) 
MPNST, (2) benign peripheral nerve sheath tumours, (3) cutaneous manifestations 
and (4) high-grade gliomas. The focus for NF2 will be the tumour group. For SWN, 
pain will be the top priority.
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Discussion

We performed a five-staged modified Delphi procedure, and were able to reach 
a consensus on the most important challenges in neurofibromatosis, as seen by 
experts and patient representatives. We identified four manifestation groups for 
NF1 that are recommended for future platform trials: MPNST, benign peripheral 
nerve sheath tumours, cutaneous manifestations and high-grade gliomas. For 
NF2, priority was assigned to the group tumour manifestations (vestibular 
schwannoma, meningioma and ependymoma). For SWN, pain has been selected 
as the top priority for future platform trials.

Since platform trials can include multiple conditions in the same trial, either 
because of similar treatment and/or similar pathophysiology, manifestations 
could be aggregated into main groups. This allowed for a more extensive 
selection of manifestations that could be included. A similar strategy can be seen 
in a newly launched platform trial for NF2 in the USA, where different tumour 
types are encompassed in the same trial (https://clinicaltrials.gov/ct2/ show/
NCT04374305). This grouping of manifestations, however, is susceptible to change 
according to new insights, e.g. the discovery of a new common drug target, or if 
the pathophysiology of a manifestation can be linked to the pathophysiology of 
another manifestation (group).

The selection of benign peripheral nerve sheath tumours and MPNST among 
the NF1 manifestation groups is in alignment with a dominance of plexiform 
neurofibroma and MPNST in past and current trials in NF1.4 Compared to the past 
couple of years, there is an increase in (planned) trials for oral and/or topical drug 
treatments and laser/photodynamic therapy for cutaneous manifestations. For 
NF2, the high priority of vestibular schwannoma and other tumour manifestations 
agrees with the main focus of current NF2 trials on vestibular schwannoma and 
meningioma.4

This study has several strengths. By using modified Delphi questionnaires for the 
NF experts, we were able to utilise one of the Delphi’s benefits: the involvement 
of large numbers of participants from all over the world without face-to-face 
contact.13,14 Additionally, the Delphi method avoids the possible dominance of 
particular individuals by reaching consensus through anonymity and the use of all 
answers when evaluating the results.15 The addition of the consensus meeting after 
the two questionnaires enabled discussion of the results from said questionnaires. 
Another strength of this study is that we included the opinion of both NF experts 
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and patient representatives in our final selection of manifestations. The inclusion 
of the patient representatives’ survey into our study has in particular influenced 
the ranking of HGG (higher ranking) and neurodevelopmental manifestations 
(lower ranking). Respondents for both the NF expert Delphi and the patient 
representatives’ survey are also geographically dispersed, limiting country and 
culture-related bias.

Two main limitations of the NF expert Delphi can be identified. The Delphi 
method has no standard method for defining consensus. The choice of different 
exclusion criteria in the first round might have resulted in a different final set 
of manifestations.14 Secondly, avoiding the need for face-to-face contact can 
be advantageous in large international projects like this, the positive aspects of 
personal interaction are lacking, including discussion of conflicting points and 
explanation for chosen answers.14 We provided respondents with the opportunity 
to give feedback in between questionnaires and arranged the consensus meeting, 
to deal with these issues.

Partnerships between researchers and patients in the development and 
performance of clinical trials is increasingly recognised as a priority within 
the development of new drug therapies. We included the patients’ opinion 
by performing a patient representatives’ survey. We chose to include patient 
representatives only, rather than patients themselves, anticipating that they 
would be able to answer questions for all manifestations of the disease after a 
specific instruction at the start of the survey. The main limitation of the survey 
is that patient representatives were asked to score all manifestations separately 
rather than to consider trade-offs. As such, all manifestations received high 
average scores without an absolute priority as needed in case of e.g. limited 
resources in health care, allowing only a small set of manifestations to be studied. 
Several other limitations exist, one being the relatively small sample size, due 
to the rarity of the three diseases and our choice to omit patients that were not 
patient representatives. Another limitation is the convenience sampling method 
used to select participants. Our sample of patient representatives might not be 
representative for the NF patient population as a whole. The survey was only 
offered in English, facilitating English native speakers in particular. This could 
have caused inclusion bias towards English speaking patient representatives. 
However, the non-native English speakers (38% of the representatives that 
completed the survey) did not report significant difficulties with completing the 
survey in a foreign language in their feedback on the survey. We also did not 
collect information on level of education, socioeconomic status and ethnicity. 
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The impact of socioeconomic status may vary strongly amongst countries, 
and possibly interacts with the psychosocial burden of NF. We did not observe 
any regional differences between patient representatives from the USA versus 
European countries, but our small sample size might have influenced this result. 
There is also no stratification of results for age and patient vs. parent/caregiver 
respondents of the survey, which could have skewed the results since the NF are 
progressive conditions. However, results from the patient representatives’ survey 
were homogenous, suggesting a certain level of data saturation of the results.

Multiple patient representatives reported difficulty in estimating burden and need 
for treatment for manifestations that they themselves had not experienced. This 
may have favoured manifestations that had the highest prevalence in our patient 
representatives’ survey, such as plexiform neurofibroma (68%) and subcutaneous 
neurofibroma (62%) in NF1 (Appendix 8). Favouring manifestations may be in 
particular true for NF2 tumour manifestations (reported prevalence 100% for 
vestibular schwannoma) compared to NF2 neuropathies (reported prevalence 
50% for peripheral neuropathy). In contrast, high-grade gliomas were scored 
very highly, while they were reported prevalent in only 6% of the respondents of 
our survey. Within the limitations of the results and final ranking of the patient 
representatives’ survey, we still think that they can serve as an indication of 
patients’ priorities. Further to our current observations, a new patient directed 
survey would be of value, including a large group of NF patients with a wide 
range of manifestations and variation of ethnicity, gender, age and socioeconomic 
status. In order to avoid the ceiling effects seen in our survey, the design of this 
new survey should include ranking all manifestations individually, to prevent 
manifestations from being equally scored and prioritised. A Discrete Choice 
Experiment could also be considered.

The ranking of the high-grade gliomas by patient representatives was much 
higher than the ranking by the NF1 experts in the consensus meeting. NF experts 
acknowledge the problems with designing a platform trial for high-grade gliomas, 
due to low incidence (risk of dying from a NF1-related malignant brain tumour 
ranging between a minimum of 3% and a maximum of 9% as calculated from 
the data of Uusitalo et al.)16 and short life expectancy from diagnosis.17-19 This 
led us to reconsider our decision and to include the high-grade gliomas in the 
final selection. So far, there has been a paucity of research on drug treatments in 
NF1-related high-grade gliomas. The results from this study imply the need for 
more research for high-grade gliomas especially given the low response to current 
available treatments and lack of early detection methods.20,21
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Given the high prevalence of neurocognitive manifestations (up to 80% of NF1 
children)22, 23 and the impact on the daily life of patients,24,25 it is striking that 
patient representatives appointed relatively low NT scores and priority ranking 
to this group of manifestations compared to the experts. As a consequence, 
developmental and neurocognitive manifestations have not been included in 
our final selection of manifestations for the platform trial. During the consensus 
meeting, patient representatives suggested that patients are less self-aware of 
their cognitive disorders and their impact on functioning. Higher awareness 
of malignancies and the risk they pose may have led to higher prioritisation of 
malignant manifestations. From a methodological perspective, there is a lack of 
a standardised set of endpoints for cognitive and behavioural manifestations, and 
a wide variety of tests and outcome measures have been used in cognitive and 
behavioural studies in NF1.26-28 Lack of a clear set of cognitive and behavioural 
endpoints hampers the inclusion of this manifestation group into a large scale 
platform trial. In addition, neurocognitive manifestations require a matched 
control group to determine the effect of a drug treatment, rather than longitudinal 
natural history study data, as will be used in EU-PEARL. Although we chose to 
not include neurodevelopmental manifestations in EU-PEARL based on patient 
representatives’ priority and the arguments stated above, we acknowledge the 
importance of clinical trials for this manifestation group.
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Conclusion

In conclusion NF experts and patient representatives consent to prioritise the 
development of future clinical trials for new drug treatments for MPNST, benign 
peripheral nerve sheath tumours, cutaneous manifestations and high-grade 
gliomas for NF1; tumour manifestations for NF2; and pain for SWN. The findings 
of this study are mostly important and relevant to EU-PEARL, to aid the creation of 
the framework on which the future platform trials can be conducted. This study 
may serve as a guideline on which manifestation may have highest priority for 
future research.
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Supplementary appendices

Available as online supplementary files on the website of the European Journal 
of Medical Genetics:
•	 Appendix 1. Likert-scales used in the expert Delphi’s and patient 

representatives’ survey
•	 Appendix 2. Manifestation list as used for second questionnaire (online only)
•	 Appendix 3. Results from the second NF expert questionnaire, the patient 

representatives’ survey and the NF expert consensus meeting for NF1 (online 
only)

•	 Appendix 4. Results from the second NF expert questionnaire, the patient 
representatives’ survey and the NF expert consensus meeting for NF2 and 
SWN (online only)

•	 Appendix 5. Results from the second Delphi round for experts and the 
consensus meeting

•	 Appendix 6. Characteristics of participants in patient representatives’ survey
•	 Appendix 7. Results from the patient representatives’ survey
•	 Appendix 8. Patient representatives’ survey: manifestation prevalence in 

respondents
•	 Appendix 9. NF experts that participated in the Delphi questionnaires (online 

only)
•	 Appendix 10. Thematic analysis of the qualitative feedback on the second 

questionnaire for NF experts - Used as input in expert consensus discussion 
(online only)

Appendix 1. Likert-scales used in the expert Delphi’s and patient representatives’ 
survey
NF experts – First Delphi questionnaire
How much priority do you assign to the following manifestations, when trying to 
create a list of most important manifestations to develop treatment for in future 
platform trials also known as basket trials?
•	 1 = No priority
•	 2 = Low priority
•	 3 = Moderate priority
•	 4 = High priority
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NF experts – Second Delphi questionnaire
How do you consider the level of need for a new drug treatment for the following 
manifestations?
•	 1 = No need
•	 2 = Little need
•	 3 = Moderate need
•	 4 = Strong need

What known available drug treatments for the following manifestations are you 
aware of?
•	 1 = Aware of easy available treatment, based on strong evidence, part of 

standard care as a first choice treatment
•	 2 = Aware of treatment but lacking strong evidence, not used as first choice 

treatment
•	 3 = Aware of treatment, but only available in experimental setting
•	 4 = Not aware of any treatments

How would you judge the level of evidence for these available drug treatments of 
the following manifestations ?
•	 1 = Strong evidence (RCT, systematic review)
•	 2 = Moderate evidence (Observational studies)
•	 3 = Weak evidence (Case reports, case series)
•	 4 = Almost no evidence (Expert opinion)
•	 5 = No evidence

NF patient representatives survey
How important is it to develop new drug treatment(s) for this manifestation? (On 
top of already existing treatments, if there are any)
•	 1 = Not important
•	 2 = Not really important
•	 3 = Moderately important
•	 4 = Very important

How severe do you consider this manifestation?
•	 1 = Not severe at all
•	 2 = A little severe
•	 3 = Moderately severe
•	 4 = Very severe
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How much physical burden do you believe that this manifestation generates?
•	 1 = No burden
•	 2 = Little burden
•	 3 = Moderate burden
•	 4 = Severe burden

How much psychosocial burden do you believe that this manifestation generates?
•	 1 = No burden
•	 2 = Little burden
•	 3 = Moderate burden
•	 4 = Severe burden

How much economic burden do you believe that this manifestation generates?
•	 1 = No burden
•	 2 = Little burden
•	 3 = Moderate burden
•	 4 = Severe burden
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Appendix 5. Results from the second Delphi round for experts and the consensus meeting
Scores for need for treatment and availability of treatments could range between 1 and 
4, for evidence of treatments they could range between 1 and 5. Scores were rounded to 
two significant digits. A higher average score implies a higher need for treatment, higher 
lack of available treatments and higher lack of evidence for treatments. The percentage of 
experts that appointed the highest score is depicted in brackets. A lower ranking implies 
a higher priority for inclusion into clinical trials. NF1 = neurofibromatosis type I, NF2 = 
neurofibromatosis type II.

Manifestations Average score 
need for 

treatment
(% experts appointing 

highest score)

Average score 
availability of 

treatments
(% experts appointing 

highest score)

Average score 
evidence for 
treatments

(% experts appointing 
highest score)

Average 
ranking expert 

consensus 
meeting

Percentage of 
participants 

scoring feasibility 
as “easy”

Neurofibromatosis type 1
Benign peripheral nerve sheath tumours 2.3 92%

Subcutaneous neurofibroma 3.8 (77%) 3.0 (35%) 3.7 (30%)    

Plexiform neurofibroma 3.8 (88%) 2.1 (3%) 1.6 (0%)  

Orbital plexiform neurofibroma 3.6 (62%) 2.2 (3%) 2.4 (3%)    

Atypical neurofibroma 3.7 (77%) 3.1 (41%) 3.3 (19%)  

Spinal nerve root neurofibroma 3.8 (85%) 2.8 (27%) 3.1 (19%)    

MPNST/Sarcomas 2.7 75%

MPNST 4.0 (97%) 2.4 (18%) 2.7 (13%)    

Sarcoma other than MPNST and GIST 3.4 (59%) 2.4 (21%) 2.9 (22%)  

Cutaneous manifestations       3.3 83%

Cutaneous neurofibroma 3.8 (77%) 3.0 (35%) 3.7 (30%)  

Developmental / Neuropsychological abnormalities       4.1 42%

Cognitive impairment 3.7 (68%) 3.2 (39%) 3.5 (38%)  

Autism spectrum disorder 3.4 (62%) 3.2 (50%) 3.6 (40%)    

ADHD 3.0 (47%) 1.8 (6%) 1.8 (7%)  

Emotional and behavioral problems 3.1 (32%) 2.6 (24%) 2.9 (23%)    

Problems with speech and language development 3.0 (27%) 3.5 (66%) 3.9 (54%)  

Motor/Coordination problems 3.0 (32%) 3.4 (59%) 4.0 (55%)    

High-grade glioma 4.8 42%

High-grade glioma 3.9 (85%) 2.4 (21%) 2.6 (17%)    

Low-grade glioma 4.8 58%

Low-grade brain glioma 3.3 (50%) 1.9 (3%) 1.8 (3%)    

Optical pathway glioma 3.6 (65%) 1.4 (0%) 1.6 (0%)  

Spinal cord low-grade glioma 3.2 (53%) 2.6 (27%) 3.0 (25%)    
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Appendix 5. Results from the second Delphi round for experts and the consensus meeting
Scores for need for treatment and availability of treatments could range between 1 and 
4, for evidence of treatments they could range between 1 and 5. Scores were rounded to 
two significant digits. A higher average score implies a higher need for treatment, higher 
lack of available treatments and higher lack of evidence for treatments. The percentage of 
experts that appointed the highest score is depicted in brackets. A lower ranking implies 
a higher priority for inclusion into clinical trials. NF1 = neurofibromatosis type I, NF2 = 
neurofibromatosis type II.

Manifestations Average score 
need for 

treatment
(% experts appointing 

highest score)

Average score 
availability of 

treatments
(% experts appointing 

highest score)

Average score 
evidence for 
treatments

(% experts appointing 
highest score)

Average 
ranking expert 

consensus 
meeting

Percentage of 
participants 

scoring feasibility 
as “easy”

Neurofibromatosis type 1
Benign peripheral nerve sheath tumours 2.3 92%

Subcutaneous neurofibroma 3.8 (77%) 3.0 (35%) 3.7 (30%)    

Plexiform neurofibroma 3.8 (88%) 2.1 (3%) 1.6 (0%)  

Orbital plexiform neurofibroma 3.6 (62%) 2.2 (3%) 2.4 (3%)    

Atypical neurofibroma 3.7 (77%) 3.1 (41%) 3.3 (19%)  

Spinal nerve root neurofibroma 3.8 (85%) 2.8 (27%) 3.1 (19%)    

MPNST/Sarcomas 2.7 75%

MPNST 4.0 (97%) 2.4 (18%) 2.7 (13%)    

Sarcoma other than MPNST and GIST 3.4 (59%) 2.4 (21%) 2.9 (22%)  

Cutaneous manifestations       3.3 83%

Cutaneous neurofibroma 3.8 (77%) 3.0 (35%) 3.7 (30%)  

Developmental / Neuropsychological abnormalities       4.1 42%

Cognitive impairment 3.7 (68%) 3.2 (39%) 3.5 (38%)  

Autism spectrum disorder 3.4 (62%) 3.2 (50%) 3.6 (40%)    

ADHD 3.0 (47%) 1.8 (6%) 1.8 (7%)  

Emotional and behavioral problems 3.1 (32%) 2.6 (24%) 2.9 (23%)    

Problems with speech and language development 3.0 (27%) 3.5 (66%) 3.9 (54%)  

Motor/Coordination problems 3.0 (32%) 3.4 (59%) 4.0 (55%)    

High-grade glioma 4.8 42%

High-grade glioma 3.9 (85%) 2.4 (21%) 2.6 (17%)    

Low-grade glioma 4.8 58%

Low-grade brain glioma 3.3 (50%) 1.9 (3%) 1.8 (3%)    

Optical pathway glioma 3.6 (65%) 1.4 (0%) 1.6 (0%)  

Spinal cord low-grade glioma 3.2 (53%) 2.6 (27%) 3.0 (25%)    
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Appendix 5. Continued
Manifestations Average score 

need for 
treatment

(% experts appointing 
highest score)

Average score 
availability of 

treatments
(% experts appointing 

highest score)

Average score 
evidence for 
treatments

(% experts appointing 
highest score)

Average 
ranking expert 

consensus 
meeting

Percentage of 
participants 

scoring feasibility 
as “easy”

Bone manifestations 6.4 17%

Long bone dysplasia 3.00 (35%) 3.4 (58%) 4.2 (57%)    

Sphenoid bone dysplasia 2.6 (18%) 3.7 (79%) 4.5 (73%)  

Tibial bowing, pseudoarthrosis 3.3 (47%) 3.3 (50%) 4.0 (48%)    

Osteoporosis 2.8 (21%) 1.9 (9%) 2.2 (7%)  

Scoliosis 3.0 (38%) 3.4 (68%) 4.1 (62%)    

Vascular manifestations 7.5 8%

Cerebrovascular - Moya moya, hemorrhage, infarction 3.2 (47%) 3.4 (70%) 4.1 (60%)    

Renal artery stenosis 3.0 (41%) 3.4 (68%) 4.1 (67%)  

Other malignant tumours       -  

Breast cancer 3.2 (44%) 1.7 (6%) 1.9 (7%)  

GIST 3.1 (35%) 2.3 (18%) 2.7 (19%)    

Phaeochromocytoma 2.8 (32%) 2.9 (46%) 3.4 (32%)  

Other malignancies 2.9 (41%) 2.0 (12%) 2.4 (19%)    

Other manifestations -  

Pruritus 2.8 (15%) 2.2 (15%) 3.1 (15%)    

Pain 3.6 (71%) 1.9 (6%) 2.1 (6%)  

Excluded       -  

Mental health problems 2.9 (24%) 1.6 (3%) 1.8 (3%)  

Neurofibromatous neuropathy 3.0 (29%) 3.2 (44%) 3.4 (39%)    

Migraine 2.4 (12%) 1.4 (3%) 1.6 (3%)  

Epilepsy 2.2 (9%) 1.2 (0%) 1.3 (0%)    

Fatigue / strength 2.7 (21%) 3.2 (55%) 3.6 (35%)  

Sleep disorder 2.6 (18%) 2.2 (18%) 2.4 (10%)    

Vitamin D deficiency 2.1 (9%) 1.2 (0%) 1.3 (0%)  

Growth hormone deficiency 2.2 (15%) 1.3 (0%) 1.4 (0%)    

Precocious puberty 2.1 (12%) 1.3 (3%) 1.3 (0%)  

Hypertension 2.0 (6%) 1.2 (03%) 1.2 (3%)    
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Appendix 5. Continued
Manifestations Average score 

need for 
treatment

(% experts appointing 
highest score)

Average score 
availability of 

treatments
(% experts appointing 

highest score)

Average score 
evidence for 
treatments

(% experts appointing 
highest score)

Average 
ranking expert 

consensus 
meeting

Percentage of 
participants 

scoring feasibility 
as “easy”

Bone manifestations 6.4 17%

Long bone dysplasia 3.00 (35%) 3.4 (58%) 4.2 (57%)    

Sphenoid bone dysplasia 2.6 (18%) 3.7 (79%) 4.5 (73%)  

Tibial bowing, pseudoarthrosis 3.3 (47%) 3.3 (50%) 4.0 (48%)    

Osteoporosis 2.8 (21%) 1.9 (9%) 2.2 (7%)  

Scoliosis 3.0 (38%) 3.4 (68%) 4.1 (62%)    

Vascular manifestations 7.5 8%

Cerebrovascular - Moya moya, hemorrhage, infarction 3.2 (47%) 3.4 (70%) 4.1 (60%)    

Renal artery stenosis 3.0 (41%) 3.4 (68%) 4.1 (67%)  

Other malignant tumours       -  

Breast cancer 3.2 (44%) 1.7 (6%) 1.9 (7%)  

GIST 3.1 (35%) 2.3 (18%) 2.7 (19%)    

Phaeochromocytoma 2.8 (32%) 2.9 (46%) 3.4 (32%)  

Other malignancies 2.9 (41%) 2.0 (12%) 2.4 (19%)    

Other manifestations -  

Pruritus 2.8 (15%) 2.2 (15%) 3.1 (15%)    

Pain 3.6 (71%) 1.9 (6%) 2.1 (6%)  

Excluded       -  

Mental health problems 2.9 (24%) 1.6 (3%) 1.8 (3%)  

Neurofibromatous neuropathy 3.0 (29%) 3.2 (44%) 3.4 (39%)    

Migraine 2.4 (12%) 1.4 (3%) 1.6 (3%)  

Epilepsy 2.2 (9%) 1.2 (0%) 1.3 (0%)    

Fatigue / strength 2.7 (21%) 3.2 (55%) 3.6 (35%)  

Sleep disorder 2.6 (18%) 2.2 (18%) 2.4 (10%)    

Vitamin D deficiency 2.1 (9%) 1.2 (0%) 1.3 (0%)  

Growth hormone deficiency 2.2 (15%) 1.3 (0%) 1.4 (0%)    

Precocious puberty 2.1 (12%) 1.3 (3%) 1.3 (0%)  

Hypertension 2.0 (6%) 1.2 (03%) 1.2 (3%)    
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Appendix 5. Continued
Manifestations Average score 

need for 
treatment

(% experts appointing 
highest score)

Average score 
availability of 

treatments
(% experts appointing 

highest score)

Average score 
evidence for 
treatments

(% experts appointing 
highest score)

Average 
ranking expert 

consensus 
meeting

Percentage of 
participants 

scoring feasibility 
as “easy”

Neurofibromatosis type 2  

Tumour       1  

Vestibular schwannoma 3.8 (82%) 1.6 (0%) 1.8 (0%)  

Meningioma 3.9 (91%) 3.0 (24%) 3.5 (25%)    

Ependymoma 3.6 (55%) 2.8 (19%) 3.4 (15%)  

Schwannoma in other location 3.6 (59%) 2.6 (19%) 3.3 (15%)    

Neuropathy 2  
Polyneuropathy 3.5 (55%) 2.5 (23%) 3.1 (25%)    

Mononeuropathy 3.2 (41%) 3.3 (57%) 4.2 (55%)  

Excluded       -  

Visual complications caused by cataract 2.2 (5%) 3.5 (81%) 4.4 (75%)  

Visual complications caused by retinal hamartoma 2.4 (14%) 3.7 (81%) 4.6 (70%)    

Cutaneous and subcutaneous schwannoma 2.3 (9%) 3.3 (68%) 4.0 (50%)  

Schwannomatosis          

Pain caused by schwannoma 3.9 (88%) 2.1 (6%) 3.0 (13%) 1  
Loss of function caused by schwannoma 3.4 (47%) 3.2 (53%) 4.1 (44%) 2  
Numbness or tingling caused by schwannoma 2.8 (24%) 3.4 (59%) 4.2 (53%) 3  
Excluded       -  

Meningioma 3.2 (53%) 3.5 (63%) 4.2 (56%)  

Unilateral vestibular schwannoma 3.3 (47%) 2.4 (38%) 3.2 (31%)    
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Appendix 5. Continued
Manifestations Average score 

need for 
treatment

(% experts appointing 
highest score)

Average score 
availability of 

treatments
(% experts appointing 

highest score)

Average score 
evidence for 
treatments

(% experts appointing 
highest score)

Average 
ranking expert 

consensus 
meeting

Percentage of 
participants 

scoring feasibility 
as “easy”

Neurofibromatosis type 2  

Tumour       1  

Vestibular schwannoma 3.8 (82%) 1.6 (0%) 1.8 (0%)  

Meningioma 3.9 (91%) 3.0 (24%) 3.5 (25%)    

Ependymoma 3.6 (55%) 2.8 (19%) 3.4 (15%)  

Schwannoma in other location 3.6 (59%) 2.6 (19%) 3.3 (15%)    

Neuropathy 2  
Polyneuropathy 3.5 (55%) 2.5 (23%) 3.1 (25%)    

Mononeuropathy 3.2 (41%) 3.3 (57%) 4.2 (55%)  

Excluded       -  

Visual complications caused by cataract 2.2 (5%) 3.5 (81%) 4.4 (75%)  

Visual complications caused by retinal hamartoma 2.4 (14%) 3.7 (81%) 4.6 (70%)    

Cutaneous and subcutaneous schwannoma 2.3 (9%) 3.3 (68%) 4.0 (50%)  

Schwannomatosis          

Pain caused by schwannoma 3.9 (88%) 2.1 (6%) 3.0 (13%) 1  
Loss of function caused by schwannoma 3.4 (47%) 3.2 (53%) 4.1 (44%) 2  
Numbness or tingling caused by schwannoma 2.8 (24%) 3.4 (59%) 4.2 (53%) 3  
Excluded       -  

Meningioma 3.2 (53%) 3.5 (63%) 4.2 (56%)  

Unilateral vestibular schwannoma 3.3 (47%) 2.4 (38%) 3.2 (31%)    
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Appendix 6. Characteristics of participants in patient representatives’ survey
Details on the number of invitations sent and number of received responses per patient 
organisation for the patient representatives’ survey.

CTF NFPU Other patient organisations
Invitations sent Responses Invitations sent Responses Responses

NF1 30 18 25 9 7

NF2 10 6 15 13 2

SWN 6 3 5 4 2

NF1 = Neurofibromatosis type I, NF2 = Neurofibromatosis type II, SWN = Schwannomatosis, 
CTF = Children’s Tumor Foundation (USA), NFPU = NF Patients United (Europe).

Characteristics of the respondents of the patient representatives’ survey.
Age Region Role

Number of 
respondents 11 - 20 years 21 - 40 years 41 - 65 years 66+ years Europe USA Patient

Parent/
caregiver Other

NF1 34 1 (3%) 12 (35%) 18 (53%) 3 (9%) 14 (41%) 20 (59%) 12 (36%) 18 (53%) 4 (12%)

NF2 20 2 (10%) 12 (60%) 6 (30%) 0 (0%) 14 (70%) 6 (30%) 13 (65%) 4 (20%) 3 (15%)

SWN 9 1 (11%) 1 (11%) 7 (78%) 0 (0%) 5 (56%) 4 (44%) 6 (67%) 1 (11%) 2 (22%)

NF1 = Neurofibromatosis type I, NF2 = Neurofibromatosis type II, SWN = Schwannomatosis.
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Appendix 6. Characteristics of participants in patient representatives’ survey
Details on the number of invitations sent and number of received responses per patient 
organisation for the patient representatives’ survey.

CTF NFPU Other patient organisations
Invitations sent Responses Invitations sent Responses Responses

NF1 30 18 25 9 7

NF2 10 6 15 13 2

SWN 6 3 5 4 2

NF1 = Neurofibromatosis type I, NF2 = Neurofibromatosis type II, SWN = Schwannomatosis, 
CTF = Children’s Tumor Foundation (USA), NFPU = NF Patients United (Europe).

Characteristics of the respondents of the patient representatives’ survey.
Age Region Role

Number of 
respondents 11 - 20 years 21 - 40 years 41 - 65 years 66+ years Europe USA Patient

Parent/
caregiver Other

NF1 34 1 (3%) 12 (35%) 18 (53%) 3 (9%) 14 (41%) 20 (59%) 12 (36%) 18 (53%) 4 (12%)

NF2 20 2 (10%) 12 (60%) 6 (30%) 0 (0%) 14 (70%) 6 (30%) 13 (65%) 4 (20%) 3 (15%)

SWN 9 1 (11%) 1 (11%) 7 (78%) 0 (0%) 5 (56%) 4 (44%) 6 (67%) 1 (11%) 2 (22%)

NF1 = Neurofibromatosis type I, NF2 = Neurofibromatosis type II, SWN = Schwannomatosis.
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Appendix 7. Results from the patient representatives’ survey
All results from the patient representatives’ survey. Average scores could range between 
1 and 4, a higher average score implies a higher need for treatment, higher burden and 
more severity. The average scores are rounded to two significant digits. The percentage of 
patients that appointed the highest score is presented in brackets. A lower ranking implies 
a higher priority for inclusion into clinical trials.

Manifestations Average score 
need for new 
treatment (% 

of patients 
that appointed 
highest score)

Average score 
severity (% of 
patients that 

appointed 
highest score)

Average score 
physical burden 

(% of patients that 
appointed highest 

score)

Average score 
psychosocial burden 

(% of patients that 
appointed highest 

score)

Average score 
economic burden 
(% of patients that 
appointed highest 

score)

Average 
ranking patient 
representatives

Neurofibromatosis type 1 

Benign peripheral nerve sheath tumours 4.4
Subcutaneous neurofibroma 3.6 (71%) 3.1 (29%) 3.2 (35%) 3.4 (47%) 3.0 (26%)  

Plexiform neurofibroma 4.0 (100%) 3.9 (85%) 3.9 (91%) 3.9 (88%) 3.5 (59%)  

Atypical neurofibroma 3.7 (76%) 3.3 (44%) 3.4 (53%) 3.4 (59%) 3.1 (32%)  

Spinal nerve root neurofibroma 3.9 (91%) 3.8 (79%) 3.7 (82%) 3.7 (76%) 3.4 (53%)  

MPNST/Sarcomas           3.4
MPNST 3.9 (94%) 4.0 (97%) 3.9 (94%) 4.0 (97%) 3.8 (82%)  

Sarcoma other than MPNST and GIST 3.9 (91%) 3.9 (91%) 3.9 (85%) 3.9 (97%) 3.8 (82%)  

Cutaneous manifestations 4.6
Cutaneous neurofibroma 3.7 (76%) 3.5 (59%) 3.4 (47%) 3.8 (79%) 3.1 (38%)  

Developmental / Neuropsychological abnormalities 6.2
Cognitive impairment 3.1 (35%) 2.7 (18%) - 3.0 (18%) 3.3 (44%)  

Autism spectrum disorder 2.8 (21%) 2.6 (24%) - 2.8 (38%) 3.0 (35%)  

ADHD 2.9 (18%) 2.6 (18%) - 2.9 (24%) 2.9 (21%)  

Emotional and behavioural problems 3.1 (35%) 2.9 (15%) - 3.0 (21%) 2.9 (24%)  

Problems with speech and language development 2.9 (29%) 2.6 (9%) - 2.7 (18%) 2.8 (24%)  

Motor/Coordination problems 3.1 (47%) 2.8 (18%) - 2.8 (21%) 2.8 (29%)  

High-grade glioma           3.2
High-grade glioma 3.9 (91%) 4.0 (97%) 3.9 (94%) 3.9 (94%) 3.8 (82%)  

Low-grade glioma           5.3
Low-grade brain glioma 3.6 (68%) 3.2 (41%) 3.1 (35%) 3.1 (44%) 3.2 (38%)  

Optical pathway glioma 3.8 (79%) 3.5 (56%) 3.6 (62%) 3.4 (53%) 3.4 (53%)  

Spinal cord low-grade glioma 3.7 (76%) 3.5 (50%) 3.6 (59%) 3.4 (53%) 3.4 (53%)  

Bone manifestations           7
Long bone dysplasia 3.4 (56%) 3.3 (53%) 3.6 (68%) 3.6 (68%) 3.4 (53%)  

Sphenoid bone dysplasia 3.3 (50%) 3.2 (41%) 3.5 (59%) 3.6 (65%) 3.2 (47%)  

Tibial bowing, pseudoarthrosis 3.5 (62%) 3.6 (68%) 3.8 (79%) 3.8 (82%) 3.5 (56%)  

Osteoporosis 3.1 (35%) 2.9 (26%) 3.2 (44%) 3.1 (35%) 3.0 (38%)  

Scoliosis 3.4 (53%) 3.4 (50%) 3.6 (68%) 3.6 (65%) 3.4 (50%)  
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Appendix 7. Results from the patient representatives’ survey
All results from the patient representatives’ survey. Average scores could range between 
1 and 4, a higher average score implies a higher need for treatment, higher burden and 
more severity. The average scores are rounded to two significant digits. The percentage of 
patients that appointed the highest score is presented in brackets. A lower ranking implies 
a higher priority for inclusion into clinical trials.

Manifestations Average score 
need for new 
treatment (% 

of patients 
that appointed 
highest score)

Average score 
severity (% of 
patients that 

appointed 
highest score)

Average score 
physical burden 

(% of patients that 
appointed highest 

score)

Average score 
psychosocial burden 

(% of patients that 
appointed highest 

score)

Average score 
economic burden 
(% of patients that 
appointed highest 

score)

Average 
ranking patient 
representatives

Neurofibromatosis type 1 

Benign peripheral nerve sheath tumours 4.4
Subcutaneous neurofibroma 3.6 (71%) 3.1 (29%) 3.2 (35%) 3.4 (47%) 3.0 (26%)  

Plexiform neurofibroma 4.0 (100%) 3.9 (85%) 3.9 (91%) 3.9 (88%) 3.5 (59%)  

Atypical neurofibroma 3.7 (76%) 3.3 (44%) 3.4 (53%) 3.4 (59%) 3.1 (32%)  

Spinal nerve root neurofibroma 3.9 (91%) 3.8 (79%) 3.7 (82%) 3.7 (76%) 3.4 (53%)  

MPNST/Sarcomas           3.4
MPNST 3.9 (94%) 4.0 (97%) 3.9 (94%) 4.0 (97%) 3.8 (82%)  

Sarcoma other than MPNST and GIST 3.9 (91%) 3.9 (91%) 3.9 (85%) 3.9 (97%) 3.8 (82%)  

Cutaneous manifestations 4.6
Cutaneous neurofibroma 3.7 (76%) 3.5 (59%) 3.4 (47%) 3.8 (79%) 3.1 (38%)  

Developmental / Neuropsychological abnormalities 6.2
Cognitive impairment 3.1 (35%) 2.7 (18%) - 3.0 (18%) 3.3 (44%)  

Autism spectrum disorder 2.8 (21%) 2.6 (24%) - 2.8 (38%) 3.0 (35%)  

ADHD 2.9 (18%) 2.6 (18%) - 2.9 (24%) 2.9 (21%)  

Emotional and behavioural problems 3.1 (35%) 2.9 (15%) - 3.0 (21%) 2.9 (24%)  

Problems with speech and language development 2.9 (29%) 2.6 (9%) - 2.7 (18%) 2.8 (24%)  

Motor/Coordination problems 3.1 (47%) 2.8 (18%) - 2.8 (21%) 2.8 (29%)  

High-grade glioma           3.2
High-grade glioma 3.9 (91%) 4.0 (97%) 3.9 (94%) 3.9 (94%) 3.8 (82%)  

Low-grade glioma           5.3
Low-grade brain glioma 3.6 (68%) 3.2 (41%) 3.1 (35%) 3.1 (44%) 3.2 (38%)  

Optical pathway glioma 3.8 (79%) 3.5 (56%) 3.6 (62%) 3.4 (53%) 3.4 (53%)  

Spinal cord low-grade glioma 3.7 (76%) 3.5 (50%) 3.6 (59%) 3.4 (53%) 3.4 (53%)  

Bone manifestations           7
Long bone dysplasia 3.4 (56%) 3.3 (53%) 3.6 (68%) 3.6 (68%) 3.4 (53%)  

Sphenoid bone dysplasia 3.3 (50%) 3.2 (41%) 3.5 (59%) 3.6 (65%) 3.2 (47%)  

Tibial bowing, pseudoarthrosis 3.5 (62%) 3.6 (68%) 3.8 (79%) 3.8 (82%) 3.5 (56%)  

Osteoporosis 3.1 (35%) 2.9 (26%) 3.2 (44%) 3.1 (35%) 3.0 (38%)  

Scoliosis 3.4 (53%) 3.4 (50%) 3.6 (68%) 3.6 (65%) 3.4 (50%)  
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Appendix 7. Continued
Manifestations Average score 

need for new 
treatment (% 

of patients 
that appointed 
highest score)

Average score 
severity (% of 
patients that 

appointed 
highest score)

Average score 
physical burden 

(% of patients that 
appointed highest 

score)

Average score 
psychosocial burden 

(% of patients that 
appointed highest 

score)

Average score 
economic burden 
(% of patients that 
appointed highest 

score)

Average 
ranking patient 
representatives

Vascular manifestations           7.3
Cerebrovascular - Moya moya, haemorrhage, 
infarction

3.7 (76%) 3.6 (65%) 3.7 (68%) 3.6 (71%) 3.6 (62%)  

Renal artery stenosis 3.3 (50%) 3.1 (35%) 3.2 (41%) 3.2 (38%) 3.2 (41%)  

Other malignant tumours -
Breast cancer 3.5 (59%) 3.5 (62%) 3.4 (53%) 3.6 (74%) 3.7 (76%)  

GIST 3.5 (59%) 3.5 (56%) 3.5 (59%) 3.6 (68%) 3.6 (68%)  

Phaeochromocytoma 3.4 (59%) 3.4 (62%) 3.3 (50%) 3.5 (68%) 3.6 (68%)  

Other malignancies 3.4 (59%) 3.5 (65%) 3.4 (59%) 3.5 (68%) 3.6 (65%)  

Other manifestations           -

Pruritus 3.1 (26%) 2.8 (21%) 3.0 (32%) 3.0 (26%) 2.6 (12%)  

Pain 3.7 (76%) 3.4 (47%) 3.5 (62%) 3.5 (56%) 3.2 (44%)  

Neurofibromatosis type 2
Tumour manifestations           1.2
Vestibular schwannoma 4.0 (95%) 3.9 (85%) 3.8 (80%) 3.7 (70%) 3.7 (75%)  

Meningioma 3.7 (70%) 3.5 (60%) 2.9 (40%) 2.9 (40%) 2.9 (35%)  

Ependymoma 3.8 (80%) 3.4 (55%) 2.8 (30%) 2.9 (40%) 3.1 (40%)  

Schwannoma in other location 3.7 (65%) 3.4 (50%) 3.2 (40%) 2.7 (35%) 3.0 (35%)  

Neuropathy 2.6
Polyneuropathy 3.5 (55%) 3.2 (35%) 3.4 (55%) 3.3 (50%) 3.1 (45%)  

Mononeuropathy 3.4 (45%) 3.0 (20%) 3.3 (45%) 3.2 (40%) 2.9 (35%)  

Schwannomatosis            

Pain caused by schwannoma 3.9 (89%) 3.7 (67%) 3.6 (67%) 3.7 (67%) 3.2 (33%) 1.2
Loss of function caused by schwannoma 3.6 (67%) 3.1 (22%) 2.8 (11%) 3.0 (44%) 2.9 (22%) 2.1
Numbness or tingling caused by schwannoma 3.3 (44%) 2.3 (0%) 2.4 (0%) 2.7 (22%) 2.6 (22%) 2.7
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Appendix 7. Continued
Manifestations Average score 

need for new 
treatment (% 

of patients 
that appointed 
highest score)

Average score 
severity (% of 
patients that 

appointed 
highest score)

Average score 
physical burden 

(% of patients that 
appointed highest 

score)

Average score 
psychosocial burden 

(% of patients that 
appointed highest 

score)

Average score 
economic burden 
(% of patients that 
appointed highest 

score)

Average 
ranking patient 
representatives

Vascular manifestations           7.3
Cerebrovascular - Moya moya, haemorrhage, 
infarction

3.7 (76%) 3.6 (65%) 3.7 (68%) 3.6 (71%) 3.6 (62%)  

Renal artery stenosis 3.3 (50%) 3.1 (35%) 3.2 (41%) 3.2 (38%) 3.2 (41%)  

Other malignant tumours -
Breast cancer 3.5 (59%) 3.5 (62%) 3.4 (53%) 3.6 (74%) 3.7 (76%)  

GIST 3.5 (59%) 3.5 (56%) 3.5 (59%) 3.6 (68%) 3.6 (68%)  

Phaeochromocytoma 3.4 (59%) 3.4 (62%) 3.3 (50%) 3.5 (68%) 3.6 (68%)  

Other malignancies 3.4 (59%) 3.5 (65%) 3.4 (59%) 3.5 (68%) 3.6 (65%)  

Other manifestations           -

Pruritus 3.1 (26%) 2.8 (21%) 3.0 (32%) 3.0 (26%) 2.6 (12%)  

Pain 3.7 (76%) 3.4 (47%) 3.5 (62%) 3.5 (56%) 3.2 (44%)  

Neurofibromatosis type 2
Tumour manifestations           1.2
Vestibular schwannoma 4.0 (95%) 3.9 (85%) 3.8 (80%) 3.7 (70%) 3.7 (75%)  

Meningioma 3.7 (70%) 3.5 (60%) 2.9 (40%) 2.9 (40%) 2.9 (35%)  

Ependymoma 3.8 (80%) 3.4 (55%) 2.8 (30%) 2.9 (40%) 3.1 (40%)  

Schwannoma in other location 3.7 (65%) 3.4 (50%) 3.2 (40%) 2.7 (35%) 3.0 (35%)  

Neuropathy 2.6
Polyneuropathy 3.5 (55%) 3.2 (35%) 3.4 (55%) 3.3 (50%) 3.1 (45%)  

Mononeuropathy 3.4 (45%) 3.0 (20%) 3.3 (45%) 3.2 (40%) 2.9 (35%)  

Schwannomatosis            

Pain caused by schwannoma 3.9 (89%) 3.7 (67%) 3.6 (67%) 3.7 (67%) 3.2 (33%) 1.2
Loss of function caused by schwannoma 3.6 (67%) 3.1 (22%) 2.8 (11%) 3.0 (44%) 2.9 (22%) 2.1
Numbness or tingling caused by schwannoma 3.3 (44%) 2.3 (0%) 2.4 (0%) 2.7 (22%) 2.6 (22%) 2.7
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Appendix 8. Patient representatives’ survey: manifestation prevalence in respondents
Characteristics of the respondents of the patient representatives’ survey: the number 
of respondents that have the manifestation, (or the patient they represent has this 
manifestation) followed by the percentage.

Yes (%) No (%)

NF1
Benign peripheral nerve sheath tumours
Plexiform neurofibroma 23 (67.6) 11 (32.4)

Subcutaneous neurofibroma 21 (61.8) 13 (38.2)

Neurofibroma near the spinal cord (spine root neurofibroma) 8 (23.5) 26 (76.5)

MPNST/Sarcomas
Malignant peripheral nerve sheath tumour 4 (11.8) 30 (88.2)

Sarcoma (other than MPNST) 1 (2.9) 33 (97.1)

Cutaneous manifestations
Cutaneous neurofibroma 20 (58.8) 14 (41.2)

Developmental / neuropsychological manifestations
Problems with coordination and/or motor skills 20 (58.8) 14 (41.2)

Emotional and/or behavioural problems 15 (44.1) 19 (55.9)

Cognitive impairment 14 (41.2) 20 (58.8)

Problems with speech and language development 12 (35.3) 22 (64.7)

ADHD 10 (29.4) 24 (70.6)

Autism spectrum disorder 5 (14.7) 29 (85.3)

High-grade glioma
High-grade brain glioma 2 (5.9) 32 (94.1)

Low-grade glioma
Low-grade brain glioma 9 (26.5) 25 (73.5)

Optical pathway glioma 9 (26.5) 25 (73.5)

Low-grade glioma in the spinal cord 1 (2.9) 33 (97.1)

Bone manifestations
Tibial bowing / pseudoarthrosis 6 (17.6) 28 (82.4)

Scoliosis 11 (32.4) 23 (67.6)

Bone dysplasia of the long bones and/or vertebrae 4 (11.8) 30 (88.2)

Sphenoid bone dysplasia 3 (8.8) 31 (91.2)

Osteoporosis 2 (5.9) 32 (94.1)

Vascular manifestations
Cerebrovascular manifestations 3 (8.8) 31 (91.2)

Renal artery stenosis 2 (5.9) 32 (94.1)
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Appendix 8. Continued
Yes (%) No (%)

Other malignancies
Breast cancer 2 (5.9) 32 (94.1)

Phaeochromocytoma 2 (5.9) 32 (94.1)

Gastrointestinal stromal tumour 1 (2.9) 33 (97.1)

Other malignancies 1 (2.9) 33 (97.1)

Other manifestations
Pain 16 (47.1) 18 (52.9)

Pruritus 12 (35.3) 22 (64.7)

NF2
Tumours
Vestibular schwannoma 20 (100) 0 (0)

Schwannoma in other location 16 (80) 4 (20)

Meningioma 14 (70) 6 (30)

Ependymoma 6 (30) 14 (70)

Neuropathies
Peripheral neuropathy 10 (50) 10 (50)

Mononeuropathy 3 (15) 17 (85)

Excluded
Cutaneous or subcutaneous schwannoma 11 (55) 9 (45)

Visual complication caused by cataract 11 (55) 9 (45)

Visual complications caused by retinal hamartoma 5 (25) 15 (75)

Schwannomatosis
Pain 7 (77.8) 2 (22.2)

Numbness or tingling due to schwannoma 7 (77.8) 2 (22.2)

Impaired or loss of function due to schwannoma 6 (66.7) 3 (33.3)
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Abstract

Background: Neurofibromatosis type 1, NF2-related schwannomatosis and non-
NF2-related schwannomatosis (grouped under the abbreviation “NF”) are rare 
hereditary tumour predisposition syndromes. Due to the low prevalence, variability 
in the range and severity of manifestations, as well as limited treatment options, 
these conditions require innovative trial designs to accelerate the development 
of new treatments.

Methods: Within European Patient-Centric Clinical Trial Platforms (EU-PEARL), 
we designed two platform-basket trials in NF. The trials were designed by a team 
of multidisciplinary NF experts and trial methodology experts.

Results: The trial will consist of an observational and a treatment period. The 
observational period will serve as a longitudinal natural history study. The 
platform trial design and randomisation to a sequence of available interventions 
allow for the addition of interventions during the trial. If a drug does not meet the 
predetermined efficacy endpoint or reveals unacceptable toxicities, participants 
may stop treatment on that arm and re-enter the observational period, where they 
can be re-randomised to a different treatment arm if eligible. Intervention-specific 
eligibility criteria and endpoints are listed in intervention-specific-appendices, 
allowing the flexibility and adaptability needed for highly variable and rare 
conditions like NF.

Conclusions: These innovative platform-basket trials for NF may serve as a model 
for other rare diseases, as they will enhance the chance of identifying beneficial 
treatments through optimal learning from a small number of patients. The goal of 
these trials is to identify beneficial treatments for NF more rapidly and at a lower 
cost than traditional, single-agent clinical trials.
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Introduction

Neurofibromatosis type 1 (NF1), NF2-related schwannomatosis and non-NF2-
related schwannomatosis (grouped under the abbreviation “NF”) are rare tumour 
predisposition syndromes, with respective incidences of approximately 1 in 
2.000,1 1 in 27.9561,2 and 1 in 68.956.3 The hallmark of these conditions is the 
development of benign nerve sheath tumours. NF1 displays a wide variety of other 
disease manifestations in almost all organ systems, with a pronounced variability 
in clinical expression.2,4,5 Most of the NF-associated tumours are low-grade with a 
small risk of malignant transformation. Still, they can cause significant morbidity 
due to their size and/or location.

The current treatment options for NF-associated disease manifestations are limited. 
Studies of the underlying signalling pathways have revealed potential targets for 
drug treatments,6,7 but the translation into clinical trials has been slow. From 
2010 to 2021, the results of just 42 clinical trials in NF were published.8 Indeed, 
conducting a clinical trial for NF comes with an array of challenges. The 
timing and associated morbidity of manifestations vary substantially between 
individuals,9 which results in variable treatment needs. Limited patient numbers 
are another restriction, given the low prevalence of the disorders. The phenotypic 
variability adds an additional layer of complexity: the number of patients with a 
specific manifestation that requires treatment is even lower. This complicates the 
collection of adequate safety and efficacy data, especially when using standard 
trial designs.10 Moreover, the natural history of most of the manifestations of 
NF has not been fully described. Data on the natural history of NF-associated 
tumours and other manifestations may provide insight into possible predictors 
of progression and disease burden, help define the best time point for initiating 
treatment, and help define benchmarks for treatment success.10,11

For patients with rare diseases like NF, the time from drug discovery to approval is 
lengthy. Novel approaches are needed to accelerate the development of effective 
therapies for rare diseases. The European Patient-CEntric ClinicAl TRial PLatforms 
(EU-PEARL), a project funded under the Innovative Medicines Initiative (IMI), 
aims to establish the use of platform trials for the efficient clinical evaluation of 
therapies for patients in areas of unmet medical need.12 EU-PEARL chose four 
contrasting disease areas as exemplars to create a framework for platform trials 
in Europe: major depressive disorder, tuberculosis, nonalcoholic steatohepatitis 
(NASH), and NF. Under EU-PEARL we developed two platform-basket trials, 
one for NF1, and one for NF2-related schwannomatosis and non-NF2-related 
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schwannomatosis, which share the same principles and structure. The design 
of these platform-basket trials provides an opportunity to gain insight into the 
potential benefits of adaptive clinical trials for rare diseases, and how they could 
advance the development of effective therapies for these patients. In this article, 
we present the principles of platform trials, and subsequently the platform-basket 
trial design we developed for NF.

Platform trials
Platform trials are defined by the adaptive platform trials coalition as “the study 
of multiple targeted therapies to a single disease in a perpetual manner, with 
therapies allowed to enter or leave the platform on the basis of a predefined 
decision algorithm”.13 If more than one disease or disease subgroup is included in 
a platform trial, it is called a platform-basket trial.

The structure of a platform trial generally consists of a master protocol and 
intervention-specific appendices (ISAs).13 Each intervention tested in the platform 
trial has its own ISA. In the NF platform trials, manifestation-specific sub-
sections are also incorporated in this structure. The master protocol contains the 
overarching design of the platform trial, including all elements that are common 
across the different interventions or therapies that fall under the master protocol.14 
Examples of such elements include the study rationale, the primary objective of 
the trial, a description of the target patient population and the corresponding trial 
eligibility criteria, the study duration, and the statistical analysis plan. The ISAs 
contain further information on a specific intervention, describing features that can 
vary from intervention to intervention. Examples of elements included in the ISA 
are the rationale for testing this intervention in the described patient population, 
benefit/risk information, specific eligibility criteria that apply to the intervention 
(e.g. age restrictions), dosing specifications, and specific measurements for 
each intervention (e.g. related to safety and tolerability, pharmacokinetics, 
and biomarkers). ISAs function as plug-ins to the master protocol and are the 
mechanism through which new interventions are added to the platform. As 
such, an ISA has the same structure as the master protocol and complements 
the latter. The manifestation-specific sub-sections, or disease subgroup sub-
sections, can be used to provide further information on elements that only apply 
to a certain subgroup of patients. In the NF platform trials, each included disease 
manifestation has its own sub-sections. These sub-sections provide information 
on elements that may be different across disease manifestations, for example, 
eligibility criteria, the assessment schedule, outcome measures and endpoints, 
the response assessment, and treatment success/futility criteria.
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Platform trials allow for the incorporation of interim analyses and response-
adaptive randomisation. Interim analyses of outcome data can be used for early 
withdrawal of interventions from the trial, either due to proof-of-concept, futility 
or unacceptable levels of toxicity. By using response-adaptive randomisation, 
allocation ratios to the different interventions may change during the course of the 
trial to increase the likelihood for participants to be randomised to interventions 
with better efficacy. The functionality of a platform trial can improve the outcomes 
for individual trial participants, and shorten the time that is required to evaluate 
the performance of an intervention.15

Platform trials have already been successfully utilised in the field of oncology,16,17 
and are becoming more common in other fields, including neurology18,19 and 
COVID-19.20 Compared to trials for a single intervention in one disease, platform 
trials provide numerous benefits. Platform trials are hypothesised to be more 
efficient at finding effective treatments by reducing start-up times and using fewer 
resources.21 This increased efficiency has also been demonstrated in economic 
evaluations and real-world scenarios.22-24 In addition, platform trials utilise an 
already operational trial infrastructure and clinical networks to investigate new 
medications.25 Also, platform trials can reduce trial costs and increase statistical 
efficiency through the sharing of resources (like control group data) between 
multiple sponsors and investigational medicinal product (IMP) owners.
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Methods

The EU-PEARL trials for NF were developed by a team of clinicians with expertise 
in NF, methodology and trial design experts, experts in trials for NF, and patient 
representatives (Appendix I). The general trial design was inspired by the 
“Innovative Trial for Understanding the Impact of Targeted Therapies in NF2” 
(INTUITT-NF2), a pioneering platform trial in NF2-related schwannomatosis.26 
The master protocols were based on the master protocol template as provided by 
TransCelerate (version 8, copyright TransCelerate Biopharma Inc. 2019 - 2021) 
and a modified version of this template, published as a deliverable by Work 
Package 2 of EU-PEARL.27 Approval of an institutional review board or ethics 
committee was not applicable to this study. The patient representatives that were 
involved in the design of the trial participated as advisors, not as study subjects.

The first key task was to select the manifestations of NF that were to be included in 
the platform-basket trials. In a separate effort, the team prioritised manifestations 
for inclusion in the trial through a modified Delphi procedure, asking for the opinions 
of both health professionals and patient representatives.28 The NF1 manifestations 
that were selected for inclusion as a result of the Delphi procedure were plexiform 
neurofibroma (PN), cutaneous neurofibroma (cNF), optic pathway glioma (OPG), 
and nonoptic pathway low-grade glioma (LGG). The selected manifestations of 
NF2-related schwannomatosis and non-NF2-related schwannomatosis include: (1) 
vestibular schwannoma in NF2-related schwannomatosis, (2) meningioma in NF2-
related schwannomatosis, (3) ependymoma in NF2-related schwannomatosis, (4) 
radiologic progressive nonvestibular schwannoma, and (5) static and pain causing 
nonvestibular schwannoma in non-NF2-related schwannomatosis.
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Results

Two separate master protocols were developed: one for NF1, and one that includes 
both NF2-related and non-NF2-related schwannomatosis manifestations. Both 
master protocols follow the same structure and apply the same flowchart as 
described below. The corresponding trials are open-label, Phase I/Phase II 
proof-of-concept, platform-basket studies. The aim of the trials is to screen the 
effectiveness of investigational agents in different manifestations of NF1 and 
NF2-related and non-NF2-related schwannomatosis. Each of the two platform-
basket studies can be viewed as a collection of single-arm proof-of-concept 
studies with a binary (response/nonresponse) endpoint. Each combination of 
an investigational agent and a manifestation is treated as a separate proof-of-
concept study because recruitment times and endpoints vary greatly across the 
included manifestations.

Pillars of the study flow: decision points
To streamline the development of the manifestation-specific sub-sections of the 
master protocols, the team reviewed a participant’s journey through the platform 
trial. By describing and harmonising the different decisions that need to be made 
for individual participants across all manifestations, we limited these decisions to 
just four key decision points.

These four different decision points correspond to four questions:
1.	 Does the patient meet the master protocol eligibility criteria?
2.	 Does the patient qualify to receive an investigational intervention under the 

master protocol (treatment eligibility criteria)?
3.	 Does the patient meet the intervention-specific eligibility criteria?
4.	 Does the patient meet the criteria for treatment discontinuation?

The criteria to answer these four questions are specific to the different 
manifestations. The key decision points allowed us to harmonise the manifestation-
specific sub-sections of the master protocols. We assigned sub-teams of experts 
to each manifestation to develop these sub-sections. There was one sub-team for 
NF2-related schwannomatosis and non-NF2-related schwannomatosis, and four 
for NF1, each dedicated to a specific manifestation of NF1. To ensure future data 
comparability, meetings with experts on trials in NF from the USA and paediatric 
neuro-oncologists were arranged, to align the protocols to current or upcoming 
trials for NF-associated tumours as best as possible.
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The diagram in Figure 1 shows a participant’s journey through the NF platform-
basket trials. The master protocol eligibility criteria define whether a participant 
can be enrolled in the observational period for a particular manifestation (first 
diamond in Figure 1). The eligibility criteria for the master protocol are specific to 
each manifestation. Eligible participants will remain in the observational period 
until there is an investigational intervention available, which could be the case 
immediately upon admission to the observational period.

Once there are one or more investigational interventions available under the 
master protocol for the participant’s manifestation, it will be checked whether 
the participant meets the criteria to receive an investigational treatment, which 
is defined separately for each manifestation (second diamond in Figure 1). If yes, 
the participant will be assigned to a treatment arm. Participants not eligible for 
treatment will remain on the observational period.

If only one investigational intervention is available, the participant will be 
assigned to the corresponding treatment arm. The participant will receive the 
intervention if they meet the intervention-specific eligibility criteria as defined in 
the corresponding ISA. If several interventions are available, the assignment will be 
based on randomisation. Participants will be randomised to a sequence of available 
interventions. Participants will receive the first intervention in the sequence for 
which they fulfil the intervention-specific eligibility criteria (bottom diamonds in 
Figure 1). If they do not meet the criteria for any of the interventions, participants 
will remain in the observational period until a new intervention becomes available.

Randomising to a sequence of interventions is primarily done for operational 
simplicity. It does not mean that participants will receive this sequence of 
treatments, rather, they will receive the first treatment in the sequence for which 
they meet the ISA-specific eligibility criteria. After completing a treatment arm 
or treatment discontinuation, participants will be re-randomised to a sequence 
of treatments, which would include all treatments that are currently available. 
This sequence could include an intervention which the participant has already 
received before. Each ISA will include an exclusion criterion that precludes the 
participants from receiving the same treatment twice.

The participant will remain on a treatment arm until they complete it as per 
protocol, or until they meet the criteria for treatment discontinuation (e.g. adverse 
events and disease progression) (central diamond in Figure 1). Regardless of the 
reason for treatment discontinuation, the participant may be re-admitted to the 
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observational period, given that they still meet the master protocol eligibility 
criteria. From here, the participant journey as described above may begin again. 
If participants complete the treatment arm as per protocol, follow-up visits and 
data collection will take place as specified in the corresponding ISA, and eligible 
participants may re-enrol in the platform-basket trial if needed. Participants may 
also receive an investigational intervention for a different manifestation from the 
one for which they were originally admitted to the master protocol, if they meet 
the corresponding eligibility criteria. As such, participants may receive multiple 
investigational interventions over time, possibly for different manifestations.

Characteristics of the observational period of the trials
The observational period will serve as a longitudinal natural history study (LNHS). 
Participants that are enrolled on this observational period will receive the current 
standard of care according to local practice. During this observational period, 
minimal data will be collected. Sites can collect additional data according to their 
standard of practice. The required data includes administrative and operational 
data, demographics, data on primary endpoints specific to each manifestation 
(such as MRI for PN and LGG, and visual acuity for OPG), information on tumour-
directed therapies (surgery, chemotherapy, etc.), as well as patient reported 
outcomes (PROs), clinical data, and functional assessments. The assessment 
schedule for the observational period is aligned with regular clinical care and 
therefore less frequent as compared to the treatment arms. As most centres 
see the patient population for the EU-PEARL-NF trials at least once per year, 
participants on the observational period are to be seen minimally once every 
12 months. The data collected during the observational period will be used to 
understand the long-term natural history of the disease. The collected data will 
be used to update the target responder rates (“p0” and “p1” in the statistical section 
below) for evaluation of the investigational interventions.

Statistical considerations
For the statistical analysis, each investigational agent, when assessed for 
treatment of a specific manifestation of NF1 or NF2-related or non-NF2-related 
schwannomatosis, is regarded as a stand-alone single-arm proof-of-concept 
study. If an investigational agent is tested for two different indications, there 
are correspondingly two proof-of-concept studies with that agent. Regardless 
of the manifestation, the primary endpoint is a binary response/nonresponse 
endpoint. Each proof-of-concept study will be analysed separately. Inference is 
about the unknown responder probability p. The primary analysis is based on a 
confidence distribution,29 which is a frequentist analogue of a Bayesian posterior 
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distribution. The confidence distribution is obtained from the data of the proof-of-
concept study and summarizes our (data-driven) knowledge about the response 
probabilities at the end of the trial. To conduct the analysis, a range of ineffective 
response probabilities (from 0 to p0, say) and a range of desired (or clinically 
relevant) response probabilities (from p1 to 1, say) will be defined (with p0 < p1). 
Values of p0 and p1 will initially be based on clinical consensus, but over time will 
be updated based on the observed response rates in the observational period. The 
confidence distribution assigns probabilities to these ranges, and proof of concept 
will be declared if the probability assigned to the range of ineffective probabilities 
is small (smaller than a predefined value α), and if the probability assigned to the 
range of desired response probabilities is large (larger than a predefined value 1 
− β). Details on the statistical analysis approach and its operating characteristics 
will be published separately.

For each manifestation, the default sample sizes have been set based on estimated 
patient availability. For PN and cNF, the default sample size is currently set to 40 
participants in each intervention arm. For OPG and LGG, the default sample size 
is set to 10 participants in each intervention arm. The small sample size for OPG 
and LGG reflects that patients will be difficult to recruit due to the rarity of the 
manifestation (LGG) and/or the defined eligibility criteria for that manifestation. 
The default sample size is 20 participants in study arms corresponding to 
vestibular schwannoma in NF2-related schwannomatosis, meningioma in NF2-
related schwannomatosis, and radiologic progressive nonvestibular schwannoma. 
For ependymoma in NF2-related schwannomatosis and the static, pain causing 
nonvestibular schwannoma in non-NF2-related schwannomatosis, the default 
sample size is 10 participants. The default sample size may be changed depending 
upon the needs related to the different investigational agents in the different 
manifestations.
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Discussion

Following the principles of the INTUITT-NF2 trial and platform trials in general, 
we developed two platform-basket trials: one for NF1 and one for NF2-related 
and non-NF2-related schwannomatosis. The trials follow the same structure 
and principles and consist of an observational and a treatment period. The 
observational period will provide longitudinal natural history data, which aims 
to generate reference data for the treatment arms. Different layers of eligibility 
criteria for both the observational and the treatment period are defined separately 
for each manifestation, making the trial design flexible and adaptable to highly 
variable disorders like NF. Randomisation to a sequence of available interventions 
allows for the addition of interventions during the trial. If a drug does not meet the 
predetermined efficacy endpoint or reveals unacceptable toxicities, participants 
may re-enter the observational phase or be re-randomised to a different treatment 
arm, if eligible.

A key success factor for the design of these platform-basket studies was the use 
of the four decision points. This simplification of decision-making for individual 
patients allowed us to write the manifestation-specific sub-sections in an efficient 
manner. By keeping a common structure across all manifestations, we maximised 
consistency, which also allows investigators to readily add new manifestations 
and treatment indications to the protocol.

Several core assumptions and pre-established limitations shaped the design 
of the EU-PEARL-NF trials. The trials had to be designed in a drug-agnostic 
fashion. As no investigational agents had been selected at the time of protocol 
development, the trial design had to be adaptable to all types of systemic and 
topical investigational agents. Additionally, given the varying treatment needs 
throughout the lifetime of a patient, the study had to allow participants to enrol 
sequentially for multiple manifestations into the trial. Another key premise of the 
EU-PEARL-NF trials is to neither include a placebo nor an active control group. 
This is in line with other successful trials in NF, such as the SPRINT-trial,30 the 
NF10431 and NF10532 trials, and the INTUITT-NF2 platform trial.26,33 Since the 
patients that are eligible for the designed trials suffer from more severe forms of 
the included disease manifestations, it is less preferable to randomise them to 
a placebo group. The use of an active control group, such as a standard of care 
in combination with a placebo, is also not applicable to this trial. The current 
treatment options for several NF-associated tumours tend to be limited, and the 
standard of care varies significantly between participating countries and centres. 
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In addition, there is variable data available on the effect of standard of care, a gap 
that may be partly addressed by the data from the observational period of the 
presented trial. Due to the lack of an active control group and the associated risk 
of bias, the results of trials with the presented design will be considered less robust 
compared to the results of randomised controlled trials. Since there will be a danger 
of overestimating the efficacy of investigational agents,34 mitigation measures 
must be taken, such as the choice of objective study endpoints, the inclusion of 
a larger sample size where possible, and applying a more stringent significance 
level. To avoid erroneous conclusions regarding the efficacy of new treatments, 
we stress the importance of phase III confirmation for the investigational agents 
that show promise in the EU-PEARL-NF proof-of-concept trials.

Benefits of the observational period
The embedded observational period and natural history study of the presented 
trial design come with various advantages. Most importantly, it will provide data 
on the natural course of the included disease manifestations. The limited and less 
frequent data collection will limit the utility of the observational period to a certain 
degree, but the data may be used to decide upon the desired response rates in the 
treatment arms. Moreover, as this design anticipates on changing treatment needs 
over time, patients will be allowed to enter the observational period for multiple 
manifestations as they develop. This method will yield more data from a single 
patient, enabling a more efficient assessment of the effectiveness of investigational 
agents in various manifestations of NF. In addition, the observational period could 
provide opportunities to develop and validate outcome measures in NF. The 
tumour-related symptoms in patients with NF vary strongly between individuals, 
and a decrease in tumour size does not always lead to clinical improvement. 
At this time there is a lack of endpoints specifically designed for NF, and the 
few existing NF-specific PROs, e.g. the INF1-QOL questionnaire for NF1,35 are 
often not validated in multiple languages. This restricts the use of NF-PROs in 
international trials and was a significant impediment when selecting PROs for the 
EU-PEARL-NF trial. Through standardised data collection, the integrated LNHS of 
the EU-PEARL-NF trials could provide a platform to collect data on new outcome 
measures in multiple European countries, facilitating the validation process.

Benefits of this trial design to the main stakeholders
The presented platform trial design will provide numerous benefits to its main 
stakeholders. For investigators and IMP owners, a considerable benefit is the 
reduced start-up times for new investigational agents. Since new drugs are added 
as an extension to the protocol, and do not require the setup of a whole new trial, 



114

Chapter 4

the time from drug discovery to clinical trial is shortened significantly.14,23-25 As 
data can be collected for multiple manifestations in the observational period, 
this may provide additional insight into drug effects across manifestations. 
Investigational products are assessed for efficacy in a more efficient manner and 
may progress to the next stage of drug development more rapidly.24,36

Through its innovative design and the use of the decision types and manifestation-
specific sub-sections, it will be relatively easy to add new manifestations and 
treatment indications to the protocol as new investigational agents become 
available. This is essential for a variable condition like NF, which presents a wide 
variety of disease manifestations. Another benefit is that investigators, sponsors, 
and IMP owners will have access to an already existing and operating trial 
infrastructure. This advantage could be especially relevant for trials in NF and 
other rare diseases. For rare diseases, it is peculiarly difficult and time-consuming 
to set up the infrastructure for a multi-centre trial, especially when it comes to the 
identification of sites and investigators. In platform trials, an existing network of 
experienced sites and investigators can be utilised to roll out new treatment arms. 
For IMP owners and sponsors, the platform trial framework offers an opportunity 
to reduce the operational costs and time of evaluating investigational agents.24,36

Platform trials also offer improved screening processes when compared to traditional 
clinical trials. Since all patients are regularly screened in a standardised manner 
(both for eligibility for multiple manifestations, as well as eligibility for more than 
one treatment arm), the screening and enrolment process will be more streamlined. 
This will likely result in a higher quality screening with less screening failures and 
shorter times to enrolment.25 In addition, the observational arm will include a pool 
of patients who need treatment. Patients who require treatment, but who were 
not eligible for previous investigational agents, can be re-screened as soon as new 
investigational agents become available. This approach should help to further 
speed up the recruitment for the different treatment arms. Lastly, the standardised 
screening in the observational period will provide a reliable estimate of the number 
of possibly eligible patients. This information could be especially valuable to IMP 
owners when they are considering the addition of a new treatment arm.

Patients with NF will also benefit from participating in the EU-PEARL-NF trials. 
Beyond getting access to an investigational treatment like in a standard clinical 
study, participants are offered the option to re-enrol in a different treatment arm 
after completing a previous investigational intervention. In addition, participants 
will be able to sequentially receive treatment for more than one manifestation 
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in the same trial. This provides participants with the opportunity to receive 
investigational agents more rapidly than they would in individual studies 
for separate manifestations. Interim analyses allow for the early stopping of 
treatment arms due to futility, followed by a re-direction of the assignment of 
participants to more promising interventions. This could increase the likelihood 
for participants to receive a potentially effective treatment. The screening process 
will also be favourable to patients. Because patients are screened for all available 
investigational agents simultaneously, there is no possibility to skip a screening 
opportunity, as could be the case when conducting independent trials for each 
agent, resulting in more opportunities to be enrolled.25

Limitations of this trial design
Along with the many benefits of platform and platform-basket trials, considerable 
drawbacks to these study designs must also be considered. Primarily, these study 
types require a large up-front effort and investment to build the platform and 
infrastructure for the trial.14 It may be difficult to reach a consensus regarding trial 
design, operations, and governance with the large number of parties involved. 
More and larger sources of financial support are needed to start these projects 
and to ensure the sustainability of the trial. To develop and maintain a network of 
clinical sites to run the trial also requires considerable effort, involving problems 
with, e.g. the eligibility of sites, logistics, sponsorship, the coordination of various 
research boards, regulatory approval, and available research infrastructure.36,37 As 
the initiation and implementation of the trial will be more complex than standard 
clinical trials, centres might be hesitant to join the platform. To patients, the EU-
PEARL-NF trials can appear complex and intimidating, due to their complicated 
design. The observational period can discourage patients from participating, 
because they may believe that they will not receive an investigational agent in 
the trial in a timely manner. Although results from performed patient and public 
engagement activities indicated that the EU-PEARL-NF trial design was appealing 
and clear to patients,38 special attention must be given to fully inform patients about 
the setup of innovative trial designs. Lastly, if well-designed, platform trials may 
run for long periods of time, and this could mean that changes in the standard of 
care may require modifications to the general trial design and the master protocol.25

Despite the described challenges, there is ample proof that platform trials 
work and that they are attractive to participating partners.14 This highlights 
the need to implement this trial design in rare diseases, where it’s essential to 
develop innovative trial designs that accelerate the ability to efficiently assess 
investigational agents.
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Conclusions and future directions
This platform-basket trial design solves some of the challenges that are encountered 
in clinical trials for NF. It allows for optimal learning from a small number of 
patients with variable disease manifestations. The goal is to identify beneficial 
treatments for NF more rapidly and at a lower cost than traditional, single-agent 
clinical trials by optimizing patient inclusion and invigorating international 
collaborations. This trial design offers benefits to various stakeholders, including 
patients and IMP owners. The next steps will be the identification of promising 
investigational agents and the implementation of the trial and the associated trial 
framework.
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Appendix 1. Main contributors of the EU-PEARL-NF trials
Main contributors of the EU-PEARL-NF trials, including their position, institution 
/ affiliation, connection to clinical networks or clinical trial networks related to NF or 
NF-related tumour manifestations, if they were part of the EU-PEARL consortium, and 
their participation in the manifestation-specific sub-teams. NF1 = Neurofibromatosis 
type 1, NF2/SWN = NF2-related and non-NF2-related Schwannomatosis sub-team, PN = 
plexiform neurofibroma, cNF = cutaneous neurofibroma, OPG = optic pathway glioma, 
LGG = non-optic pathway low-grade glioma.

Name Position Institution / Affiliation Connection to clinical and/or 
clinical trial networks

EU-PEARL member Participation in 
manifestation sub-team(s)

Britt A. E. Dhaenens M.D., PhD-
candidate

Erasmus MC Sophia Children’s 
Hospital, Rotterdam, The Netherlands

Yes NF1: all (coordination)

Rianne Oostenbrink M.D., Paediatrician Erasmus MC Sophia Children’s 
Hospital, Rotterdam, The Netherlands

Council member of CTF Europe 
Clinical Advisory Board, ERN 

GENTURIS

Yes NF1: PN, OPG, LGG

Günter Heimann Pharmacometrician 
/ Biostatistician

Novartis Pharma AG,
Pharmacometrics,
Basel, Switzerland

Yes NF1: all
NF2/SWN

Annette Bakker President CTF Children’s Tumor Foundation, New 
York, USA

Yes

Marco Nievo Chief Scientific 
Officer

Children’s Tumor Foundation, New 
York, USA

Yes NF1: all (coordination)
NF2/SWN (coordination)

Eric Legius M.D., Clinical 
geneticist

Department of Clinical Genetics, UZ 
Leuven, Belgium

Council member of CTF Europe 
Clinical Advisory Board, ERN 

GENTURIS

Yes NF1: PN, OPG, LGG

Rosalie E. Ferner M.D., Neurologist National Neurofibromatosis Service, 
Department of Neurology, Guy’s and 
St. Thomas’ NHS Foundation Trust 
London, UK

Council member of CTF Europe 
Clinical Advisory Board, ERN 

GENTURIS

Yes NF1: PN
NF2/SWN

D. Gareth Evans M.D., Clinical 
geneticist

Centre for Genomic Medicine, Division 
of Evolution, Infection and Genomic 
Sciences, University of Manchester, St 
Mary’s Hospital, Manchester, UK

Council member of CTF Europe 
Clinical Advisory Board, ERN 

GENTURIS

Yes NF2/SWN

Pierre Wolkenstein M.D., PhD, 
Dermatologist

Department of Dermatology, Henri-
Mondor Hospital, APHP, UPEC, Créteil, 
France

Council member of CTF Europe 
Clinical Advisory Board, ERN 
GENTURIS, French National 

Referral for Neurofibromatoses 
(coordinator)

Yes NF1: cNF
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Council member of CTF Europe 
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Yes NF1: PN
NF2/SWN

D. Gareth Evans M.D., Clinical 
geneticist

Centre for Genomic Medicine, Division 
of Evolution, Infection and Genomic 
Sciences, University of Manchester, St 
Mary’s Hospital, Manchester, UK

Council member of CTF Europe 
Clinical Advisory Board, ERN 

GENTURIS
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(coordinator)
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Appendix 1. Continued
Name Position Institution / Affiliation Connection to clinical and/or 

clinical trial networks
EU-PEARL member Participation in 

manifestation sub-team(s)

Jonas Leubner M.D., Paediatric 
neurologist

Department of Paediatric Neurology, 
Charité Universitätsmedizin Berlin - 
Universitätsmedizin Berlin, corporate 
member of Freie Universität Berlin and 
Humboldt Universität zu Berlin, Berlin, 
Germany

Yes NF1: OPG, LGG

Cornelia Potratz M.D., Paediatric 
neurologist

Department of Paediatric Neurology, 
Charité Universitätsmedizin Berlin - 
Universitätsmedizin Berlin, corporate 
member of Freie Universität Berlin and 
Humboldt Universität zu Berlin, Berlin, 
Germany

Council member of CTF Europe 
Clinical Advisory Board

Yes NF1: OPG, LGG

Charlotte Carton PhD-candidate Laboratory for Neurofibromatosis 
Research, Department of Human 
Genetics, KU Leuven, Belgium

ERN GENTURIS Yes NF1: OPG, LGG

Uchenna Iloeje Medical Affairs Medical Affairs, SpringWorks 
Therapeutics, Stamford, Connecticut 
USA

Yes NF1: cNF

George Kirk Global Product 
Leader

AstraZeneca Oncology R&D, 
Cambridge, UK

Yes NF1: PN

Jaishri O. Blakeley M.D., Neurologist Department of Neurology, Neuro-
Oncology, Johns Hopkins University 
School of Medicine, Baltimore, 
Maryland, USA

Council member of the CTF 
Clinical Care Advisory Board, NF 

Clinical Trials Consortium

No NF1: PN
NF2/SWN

Scott Plotkin M.D., Neuro-
Oncologist

Cancer Center and Department of 
Neurology, Massachusetts General 
Hospital, Boston, Massachusetts, USA

Chair of the CTF Clinical Care 
Advisory Board

No NF1: PN
NF2/SWN

Michael J. Fisher M.D., Neuro-
Oncologist

Division of Oncology, Children’s 
Hospital of Philadelphia, Pennsylvania, 
United States

Group Chair of NF Clinical Trials 
Consortium

No NF1: PN, OPG, LGG

AeRang Kim M.D., Paediatric 
Oncologist

Division of Oncology
Children’s National Hospital
Washington, DC USA

No NF1: PN

Pablo Hernaíz Driever M.D., Paediatric 
Oncologist

Charité - Universitätsmedizin Berlin, 
corporate member of Freie Universität 
Berlin and Humboldt Universität zu 
Berlin, German HIT-LOGGIC-Registry 
for children and adolescents with low-
grade glioma, Berlin, Germany

German HIT-LOGGIC-Registry for 
children and adolescents with low-

grade glioma

No NF1: OPG, LGG
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Appendix 1. Continued
Name Position Institution / Affiliation Connection to clinical and/or 

clinical trial networks
EU-PEARL member Participation in 

manifestation sub-team(s)

Amedeo A. Azizi M.D.,
Paediatrician/

Neuro-Oncologist

Division of Neonatology, Pediatric 
Intensive Care and Neuropediatrics, 
Department of Pediatrics and 
Adolescent Medicine, Medical 
University of Vienna, Austria

Chair of CTF Europe Clinical 
Advisory Board, ERN GENTURIS

No NF1: OPG, LGG

Brigitte C. Widemann M.D., Paediatric 
Oncologist

Pediatric Oncology Branch, Center 
for Cancer Research, National Cancer 
Institute, Bethesda, Maryland, USA

NF Clinical Trials Consortium No NF1: PN

Andrea Gross M.D., Paediatric 
Oncologist

Pediatric Oncology Branch, Center 
for Cancer Research, National Cancer 
Institute, Bethesda, Maryland, USA

No NF1: PN

Tom Parke Expert in software 
for clinical trials

Berry Consultants, Abingdon, UK Yes

Claas Röhl Patient 
representative

NF Patients United (NFPU) Yes

Trace-Ann Rose Patient 
representative

Children’s Tumor Foundation Yes
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Abstract

Background: Advice from multiple stakeholders is required to design the optimal 
paediatric clinical trial. We present recommendations for acquiring advice from 
trial experts and patients/caregivers, derived from advice meetings that were 
performed through a collaboration of the Collaborative Network for European 
Clinical Trials for Children (c4c) and the European Patient-CEntric ClinicAl TRial 
PLatforms (EU-PEARL).

Methods: Three advice meetings were performed: (1) an advice meeting for clinical 
and methodology experts, (2) an advice meeting for patients/caregivers, and (3) a 
combined meeting with both experts and patients/caregivers. Trial experts were 
recruited from c4c database. Patients/caregivers were recruited through a patient 
organisation. Participants were asked to provide input on a trial protocol, including 
endpoints, outcomes, and the assessment schedule.

Results: Ten experts, 10 patients, and 13 caregivers participated. The advice 
meetings resulted in modification of eligibility criteria and outcome measures. 
We have provided recommendations for the most effective meeting type per 
protocol topic. Topics with limited options for patient input were most efficiently 
discussed in expert advice meetings. Other topics benefit from patient/caregiver 
input, either through a combined meeting with experts or a patients/caregivers-
only advice meeting. Some topics, such as endpoints and outcome measures, are 
suitable for all meeting types. Combined sessions profit from synergy between 
experts and patients/caregivers, balancing input on protocol scientific feasibility 
and acceptability.

Conclusions: Both experts and patients/caregivers provided critical input on the 
presented protocol. The combined meeting was the most effective methodology 
for most protocol topics. The presented methodology can be used effectively to 
acquire expert and patient feedback.
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Introduction

The launch of the Paediatric Regulation by the European Union in 2007 marked 
the beginning of increased recognition of the need for medicines specifically 
developed for children.1 There remains a large knowledge gap regarding the 
efficacy and safety of medicines in children, especially in subpopulations like 
neonates and children with rare diseases. Studies have shown that the proportion 
of off-label prescriptions in hospitalised children can be as high as 99.5%.2-4 Off-
label prescriptions may lead to decreased drug efficacy and increased incidence 
and severity of adverse drug reactions,3,5 underlining the need for medicines 
specifically developed for paediatric patients. With less than 10% of paediatric 
rare diseases having a US Food and Drug Administration (FDA)-approved drug, 
the need in this patient group is particularly evident.6

The 10-year review of the Paediatric Regulation identified barriers that inhibited 
the successful conduct of trials.1 The design and conduct of paediatric clinical 
trials remains a significant challenge, with difficulties reported in patient 
recruitment, trial authorisation by national authorities, and operational challenges 
in multicentre trials.1,7 They will be especially prevalent in trials for rare diseases, 
where patient numbers are low and geographically dispersed, further complicating 
the recruitment of adequate sample sizes.8

Some of the challenges encountered in clinical trials can be addressed during 
protocol design (e.g. increasing willingness to participate by assuring patients’ 
needs are reflected in the trial protocol). In order to design a trial with optimal 
methodology, advice is often gained from a variety of stakeholders: healthcare 
professionals, statisticians, methodology experts, experts on medicine 
formulations and ethics, and patients. For studies to be conducted in paediatric 
populations, advice from the children’s caregivers is also essential. Patient and 
public involvement (PPI) is not only crucial due to expected improvement of 
quality and efficiency of trials,9 but regulatory and funding bodies also encourage 
PPI involvement in clinical studies.10,11 Although guidance documents exist that 
describe when PPI input is desired,12 there is no set methodology on how to 
acquire PPI input, and how to combine it with the input received from clinical 
and methodological experts.

The aim of this study is to report the lessons learned from a series of advice 
meetings in which both trial experts and patients/caregivers participated, 
that resulted from a collaboration of two Innovative Medicines Initiative (IMI)/
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Innovative Health Initiative (IHI) projects: the Collaborative Network for European 
Clinical Trials for Children (conect4children [c4c]) project13 and the European 
Patient-CEntric ClinicAl TRial PLatforms (EU-PEARL) project.14

Involved IMI/IHI projects
c4c is a collaborative European network that aims to facilitate the development 
of drug therapies for the paediatric population by developing a sustainable, pan-
European paediatric clinical trial network for the efficient set-up and conduct of 
high-quality clinical trials in children.15-17 c4c formed a group of over 400 experts 
in paediatric clinical subspecialties and innovative methodology, as well as 
patients and caregivers in various disease areas.17 Academic or industry sponsors 
can request advice from c4c experts regarding their (planned) paediatric studies.

EU-PEARL is a European collaborative project, aiming to establish integrated 
research platforms to develop new medicines for patients in areas of unmet 
medical need.14 EU-PEARL work-package 7 (further referred to as “EU-PEARL”) 
is dedicated to the condition neurofibromatosis, including neurofibromatosis type 
1 (NF1). This condition is unique to EU-PEARL due to its rarity, and the fact that 
children form a substantial part of the target population.
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Methods

Research question
After prioritising the challenges in NF1,18 EU-PEARL designed a platform trial that 
aims to investigate the effectiveness of systemic investigational agents in NF1. 
Three protocols in this trial will include paediatric patients. Due to the novelty and 
complexity of this trial design, advice from clinical and methodology experts as well 
as patients and caregivers was needed to maximise trial accessibility for paediatric 
patients. EU-PEARL aimed to gain advice during protocol development, to timely 
detect potential problems with the trial design, enrolment of paediatric patients, and 
endpoints.

After considering the expected benefits and limitations of exclusively organising 
separate meetings for experts and patients, we decided to use three different 
methodologies: (1) an advice meeting for clinical and innovative methodology 
experts, (2) a combined meeting with both experts and a patient and caregiver, and 
(3) patients/caregivers advice meetings.

Recruitment of attendees
c4c has set up a European multidisciplinary advice service that aids in the planning 
of innovative and feasible paediatric trials.19 c4c created a database with over 400 
clinical and innovative methodology experts, divided over 24 expert groups based 
on their expertise. Based on a scoping interview between EU-PEARL and c4c, the 
best suited experts for the requested advice were selected in collaboration with the 
leads of the relevant expert groups.20 A list of c4c proposed experts was shared with 
EU-PEARL, and c4c established agreements with the experts.

Patients and their families were recruited by c4c from the European Neurofibromatosis 
umbrella patient organisation and from patients with NF1 of paediatric physicians 
included in the c4c expert database and/or linked to c4c National Hubs.21 We aimed 
to recruit patients/caregivers from a minimum of three European countries. The 
number of participants depended on the number of patients/caregivers who were 
willing to participate and able to join the advice meetings in the desired timelines.

Accessibility
For the combined advice meeting, English language skills were mandatory for 
participating patients. English language skills were not mandatory for the patients/
caregivers advice meetings, as this would have limited the number of potential 
participants significantly. We organised separate advice meetings in the native 
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language of patients from countries for which a PPI expert from c4c could facilitate 
the moderation and translation to EU-PEARL representatives. As there were no 
participants with hearing impairments, live captioning or language interpreters were 
not used. To accommodate participants with visual impairments, these participants 
were regularly asked if they had sufficient time to take in the material presented on 
the screen.

Setting and design of the advice meetings
All meetings were hosted virtually through GoToMeeting. Only invited attendees 
could access the meeting, using a privately sent link and access code. The meetings 
were recorded to enable the writing of a final advice report. Records were erased 
after the completion of the report. All logistics were arranged via the c4c Advisory 
Group Secretariat.

Clinical and innovative methodology expert advice meeting
The goal of the clinical and innovative methodology expert advice meeting was to 
receive input on the general trial design and a variety of topics, including, but not 
limited to: medication specifications for children (dosing and formulations), endpoints 
and outcomes, the informed consent process, required sample sizes, and ethical 
challenges. A presentation was prepared in advance, containing a brief introduction 
on EU-PEARL, the NF1 platform trial and the protocol for the trial. This presentation 
was sent to the experts one week prior to the meeting as pre-reading material. The 
meeting had a semistructured design and had a duration of three hours. Following 
the introduction of the trial design, the different sets of eligibility criteria, response 
definitions, and assessment schedules were presented. The discussion was guided 
by specific questions to the experts. Experts were encouraged to share their insights 
and questions at all times. The order of answering the prespecified questions could 
subsequently be modified dynamically to adhere to the natural flow of the discussions.

Combined clinical and innovative methodology expert and patients/caregivers advice 
meeting
The design of this meeting was nearly identical to the expert advice meeting. Because 
a patient and their caregiver would be joining, the language of the presentation 
was somewhat simplified to make it understandable to lay persons. In addition to 
the topics discussed during the expert advice meeting, we sought to receive input 
from the patient/caregiver about the acceptability of the trial design, assessment 
schedule (including acceptability of the medical procedures), and the endpoints. We 
were particularly interested if there were any topics with disagreement between the 
experts and the patients.
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Patients/caregivers advice meetings
The aim of the patients/caregivers advice meetings was to explore the acceptability 
of the trial design and the informed consent process. EU-PEARL requested specific 
input on the acceptability of assessment schedules (including medical procedures) 
and participant preferences on endpoints. A presentation was developed by EU-
PEARL in collaboration with c4c. c4c PPI experts provided guidance on how 
to present the trial design in an understandable way to teenage patients and 
their families. The presentation was subsequently translated from English to the 
target language by c4c PPI experts (Spanish and French). A c4c PPI expert was 
assigned to lead and moderate each of the three meetings, depending on their 
native language. EU-PEARL representatives held the presentation in English and 
French. For the advice meeting for the Spanish families, the presentation was 
translated by the leading PPI expert. The meetings were semistructured in design, 
but more structured than the expert advice meeting: questions to the participants 
included open questions regarding the trial, but predominantly consisted of more 
specific questions. Naturally, participants were invited to speak up at any time if 
they had questions or remarks. The planned duration was two hours.

Ethics statement
Patients and their caregivers were invited to the meetings as advisors, not as study 
subjects. Ethical approval of an institutional review board was not necessary.



134

Chapter 5

Results

Clinical and innovative methodology expert advice meeting
The meeting was held on February 18, 2022. Ten paediatric trial experts 
participated in the advice meetings. The experts represented seven different 
expert groups, assuring all relevant paediatrics aspects could be covered (Table 
1).17 The expert advice meeting was effective in receiving feedback from a group 
of paediatric trial experts with different backgrounds, allowing the leverage of 
their expertise on various topics (Table 1). The discussions focused primarily on 
the acceptability of the trial design as seen from a regulatory perspective. The 
importance of including patients with various ages and age stratification were 
emphasised, to account for the different pathological aspects of manifestations 
as patients get older. Based on clinical expertise, a successful example of a 
similar trial involving adolescent and adult patients studying a new treatment 
was identified.22,23 The eligibility criteria were considered, as well as the expected 
consequences for recruitment rates, resulting in some criteria being omitted from 
the protocol. The discussion regarding the proposed outcome measures focused 
on the relevance, validity, and suitable age ranges of these measures. Critical 
input was provided on the contents of the assessment schedule, the expected 
compliance and the effect on dropout rates. In addition, input was provided on the 
randomisation procedure and possible differences between European countries 
(availability of investigational agents, regulatory requirements, and ethical 
challenges). Feedback was also provided on statistical considerations (e.g. given 
the expected small sample sizes alternative statistical designs were suggested, 
such as a historical and trend response analysis).

Combined clinical and innovative methodology expert and patients/caregivers 
advice meeting
The advice meeting was organised on February 22, 2022. Six experts, a teenage 
patient with NF1 and their caregiver attended (Table 1). The topics were similar 
to those discussed during the expert advice meeting. In addition, outcome 
measures, endpoints, and the assessment schedule were discussed from the 
patient perspective. The discussions focused primarily on the acceptability of 
the protocol as seen by the patient, such as the frequency of hospital visits and 
medical procedures in the context of a trial. To help define the endpoints and 
responder definition, expert and patient preferences in terms of radiological versus 
patient-reported outcomes (PROs) were explored.
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The participation of experts and the patient/caregiver provided unique insights 
into the trial design. This was especially apparent when discussing endpoints 
and the responder definition, where the patient input significantly influenced the 
final combined advice. The synergy between the experts and the patient led to an 
effective discussion, resulting in more balanced input between scientific feasibility 
and acceptability (Table 1). Interestingly, experts and the patient always reached 
consensus on discussed topics. After discussion they agreed that a composite 
endpoint (consisting of both magnetic resonance imaging (MRI) and a PRO for 
pain) would strongly be preferred, whereas the experts initially inclined toward 
using radiographic images only.

Patients/caregivers-only advice meetings
Three separate advice meetings were organised for patients and families from 
the United Kingdom, France, and Spain. The meetings were hosted on March 
17, March 24, and April 4 in 2022. As one patient was not able to join the main 
French meeting, but very willing to participate, a separate one-on-one interview 
was organised. This interview had the same aim and semistructured design as the 
patients/caregivers advice meetings. No EU-PEARL representatives were present 
for this interview. The interview was performed by the dedicated French c4c PPI 
expert on March 31, 2022. In total, nine teenage patients with NF1 and (one of) 
their caregivers participated in these meetings (Table 1).

The dynamic of including multiple patients and their families, as well as a PPI 
expert familiar with this methodology, proved advantageous. There was a relaxed 
atmosphere which allowed for everyone to speak freely, and patients and families 
were able to exchange their experiences. Patients and their families provided 
input on the general trial design, the outcome measures, assessment schedule, 
and the responder definition. They also provided advice on the informed consent 
process by describing which type of informational material would be most fitting 
for patients of different age groups (e.g. teenage patients preferred videos and other 
digital material over information on paper). Finally, they shared their reasoning 
why they would or would not participate in the presented trial, and what could 
be modified in the protocol to make them more likely to participate.
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Table 1. Characteristics, strengths and limitations of the different types of advice meetings.

Meeting type Clinical and innovative methodology 
expert advice meeting

Combined expert and patients/caregivers 
advice meeting

Patients/caregivers advice meetings and 
the one-on-one interview

Attendees 10 c4c experts of the following expert groups
•	 Study design and clinical trial 

methodology
•	 Pharmacovigilance
•	 Formulation (2)
•	 Adolescent medicine
•	 Neuroscience and epilepsy (2)
•	 Ethics (2)
•	 Omics

6 c4c experts of the following expert groups
•	 Study design and clinical trial 

methodology
•	 Pharmacovigilance
•	 Formulation (2)
•	 Neuroscience and epilepsy
•	 Ethics
1 patient + caregiver
PPI expert

French meeting:
•	 3 teenage NF1 patients
•	 5 caregivers
Spanish meeting:
•	 3 teenage NF1 patients
•	 3 caregivers
UK meeting:
•	 3 teenage NF1 patients
•	 3 caregivers
One-to-one interview:
•	 1 teenage NF1 patient
•	 2 caregivers
PPI expert

Duration 3 hours 3 hours 2 hours each

Language English English Native language of patients

Perspective on trial design Methodological approach: scientific 
feasibility of trial

Mixed approach: scientific feasibility + 
acceptability from the patient perspective

Patient-view: acceptability of trial design

Strengths •	 Trial design examined and criticised 
by different expert groups, allowing for 
effective evaluation

•	 Acquires expert feedback on specific 
topics

•	 Geographic distribution of experts 
allows for pinpointing differences 
between countries

•	 Input from the patient’s perspective
•	 Synergy between experts and patients 

generates unique input and insight
•	 Allows experts and patients to reach 

consensus
•	 Generates equal feedback on trial 

design: balance between scientific 
feasibility of the protocol and patient 
input on acceptability

•	 Social benefits: allows patients and 
caregivers to exchange experiences

•	 Multiple meetings for different 
countries allowed for the identification 
of cultural differences

•	 Focusses on conducting the trial from 
a patient’s perspective

•	 Acquires input from patients on 
topics that might not have been (fully) 
considered

Limitations •	 No input from patients
•	 Topics that can be discussed will 

depend on trial design and phase of 
protocol development

•	 Less suitable to discuss topics that 
patients can provide less input on

•	 More time is spent on patient-related 
topics, leaving less time for others

•	 Patients can be overwhelmed by 
expert presence and be afraid to speak 
up

•	 Language barrier, need for translation
•	 Multiple meetings needed to discuss 

same topics
•	 Only assesses protocol on topics that 

patients can provide input on
•	 One-to-one interview lacked 

interaction between participants
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These meetings verified that EU-PEARL’s trial design was appealing to patients 
and their families. The different meetings for each country revealed cultural 
differences, such as the average travel time to the hospital, which influenced the 
acceptability of assessment schedules (Table 1). Patients and their families made 
useful remarks about practical topics that were not extensively considered by 
EU-PEARL team, such as the use of local healthcare facilities to perform routine 
check-ups, to reduce the number of required visits to the hospital that runs the 
trial.

Recommended advice meeting types
The topics discussed most effectively differed among the four methodologies. 
Based on our experiences, we have provided recommendations for the most 
effective meeting type per protocol topic (Table 2). Topics that have limited 
options for patient-input are best reserved for clinical and methodological 
expert advice meetings (e.g. statistics and formulations). Other protocol topics 
benefit from patient/caregiver input, either through a combined advice meeting, 
or separate patients/caregivers advice meetings. Some topics, like endpoints, 
outcome measures, and assessment schedules are suitable for all meeting types. 
However, the synergy between experts and patients/caregivers in the combined 
advice meeting resulted in an effective discussion on these topics, making it 
the preferred meeting type. Not all protocol topics were discussed in the advice 
meeting due to the status of the discussed protocol. For these topics, we provided 
recommendations on which meeting type would hypothetically be most effective, 
based on the experience of the trial and PPI experts.

Examples of changes in protocol design
The combination of the three types of activities resulted in changes made to 
the NF1 platform trial protocol. Multiple eligibility criteria were added, removed, 
or modified. The inclusion criterion regarding a minimum life-expectancy was 
removed, as this is subjective and hard to determine. Removing this criterion also 
allows for more sick patients with high treatment need to be included. In addition, 
there was uncertainty whether to set the performance score (measured through 
the Karnofsky and Lansky Performance Scale Indices) to a minimum of 50% or 
70%. Following discussion with c4c innovative clinical and methodological experts, 
the minimum was set to 50%. For one of the discussed tumour manifestations, 
the criterion “tumour shows substantial growth” was removed, due to it being 
subjective and hard to standardise across participating centres.
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Suggested outcome measures were incorporated into the protocol and the 
assessment schedules. Originally, only the Numeric Rating Scale (NRS-11) was 
included as the outcome measure for pain. However, this measure is only validated 
for patients aged eight years and older. To also measure pain in younger patients, 
the outcome measure “Face, Legs, Activity, Cry, Consolability scale (FLACC scale)” 
was added. The timing of performing these measurements was also discussed. It 
was proposed to not only collect data on pain at a specific day, but also measure 
the pain experienced over a certain time period.

Prior to this study, the responder definition for one of the manifestations was 
an unresolved issue. EU-PEARL clinicians were unsure whether to use a single 
outcome measure to define response in a tumour manifestation (MRI scan results), 
or to use a composite outcome measure (both MRI and a PRO for pain). The use 
of PROs as primary endpoints has been increasingly important in clinical trials; 
however, regulatory agencies will not always accept them. The combined advice 
meeting allowed EU-PEARL to decide on the composite outcome measure, after 
both experts and patients expressed their strong preference for including a PRO 
in the primary endpoint.
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Table 2. Description of participants who provided critical input per protocol topic, and 
our recommendations of most effective meeting type per topic. Examples of different 
aspects discussed for the topics that received critical input from both experts and patients/
caregivers.

Protocol topics Critical 
expert 
input

Critical 
patient/

caregiver 
input

Most 
effective 
meeting 

type

Examples of different aspects discussed by experts and patients/caregivers

Trial design X X 1, 2 and 3 Experts: Acceptability of design
Patients/caregivers: Acceptability of design (observational and treatment phases), 
randomisation procedure, informed consent procedure

Trial population X 1

Eligibility criteria X 1 and 2

Endpoints X X 2 Experts: Validity and acceptability by regulatory agencies
Patients/caregivers: Patient preferences regarding radiological vs. patient-reported 
endpoints

Outcome measures X X 2 Experts: Validity, age-range for outcome measures; value of binary vs. continuous 
outcome measures
Patients/caregivers: Acceptability of outcomes (medical procedures for study purposes); 
patient preferences regarding radiologic vs. patient-reported outcome measures

Assessment schedules X X 2 Experts: Ethical justification of assessment schedule; expected compliance; effects on 
drop-out rates; risk-benefit assessment
Patients/caregivers: Acceptability of assessment schedule; comparison with current 
personal standard-of-care; effect of schedule on work and school

Responder definition X X 2 Experts: Acceptability by regulatory agencies; defining response
Patients/caregivers: Patient preferences regarding inclusion of PROs into responder 
definition; value of radiologic vs. patient-reported outcome measures

Pharmacogenomics, OMICS technologies ~ (1)

Pharmacometrics ~ (1)

Pharmacovigilance ~ (1)

Formulations ~ (1)

Ethical considerations X 1

Statistical considerations X 1

(Potential) differences between EU 
countries

X X 1 and 3 Experts: Differences in ethical, legal and regulatory aspects
Patients/caregivers: Differences that could impact trial enrolment and compliance, 
such as travel times to hospital

~ Not discussed due to trial / protocol status. (1) = Not discussed, but hypothetically input 
would have been most effective from clinical / methodology expert advice meeting.

1 = Clinical / methodology expert advice meeting, 2 = Combined expert and patients/
caregivers advice meeting, 3 = Patients/caregivers advice meetings .
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Discussion

We report the lessons learned from a series of advice meetings that resulted 
from a collaboration of the IMI/IHI projects c4c13 and EU-PEARL,14 in which 
paediatric trial experts and patients provided feedback on a trial protocol for 
NF1. The combination of the performed activities resulted in major changes 
to the NF1 platform trial protocol. Eligibility criteria were added, deleted, or 
modified. One of the endpoints was changed to a composite endpoint, following 
the strong preference of both patients and experts. Based on our experiences 
with the different meeting types and their strengths and limitations, we have 
provided recommendations for the most effective meeting type for various 
protocol topics.

The majority of topics benefit from input provided by patients. A combined 
advice meeting is generally the preferred meeting type for discussing outcome 
measures, the assessment schedule, endpoints, and the responder definition, in 
order to assess the scientific feasibility and acceptability of the protocol. Yet, this 
type of advice meeting has drawbacks. It is less suitable for topics that patients 
can provide less input on (as defined by the PPI expert), as this removes the 
beneficial synergy between experts and patients. This could lead to more time 
being spent on patient-related topics. It could also be challenging for patients 
to discuss topics like eligibility criteria: certain criteria that lead to an optimal 
methodology, could make them feel excluded from the trial and may be subject 
to bias. Additionally, patients and their families could feel overwhelmed by the 
experts’ presence, discouraging them from speaking up. By regularly addressing 
the patient and their caregiver directly and setting ground rules for the meeting, 
we were able to engage them in the ongoing discussions. The dedicated PPI 
expert joining the meeting was very helpful. Being familiar to the family, she 
acted as a connecting link between the experts and the patient. The inclusion of 
a person that could serve as a family liaison (e.g. in our study, the PPI expert that 
invited the patients/caregivers to the advice meetings) should be considered for 
future combined advice meetings, to optimally engage patients and caregivers 
in the discussions.

We recommend that topics with limited possibilities for patient input, like 
statistical considerations and medication specifications, are reserved for the expert 
advice meetings. Some topics, like endpoints and outcomes, are also suitable for 
these meetings if more technical questions need answering, such as validity of 
outcomes and setting cut-off points for response definitions.
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The patients/caregivers advice meeting focused on the acceptability of the 
trial design. This meeting type addressed a level of detail most relevant for trial 
participants, omitting the discussion of specific protocol elements, like eligibility 
criteria. This activity induced fewer changes in protocol content than the other 
two meetings. Yet the lessons learned from these advice meetings were helpful 
to EU-PEARL on other levels, especially due to the practical advice received on 
the conduct of the trial.

In the case of international trials, a point of attention would be to involve experts and 
patients from all target countries. Country and cultural differences will influence 
the way patients and experts view a protocol. An assessment schedule with less 
frequent hospital visits was regarded as more critical to the Spanish families, 
because travel distances to academic NF1 centres tend to be large in Spain. This 
underlines the need to recruit an international set of experts and patients for 
the advice meetings. For our study, this meant that multiple patients/caregivers 
meetings were organised to discuss the same topics in different languages. 
Although this required more resources and extended the project’s timelines, this 
was outweighed by the benefits of acquiring feedback representative for multiple 
countries and patient populations.

Another point of consideration is diversity in the type of patients that can 
participate in the meetings. In our study, we included patients and families that 
did not have previous experience with providing feedback on clinical trials. Other 
patients can be trained or more experienced with this task, for example, patients 
that have followed the Patient Expert Training Programme by EUPATI.24 Although 
not described in the literature, trained patients will probably assess a trial protocol 
differently than non-trained patients. In c4c, PPI experts decide what level of 
expertise is required from participating patients and caregivers, dependent on 
the research question.

The combination of the three types of meetings resulted in effective and practical 
recommendations from experts and patients, allowing the development of the 
protocol to advance substantially. Additional to previous studies that have shown 
when PPI input is meaningful,12 we now showcase a methodology that could be 
used to combine this input with input from trial experts. The utilisation of the 
existing c4c expert database allowed for easy recruitment of clinical and innovative 
methodology experts. We believe that this methodology could be beneficial to 
other researchers or sponsors who seek advice on their protocol. Although the 
described advice meetings were designed to gather input on a platform trial 
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design, they can be readily adapted to other methodologies and trial types. This 
does not have to be limited to paediatric trials, but could be expanded to adult 
trials as well. All meeting types seem suitable to answer research questions in 
various developmental stages of a trial protocol, although the patient and family 
advice meetings may work best in a more advanced stage, given that there will 
be specific topics and questions for patients to provide input on. Based on the 
timing of the advice meeting with respect to the status of the protocol, the types 
of experts invited to the meeting can also be adjusted accordingly.

This study had some limitations. Due to the design and phase of development 
of the NF1 platform trial, some topics could not be discussed in detail. Specifics 
regarding topics such as drug toxicity and formulations could not be discussed, 
given the drug-agnostic design of the trial. Hypothetically, these topics would have 
been best discussed in the expert meeting, although patient input on acceptance 
of toxicity levels could also prove valuable. Second, there were no experts from 
regulatory agencies present during the meetings. Although these kind of expert 
and PPI activities are generally performed before a protocol is submitted to a 
regulatory body, acquiring early regulatory input would be more efficient and 
time saving. Third, only one patient/caregiver pair could attend the combined 
advice meeting. Last, there was a language barrier between EU-PEARL and 
the participants in the French and Spanish meetings. Whereas c4c PPI experts 
provided excellent translations, this could have led to a subtle but relevant loss 
of information.

Involving patients in the design of clinical trials requires preparation, resources, 
and flexibility of all stakeholders involved.25 Nonetheless, it is likely to improve 
trial compliance and enrolment rates, especially if patients living with the disease 
participate in the organised activities.9 The presented methodology could be used 
to gain the described benefits, but more research is needed to assess the cost 
effectiveness, the impact at various stages of trial design, the effect of involving 
paediatric versus adult patients, and trained versus untrained patients.
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Conclusion

Both experts and patients provided critical input on the presented protocol. The 
combined meeting was the most effective methodology for most protocol topics. 
The presented methodology can be used effectively to acquire expert and patient 
feedback. It has the potential to facilitate the development of high-quality clinical 
trials, based on the recommendations of two of the most important stakeholders: 
trial experts and patients.
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Abstract

Background: Neurofibromatosis type 1 (NF1) is a rare tumour predisposition 
syndrome. Optic pathway gliomas (NF1-related OPG) are a well-characterised 
tumour type. There is great need for tools that can efficiently identify patients 
with NF1-related OPG at hospitals. Computable phenotypes algorithms can be 
used to find patients with certain clinical features in an electronic database. We 
developed computable phenotype algorithms using the Observational Medical 
Outcome Partnership (OMOP) Common Data Model, and assessed if they could 
be used to identify patients with NF1-related OPG in an electronic health records 
(EHR) derived database.

Methods: We created phenotype algorithms based on diagnosis codes, visits, 
and radiologic procedures. These phenotypes were applied to the EHR-derived 
database of an academic hospital. To assess the performance of the phenotypes, we 
calculated the precision, recall, and F2 score against a list of known cases (n = 61),  
provided by a clinician. To evaluate the ability of the phenotypes to identify 
additional cases, we manually reviewed the predicted positives of each phenotype 
algorithm.

Results: The phenotype algorithm based on the diagnosis codes ‘Neurofibromatosis 
syndrome’ and ‘Neoplasm of optic nerve’ performed best (precision = 1.000, 
recall = 0.614, F2-score = 0.665). The best performing phenotype based on 
visits and radiologic procedures included ‘Neurofibromatosis syndrome and ≥3 
Ophthalmology visits and ≥1 MRI of brain’ (precision = 0.489, recall = 0.511, F2-
score = 0.507). Generally, increased precision came at the cost of a decrease in 
recall. Following review of the predicted positives of each phenotype, 27 additional 
cases were identified.

Conclusions: OMOP computable phenotype algorithms successfully identified 
NF1-related OPG patients in an EHR-derived database. They provided swift insight 
into the number of NF1-related OPG cases and were able to identify additional 
cases, which were not included in the original list of known cases. Phenotype 
algorithms created with OMOP could be an invaluable tool to facilitate patient 
screening, especially in multi-centric trials for rare diseases.
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Introduction

Neurofibromatosis type 1 (NF1) is a rare disorder with a reported incidence of 
approximately 1 in 2.000 individuals.1 It is characterised by the development of 
various benign and malignant tumours,2-6 including optic pathway glioma (OPG), 
which develop in approximately 15 - 20% of children with NF1.7,8 Being a rare 
condition, NF1 generally requires multi-centric clinical trials to reach adequate 
sample sizes.

When assessing potential sites for clinical trials, the expected number of eligible 
patients is often a major site selection criterion. Traditionally, these potentially 
eligible patients are identified through manual review of patient records. However, 
this is a time and resource consuming method, and investigators tend to grossly 
overestimate the number of trial eligible patients at their site.9 Therefore, there 
is great need for tools that can efficiently identify trial eligible patients. One 
promising method to optimise patient identification is the use of electronic health 
records (EHR) data, since numerous types of trial-relevant data (e.g. diagnoses 
and procedures) are captured routinely in the EHR.10,11 Yet, the use of EHR data for 
patient identification is constrained by several factors, including heterogeneity in 
data structure and terminology.12

It is possible to standardise the structure and terminology of data across databases 
by using a Common Data Model (CDM). An example is the Observational Medical 
Outcome Partnership (OMOP) CDM, which is developed and maintained by the 
Observational Health Data Sciences and Informatics (OHDSI) network. OHDSI is 
an international network of researchers and healthcare organisations that aims 
to improve health through large-scale analyses of observational health data.13 The 
potential of the OMOP CDM to enhance trial feasibility was assessed as part of the 
European Patient-CEntric ClinicAl TRial PLatforms (EU-PEARL) project,14 funded 
under the Innovative Medicines Initiative (IMI), aiming to change the way clinical 
trials are conducted by creating a framework for Integrated Research Platforms.

Using a CDM, it is possible to identify patients that meet certain criteria by defining 
phenotype algorithms. We assessed the ability of OMOP computable phenotype 
algorithms to identify NF1 patients with OPG in an EHR-derived database.
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Methods

Data source and case definition
The Erasmus MC is the largest tertiary academic hospital in the Netherlands. It 
maintains an EHR-derived OMOP CDM database, containing data on approximately 
3 million patients that visited the hospital from 1970 to 2021. The EHR data 
was transformed using OMOP CDM version 5.4 and contains information on 
demographics, visits, conditions (International Classification of Diseases codes), 
medication and procedures.

A patient was considered a case if they have been diagnosed with NF1 according 
to the diagnostic criteria,15 and if they had a diagnosis of OPG as determined by a 
radiologist using Magnetic Resonance Imaging (MRI).

Identifying OMOP concepts associated with NF1-related OPG
By studying the clinical guidelines for NF1-related OPG, we identified concepts that 
were likely associated with the condition of interest. OPGs can cause ophthalmologic 
symptoms such as vision loss and visual field defects.16 Once diagnosed, follow-up 
will generally consist of ophthalmological assessments and MRI,7,17 but the exact 
frequency of these assessments differs between centres. In the Erasmus MC, a patient 
will visit an ophthalmologist every three months and will have an MRI of the brain 
every six months in the first year after diagnosis. Since only a small number of cases 
require treatment, treatment was not considered a suitable concept.

To explore if the identified concepts occurred more frequently in patients that 
were likely to be cases, we queried the OMOP database for the presence of these 
concepts in the general NF1 patient population (patients with a diagnosis code of 
‘Neurofibromatosis syndrome’) and in patients who were likely to be cases (patients 
with ‘Neurofibromatosis syndrome’ and ‘Neoplasm of optic nerve’ diagnosis codes). 
Descriptive analyses were performed to characterise the two cohorts, using the 
mean and standard deviation for continuous variables, and count and frequency for 
categorical variables.

Phenotype algorithm development
We defined a phenotype as a set of criteria that identifies a patient with certain 
characteristics. This set of criteria are encoded in a computable phenotype algorithm 
(hereafter called ‘phenotype algorithm’), which can be used to execute the criteria 
against the database. We used the software Atlas18 to create the phenotype algorithms, 
using data based on (1) diagnosis codes, and (2) ophthalmologic visits and MRI.
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For the NF1 diagnosis we used the clinical concept ‘Neurofibromatosis Syndrome’ 
with all descendants (Appendix 1). For OPG, the closest matching clinical 
concepts in the OMOP standard vocabulary are the specific ‘Optic nerve glioma’ 
and the broader ‘Neoplasm of optic nerve’. We used both clinical concepts to 
define five phenotype algorithms based on diagnosis codes (Table 1). We also 
created phenotypes based on visits and MRI data, combined with a diagnosis 
code for ‘Neurofibromatosis Syndrome’. To allow for variation in the frequency of 
assessments, we created 25 phenotype algorithms, varying the number of visits 
and MRI scans in a year between one and five.

Table 1. Definition of the 30 phenotypes. Fully specified definitions can be found in 
Appendix 2.

Phenotype ID Description Definition

D1 Neurofibromatosis SNOMED:19133005 Neurofibromatosis 
Syndrome anytime in history

D2 Optic Nerve Glioma SNOMED:254976006 Optic Nerve Glioma 
anytime in history

D3 Neoplasm of Optic Nerve SNOMED:395505000 Neoplasm of Optic 
Nerve anytime in history

D4 Neurofibromatosis with 
Optic Nerve Glioma

SNOMED:19133005 Neurofibromatosis 
Syndrome anytime in history
AND
SNOMED:254976006 Optic Nerve Glioma 
anytime in history

D5 Neurofibromatosis with 
Neoplasm of optic nerve

SNOMED:19133005 Neurofibromatosis 
Syndrome anytime in history
AND
SNOMED:395505000 Neoplasm of Optic 
Nerve anytime in history

F1-F25 Neurofibromatosis with 
>=x Ophthalmology visits 
and >= y MRI of brain

with x 1-5 and y 1-5

SNOMED:19133005 Neurofibromatosis 
Syndrome anytime in history
AND
>=x Ophthalmology visits on distinct dates 
within one year, anytime in history
AND
>=y SNOMED:816077007 MRI of Brain on 
distinct dates within one year, anytime in 
history
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Assessing the performance of the phenotype algorithms
The performance of the phenotype algorithms was assessed in two steps (Figure 
1). First, we assessed the performance of the phenotype algorithms against a list 
of NF1-related OPG cases. This list of ‘known cases’ (n = 61) was provided by a 
clinician, and was created through manual chart review for an observational study. 
We calculated the recall (sensitivity), precision (positive predictive value) and F2 
score of the phenotype algorithms against this list of known cases. The F2 score 
is the weighted harmonic mean of recall and precision, where recall is considered 
two times as important as precision. It is calculated as 5*([precision*recall]/
[(4*precision)+recall]). We chose the F2 score as NF1-related OPG is a rare disease, 
for which a small number of false negatives is considered favourable.

As a second step, we evaluated the ability of the phenotype algorithms to identify 
additional cases, which were not included in the list of ‘known cases’. To do so, 
the predicted positives of each phenotype algorithm were manually reviewed by 
author BD, classifying them as case or non-case by reviewing the EHR. This was 
done for all algorithms, with exception of the phenotype algorithm D1 (Table 1), 
as this phenotype resulted in a large number of predicted positives (1000+). This 
chart review resulted in a new list of cases, consisting of both the original known 
and additionally identified cases. Using this new list, the same performance 
metrics were recalculated for each phenotype algorithm.

Creation of a combined identification method
Using the F2 scores from the second validation step, we combined the best 
performing phenotype algorithm based on diagnostic codes with the best 
phenotype algorithm based on visit and MRI data. This resulted in a combined 
identification method, for which the precision, recall and F2 metric were 
calculated.
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Figure 1. Validation of the phenotype algorithms. The phenotype algorithms were applied 
on the OMOP CDM research database, giving a group of predicted positives. As a first step, 
we assessed the performance metrics of the algorithms against a list of known cases, as 
provided by a clinician. In the second step, we performed a manual chart review of the 
predicted positives of each phenotype algorithm, to assess whether additional cases could 
be identified, which were previously unknown to the clinician. EMC = Erasmus MC, EHR 
= electronic health records, OMOP = Observational Medical Outcome Partnership.
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Results

The database contained data on 1442 patients with a ‘Neurofibromatosis syndrome’ 
diagnosis code, and 54 patients with a combination of ‘Neurofibromatosis syndrome’ 
and ‘Neoplasm of Optic Nerve’ (NF+NON) diagnosis codes (Table 2). The majority 
of patients had a specific diagnosis code for NF1 (75%). Within the NF+NON group, 
29 patients (53%) had an occurrence of a diagnosis code specific for NF1.

The concepts of ophthalmology visits and MRI scans were present in both cohorts. 
An occurrence of an MRI of the brain was notably more frequent in the NF+NON 
group compared to the NF group (80% vs. 26%, respectively). The occurrence of zero 
or one ophthalmology visit was more frequent in the NF group (90%) as compared 
to the NF+NON group (43%), while three visits or more within one year was seen 
more frequently in the latter group (7% vs. 56%, respectively). These differences 
were not tested for statistical significance.

Performance of the phenotype algorithms - known cases
Using the list of known cases, the phenotype algorithm D5 “Neurofibromatosis with 
Neoplasm of Optic Nerve” had the highest F2 score of all phenotype algorithms 
based on diagnosis codes (0.654) (Table 3). With a precision of 0.722 and recall of 
0.639, this phenotype algorithm identified 39 of the 61 known cases. Phenotype 
algorithm D4 “Neurofibromatosis with Optic Nerve Glioma” had a higher precision 
of 0.761, but a lower recall of 0.574, resulting in a lower F2 score (0.603).

For the phenotype algorithms based on visits and MRI, the phenotype F12 
“Neurofibromatosis and >=3 Ophthalmology visits and >=2 MRI of Brain” had the 
highest F2 metric (0.498) with a precision of 0.526 and a recall of 0.492, correctly 
identifying 30 out of the 61 known cases. Generally, the addition of either more 
visits or MRI scans resulted in increased precision, at the expense of recall.

Performance of the phenotype algorithms - chart review
Following the chart review of predicted positives, 27 additional cases were 
identified. When adding these additional cases to the original list of 61, the new 
list of cases contained 88 patients. Using this updated number, the best performing 
phenotype solely based on diagnostic codes was still phenotype D5, with an F2 
score of 0.665, a precision of 1.000, and a recall of 0.614 (Table 3). This phenotype 
algorithm successfully identified 54 out of 88 cases. Algorithm D3 “Neoplasm of 
Optic Nerve” had the highest recall with 0.625, identifying one more case than D5. 
However, this came at a cost of lower precision (0.724).
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Table 2. Population characteristics for persons with Neurofibromatosis (NF, cohort D1) 
and NF with Neoplasm of Optic Nerve (NON, cohort D5). Diagnosis codes for NON are 
not mutually exclusive of one another. NF = neurofibromatosis, NON = neoplasm of optic 
nerve.

Characteristic NF, 
n = 1442

NF+NON, 
n = 54

Demographics
Age, mean ± SD, years (q10 - q90) 22.3 ± 19.4 (2 - 53) 9.9 ± 9.4 (2 - 21)

Sex, female, n (%) 736 (51.0) 31 (57.4)

Diagnosis codes for Neurofibromatosis Type 1
Neurofibromatosis Syndrome, n (%) 350 (24.2) 24 (44.4)

Neurofibromatosis type 1, n (%) 1084 (75.2) 29 (53.7)

Neurofibromatosis type 2, n (%) 8 (0.6) 1 (1.9)

Diagnosis codes for OPG (Neoplasm of Optic Nerve) n (%)
Optic nerve glioma 46 (85.1)

Primary malignant neoplasm of optic nerve 26 (48.1)

Benign neoplasm of optic nerve 1 (1.9)

Visits and MRI scans n (%) n (%)
MRI of brain 375 (26.0) 43 (79.6)

MRI of head 144 (10.0) 10 (18.5)

0 Ophthalmology visits within 1 year 1148 (79.6) 16 (29.6)

1 Ophthalmology visits within 1 year 143 (9.9) 7 (13.0)

2 Ophthalmology visits within 1 year 56 (3.9) 1 (1.9)

3 Ophthalmology visits within 1 year 31 (2.1) 8 (14.8)

4 Ophthalmology visits within 1 year 16 (1.1) 7 (13.0)

>= 5 Ophthalmology visits within 1 year 48 (3.3) 15 (27.8)

Ophthalmology visit anytime 623 (43.2) 47 (87.0)

Based on the new list of cases, the phenotype algorithm F12 was no longer the best 
scoring phenotype based on visits and MRI data (F2 score 0.465). The algorithm 
F11 “Neurofibromatosis and >=3 Ophthalmology visits and >=1 MRI of Brain” 
performed better (F2 score=0.507). With a precision of 0.489 and a recall of 0.511, 
this phenotype algorithm identified 45 out of 88 cases.

Combined identification method
We combined D5 and F11 (combining them with ‘OR’) (Table 4). This method 
successfully identified 70 out of 88 known cases, showing a recall of 0.795 and 
an F2 score of 0.746.



160

Chapter 6

Table 3. Performance of phenotype criteria for identification of patients with an optical 
pathway glioma. The phenotype algorithms discussed in the text are in bold. TP = true 
positives.

Based on known cases (n = 61) After chart review (n = 88)
Id Description TP Precision Recall F2 TP Precision Recall F2
D1 Neurofibromatosis 54 0.037 0.885 0.160 81 0.056 0.920 0.226

D2 Optic Nerve Glioma 36 0.643 0.590 0.600 47 0.839 0.534 0.576

D3 Neoplasm of Optic Nerve 40 0.526 0.656 0.625 55 0.724 0.625 0.643
D4 Neurofibromatosis with Optic Nerve Glioma 35 0.761 0.574 0.603 46 1.000 0.523 0.578
D5 Neurofibromatosis with Neoplasm of optic nerve 39 0.722 0.639 0.654 54 1.000 0.614 0.665
F Neurofibromatosis with…

F1 >=1 Ophthalmology visits and >=1 MRI of Brain 39 0.178 0.639 0.421 56 0.256 0.636 0.490

F2 >=1 Ophthalmology visits and >=2 MRI of Brain 32 0.348 0.525 0.476 41 0.446 0.466 0.462

F3 >=1 Ophthalmology visits and >=3 MRI of Brain 24 0.436 0.393 0.401 26 0.473 0.295 0.319

F4 >=1 Ophthalmology visits and >=4 MRI of Brain 15 0.625 0.246 0.280 15 0.625 0.170 0.199

F5 >=1 Ophthalmology visits and >=5 MRI of Brain 6 0.462 0.098 0.117 6 0.462 0.068 0.082

F6 >=2 Ophthalmology visits and >=1 MRI of Brain 34 0.250 0.557 0.447 49 0.360 0.557 0.502

F7 >=2 Ophthalmology visits and >=2 MRI of Brain 30 0.435 0.492 0.479 39 0.565 0.443 0.463

F8 >=2 Ophthalmology visits and >=3 MRI of Brain 22 0.500 0.361 0.382 24 0.545 0.273 0.303

F9 >=2 Ophthalmology visits and >=4 MRI of Brain 13 0.619 0.213 0.245 13 0.619 0.148 0.174

F10 >=2 Ophthalmology visits and >=5 MRI of Brain 6 0.500 0.098 0.117 6 0.500 0.068 0.082

F11 >=3 Ophthalmology visits and >=1 MRI of Brain 32 0.348 0.525 0.476 45 0.489 0.511 0.507
F12 >=3 Ophthalmology visits and >=2 MRI of Brain 30 0.526 0.492 0.498 38 0.667 0.432 0.465
F13 >=3 Ophthalmology visits and >=3 MRI of Brain 22 0.595 0.361 0.391 24 0.649 0.273 0.308

F14 >=3 Ophthalmology visits and >=4 MRI of Brain 13 0.650 0.213 0.246 13 0.650 0.148 0.175

F15 >=3 Ophthalmology visits and >=5 MRI of Brain 6 0.545 0.098 0.118 6 0.545 0.068 0.083

F16 >=4 Ophthalmology visits and >=1 MRI of Brain 30 0.462 0.492 0.485 40 0.615 0.455 0.480

F17 >=4 Ophthalmology visits and >=2 MRI of Brain 28 0.609 0.459 0.483 35 0.761 0.398 0.440

F18 >=4 Ophthalmology visits and >=3 MRI of Brain 22 0.688 0.361 0.399 24 0.750 0.273 0.313

F19 >=4 Ophthalmology visits and >=4 MRI of Brain 13 0.813 0.213 0.250 13 0.813 0.148 0.177

F20 >=4 Ophthalmology visits and >=5 MRI of Brain 6 0.857 0.098 0.120 6 0.857 0.068 0.084

F21 >=5 Ophthalmology visits and >=1 MRI of Brain 20 0.465 0.328 0.348 27 0.628 0.307 0.342

F22 >=5 Ophthalmology visits and >=2 MRI of Brain 19 0.633 0.311 0.347 23 0.767 0.261 0.301

F23 >=5 Ophthalmology visits and >=3 MRI of Brain 17 0.708 0.279 0.317 18 0.750 0.205 0.239

F24 >=5 Ophthalmology visits and >=4 MRI of Brain 12 0.857 0.197 0.233 12 0.857 0.136 0.164

F25 >=5 Ophthalmology visits and >=5 MRI of Brain 5 1.000 0.082 0.100 5 1.000 0.057 0.070
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Table 4. Results from chosen combined phenotype algorithm. PP = predicted positives, TP 
= true positives, FN = false negatives, FP = false positives, NON = neoplasm of optic nerve.

Id Description PP TP FN FP Precision Recall F2
D5 Neurofibromatosis with Neoplasm of optic nerve 54 54 34 0 1.000 0.614 0.665

F11 >=3 Ophthalmology visits and >=1 MRI of Brain 92 45 43 37 0.489 0.511 0.507

D5 + F11 Neurofibromatosis with
NON OR
>=3 Ophthalmology visits and >=1 MRI of Brain

117 70 18 47 0.598 0.795 0.746



163

Identifying patients with Neurofibromatosis type 1-related optic pathway glioma

6

Table 4. Results from chosen combined phenotype algorithm. PP = predicted positives, TP 
= true positives, FN = false negatives, FP = false positives, NON = neoplasm of optic nerve.

Id Description PP TP FN FP Precision Recall F2
D5 Neurofibromatosis with Neoplasm of optic nerve 54 54 34 0 1.000 0.614 0.665

F11 >=3 Ophthalmology visits and >=1 MRI of Brain 92 45 43 37 0.489 0.511 0.507

D5 + F11 Neurofibromatosis with
NON OR
>=3 Ophthalmology visits and >=1 MRI of Brain

117 70 18 47 0.598 0.795 0.746



164

Chapter 6

Discussion

In this study, we created phenotype algorithms to identify patients with NF1-
related OPG in an EHR-derived OMOP database. More than half (61%) of all 88 
cases could be found using a phenotype algorithm based on diagnosis codes 
alone. Twenty-seven additional patients without a diagnosis code for OPG 
could be identified using phenotype algorithms based on visits and MRI. The 
best performing algorithm based on visits and MRI included a diagnosis code 
for Neurofibromatosis in combination with ≥3 ophthalmology visits and ≥1 MRI 
of the brain, correctly identifying 51% of all cases.

NF1 is a rare disease and OPGs develop in approximately 15% of NF1 patients. As 
such, the pool of patients with this condition is particularly small, accentuating 
the need for an identification method with high recall. For more common 
diseases, phenotype algorithms based on diagnostic codes alone might identify 
sufficient patient numbers. For NF1-related OPG however, it is imperative 
to identify patients for whom diagnostic codes are not recorded. Adding a 
phenotype algorithm based on visits and MRI proved to be advantageous: 
with the combined approach of two phenotype algorithms, we identified 70 
out of 88 patients. This approach might also prove favourable for other rare 
diseases, if data on visits, procedures, or other relevant measures is available 
and adaptable to phenotype algorithms.

Benefits of CDM phenotype algorithms
The present study is not the first to utilise EHR data to identify patients with 
NF1. Barnett et al. developed algorithms based on billing codes and free-text 
searches to identify patients with NF1 in Canada.19 The disadvantage of using 
free-text searches and billing codes is the lack of generalisability, as they may be 
developed specifically for one database or country. In contrast, CDM phenotype 
algorithms can be readily applied to other databases that use the same CDM. 
The OHDSI consortium consists of more than 2000 collaborators, including 
health records of approximately 810 million patients from 74 countries.13 The 
phenotype algorithms created in this study can be rapidly applied to relevant 
databases across this network, and to other databases as soon as they are 
transformed to OMOP standards.

The use of phenotype algorithms for trial screening will have multiple 
benefits. The use of EHR-based automated screening methods can reduce 
the workload of research personnel by 90%.20 Another crucial advantage is 
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that phenotype algorithms can be applied to databases repeatedly, allowing 
investigators to frequently screen the database for additional patients. This 
will be especially valuable for rare diseases, since multiple databases can be 
screened simultaneously, accelerating patient enrolment in multi-centric trials.

Data availability and phenotype algorithm performance
The availability and nature of the source data can influence the performance of 
phenotype algorithms. For instance, NF1-related OPG is ideally defined as the 
combination of specific diagnosis codes for both NF1 and OPG. However, we 
found that using the broader concept ‘Neurofibromatosis Syndrome’ increased 
recall: if we had used the specific diagnosis code for NF1, we would have 
missed 35 cases. The same limitation was seen for OPG: the use of the broader 
‘Neoplasm of Optic Nerve’ yielded eight additional cases when compared to 
the more specific ‘Optic Nerve Glioma’. Six of the ‘known cases’ could not be 
identified by any of the phenotype algorithms. A manual chart review revealed 
that these cases did not have diagnostic codes for both NF1 and OPG, and that 
they visited the hospital only once for a second opinion, explaining why no 
ophthalmology visits or MRI scans occurred in the source data.

We chose to identify patients with NF1-related OPG because two diagnosis 
codes for OPG were available in the data, and patients are seen in the clinic in a 
standardised way. Ideally, the OMOP CDM could also be used to identify patients 
with other manifestations of NF1, such as plexiform neurofibroma (PN) and 
cutaneous neurofibroma (cNF). However, we found that the diagnostic concepts 
for PN and cNF as described in SNOMED CT were not present in the EHR data. 
Clinicians instead used diagnostic codes specific to their specialty, e.g. codes 
for ‘skin lesions’, or did not register the manifestation at all. In the Netherlands, 
the most important form of disease registration is the Diagnose Behandeling 
Combinatie (DBC) (in English: Diagnosis Treatment Combination).21 DBC 
codes form the basis of financing Dutch hospital care: visits and treatments 
are not charged separately, but one price is paid for the entire care path of a 
diagnosis. As such, all manifestations of NF1 will be covered by the DBC code 
for NF1. As a result, there is no incentive for clinicians to register the individual 
disease manifestations. In addition, no standardised follow-up regimens exists 
for patients with PN or cNF, as the type and timing of visits and procedures 
depend on the severity of the manifestation and local practice. Data collection 
at the source should be adapted before these manifestations can efficiently be 
identified with phenotype algorithms.
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Performance of the phenotype algorithms in other settings
Even though the phenotype algorithms performed well in the Erasmus MC, their 
performance in other hospitals may be limited by several factors. Firstly, their 
performance will be affected by local coding practices of NF1 diagnosis codes. For 
example, Barnett et al. found that billing codes for NF1 had a poor performance 
in Canada, since only one-third of confirmed NF1 cases had a hospital-related 
encounter associated with an NF1 diagnostic code.19 Secondly, the phenotype 
algorithms based on visits and MRI are contingent to Dutch clinical guidelines 
for NF1-related OPG. These phenotype algorithms will perform differently in 
countries where guidelines are different. Finally, this study was performed in a 
single tertiary hospital and NF1 specialty centre, where a relatively high number 
of NF1-related OPG cases are seen. The phenotype algorithms may perform 
differently in centres with less cases. To test the extent of these limitations, we 
need to validate the phenotype algorithms at other hospitals who see NF1 patients 
with OPG.

Although it will be meaningful to validate the phenotype algorithms in other 
settings, it is worth noting that for eligibility screening in trials, a different 
algorithm for each individual hospital might be preferable. Phenotype algorithms 
could be fitted to a specific setting, adapting to heterogeneity in the source data by 
considering variations in clinical practices and data availability. Depending on the 
desired number of patients to enrol, either recall or precision could be prioritised. 
The benefits of routinely screening the databases of multiple hospitals at once will 
outweigh the increased efforts required to develop multiple phenotype algorithms.

Future directions
In addition to external validation, a next step will be to include trial eligibility 
criteria in the phenotype algorithms. Since EHR systems are designed for patient 
care, not all types of trial eligibility criteria will be present in EHR data.22 Future 
efforts in defining the most common eligibility criteria across trials for NF1 would 
be valuable, as this could result in a recommended set of data to be consistently 
maintained in the EHR, facilitating patient identification through phenotype 
algorithms. Furthermore, identified gaps in data availability could be used to adapt 
the EHR to make it more suitable for secondary research, such as making the 
structured registration of NF1 manifestations more simple.

Another difficulty that might limit trial eligibility screening through phenotype 
algorithms, is that some criteria are stored in the EHR as free-text only. The option 
to capture this kind of data in a structured format, allowing extraction to the 
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OMOP CDM, could aid the transition of manual screening to more automated 
processes. Another option would be to transform free-text into structured data 
that is harmonised to a common standard. This would be especially valuable for 
NF1 manifestations like cNF and PN, as these diagnoses are often solely described 
in clinical notes. Although the incorporation of free-text will make phenotype 
algorithms less generalisable due to language differences, it would enable a more 
precise screening through phenotype algorithms.23
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Conclusion

OMOP computable phenotype algorithms successfully identified patients 
with NF1-related OPG in an EHR-derived database. By using a combination of 
phenotype algorithms based on both diagnostic codes and visits and MRI, we 
identified the majority of cases, which is of utmost importance in rare diseases. 
The phenotype algorithms even identified additional cases, which were not 
identified through manual screening. Being interoperable with other sites using 
the OMOP CDM, the routine use of phenotype algorithms could be an invaluable 
opportunity to facilitate and accelerate patient screening in multi-centric trials, 
especially for rare diseases.
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Supplementary appendices

1.	 Appendix 1. Codelists used for the phenotype algorithms
2.	 Appendix 2. Fully specified definitions of the phenotype algorithms

Appendix 1. Codelists used for the phenotype algorithms
NF Syndrome (SNOMED concept code: 19133005 with descendants)

Name Vocabulary Code
Axillary freckling due to neurofibromatosis SNOMED 403815003

Café-au-lait macules with pulmonary stenosis SNOMED 403820003

Café-au-lait macules with temporal dysrhythmia SNOMED 403821004

Elephantiasis neurofibromatosa SNOMED 403819009

Familial multiple café-au-lait macules without 
neurofibromatosis

SNOMED 403822006

Multiple café-au-lait macules due to 
neurofibromatosis

SNOMED 403816002

Multiple neurofibromas in neurofibromatosis SNOMED 403817006

Neurofibromatosis Noonan syndrome SNOMED 715344006

Neurofibromatosis syndrome SNOMED 19133005

Neurofibromatosis type 1 SNOMED 92824003

Neurofibromatosis type 2 SNOMED 92503002

Schwannomatosis SNOMED 781641005

Segmental neurofibromatosis SNOMED 254241004

Optic Nerve Glioma (SNOMED concept code: 254976006 with descendants)

Name Vocabulary Code
Intracranial optic nerve glioma SNOMED 417619001

Intraocular optic nerve glioma SNOMED 416351002

Optic nerve glioma SNOMED 254976006

Neoplasm of optic nerve (SNOMED concept code: 395505000 with descendants)

Name Vocabulary Code
Benign neoplasm of optic nerve SNOMED 92257005

Benign neoplasm of optic nerve and nerve 
sheath

SNOMED 254977002

Intracranial optic nerve glioma SNOMED 417619001

Intraocular optic nerve glioma SNOMED 416351002

Malignant astrocytoma of optic nerve SNOMED 254973003

Malignant tumor of optic nerve SNOMED 363498002
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Appendix 1. Continued
Name Vocabulary Code

Malignant tumour of optic nerve and sheath SNOMED 254972008

Melanocytoma of optic nerve head SNOMED 254979004

Neoplasm of optic nerve SNOMED 395505000

Neoplasm of optic nerve and sheath SNOMED 395502002

Neoplasm of uncertain behaviour of optic nerve SNOMED 94971009

Optic nerve glioma SNOMED 254976006

Optic nerve glioma of orbit SNOMED 414950005

Primary malignant neoplasm of optic nerve SNOMED 93931007

Secondary malignant neoplasm of optic nerve SNOMED 94452002

Ophthalmology specialty (specialty_concept_id 38004463)

Name Vocabulary Code
Ophthalmology Medicare 

Specialty
18

MRI of brain (SNOMED concept code: 816077007 with descendants):

Name Vocabulary Code
MRI of brain SNOMED 816077007

Diffusion tensor magnetic resonance imaging of 
brain

SNOMED 448306001

Diffusion tensor magnetic resonance imaging of 
cerebral nerve tracts

SNOMED 448307005

Diffusion weighted magnetic resonance imaging 
of brain

SNOMED 431999000

Intraoperative magnetic resonance imaging of 
brain with contrast

SNOMED 444585009

Magnetic resonance imaging for measurement of 
brain volume with contrast

SNOMED 698355003

Magnetic resonance spectroscopy of brain 
without contrast

SNOMED 16339401000119102

MRI cerebral perfusion study SNOMED 419059006

MRI for measurement of brain volume SNOMED 698354004

MRI guided high intensity focused ultrasound 
ablation of thalamus

SNOMED 782657007

MRI guided marking of skin of head SNOMED 431402006

MRI of brain and brain stem SNOMED 29567006

MRI of brain and brain stem with contrast SNOMED 395611000119106

MRI of brain and brain stem without contrast SNOMED 383321000119107
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Appendix 1. Continued
Name Vocabulary Code

MRI of brain and cervical spinal cord SNOMED 440450002

MRI of brain and cervical spinal cord without 
contrast

SNOMED 16328021000119109

MRI of brain and facial bones without contrast SNOMED 411911000119107

MRI of brain and internal auditory canal without 
contrast

SNOMED 411301000119105

MRI of brain of fetus SNOMED 443232007

MRI of brain stem SNOMED 446138008

MRI of brain using isotropic resolution SNOMED 443602007

MRI of brain with arterial spin labeling SNOMED 720705001

MRI of brain with contrast SNOMED 16327691000119101

MRI of brain with contrast using isotropic 
resolution

SNOMED 443603002

MRI of brain with functional imaging SNOMED 241603006

MRI of brain without contrast SNOMED 489801000119103

MRI of brain with T2 mapping SNOMED 241602001

MRI of cerebrospinal fluid flow SNOMED 431225005

MRI of cerebrospinal fluid flow without contrast SNOMED 16410231000119101

MRI of subthalamic nucleus SNOMED 443516005

MRI of temporal lobe SNOMED 447334006

Magnetic Resonance Imaging (MRI) of Brain ICD10PCS B030ZZZ

Magnetic Resonance Imaging (MRI) of Brain 
using Other Contrast

ICD10PCS B030YZZ

Magnetic Resonance Imaging (MRI) of Brain 
using Other Contrast, Unenhanced and 
Enhanced

ICD10PCS B030Y0Z

Magnetic Resonance Imaging (MRI) of Sella 
Turcica/Pituitary Gland

ICD10PCS B039ZZZ

Magnetic Resonance Imaging (MRI) of Sella 
Turcica/Pituitary Gland using Other Contrast

ICD10PCS B039YZZ

Magnetic Resonance Imaging (MRI) of Sella 
Turcica/Pituitary Gland using Other Contrast, 
Unenhanced and Enhanced

ICD10PCS B039Y0Z

CT or MRI of the brain performed greater than 24 
hours after arrival to the hospital or performed in 
an outpatient imaging center for purpose other 
than confirmation of initial diagnosis of stroke, 
TIA, or intracranial hemorrhage (STR)

CPT4 3112F
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Appendix 1. Continued
Name Vocabulary Code

CT or MRI of the brain performed in the 
hospital within 24 hours of arrival or performed 
in an outpatient imaging center, to confirm 
initial diagnosis of stroke, TIA or intracranial 
hemorrhage (STR)

CPT4 3111F

Magnetic resonance (eg, proton) imaging, 
brain (including brain stem and skull base), 
during open intracranial procedure (eg, to 
assess for residual tumor or residual vascular 
malformation); with contrast material(s)

CPT4 70558

Magnetic resonance (eg, proton) imaging, 
brain (including brain stem and skull base), 
during open intracranial procedure (eg, to 
assess for residual tumour or residual vascular 
malformation); without contrast material

CPT4 70557

Magnetic resonance (eg, proton) imaging, 
brain (including brain stem and skull base), 
during open intracranial procedure (eg, to 
assess for residual tumour or residual vascular 
malformation); without contrast material(s), 
followed by contrast material(s...

CPT4 70559

Magnetic resonance (eg, proton) imaging, brain 
(including brain stem); with contrast material(s)

CPT4 70552

Magnetic resonance (eg, proton) imaging, brain 
(including brain stem); without contrast material

CPT4 70551

Magnetic resonance (eg, proton) imaging, brain 
(including brain stem); without contrast material, 
followed by contrast material(s) and further 
sequences

CPT4 70553
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Appendix 2. Fully specified definitions of the phenotype algorithms
D1 - Neurofibromatosis
INCLUSION RULES
TIME: The first diagnosis (any time in patient history)
1.	 Condition Occurrence of NF Syndrome (SNOMED concept code: 19133005 with 

descendants)

D2 - Optic Nerve Glioma
INCLUSION RULES
TIME: The first diagnosis (any time in patient history)
1.	 Condition Occurrence of Optic Nerve Glioma (SNOMED concept code: 

254976006 with descendants)

D3 - Neoplasm of Optic Nerve
INCLUSION RULES
TIME: The first diagnosis (any time in patient history)
1.	 Condition Occurrence of Neoplasm of optic nerve (SNOMED concept code: 

395505000 with descendants)

D4 - Neurofibromatosis with Optic Nerve Glioma
INCLUSION RULES
TIME: The first diagnosis (any time in patient history)
1.	 Condition Occurrence of NF Syndrome (SNOMED concept code: 376938 with 

descendants)
2.	 Condition Occurrence of Optic Nerve Glioma (SNOMED concept code: 

254976006 with descendants)

D5 - Neurofibromatosis with Neoplasm of Optic Nerve
INCLUSION RULES
TIME: The first diagnosis (any time in patient history)
1.	 Condition Occurrence of NF Syndrome (SNOMED concept code: 376938 with 

descendants)
2.	 Condition Occurrence of Neoplasm of optical nerve (SNOMED concept code: 

395505000 with descendants)
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F1-F25 - Neurofibromatosis with >=x Ophthalmology visits and >=y MRI of Brain 
within the same year
INCLUSION RULES
TIME: The first diagnosis (any time in patient history)
1.	 Condition Occurrence of NF Syndrome (SNOMED concept code: 376938 with 

descendants)
2.	 Visit Occurrence with provider with Ophthalmology specialty (specialty_

concept_id 38004463)
a.	 >= (x-1) Visit Occurrences with provider with Ophthalmology specialty in 

365 days after, on distinct days
3.	 Procedure Occurrence MRI of brain (SNOMED concept code: 816077007 with 

descendants)
a.	 >= (y-1) Procedure Occurrence MRI of brain in 365 days after, on distinct 

days (SNOMED concept code: 816077007 with descendants)
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Abstract

Background: This study aims to (1) investigate health-related quality of life (HRQoL) 
in children with Neurofibromatosis Type 1 (NF1) using the Pediatric Quality of Life 
inventory (PedsQL) and the Child Health Questionnaire (CHQ); and (2) compare 
the psychometric properties and content of these questionnaires in NF1 patients.

Methods: PedsQL and CHQ proxy-reports were administered to parents/caregivers 
of 160 patients with NF1 aged 5 - 12 years. HRQoL scores were compared with 
Dutch population norms using independent t-tests. Psychometric properties 
(feasibility and reliability) were assessed by floor/ceiling effects and Cronbach’s 
alpha coefficient. A principal component analysis (PCA) with varimax rotation 
was performed to identify the data’s internal structure. By content mapping, we 
identified unique constructs of each questionnaire.

Results: Proxy-reported HRQoL was significantly lower on all PedsQL subscales 
for children aged 5 - 7 years, and on 4/6 subscales for children aged 8 - 12 years 
compared to norms. Significantly lower HRQoL was reported on 6/14 CHQ 
subscales (children 5 - 7 years) and 9/14 subscales (children 8 - 12 years). The 
PedsQL showed slightly better feasibility and reliability. The PCA identified 
two components, representing psychosocial and physical aspects of HRQoL, 
explaining 63% of total variance. Both questionnaires showed relevant loadings 
on both components. The CHQ subscales concerning parents and family were 
considered unique contributions.

Conclusions: Proxy-reported HRQoL of children with NF1 is significantly lower 
compared to norms on multiple domains. Both questionnaires adequately 
measure HRQoL in children with NF1. However, the PedsQL has slightly better 
psychometric properties, while the CHQ covers a unique dimension of HRQoL 
associated with disease impact on parents and family.



183

Quality of life in children with Neurofibromatosis type 1

7

Introduction

Neurofibromatosis Type 1 (NF1) is a hereditary disorder with a reported birth 
frequency of 1 in 2.000 to 1 in 3.647.1-4 It is caused by a mutation in the NF1 gene 
on chromosome 17q11.2.5,6 NF1 displays a wide range of disease manifestations in 
almost all organ systems.1,7,8 Benign nerve sheath tumours, such as cutaneous and 
plexiform neurofibromas, are the most distinctive disease manifestations. Other 
manifestations include a variety of benign tumours and malignancies, skeletal 
abnormalities, cardiovascular disease, pain, and fatigue.8-11 Cognitive impairment, 
emotional difficulties and behavioural problems occur frequently, with cognitive 
impairment being the most common neurological manifestation in paediatric 
patients.12

Due to the abovementioned disease manifestations, NF1 can significantly impact 
Quality of Life (QoL). The World Health Organization (WHO) defines QoL as a 
multidimensional construct, comprising domains such as physical, social, emotional, 
and role functioning.13 Health-related Quality of Life (HRQoL) reflects the impact of 
disease and treatment on QoL.14 Studies have shown that children with NF1 and 
their parents report a significantly poorer HRQoL compared to population norms.15-17

HRQoL can be measured with patient-reported outcome (PRO) measures. There 
are two types of HRQoL measures: generic and disease-specific. Generic measures 
assess HRQoL in a general population and allow for a comparison between the 
HRQoL of patients and healthy population norms.18 However, these measures 
often do not capture disease-specific problems and symptoms. In NF1, this is 
particularly relevant for skin manifestations and cognitive impairment. Only 
one disease-specific HRQoL questionnaire has been validated in children and 
adolescents with NF1 (The Neurofibromatosis Type 1 module of the PedsQL),19 
whereas multiple generic questionnaires are available.

The number of studies on HRQoL in children with NF1 have been relatively 
low. In addition, the use of different HRQoL measures in these studies prevents 
data comparison.15 The aim of this study was twofold. First, to investigate 
HRQoL in Dutch children with NF1 using proxy-reports of two generic HRQoL-
questionnaires: the Pediatric Quality of Life Inventory (PedsQL)20 and the Child 
Health Questionnaire (CHQ).21 Second, to investigate whether one of these 
questionnaires would be more suitable to measure HRQoL in children with NF1, 
by studying the content and the psychometric properties of both questionnaires 
in this patient population.
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Methods

This prospective cohort study was performed at the Sophia Children’s Hospital 
in the Netherlands. PedsQL and CHQ proxy-reports are administered as part of 
regular care to parents/caregivers of children with NF1 that visit the outpatient 
clinic. This study contains data on patients aged 5 - 12 years old that visited the 
hospital from October 2016 through February 2020. Patients were eligible for the 
study when they met the National Institute of Health (NIH) diagnostic criteria 
for NF1.22 For each patient, one parent or caregiver was invited to complete the 
questionnaires through the digital “Kwaliteit van Leven in Kaart (KLIK)” (Dutch 
for Quality of Life in Clinical Practice) system one week prior to the visit to the 
outpatient clinic.23 Informed consent for using routinely collected data was 
provided by the parents/caregivers of all participants (local Institutional Review 
Board (IRB) identifier MEC-2015-203).

PedsQL questionnaire
The PedsQL 4.0 Generic Core Scales measures HRQoL in children and adolescents 
with or without acute and chronic health conditions.24 Consisting of 23 items, 
it has four subscales: ‘Physical’, ‘Emotional’, ‘Social’, and ‘School functioning’. It 
provides three summary scales, consisting of a ‘Physical Health Summary score’, 
a ‘Psychosocial Health Summary score’ and a ‘Total Scale score’. The proxy-
reports for children aged 5 - 7 years old and 8 - 12 years old were used in this 
study. We used the PedsQL version that refers to the HRQoL of the past month. 
The parent/caregiver scores each item on a 5-point Likert scale. Each answer is 
then reversely scored and rescaled to a 0 - 100 scale. A higher score indicates 
better HRQoL. The PedsQL has shown adequate reliability and validity in various 
populations, including a healthy Dutch paediatric population.24,25

CHQ questionnaire
The CHQ proxy-report with 50 items (CHQ-PF50) was used in this study.21 This 
questionnaire assesses HRQoL in children and adolescents of 5 - 18 years old. 
It consists of 11 multi-item scales and four individual items that measure the 
health status over the last four weeks. Single items include ‘Global health’, 
‘Global behaviour’, ‘Change in health’, and ‘Family cohesion’. The CHQ also 
offers an overall Physical and Psychosocial health score based on the multi-
item scales. The following scales are included in the physical domain: ‘Physical 
functioning’, ‘Physical-social role limitations‘, ‘General health perceptions‘, 
and ‘Bodily pain’. The psychosocial domain consists of the ‘Social-emotional/
behavioural role limitations‘, ‘Self-esteem’, ‘Mental health’, ‘General behaviour’, 
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‘Parental impact - emotion’, ‘Parental impact - time’, and the ‘Family activities‘ 
scales. The parent/caregiver scores each item on a 4 to 6-point Likert scale. 
Each answer is rescaled to a 0 - 100 scale. A higher score indicates better 
HRQoL. The psychometric properties were proven adequate in multiple studies 
and countries, including the Netherlands.21,26,27

Clinical characteristics
Information on demographics, mutation type (familial/de novo), date of NF1 
diagnosis, and the presence of NF1-related manifestations was extracted from 
electronic health records. Extracted manifestations were plexiform neurofibroma, 
optic pathway glioma (OPG), low-grade glioma, epilepsy, scoliosis, any osseous 
lesion (defined as sphenoid dysplasia and/or vertebrae dysplasia and/or long bone 
dysplasia and/or tibial bowing with or without pseudoarthrosis), Autism Spectrum 
Disorder (ASD), Attention-Deficit/Hyperactivity Disorder (ADHD), and attending 
special needs education.

Statistical analysis
Data were analysed using SPSS 28.0.1.0. Patients could visit the outpatient 
clinic multiple times during the study period. All completed questionnaires 
were included in the analysis of the psychometric properties. For all other 
analyses, only each patient’s first completed PedsQL and CHQ were included. 
Descriptive analyses were calculated using the mean, standard deviation (SD) 
and range for continuous variables, and count and frequency for categorical 
variables.

PedsQL and CHQ scores were computed according to their respective manuals.21,28 
The following analyses were performed separately per age group (5 - 7 years and 8 
- 12 years), mirroring the age groups of the PedsQL proxy-reports. Subscale scores 
were compared with a healthy Dutch reference population. A non-parametric 
test would have been appropriate, given the non-normal distribution of the data. 
However, we used independent t-tests and effect sizes as only the mean and SD 
of the population norms were available. Effect sizes were assessed using Cohen’s 
d; 0.20 ≤ d < 0.50 was considered small, 0.50 ≤ d < 0.80 as medium, and a d 
≥ 0.80 was considered large.29 Because only sex-specific PedsQL norms were 
available for children aged 8 - 12 years, we compared the HRQoL of this age group 
for boys and girls separately. A Bonferroni correction was applied to account for 
multiple comparisons, correcting for the number of multi-item subscales of each 
questionnaire (excluding summary scores).
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We used the following healthy Dutch reference populations for our analysis. For 
the PedsQL, we used the studies of Schepers et al. and Hijkoop et al.30,31 In the 
first study, the authors used the PedsQL 4.0 questionnaire (acute version, 1-week 
recall) to assess HRQoL in 274 children from the general Dutch population, aged 
5 - 7 years old (median age 6.5 years), of which 56% were boys. In the study by 
Hijkoop et al., the PedsQL 4.0 questionnaire (non-acute version, 1-month recall) 
was used to measure the HRQoL of 300 Dutch schoolchildren, aged 8 - 12 years 
old (median 11.0 years), of which 40% were boys. For the CHQ, we used the data 
from the study of Raat et al.27 In this study, the CHQ-PF50 scores of 353 Dutch 
schoolchildren were reported. The age of the children ranged from 5 to 13 years 
of age (mean 8.8 years), and 48% were boys.

Psychometric properties analyses
Feasibility was assessed by calculating the mean, SD and range of the subscale 
and summary scores. Floor and/or ceiling effects were considered significant if 
≥ 15% of the respondents appointed the lowest or highest absolute value. We 
calculated Cronbach’s α to evaluate the reliability and internal consistency of the 
subscales. A Cronbach’s α ≥ 0.70 was considered adequate.32

To evaluate the known-groups validity (the ability to discriminate between 
subgroups of children with and without a certain manifestation), Mann-Whitney 
U tests were performed with Bonferroni corrections. This analysis was performed 
for mutation type and manifestations that occurred in 20 patients or more: 
plexiform neurofibroma, OPG, scoliosis, ADHD, and attending special needs 
education. We hypothesised that lower HRQoL would be reported for patients 
with a de novo mutation, based on literature.15 We also expected lower reported 
HRQoL for patients with plexiform neurofibroma, ADHD, and patients attending 
special needs education. For the manifestations OPG and scoliosis, we expected 
no significant differences in HRQOL, since these conditions tend to be mild or 
asymptomatic in this age group.

Spearman’s correlation coefficient was used to study the concurrent validity 
between the summary health scores of the PedsQL and the summary scores of 
the CHQ.

Content mapping
Content mapping was performed to identify overlapping and unique constructs 
in questionnaire subscales. The mapping was performed by a PhD-student (BD) 
and an experienced neuropsychologist (AR). Subscales of the PedsQL could 
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overlap with multiple CHQ subscales, and vice versa. A subscale was considered 
unique if it contained topics that were not covered by any subscale of the other 
questionnaire. The results of the content mapping were verified by studying the 
Spearman’s correlation coefficients between the subscales.

Principal component analysis
We performed a principal component analysis (PCA) to identify the internal 
structure of combined questionnaire data. The PCA was performed for subscales 
that were considered overlapping in content. Following the content mapping, the 
CHQ subscales ‘General health perceptions’, ‘Parental emotional impact’, ‘Parental 
time impact’, ‘Family activities‘ and ‘Family cohesion’ were excluded. Spearman’s 
correlation coefficients (r) for all subscales were computed. Subscales were 
excluded from the PCA if they showed negligible correlations to all other subscales 
(r < 0.300). Consequently, the CHQ subscale ‘Change in health’ was excluded. 
The final PCA included all four PedsQL subscales and eight CHQ subscales. The 
PCA was conducted using varimax rotation. The Kaiser-Meyer-Olkin test (KMO) 
verified the sampling adequacy for the analysis, with a KMO of 0.86. The scree 
plot showed an inflexion that would justify the selection of three components. 
Because the sample size was small and the third component had an eigenvalue 
below 1.0, we decided to retain two components. Component loadings of ≥ 0.4 
were considered relevant.33
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Results

Questionnaires were completed for 160 patients, consisting of 196 PedsQL and 
209 CHQ questionnaires (Figure 1). With the exception of one patient, all patients 
completed both the PedsQL and the CHQ on at least one occasion. After including 
only the first completed PedsQL and CHQ questionnaires per patient, 160 PedsQL 
and 159 CHQ proxy-rated questionnaires remained.

405 questionnaires 
completed for
160 patients

196 PedsQL 209 CHQ
196 pairs of questionnaires 

completed at same time 
point

Figure 1. Flowchart depicting the number of completed questionnaires in this study

Eighty-eight of the children with NF1 were male (55%) (Table 1). The mean age 
at NF1 diagnosis was 3.3 years old (SD 2.7), and a de novo mutation was most 
common (108 patients, 71%). Questionnaires were most often completed by the 
mother (80%). Data on the presence of manifestations was available for 152 
patients. The most common manifestations were ADHD (43 patients (27%)) and 
plexiform neurofibroma (37 patients (23%)).

HRQoL scores and comparison with reference values
Table 2 shows the mean subscale scores of the PedsQL. Parents/caregivers of 
the 5 - 7 year-old children with NF1 reported a significantly lower HRQoL on all 
subscales, the summary scores, and the Total Score compared to the reference 
population. The effect sizes ranged from 0.30 (small) to 0.68 (medium). For the 
8 - 12 year-old boys, proxy-reported HRQoL was significantly lower on ‘Social 
functioning’, the Physical Health Summary score, the Psychosocial Health 
Summary score and the Total score. Effect sizes ranged from 0.47 (small) to 0.60 
(medium). For girls of the same age-group, significantly lower HRQoL was reported 
on ‘Social functioning’, ‘School functioning’, the Psychosocial Health Summary 
score and the Total score, with effects sizes ranging from 0.52 to 0.69 (medium).
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Table 1. Demographical and clinical characteristics of the study population (n = 160).

Mean (SD) or range n % of patients
Patient characteristics
Gender (male) 88 55

Age at NF1 diagnosis (years)

Mean (SD) 3.3 (2.7)

Range 0 - 12.8

De novo mutation 108 71

Age at first questionnaire (years)

Mean (SD) 8.4 (2.2)

Manifestations (available for n = 152)
Plexiform neurofibroma 37 23

Optic pathway glioma 20 13

Low-grade brain glioma 11 7

Epilepsy 3 2

Scoliosis 28 18

Any osseous lesion 11 7

Attending special needs education 34 21

ASD 12 8

ADHD 43 27

Parent characteristics
Mother 128 80

Father 29 18

Legal guardian 3 2

SD = standard deviation, ASD = autism spectrum disorder, ADHD = Attention-Deficit/
Hyperactivity Disorder.

On the CHQ, a significantly lower HRQoL was reported on six out of fourteen 
subscales in the 5 - 7 age group, and for nine out of fourteen subscales in the 8 - 12 
age group (Table 3). Effect sizes ranged from 0.33 (small) to 1.04 (large) in the 5 - 7 
age group, and from 0.33 (small) to 1.02 (large) in the older children. The Physical 
summary score was significantly lower compared to the reference population for 
both age groups, but for the Psychosocial summary score this was only seen in 
the patients aged 8 - 12.
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Table 2. Comparison of the PedsQL subscale, summary and total scores with healthy 
Dutch reference populations per age group, and per sex for the 8 - 12 age group. Bonferroni-
adjusted significance level of α = 0.05/4 = 0.013. Reference populations: 1 = 31, 2 = 30.

NF1 patients 5 - 7 (n = 85) Reference population 5 - 7 (n = 274)1

PedsQL scale Mean SD Mean SD Effect sizes (Cohen’s d) p-value
Emotional functioning 72.4 18.4 77.9 16.7 0.30 0.007
Social functioning 72.6 21.8 86.4 16.7 0.63 <0.001
School functioning 76.7 18.1 85.8 15.4 0.51 <0.001
Physical Health Summary score 76.7 21.0 91.1 12.6 0.68 <0.001
Psychosocial Health Summary score 73.9 16.5 83.4 13.7 0.57 <0.001
Total score 74.9 16.9 86.1 11.6 0.66 <0.001

Male NF1 patients 8 - 12 (n = 40) Male reference population 8 - 12 (n = 121)2

PedsQL scale Mean SD Mean SD Effect sizes (Cohen’s d) p-value
Emotional functioning 68.2 16.0 72.9 14.0 0.30 0.066

Social functioning 72.7 21.4 85.5 13.4 0.60 <0.001
School functioning 74.1 18.1 77.5 15.2 0.19 0.243

Physical Health Summary score 79.0 21.6 90.5 11.0 0.53 0.001
Psychosocial Health Summary score 71.7 14.8 78.6 10.8 0.47 0.005
Total score 74.2 15.0 82.8 9.3 0.57 <0.001

Female NF1 patients 8 - 12 (n = 35) Female reference population 8 - 12 (n = 179)2

PedsQL scale Mean SD Mean SD Effect sizes (Cohen’s d) p-value
Emotional functioning 67.3 21.0 72.9 16.2 0.27 0.123

Social functioning 69.1 22.9 85.0 14.8 0.69 <0.001
School functioning 71.7 18.1 84.1 13.3 0.68 <0.001
Physical Health Summary score 84.2 19.0 88.3 11.3 0.22 0.209

Psychosocial Health Summary score 69.4 18.0 80.7 11.6 0.63 <0.001
Total score 74.5 16.9 83.4 10.4 0.52 0.004

Psychometric properties
No significant floor effects were observed in either questionnaire (Table 4). For 
the PedsQL, significant ceiling effects were seen on two subscales of the 5 - 7 age 
group, and on four in the 8 - 12 age group. All Cronbach’s alpha coefficients were 
adequate, ranging from 0.76 to 0.89. For the CHQ, a significant ceiling effect was 
seen in 10 out of 14 subscales in the younger age group, and in eight out of 14 
subscales in the older patients. Cronbach’s α ranged from 0.48 to 0.96. Internal 
consistency was adequate for 10 out of 11 multi-item subscales in the 5 - 7 age 
group, and for nine out of 11 multi-item subscales in the older patients.
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Psychometric properties
No significant floor effects were observed in either questionnaire (Table 4). For 
the PedsQL, significant ceiling effects were seen on two subscales of the 5 - 7 age 
group, and on four in the 8 - 12 age group. All Cronbach’s alpha coefficients were 
adequate, ranging from 0.76 to 0.89. For the CHQ, a significant ceiling effect was 
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group, and for nine out of 11 multi-item subscales in the older patients.

For known-groups validity, both the PedsQL and CHQ were able to detect 
significant differences in HRQoL between patients with and without ADHD, 
and in children who attended special needs education vs. children who did not 
(Appendix 1, Appendix 2). Additionally, the CHQ revealed a significantly lower 
HRQoL on at least one subscale for patients with a de novo mutation and patients 
with OPG.

Concerning concurrent validity, a moderate to high positive correlation was found 
between the summary health scores of the questionnaires (Physical r = 0.64, p < 
0.001; Psychosocial r = 0.74, p < 0.001).
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Table 3. Comparison of the CHQ subscale and summary scores with a healthy Dutch 
reference population per age group. Bonferroni-adjusted significance level of α = 0.05/12 
= 0.0042. Reference population 1 = 27.

Reference population 5 - 13 (n = 353)1 NF1 patients 5 - 7 (n = 78) NF1 patients 8 - 12 (n = 81)
CHQ-PF50 scale Mean SD Mean SD Effect sizes 

(Cohen’s d)
p-value Mean SD Effect sizes 

(Cohen’s d)
p-value

General health perceptions 82.9 13.4 60.4 21.8 1.04 <0.001 66.1 16.5 1.02 <0.001
Physical functioning 99.1 4.3 87.5 16.4 0.71 <0.001 92.2 10.7 0.65 <0.001
Role functioning-emotional/behavioural 97.9 7.2 93.0 16.9 0.29 0.013 90.5 18.9 0.39 <0.001
Role functioning-physical 95.8 15.6 92.9 13.6 0.21 0.067 93.8 14.1 0.14 0.210

Bodily pain 85.7 17.2 73.3 21.5 0.57 <0.001 78.3 20.9 0.36 0.002
General behaviour 78.5 13.1 74.5 17.6 0.23 0.047 72.8 18.1 0.31 0.006

Mental health 81.4 12.1 80.7 14.7 0.05 0.678 76.1 15.8 0.34 0.003
Self-esteem 79.2 11.0 80.5 15.1 0.09 0.448 77.5 13.9 0.12 0.266

Parental emotional impact 86.3 15.2 74.8 21.1 0.55 <0.001 73.8 19.8 0.63 <0.001
Parental time impact 94.0 13.0 87.0 24.6 0.28 0.015 86.7 22.5 0.32 0.005

Family activities 91.5 11.9 83.7 23.5 0.33 0.004 84.3 21.5 0.33 0.004
Family cohesion 72.2 19.4 73.4 20.9 0.06 0.624 73.4 22.5 0.05 0.642

Physical summary score 56.4 5.7 47.5 9.4 0.94 <0.001 50.8 6.9 0.81 <0.001
Psychosocial summary score 53.2 6.4 52.2 9.6 0.10 0.385 49.7 9.8 0.36 0.002

Content mapping
The ‘Physical functioning’ subscale of the PedsQL was considered overlapping 
in content with the ‘Physical functioning’, ‘Physical role functioning’, and ‘Bodily 
pain’ subscales of the CHQ. The items in the ‘Emotional functioning’ subscale of 
the PedsQL were deemed overlapping with the ‘General behavior’ and ‘Mental 
health’ subscales of the CHQ. The ‘Social’ domain was similar in content to 
the subscales ‘Emotional/behavioural role limitations’, ‘General behavior’ and 
‘Self-esteem’ of the CHQ. Finally, the ‘School’ domain was considered similar in 
content to the ‘Emotional/behavioural role limitations‘, ‘Physical role limitations‘ 
and ‘General behavior’ subscales of the CHQ. The CHQ subscales ‘General health 
perceptions’, ‘Parental emotional impact’, ‘Parental time impact’, ‘Family activities‘ 
and ‘Family cohesion‘ were considered unique contributions, containing topics 
that were not covered in the four subscales of the PedsQL. The results from the 
content mapping were mostly confirmed by studying the correlations between 
subscales (Appendix 4). Subscales that overlapped in content, correlated stronger 
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the PedsQL were deemed overlapping with the ‘General behavior’ and ‘Mental 
health’ subscales of the CHQ. The ‘Social’ domain was similar in content to 
the subscales ‘Emotional/behavioural role limitations’, ‘General behavior’ and 
‘Self-esteem’ of the CHQ. Finally, the ‘School’ domain was considered similar in 
content to the ‘Emotional/behavioural role limitations‘, ‘Physical role limitations‘ 
and ‘General behavior’ subscales of the CHQ. The CHQ subscales ‘General health 
perceptions’, ‘Parental emotional impact’, ‘Parental time impact’, ‘Family activities‘ 
and ‘Family cohesion‘ were considered unique contributions, containing topics 
that were not covered in the four subscales of the PedsQL. The results from the 
content mapping were mostly confirmed by studying the correlations between 
subscales (Appendix 4). Subscales that overlapped in content, correlated stronger 

with one-another than with other subscales. Although not similar in content, all 
PedsQL subscales showed moderate correlation to one or more of the unique 
subscales of the CHQ, indicating that physical, emotional, social, and school 
HRQoL influences the impact of the condition on parents and family.

Principal component analysis
The PCA revealed a two-component model, explaining 62.6% of the total variance 
(Table 5). The subscales that clustered on the first PCA component appear to 
represent the psychosocial aspect of HRQoL. The second component of the PCA 
seems to represent the physical aspect of HRQoL. Both questionnaires showed 
relevant loadings on both components. These data correspond with the content 
mapping results, and suggest that both the PedsQL and the CHQ adequately 
measure the two principal components that constitute HRQoL.
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Table 4 The range, percentage of floor and ceiling effect and Cronbach’s alpha (internal 
consistency reliability) for the PedsQL and CHQ.

NF1 population aged 5 - 7 years NF1 population aged 8 - 12 years
n Range % 

Mina

% 
Maxa

Cronbach’s 
α

n Range % 
Mina

% 
Maxa

Cronbach’s 
α

PedsQL 111 85

Physical functioning 15.6 - 100 0 13.5 0.89 28.1 - 100 0 31.8 0.89

Emotional functioning 25.0 - 100 0 10.8 0.76 35.0 - 100 0 12.9 0.80

Social functioning 10.0 - 100 0 20.7 0.84 0 - 100 1.2 15.3 0.85

School functioning 30.0 - 100 0 19.8 0.76 25.0 - 100 0 20.0 0.76

Physical summary health score 15.6 - 100 0 13.5 0.89 28.1 - 100 0 31.8 0.89

Psychosocial summary health score 28.3 - 100 0 6.3 0.80 23.3 - 100 0 7.1 0.81

Total score 32.6 - 100 0 4.5 0.86 33.7 - 100 0 7.1 0.83

CHQ 109 100

Global health 30.0 - 100 0 22.0 30.0 - 100 0 25.3
General health perceptions 5.0 - 100 0 3.7 0.71 17.5 - 100 0 2.3 0.48

Physical functioning 38.9 - 100 0 42.2 0.82 44.4 - 100 0 49.4 0.71

Role functioning - emotional/behavioural 0 - 100 0.9 79.8 0.93 0 - 100 1.1 70.1 0.92

Role functioning - physical 33.3 - 100 0 77.1 0.84 33.3 - 100 0 80.5 0.96

Bodily pain 20.0 - 100 0 27.5 0.89 20.0 - 100 0 43.7 0.94

General behaviour 5.0 - 100 0 5.5 0.82 8.3 - 100 0 8.0 0.83

Mental health 35.0 - 100 0 11.9 0.77 40.0 - 100 0 12.6 0.74

Self-esteem 41.7 - 100 0 12.8 0.84 37.5 - 100 0 12.6 0.80

Change in health 0 - 100 0.9 17.4 25.0 - 100 0 8.0

Parental emotional impact 16.7 - 100 0 18.3 0.66 16.7 - 100 0 14.9 0.59

Parental time impact 0 - 100 1.8 69.7 0.90 0 - 100 1.1 59.8 0.83

Family activities 41.7 - 100 0 38.5 0.91 0 - 100 1.1 43.7 0.93

Family cohesion 0 - 100 0.9 22.9 0 - 100 1.1 24.1
Physical summary score 22.4 - 61.9 0.94 27.8 - 62.2 0.75

Psychosocial summary score 15.7 - 65.6 0.90 18.2 - 64.6 0.92
a Min = percentage of respondents with minimum scale score, Max = percentage of 
respondents with maximum scale score.

Bold values = significant floor or ceiling effect, 
defined as ≥15% respondents having either the 
lowest or highest scale score.
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Table 5. Results of the principal component analysis.

Subscale Psychosocial aspects Physical aspects
CHQ
Physical functioning 0.79

Role functioning - emotional/behavioural 0.69

Role functioning - physical 0.65

Bodily pain 0.70

General behaviour 0.86

Mental health 0.81

Self-esteem 0.69

PedsQL
Physical functioning 0.80

Emotional functioning 0.77

Social functioning 0.77

School functioning 0.61

Eigenvalues 5.6 1.3

% of variance 50.6% 12.0%
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Discussion

Using PedsQL and CHQ parent-proxy reports, we studied the HRQoL in 160 Dutch 
patients with NF1 aged 5 - 12 years. Parents/caregivers of children with NF1 
reported a significantly lower HRQoL on both the PedsQL and CHQ on a variety of 
domains, including physical, emotional, and social functioning. The psychometric 
properties of both questionnaires were adequate, but the PedsQL has slightly better 
feasibility and reliability. Following content mapping, the subscales for ‘General 
health perceptions’, ‘Parental emotional impact’, ‘Parental time impact’, ‘Family 
cohesion’, and ‘Family activities’ were considered unique contributions of the 
CHQ. The PCA revealed a two-component model, which suggested to represent 
the psychosocial and physical aspects of HRQoL. Both questionnaires showed 
relevant loadings on these components.

Proxy-reported HRQoL was significantly lower on multiple domains compared to 
the general Dutch paediatric population, which is in accordance with previously 
published literature.15 For the PedsQL, the Summary Health scores and Total 
scores were significantly lower compared to norms, except for the Physical 
Summary score in girls aged 8 - 12 years old. While no data on PedsQL scores 
in NF1 patients aged 5 - 12 years have been published, parents of children with 
NF1 aged 12 - 18 years old in the USA reported relatively similar PedsQL scores.34 
In our study, a significantly lower HRQoL was reported on multiple subscales of 
the CHQ: on six out of 14 subscales in the 5 - 7 age group, and for nine out of 14 
subscales in the 8 - 12 age group. Similar findings were seen in a previous study in 
a Dutch NF1 paediatric patient population aged 10 - 18 years.16 These results reveal 
the profound impact of NF1 on HRQoL of patients with NF1 and their parents/
caregivers. Based on effect sizes, general health perceptions, physical functioning, 
and social functioning seem to be especially affected.

There were differences in HRQoL between male and female patients aged 5 - 7 
years. When comparing the HRQoL scores of patients with a healthy reference 
population, only parents/caregivers of boys report a significantly lower HRQoL 
on ‘Physical functioning’, while only parents/caregivers of girls report lower 
HRQoL on the ‘School functioning’ domain of the PedsQL. Exploratory Mann-
Whitney U tests revealed no significant differences in HRQoL between boys and 
girls in our study population (results not shown in manuscript). The association 
of sex and HRQoL in NF1 remains unclear, with previous studies showing mixed 
results.16,35,36
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This study showed that significantly lower HRQoL scores were reported by 
parents/caregivers of patients that attended special needs education and patients 
that suffered from ADHD. Some of the worst HRQoL scores are reported for these 
patients, which corresponds with evidence from the literature, indicating that 
learning, emotional, and behavioural issues could be predictors of Quality of Life 
in NF1.15 There have been few studies on how these issues impact the daily life 
of patients and their HRQoL.37 Further research should be conducted into the 
functional implications of the presence and severity of learning and behavioural 
impairments, in order to improve HRQoL in this patient group.

Generally, the psychometric properties of the PedsQL and the CHQ were 
considered adequate. However, the PedsQL shows adequate internal consistency 
on all subscales, while the CHQ had two subscales with poor internal consistency 
coefficients. Internal consistency of all summary scores were sufficient to high. 
Ceiling effects were considerably more prevalent in the CHQ than in the PedsQL. 
These could partly be explained by the study sample, which also included less 
severely affected patients. Nonetheless, it could imply that items in generic 
HRQoL-questionnaires may not always be relevant to children with NF1, 
although disease-specific HRQoL questionnaires also display ceiling effects.19 
Ceiling effects could prove problematic when trying to distinguish among 
groups of patients with high HRQoL and may complicate detecting changes on 
affected subscales.

The content mapping of the questionnaires revealed five domains that were 
considered unique to the CHQ: the domains that assess general health perceptions, 
the emotional and time impact on parents, and the impact on family activities and 
family cohesion. In addition to the impact of NF1 on HRQoL of the patient, the CHQ 
therefore also assesses the impact of the disease on the parents themselves and 
on the family as a whole, which is not covered by the PedsQL. Parents reported 
a significantly lower HRQoL on four out of five of these unique subscales for both 
age groups in our study, with only the subscale ‘Family cohesion’ showing no 
significant difference compared with the reference population. Information on 
these subscales could be especially relevant for NF1-centres that offer family-
centred care. This more extensive assessment of HRQoL of the CHQ does lead to 
an increased time of completion, however. While the proxy-report of the PedsQL 
takes around 4 minutes to complete,38 the CHQ-PF50 form requires approximately 
10 - 15 minutes.21 Increased effort for patients to complete these measurements 
could lead to lower compliance and response rates, which should be taken into 
considerations when choosing outcome measures.
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Harmonisation of outcome measures in clinical care and clinical trials facilitates 
data-sharing and comparison of data across institutions and countries, which 
is especially important in rare conditions like NF1. The Response Evaluation in 
Neurofibromatosis and Schwannomatosis (REiNS) International Collaboration 
tries to reach a consensus on the most appropriate outcome measures to use in 
clinical trials for NF. Recently, they have provided a list of recommended PRO 
measures to measure QoL.39 For paediatric trials, the PedsQL received the highest 
overall rating and was most recommended by REiNS. The CHQ questionnaire was 
ranked relatively low in their review due to various reasons, including irrelevance 
of some items for NF, possible problems with ceiling effects, and poor internal 
consistency for some subscales. The last two points can also be observed in our 
data. Following this recommendation, the PedsQL might be a better option if 
data comparability is anticipated to be an important aspect of a trial, since the 
recommendation by REiNS may most likely result in more frequent use of the 
PedsQL questionnaire.

Given the comparable psychometric properties and the results from the PCA, 
both questionnaires seem to adequately measure generic HRQoL in children 
with NF1. However, as mentioned previously, generic HRQoL measures do not 
capture disease-specific problems and symptoms. This is especially a problem in 
NF1, given the various disease manifestations in all organ systems with varying 
severity. The complexity of measuring HRQoL in NF1 is reflected in the number of 
subscales of the only disease-specific HRQoL questionnaire for NF1 in children, the 
Neurofibromatosis Type 1 module of the PedsQL. This questionnaire has 104 items 
(distributed over 18 individual scales) that cover a wide range of problems seen 
in children with NF1, including skin problems, the impact of pain and cognitive 
functioning.19 It demonstrated excellent feasibility and good to excellent reliability, 
but takes longer to complete than the generic PedsQL. Further research is needed 
to establish whether generic HRQoL measures alone satisfactorily measure (a 
significant change in) HRQoL in NF1, or whether a more extensive assessment is 
preferred by adding disease-specific questionnaires.

This study’s major strength is the relatively large overall sample size and the 
nationwide representativeness of the sample. The Sophia Children’s Hospital is 
the main Dutch expertise centre for NF1, and coordinates the national NF network 
in the Netherlands. A large part of the Dutch paediatric NF1 population visits 
our centre for follow-up, regardless of disease severity. The administration of the 
questionnaires was part of regular care. A small proportion of parents/caregivers 
(approximately 10%) did not receive the questionnaires at the first visit due to 
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missing email addresses. A detailed inventory of the first four months of data 
collection revealed a response rate of 70%. The study sample can be considered 
representative for the NF1 paediatric population in the Netherlands.

Several limitations must be considered regarding the comparison of the HRQoL 
scores with the reference population. First, we used the PedsQL questionnaire that 
assesses HRQoL over the past month, while the study that supplied the data for 
the reference population of 5 - 7 year olds used the version that asks about the 
past week. Second, for the CHQ questionnaire, the reference population consisted 
of children aged 5 - 13 years old, while we performed the analysis for the children 
aged 5 - 7 years and 8 - 12 years separately, using this same reference population. 
The lack of data on the overall disease severity is another limitation. The general 
severity of NF1 can be assessed using the Riccardi scale.40 However, this scale 
is based on the weighted presence or absence of certain clinical characteristics, 
but lacks information on the perceived disease burden by the patient, again 
highlighting the need for a validated HRQoL measure for patients with NF1.

Because we used proxy-report forms in this study, reported HRQoL scores might 
have been influenced by parent-related characteristics like demographics and 
parental health. In addition, since NF1 is autosomal dominantly inherited with 
a 50 - 70% de novo mutation rate,1,41 a significant number of patients with NF1 
will have a parent that suffers from NF1 as well. As described in the literature 
and partly confirmed in this study, familial NF1 may be a protective factor in 
proxy-reports of QoL for children of all ages.15 A further evaluation of the impact 
of parental NF1 status and other parental/caregiver characteristics on reported 
HRQoL scores should be considered.
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Conclusions

Proxy-reported HRQoL of children with NF1 is significantly lower compared to 
the reference population on multiple domains. Both the PedsQL and CHQ show 
relevant loadings on the two PCA components and adequately measure HRQoL 
in children with NF1. The PedsQL has slightly better psychometric properties, 
making it more preferable to use as outcome measure in research. In contrast, 
the CHQ covers a unique dimension of HRQoL associated with disease impact 
on parents and family, making it conceivably more preferred if an extensive 
evaluation of HRQoL is needed, for instance in clinical care.
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Supplementary appendices

•	 Appendix 1. Known-groups validity of the PedsQL
•	 Appendix 2. Known-groups validity of the CHQ
•	 Appendix 3. Visual representation of content mapping results
•	 Appendix 4. Spearman correlation coefficient between PedsQL and CHQ 

subscales
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Appendix 1. Known-groups validity of the PedsQL
Known-groups validity of the PedsQL as assessed by the Mann Whitney U test. Significant 
p-values in bold. SD = standard deviation, OPG = optic pathway glioma. Bonferroni-
adjusted significance level of α = 0.05/4 = 0.0125.

    Familial 
mutation 
(n = 44)

De novo 
mutation
(n = 108)

No plexiform 
neurofibroma 

(n = 115)

Plexiform 
neurofibroma

(n = 37)

No OPG
(n = 132)

OPG
(n = 20)

 

PedsQL scale Mean SD Mean SD p-value Mean SD Mean SD p-value Mean SD Mean SD p-value
Emotional functioning 75.8 18.6 69.9 18.8 0.027 71.5 18.8 71.7 19.3 0.957 72.1 17.9 68.8 23.8 0.538

Social functioning 77.1 21.1 73.2 22.0 0.287 74.4 22.6 73.6 19.7 0.630 74.9 21.1 70.2 25.8 0.466

School functioning 78.0 17.4 75.5 19.6 0.457 75.2 19.0 78.4 19.1 0.258 75.6 19.2 78.4 17.8 0.575

Physical Health Summary score 84.7 16.8 77.8 22.1 0.106 80.5 20.8 77.1 21.5 0.273 80.0 20.4 77.0 24.4 0.654

Psychosocial Health Summary score 76.9 16.0 72.8 17.2 0.082 73.7 17.2 74.6 16.5 0.754 74.1 16.6 72.4 19.4 0.811

Total score 79.7 15.1 74.6 17.1 0.043 76.0 16.9 75.4 16.5 0.702 76.2 16.4 74.0 19.2 0.703

No scoliosis
(n = 124)

Scoliosis
(n = 28)

  No special 
needs education

(n = 118)

Special needs 
education

(n = 34)

  No ADHD
(n = 109)

ADHD
(n = 43)

 

PedsQL scale Mean SD Mean SD p-value Mean SD Mean SD p-value Mean SD Mean SD p-value
Emotional functioning 73.0 18.6 66.9 18.4 0.066 74.9 17.1 58.1 19.8 <0.001 72.9 18.6 67.9 19.1 0.146

Social functioning 75.2 21.2 71.4 21.7 0.395 78.2 19.4 57.7 23.6 <0.001 77.2 20.2 65.6 24.0 0.003
School functioning 76.7 18.7 73.3 20.7 0.474 77.3 19.1 70.8 17.8 0.035 79.3 18.1 66.6 18.3 <0.001
Physical Health Summary score 79.5 21.2 79.6 19.8 0.918 81.6 20.0 71.3 23.0 0.007 81.3 20.4 74.7 22.1 0.076

Psychosocial Health Summary score 75.0 16.5 70.5 17.5 0.156 76.8 15.6 62.2 17.4 <0.001 76.5 16.4 66.7 16.7 <0.001
Total score 76.6 16.7 73.7 16.5 0.335 78.5 15.6 65.4 17.3 <0.001 78.2 16 69.5 17.4 0.002
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Appendix 1. Known-groups validity of the PedsQL
Known-groups validity of the PedsQL as assessed by the Mann Whitney U test. Significant 
p-values in bold. SD = standard deviation, OPG = optic pathway glioma. Bonferroni-
adjusted significance level of α = 0.05/4 = 0.0125.
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Appendix 2. Known-groups validity of the CHQ
Known-groups validity of the CHQ as assessed by the Mann Whitney U test. Significant 
p-values in bold. SD = standard deviation, OPG = optic pathway glioma. Bonferroni-
adjusted significance level of α = 0.05/12 = 0.0042.

Familial 
mutation
(n = 44)

De novo 
mutation
(n = 108)

No plexiform 
neurofibroma

(n = 115)

Plexiform 
neurofibroma

(n = 37)

No OPG
(n = 132)

OPG
(n = 20)

 

CHQ-PF50 scale Mean SD Mean SD p-value Mean SD Mean SD p-value Mean SD Mean SD p-value
General health perceptions 72.3 18.5 60.1 20.7 <0.001 65.4 20.4 59.8 21.4 0.106 66.6 19.6 48.6 21.0 <0.001
Physical functioning 91.9 11.5 89.4 14.5 0.313 91.1 13.2 87.3 14.5 0.025 90.9 13.2 85.6 15.5 0.049

Role functioning - emotional/behavioural 94.8 12.4 90.7 19.4 0.239 91.1 19.2 93.7 14.1 0.246 91.7 18.7 92.0 13.6 0.251

Role functioning - physical 95.8 11.3 92.4 15.2 0.092 93.8 14.5 91.5 15.4 0.309 93.0 15.1 94.3 12.0 0.866

Bodily pain 83.3 18.0 73.9 22.5 0.006 78.5 21.6 72.2 21.4 0.048 76.3 21.5 80.3 22.8 0.291

General behaviour 73.7 16.7 73.5 18.2 0.993 72.9 18.5 75.6 15.0 0.497 74.1 16.5 70.7 23.5 0.702

Mental health 79.8 16.3 78.8 14.9 0.506 79.1 15.6 78.7 14.8 0.813 79.2 15.4 77.6 15.8 0.638

Self-esteem 78.7 12.7 79.9 14.3 0.458 79.1 14.1 80.5 13.3 0.677 79.9 13.5 77.2 15.8 0.599

Parental emotional impact 79.3 18.8 73.4 21.9 0.079 75.2 20.5 75.5 22.9 0.677 75.8 21.1 72.1 21.2 0.318

Parental time impact 91.3 16.5 84.7 26.2 0.157 85.8 24.8 90.0 19.8 0.185 87.9 22.2 80.8 30.3 0.328

Family activities 86.0 19.8 82.1 24.1 0.397 83.8 22.7 82.8 23.3 0.788 83.8 22.8 81.8 22.8 0.566

Family cohesion 71.9 20.7 75.7 22.3 0.157 74.2 22.8 75.5 18.4 0.910 74.8 21.6 73.1 23.0 0.820

Physical summary score 52.8 7.0 48.0 9.3 <0.001 50.2 8.4 47.2 9.9 0.031 49.9 8.9 46.8 8.0 0.022

Psychosocial summary score 51.7 8.7 51.0 10.1 0.919 50.7 10.1 52.6 8.3 0.415 51.4 9.3 49.9 11.8 0.886
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Appendix 2. Known-groups validity of the CHQ
Known-groups validity of the CHQ as assessed by the Mann Whitney U test. Significant 
p-values in bold. SD = standard deviation, OPG = optic pathway glioma. Bonferroni-
adjusted significance level of α = 0.05/12 = 0.0042.
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General behaviour 73.7 16.7 73.5 18.2 0.993 72.9 18.5 75.6 15.0 0.497 74.1 16.5 70.7 23.5 0.702

Mental health 79.8 16.3 78.8 14.9 0.506 79.1 15.6 78.7 14.8 0.813 79.2 15.4 77.6 15.8 0.638

Self-esteem 78.7 12.7 79.9 14.3 0.458 79.1 14.1 80.5 13.3 0.677 79.9 13.5 77.2 15.8 0.599

Parental emotional impact 79.3 18.8 73.4 21.9 0.079 75.2 20.5 75.5 22.9 0.677 75.8 21.1 72.1 21.2 0.318

Parental time impact 91.3 16.5 84.7 26.2 0.157 85.8 24.8 90.0 19.8 0.185 87.9 22.2 80.8 30.3 0.328

Family activities 86.0 19.8 82.1 24.1 0.397 83.8 22.7 82.8 23.3 0.788 83.8 22.8 81.8 22.8 0.566

Family cohesion 71.9 20.7 75.7 22.3 0.157 74.2 22.8 75.5 18.4 0.910 74.8 21.6 73.1 23.0 0.820

Physical summary score 52.8 7.0 48.0 9.3 <0.001 50.2 8.4 47.2 9.9 0.031 49.9 8.9 46.8 8.0 0.022

Psychosocial summary score 51.7 8.7 51.0 10.1 0.919 50.7 10.1 52.6 8.3 0.415 51.4 9.3 49.9 11.8 0.886
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Appendix 2. Continued
No scoliosis

(n = 124)
Scoliosis
(n = 28)

No special 
needs education

(n = 118)

Special needs 
education

(n = 34)

No ADHD
(n = 109)

ADHD
(n = 43)

 

CHQ-PF50 scale Mean SD Mean SD p-value Mean SD Mean SD p-value Mean SD Mean SD p-value
General health perceptions 64.8 20.7 61.7 18.7 0.333 66.0 19.1 56.0 25.1 0.030 64.8 20.2 61.9 22.2 0.403

Physical functioning 90.5 13.7 89.2 13.1 0.308 91.6 12.4 84.3 16.8 0.014 90.6 13.1 89.0 14.9 0.630

Role functioning - emotional/behavioural 91.5 18.6 92.4 16.6 0.486 93.9 15.4 82.9 24.6 <0.001 94.3 14.0 84.8 24.7 0.006

Role functioning - physical 93.4 14.9 91.9 14.8 0.455 94.5 14.2 88.0 15.7 0.001 94.7 11.6 89.2 20.5 0.178

Bodily pain 77.7 21.5 72.3 22.8 0.168 77.2 21.5 75.6 22.6 0.682 77.7 21.0 74.6 23.5 0.487

General behaviour 74.5 16.8 71.7 20.6 0.485 76.6 15.0 61.3 22.1 <0.001 76.6 16.4 65.6 18.6 <0.001
Mental health 80.0 14.9 76.4 16.7 0.270 60.7 14.7 71.2 16.3 0.003 80.2 14.6 75.8 17.1 0.103

Self-esteem 79.6 13.2 78.9 16.9 0.900 81.3 12.9 72.2 15.3 0.001 81.1 13.8 75.1 13.1 0.005

Parental emotional impact 76.7 20.4 71.0 22.8 0.177 78.0 19.7 63.9 22.6 <0.001 78.8 20.2 65.7 20.5 <0.001
Parental time impact 87.7 22.8 87.3 19.3 0.567 91.6 18.1 67.5 32.5 <0.001 89.4 21.5 80.0 27.7 0.014

Family activities 84.0 22.9 81.9 23.4 0.561 88.1 18.0 64.7 32.5 <0.001 87.5 18.5 72.9 29.2 <0.001
Family cohesion 74.9 21.9 74.3 21.6 0.846 76.9 20.4 65.0 24.6 0.005 76.8 19.8 68.6 25.5 0.052

Physical summary score 49.7 8.8 48.3 9.1 0.168 50.2 8.3 46.4 10.2 0.026 49.9 8.2 48.3 10.4 0.641

Psychosocial summary score 51.7 9.3 50.3 10.9 0.594 52.9 8.1 44.1 12.3 <0.001 52.8 8.8 46.8 10.6 <0.001

Appendix 3. Visual representation of content mapping results
Visual representation of the results of the content mapping. Connecting lines imply 
overlap in subscale content. * = unique construct of questionnaire, not covered by topics 
in other questionnaire.

PedsQL subscale

Physical functioning

Emotional functioning

Social functioning

School functioning

CHQ subscale
General health perceptions*

Physical functioning

Role functioning - emotional/behavioral

Role functioning - physical
Bodily pain

General behavior
Mental health
Self-esteem

Parental emotional impact*
Parental time impact*

Family activities*
Family cohesion*
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Appendix 2. Continued
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Bodily pain 77.7 21.5 72.3 22.8 0.168 77.2 21.5 75.6 22.6 0.682 77.7 21.0 74.6 23.5 0.487

General behaviour 74.5 16.8 71.7 20.6 0.485 76.6 15.0 61.3 22.1 <0.001 76.6 16.4 65.6 18.6 <0.001
Mental health 80.0 14.9 76.4 16.7 0.270 60.7 14.7 71.2 16.3 0.003 80.2 14.6 75.8 17.1 0.103

Self-esteem 79.6 13.2 78.9 16.9 0.900 81.3 12.9 72.2 15.3 0.001 81.1 13.8 75.1 13.1 0.005

Parental emotional impact 76.7 20.4 71.0 22.8 0.177 78.0 19.7 63.9 22.6 <0.001 78.8 20.2 65.7 20.5 <0.001
Parental time impact 87.7 22.8 87.3 19.3 0.567 91.6 18.1 67.5 32.5 <0.001 89.4 21.5 80.0 27.7 0.014

Family activities 84.0 22.9 81.9 23.4 0.561 88.1 18.0 64.7 32.5 <0.001 87.5 18.5 72.9 29.2 <0.001
Family cohesion 74.9 21.9 74.3 21.6 0.846 76.9 20.4 65.0 24.6 0.005 76.8 19.8 68.6 25.5 0.052

Physical summary score 49.7 8.8 48.3 9.1 0.168 50.2 8.3 46.4 10.2 0.026 49.9 8.2 48.3 10.4 0.641

Psychosocial summary score 51.7 9.3 50.3 10.9 0.594 52.9 8.1 44.1 12.3 <0.001 52.8 8.8 46.8 10.6 <0.001

Appendix 3. Visual representation of content mapping results
Visual representation of the results of the content mapping. Connecting lines imply 
overlap in subscale content. * = unique construct of questionnaire, not covered by topics 
in other questionnaire.
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Appendix 4. Spearman correlation coefficient between PedsQL and CHQ subscales

Spearman correlation coefficients of the subscales of the PedsQL and the CHQ. Correlations 
flagged with * are p < 0.05. Correlations larger than 0.500 in bold. Emotion/behav = 
emotional/behavioural.
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Appendix 4. Spearman correlation coefficient between PedsQL and CHQ subscales

Spearman correlation coefficients of the subscales of the PedsQL and the CHQ. Correlations 
flagged with * are p < 0.05. Correlations larger than 0.500 in bold. Emotion/behav = 
emotional/behavioural.
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Abstract

Background: Half of the patients with Neurofibromatosis type 1 (NF1) develop one 
or more tumours called plexiform neurofibromas, which can have a significant 
impact on Quality of Life (QoL). The PlexiQoL questionnaire is a disease-specific 
QoL measure for adults with NF1-associated plexiform neurofibromas. The aim 
of this study was to adapt and validate a Dutch version of the PlexiQoL for the 
Netherlands.

Methods: The PlexiQoL was translated using the dual-panel methodology, 
followed by cognitive debriefing interviews to assess face and content validity. 
The psychometric properties were evaluated by administering the questionnaire 
on two separate occasions to a sample of adults with NF1 and plexiform 
neurofibromas. Feasibility was evaluated by the presence of floor/ceiling effects. 
Reliability was assessed by evaluating Cronbach’s alpha coefficient and test-
retest reliability, using Spearman’s rank correlation coefficients. Mann-Whitney 
U tests were used to check for known group validity. The Nottingham Health 
Profile (NHP) questionnaire was used as comparator questionnaire to evaluate 
convergent validity.

Results: The translation and cognitive debriefing interviews resulted in a Dutch 
version of the PlexiQoL that reflected the original concept and underlying 
semantic meanings of the UK English version. Forty participants completed 
the validation survey. The Dutch PlexiQoL demonstrated excellent internal 
consistency (Cronbach’s α 0.825) and test-retest reliability (Spearman correlation 
coefficient 0.928). The questionnaire detected differences in PlexiQoL scores 
between participants based on self-reported general health and disease severity. 
Convergent validity was confirmed for relevant NHP subsections.

Conclusions: The Dutch PlexiQoL demonstrated excellent psychometric properties 
and can be reliably used to measure plexiform neurofibroma-related QoL in adults 
with NF1 in the Netherlands.
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Introduction

Neurofibromatosis type 1 (NF1) is a rare hereditary disorder with a prevalence of 1 
in 2.000 to 1 in 3.647.1-4 It is associated with a wide range of disease manifestations, 
such as skin lesions, cognitive impairment, and tumours of the nervous system.1,5,6 
Approximately 50% of the individuals with NF1 will develop one or more plexiform 
neurofibroma, which are tumours of the nerve sheath.6-8 Plexiform neurofibromas 
can cause significant morbidity due to their size and/or location. They also are at 
risk of malignant transformation, which occurs in approximately 8 - 16% of patients 
with NF1.4 Patients with NF1-associated plexiform neurofibromas can present with a 
variety of symptoms such as pain, neurological deficits, disfigurement, psychological 
stress, and compression of vital organs.9,10 Therefore, plexiform neurofibromas can 
have a significant and lifelong impact on the patient’s Quality of Life (QoL).

The impact of a condition on QoL can be measured with patient-reported outcomes 
(PROs). It has become increasingly important to use PROs as outcome measures 
in clinical practice and clinical trials for NF1-associated plexiform neurofibroma.11 
The symptoms and impact of the plexiform neurofibromas can differ significantly 
between patients. As such, PROs are crucial to reflect the experiences and needs 
of each individual.12 They also provide meaningful insight into the effect of a 
treatment on the patient’s wellbeing.

PROs can be divided into generic and disease-specific measures. Generic PROs 
measure aspects of QoL in a general population and often do not capture disease-
specific problems and symptoms.13 There is evidence from the literature that 
disease-specific PROs have better psychometric properties and are more sensitive 
to change than generic QoL measures.14-16 Currently, only a limited number of 
disease-specific PROs have been developed and validated for NF1.17

Heaney et al. recently developed the first QoL measure specifically for adults with 
NF1-associated plexiform neurofibroma: the Plexiform Neurofibromas Quality of 
Life (PlexiQoL) questionnaire.18 The PlexiQoL is a needs-based QoL measure that 
was developed from qualitative interviews with adults with NF1 and plexiform 
neurofibromas. Needs-based measures are patient-centric and focus on issues 
that impact the ability of a patient to satisfy their human needs.19

The aim of this study was to adapt and validate a Dutch version of the original 
UK English PlexiQoL for the Netherlands, to enable the use of this questionnaire 
in clinical practice and trials.
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Methods

The PlexiQoL
The PlexiQoL consists of 18 items with a dichotomous response option (True / 
Not True). The number of times that a participant chooses ‘True’ is summed to 
produce a score ranging from 0 to 18, with a higher score indicating poorer QoL. 
The development and validation of the original PlexiQoL was conducted in the 
UK and US simultaneously.18 It demonstrated excellent internal consistency 
(Cronbach’s α 0.90) and reproducibility (Spearman correlation coefficient 0.90), 
and it could distinguish between groups of patients based on general health 
perceptions and perceived plexiform neurofibroma severity (known groups 
validity) in the developmental sample.

The validation of the Dutch PlexiQoL for the Netherlands consisted of three 
stages: translation, assessment of face and content validity, and further 
psychometric evaluation (feasibility, reliability, convergent validity, and known 
groups validity).

Translation
The dual panel translation methodology as recommended by Hunt et al. was 
employed to translate the UK English version of the PlexiQoL into Dutch.20 This 
methodology emphasises the importance of achieving conceptual equivalence 
in the translated items to the original. This method of translation does not 
involve back-translation. Rather, for non-English speaking countries, two stages 
are conducted; a linguistic stage (to provide the initial translation into the target 
language) and a lay stage (where items are assessed for comprehension and 
‘naturalness’ of language). This methodology has been used in all needs-based 
PRO adaptations.21-23 The method was adapted slightly due to the COVID-19 
pandemic: a video conference call system was used instead of performing in-
person meetings. The linguistic meeting included an expert linguist who was 
fluent in English and Dutch, with Dutch as their native language as well as a 
researcher from the UK PlexiQoL development team. The role of this individual 
was to guide the process, and to explain the precise conceptual meaning of 
the items to the linguist. The purpose of this stage was to suggest translations 
for the instructions, items, and response categories, while ensuring that the 
Dutch translations captured the underlying semantic meaning behind each 
item. If consensus could not be reached, proposals for alternative translations 
of the item were sent to the lay people for consideration.
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The translated version was then presented to lay people by individual interviews. 
The lay interviews were held with two male and three female monolingual Dutch-
speaking individuals from the Netherlands, aged between 22 and 65 years, who 
did not have NF1, and who had low to average educational backgrounds. This 
criteria was to ensure that the final wording was at an appropriate level for typical 
patients. The lay people were recruited via a market research company in the 
Netherlands. During the interviews, the items of the questionnaire were assessed 
for comprehension and the ‘naturalness’ of the language used. In particular, 
participants were asked whether the phrasing of the items was acceptable or 
whether these should be changed to make the items more natural or simpler 
in Dutch, whilst maintaining the original meaning. In addition, the lay people 
were presented with three different translations of the response options ‘True/
Not true’ to see which one was preferred, because in Dutch there are multiple 
ways of saying this in response to the respective question (‘does this statement 
apply to you’).

Face and content validity
The purpose of the Cognitive Debriefing Interviews (CDIs) was to test the 
applicability, relevance and comprehensiveness of the instrument as seen by 
relevant patients. Ten CDIs were conducted with adults that had NF1-associated 
plexiform neurofibroma. It is recommended to perform five to eight interviews,24 
however, in order to keep it consistent with other needs-based measures and 
allowing for adequate variation in age, gender and disease severity in patients, 
ten were conducted. The verbal probing technique was utilised.25 Patients were 
asked to participate in the CDIs when they visited the Neurology outpatient clinic 
of the Erasmus Medical Centre in Rotterdam, the Netherlands. Participants had 
to meet the revised diagnostic criteria for NF126 and have at least one plexiform 
neurofibroma. All invited participants agreed to participate (response rate 
100%). In the one-to-one, semi-structured interviews, participants were asked to 
complete the questionnaire in the presence of a trained interviewer using a video 
call system. As such, the interviewer could observe difficulties or hesitation when 
completing specific items. After completing the questionnaire, scripted verbal 
probes were used to ask the participants whether they considered the items 
relevant, applicable, and comprehensible and if they believed that any important 
aspects of their experience with NF1-associated plexiform neurofibroma had 
been omitted. This was combined with additional unscripted probes for items 
where the interviewees showed difficulties or hesitation when completing the 
questionnaire.
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Further psychometric evaluation
The psychometric properties of the Dutch PlexiQoL were evaluated through a 
postal survey. Adults who met the revised diagnostic criteria for NF126 and who 
had one or more plexiform neurofibroma were recruited when they visited the 
Neurology outpatient clinic of the Erasmus Medical Centre from July 2022 
through April 2023. This was a new sample of participants who had not taken 
part in the previous CDIs. The PlexiQoL was administered to the participants on 
two occasions, with 14 days between the two administrations.

At the first administration, the Nottingham Health Profile (NHP) was included as 
a comparator questionnaire.27 The NHP is a generic health profile questionnaire 
that provides an indication of a patient’s perceived emotional, social and physical 
health problems. It consists of 38 items that cover six subsections: physical 
mobility, pain, energy level, emotional reactions, sleep and social isolation. For 
each section, scores range from 0 to 100, with higher scores indicating greater 
perceived distress. In addition, a form was included to collect basic demographic 
information, including sex, age, the self-perceived general health and severity 
of the plexiform neurofibroma (both rated on a 4-point Likert scale), current 
treatment for the plexiform neurofibroma, and other health problems. The 
second administration consisted of the PlexiQoL and a shortened version of 
the demographic form, inquiring about the perceived general health, plexiform 
neurofibroma severity, and other health problems.

Additional clinical information was extracted from the electronic health 
records of the participants. Extracted items consisted of the location of the 
plexiform neurofibroma, the presence of certain plexiform neurofibroma-related 
complications (pain which required drug intervention, neurological deficits, 
and disfigurement), other NF1-related disease manifestations (osseous lesions, 
optic pathway glioma (OPG), other brain glioma, malignant peripheral nerve 
sheath tumour), mutation type (familial/de novo), and the presentation of NF1 
(generalised/segmental).

Statistical analysis
The statistical analyses were conducted using SPSS version 28.0. Non-parametric 
tests were used given the ordinal nature and non-normal distribution of the data. 
PlexiQoL and NHP scores were computed according to their respective scoring 
instructions. For the descriptive analyses the mean, standard deviation (SD) 
and range were calculated for continuous variables, and count and frequency 
for categorical variables. Mann-Whitney U or Kruskal-Wallis tests were used to 
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see if there were differences in PlexiQoL scores between participants grouped by 
demographic factors. The feasibility of the PlexiQoL was assessed by determining 
the response rate, percentage of missing answers, and the presence of floor and/or 
ceiling effects. Floor and ceiling effects were considered significant if ≥ 15% of the 
participants scored the lowest or highest absolute value on the questionnaire.28 
For all analyses, significance was based on a two-sided p-value of < 0.05.

Cronbach’s α was calculated to evaluate the internal consistency, which measures 
the extent to which the items of the questionnaire are interrelated. A Cronbach’s α 
of ≥ 0.70 is considered adequate.29 The test-retest reliability of the Dutch PlexiQoL 
was assessed by calculating the Spearman’s rank correlation coefficients between 
the PlexiQoL scores of the first and second administration for each participant. A 
value of ≥ 0.75 indicates that the questionnaire has adequate test-retest reliability, 
showing low levels of random measurement error.30

Convergent validity was assessed by the Spearman rank correlation coefficients 
between the scores of the PlexiQoL and the scales of the comparator measure 
(NHP) that measure the same or related constructs in QoL. It was hypothesised 
that the PlexiQoL score would correlate significantly with all sections of the NHP, 
with exception of the ‘Pain’ and ‘Sleep’ section, based on the items contained 
in the PlexiQoL. Mann-Whitney U tests were used to investigate whether the 
PlexiQoL would be able to discriminate between groups of participants based 
on self-reported health perceptions, plexiform neurofibroma severity, treatment 
for plexiform neurofibroma yes/no, the presence of other health problems, and 
the presentation of NF1 (general vs. segmental) (known groups validity). Effect 
sizes were assessed using Cohen’s d; 0.20 ≤ d < 0.50 were considered small, 
0.50 ≤ d < 0.80 as medium, and d ≥ 0.80 were considered large.31
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Results

Translation
Overall, the linguist found the instructions and most of the items straightforward 
and easy to translate. Some items were more difficult to translate and were passed 
on to the lay people and CDIs for further discussion. For example, ‘I am very self-
conscious about the way I look’ proved difficult to translate into Dutch due to the 
direct translation being too harsh compared to the original English.

Following the interviews with the lay people minor changes were made to five 
out of eighteen items to make them clearer and more natural in Dutch, with 
the participants suggesting some variations. Overall, the participants found the 
questionnaire well-written and easy to understand. Some items were passed 
to the CDIs, to check the appropriateness of the translation, and to check the 
participants’ understanding of these items.

Face and content validity
Seven of the ten CDI participants were female, and the participants’ ages ranged 
from 20 to 59 years old. The mean time to complete the PlexiQoL questionnaire 
was four minutes (range two - eight minutes). Overall, the participants found 
the questionnaire clear and easy to complete, with all the items being relevant 
to their disease. The participants confirmed their understanding of the items 
that were passed to them from the lay stage. Minor changes were made to some 
items following suggestions made by the participants of the CDIs. For example, 
the item ‘The quality of my relationships is affected’ was amended in Dutch to 
better transmit the reference to family and friends. Likewise, the item ‘I avoid 
intimate situations’ was modified to better convey that this includes situations 
with family and friends. Some participants preferred to have the phrase ‘as you 
are aware’ removed from the instructions, as not all patients will be familiar with 
the term plexiform neurofibroma. The instructions were changed accordingly 
(original text: ‘As you are aware, plexiforms are tumours that grow on nerves 
underneath the skin’).

Psychometric evaluation
The response rate for the first administration was 73% (40/55 surveys completed). 
Forty adults with NF1 and plexiform neurofibromas participated in the validation 
of the PlexiQoL, of whom 39 also completed the second administration. The 
demographic and disease information of the participants can be seen in Table 
1. Most participants self-perceived their general health as ‘good’ (63%), and the 



223

Translation and validation of the Dutch PlexiQoL

8

severity of their plexiform neurofibroma as ‘moderate’ (65%). The plexiform 
neurofibroma were seen in a variety of locations, but plexiform neurofibroma 
in the head/neck and limbs were the most common. More than half (60%) of 
the participants experienced pain, neurological deficits or disfigurement due to 
their plexiform neurofibroma. 33% of the participants received treatment for their 
plexiform neurofibroma (pain medication or MEK-inhibitors).

Table 1. Demographic and disease information of postal survey sample (n = 40).

Mean (SD) or range n %
Participant characteristics
Sex (male) 15 38

Age (years)

Mean (SD) 39.7 (14.8)

Range 19 - 67

Marital status

Married / Living as married 21 53

Single 19 48

Employment status (n = 39)

Employed (full-time and part-time) 27 69

Retired 2 5

Long term sick leave 4 10

Student 3 8

Unemployed 3 8

Disease information
Self-reported general health

Poor 1 3

Fair 12 30

Good 25 63

Very good 2 5

Self-reported severity of PN

Mild 6 15

Moderate 26 65

Severe 7 18

Very severe 1 3

Treatment for PN 13 33

Other health problems present (self-reported) 15 38
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Table 1. Continued

Mean (SD) or range n %

Other clinical characteristics
De novo NF1 mutation 30 77

Generalised NF1 presentation 35 88

PN location

Spinal 7 18

Head/neck 10 25

Thorax 1 3

Abdomen/pelvis 6 15

Limb 16 40

PN-related symptoms

Pain 13 33

Neurological deficits 6 15

Disfigurement 5 13

No symptoms 16 40

Other NF1-related manifestations were present only in a small number of 
participants: one participant had a history of OPG, one had a low-grade non-OPG 
brain glioma and four had an osseous lesion. Malignant peripheral nerve sheath 
tumours were not observed in this participant sample.

We found no significant differences in PlexiQoL scores between participants 
grouped by age (above and below median age (38 years)), sex, marital status or 
employment status (Appendix 1).

Feasibility and reliability
The scores of the PlexiQoL (both at first and second administration) and the NHP 
questionnaire can be seen in Table 2. There were no instances of missing values. 
For the PlexiQoL there were no floor effects, and the observed ceiling effects were 
not significant. Significant floor effects were observed on all six NHP subsections, 
as well as one ceiling effect on the ‘Energy Scale’ subsection. Participants reported 
the greatest perceived distress on the ‘Sleep Scale’ compared to the other NHP 
subsections.

The PlexiQoL showed high internal consistency at both administrations (Table 2). 
The item-total correlations for each item are presented in Appendix 2. We found 
a correlation coefficient of 0.928 between the first and second administration, 
indicating excellent test-retest reliability (p-value < 0.001).
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Convergent validity
The PlexiQoL score showed strong correlation with the NHP ‘Emotional Reactions’ 
and ‘Social Isolation’ subsections (Table 3). There was a moderate correlation 
between the ‘Energy Scale’ and the ‘Physical Mobility’ subsections. The ‘Pain 
Scale’ and the ‘Sleep Scale’ did not significantly correlate with the PlexiQoL score.

Known group validity
For the known group validity analysis, the categories for general health perceptions 
and plexiform neurofibroma severity were grouped into two categories due to the 
small number of participants in the individual groups. Significant differences in 
PlexiQoL scores were observed between participants regarding their self-reported 
general health and plexiform neurofibroma severity (with effect sizes of 0.48 
and 0.42, respectively) (Table 4). We found no significant differences between 
participants with and without treatment, participants with and without other 
health problems, and participants with generalised versus segmental NF1.
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Table 2. Descriptive statistics, feasibility and reliability for the PlexiQoL and NHP. IQR = 
Inter-quartile range.

n Median (IQR) Min - Max Scoring minimum (%) Scoring maximum (%) Cronbach’s α
PlexiQoL (1st administration) 40 5.0 (2.0 - 8.0) 0 - 15.0 2 (5.0) 0 0.825

PlexiQoL (2nd administration) 39 4.0 (2.0 - 7.0) 0 - 15.0 3 (7.7) 0 0.844

NHP
Energy Scale 40 0.0 (0.0 - 66.7) 0 - 100 21 (52.5) 9 (22.5)

Pain Scale 40 12.5 (0.0 - 62.5) 0 - 100 16 (40.0) 3 (7.5)

Emotional Reactions 39 11.1 (0.0 - 33.3) 0 - 100 16 (41.0) 1 (2.6)

Sleep Scale 39 20.0 (0.0 - 40.0) 0 - 100 13 (33.3) 1 (2.6)

Social Isolation 40 0.0 (0.0 - 20.0) 0 - 100 24 (60.0) 1 (2.5)

Physical Mobility 40 0.0 (0.0 - 21.9) 0 - 87.5 25 (62.5) 1 (2.5)

Table 3. Correlation coefficients between PlexiQoL scores and NHP scales, with *p < 0.001.

PlexiQoL
NHP

Energy Scale .584*

Pain Scale .378

Emotional Reactions .793*

Sleep Scale .391

Social Isolation .831*

Physical Mobility .567*
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PlexiQoL
NHP

Energy Scale .584*

Pain Scale .378

Emotional Reactions .793*

Sleep Scale .391

Social Isolation .831*

Physical Mobility .567*

Table 4. Median PlexiQoL scores by known group factors.

n (40 total) Median PlexiQoL score (IQR)
Self-reported general health
Poor & Fair 13 8.0 (4.0)

Good & Very Good 27 3.0 (4.0)

p-value (effect size) 0.002 (0.48)
Self-reported severity of PN
Mild & Moderate 32 4.0 (5.0)

Severe & Very Severe 8 9.5 (4.5)

p-value (effect size) 0.009 (0.42)
Treatment for PN
Yes 13 8.0 (8.5)

No 27 4.0 (5.0)

p-value (effect size) 0.073 (0.29)

Presence of other health problems
Yes 15 7.0 (8.0)

No 25 4.0 (5.5)

p-value (effect size) 0.099 (0.27)

Presentation of NF1
Generalised 35 5.0 (6.0)

Segmental 5 2.0 (3.5)

p-value (effect size) 0.083 (0.27)
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Discussion

By utilising the dual-panel methodology, the translation of the Dutch PlexiQoL 
for the Netherlands resulted in an equivalent version which reflects the same 
concept and semantic meanings as the original UK English. The cognitive 
debriefing interviews confirmed that all items of the PlexiQoL were relevant to 
adults with NF1-associated plexiform neurofibroma. After some minor changes, 
all items were considered clear and easy to understand. The Dutch version 
showed excellent psychometric properties, which are comparable to those of the 
original English version.18

The high internal consistency of the Dutch PlexiQoL at both administrations 
(Cronbach’s α of 0.825 and 0.844 in the present study, 0.90 in the original 
PlexiQoL) indicates that the items are consistent and measure the same 
construct (QoL). The excellent test-retest reliability (correlation coefficient 
of 0.93, compared with 0.90 of the English PlexiQoL) demonstrates that 
the Dutch version of the PlexiQoL will produce consistent results with a 
low chance of random measurement errors. A two-week interval was used, 
which is considered an adequate margin to avoid both recall bias and clinical 
improvement or deterioration.28 Regarding convergent validity, the Dutch 
PlexiQoL significantly correlated as expected with four subsections of the NHP, 
indicating that plexiform neurofibroma-related QoL is closely entwined with 
physical, emotional, and social wellbeing.

Similar to the English PlexiQoL, there was also evidence of known group validity, 
as the questionnaire was able to detect meaningful differences in QoL between 
participants with distinct self-perceptions of plexiform neurofibroma severity and 
general health. No significant differences in PlexiQoL scores were found between 
participants based on demographic factors, suggesting that these factors do not 
substantially influence plexiform neurofibroma-related QoL.

No floor and ceiling effects of significance were observed for the PlexiQoL, in 
contrast to the NHP questionnaire, which displayed significant floor effects on 
all subsections. This finding suggests that the NHP questionnaire is less suited 
to measure aspects of QoL in adults with NF1, because it cannot adequately 
detect (small) differences in QoL between individuals who have a higher QoL. 
This finding underlines the importance of using disease-specific rather than 
generic QoL measures, as disease-specific measures may be more suited to detect 
differences in QoL between individuals with NF1.
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Surprisingly, no differences were observed in PlexiQoL scores between participants 
with and without treatment, despite that more severe cases of NF1-associated 
plexiform neurofibroma tend to be treated with pain medication or MEK-inhibitors. 
In this study, participants who received treatment perceived their disease as ‘severe/
very severe’ significantly more often than the non-treated participants (results not 
shown). The absence of a significant difference in PlexiQoL scores could be explained 
by the small number of treated patients: only thirteen participants received treatment, 
of whom five were treated with a MEK-inhibitor. Treatment with MEK-inhibitors in 
adults with NF1-associated plexiform neurofibroma is uncommon, as they have not 
been approved by the European Medicines Agency (EMA) in this specific patient 
population. It would be interesting to see if differences in PlexiQoL scores could be 
detected between (MEK-inhibitor) treated patients and non-treated patients in a 
larger study sample.

There was no significant correlation observed with the ‘Sleep Scale’ and ‘Pain Scale’ 
of the NHP, as predicted, since the PlexiQoL questionnaire does not contain any items 
on sleep and pain. However, pain is a common morbidity of NF1-associated plexiform 
neurofibroma and it often has a considerable impact on the daily functioning of 
adults with NF1-associated plexiform neurofibroma.9,10,32 By omitting questions on 
the influence of pain, the PlexiQoL could miss an important aspect of plexiform 
neurofibroma-related QoL. Further administration of the questionnaire in participants 
with plexiform neurofibroma-related pain would be required to study this further. 
It should be noted that the English PlexiQoL did correlate significantly with both 
the ‘Sleep’ and ‘Pain’ section of the NHP. While the Dutch PlexiQoL did not show 
significant correlations with these sections, there was a positive trend. The lack of 
significance could be explained by the small sample size which may be insufficient 
to detect a meaningful difference.

There is a distinction between needs-based QoL and Health-related Quality of Life 
(HRQoL). The PlexiQoL is a needs-based QoL measure, which focusses on the impact 
of a condition on the ability of a patient to satisfy their needs. HRQoL questionnaires 
collect information on factors that are directly influenced by the presence of symptoms 
and treatment. HRQoL measures tend to be especially relevant to clinicians and 
researchers, while needs-based QoL measures are considered more patient-centric. 
To adequately measure multiple types of outcomes, the use of a combination of 
needs-based and HRQoL measures should be considered. The PlexiQoL is the first 
patient-derived and needs-based QoL measure designed specifically for adults with 
NF1-associated plexiform neurofibroma and could be a valuable tool for use in clinical 
trials and clinical practice, especially when combined with a HRQoL measure.
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The main limitation of this study is the small sample size. Although the Erasmus 
Medical Centre is one of the main expertise centres in the Netherlands for NF1, 
providing care for more than 1000 adult NF1 patients, it was difficult to enrol a 
larger number of participants with this rare disease. This has an impact on the 
power of the study and may influence the significance of observed differences 
in PlexiQoL scores between groups (e.g. between patients with and without 
treatment). The original development and validation study of the PlexiQoL did 
include a large sample size of 273 participants.18 Given that the psychometric 
properties of the Dutch and original English version are comparable, we can 
conclude that the Dutch version of the PlexiQoL is reliable for future use. In 
addition, this study was not designed to assess the PlexiQoL’s responsiveness 
to change. Outcome measures in clinical trials must be sensitive to change over 
time in order to adequately measure a treatment effect. The excellent test-retest 
reliability indicates that the PlexiQoL is not prone to random measurement errors. 
It now should be studied how well the PlexiQoL can detect (small) differences 
in QoL over time, in this chronic condition that tends to progress slowly with 
variable associated morbidity. Lastly, during the translation process, no backward 
translation was performed. Generally, a backward translation is recommended 
in the adaptation process for PROs.24 However, as the PlexiQoL is a needs-based 
PRO, the items of the questionnaire are based directly on the interview transcripts 
of the patient interviews. As such, they are kept as close to the patients original 
wording as possible to maintain content validity, and therefore they are largely 
colloquial. As a back translation would miss these nuances, it was decided to not 
perform one, in accordance with the adaptation process of other needs-based 
PROs.21-23

Conclusions

The Dutch version of the PlexiQoL for the Netherlands demonstrated excellent 
psychometric properties. It can be reliably used to measure aspects of plexiform 
neurofibroma-related QoL in adults with NF1 and is able to distinguish between 
adults based on self-reports of general health and plexiform neurofibroma 
severity. This new Dutch version can now be used in the Netherlands in clinical 
practice and trials to assess the QoL of adults who have NF1-related plexiform 
neurofibromas.
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Supplementary appendices

•	 Appendix 1. Differences in PlexiQoL scores based on demographic factors
•	 Appendix 2. Item-total correlations for the PlexiQoL

Appendix 1. Differences in PlexiQoL scores based on demographic factors
n Median PlexiQoL score (IQR)

Sex 40

Male 15 4.0 (6.0)

Female 25 5.0 (6.0)

p-value 0.767

Age (median = 38) 40

Below median 20 5.0 (5.8)

Above median 20 5.0 (6.0)

p-value 0.495

Marital status 40

Married/Living as married 21 4.0 (5.5)

Divorced/Separated 1 8.0 (0.0)

Single 18 6.0 (9.0)

p-value 0.305

Employment status 40

Full-time 19 5.0 (5.0)

Part-time 8 5.0 (6.0)

Retired 1 1.0 (0.0)

Long term sick leave 4 8.0 (10.8)

Student 3 3.0 (-)

Homemaker 1 5.0 (0.0)

Retired due to sickness 1 8.0 (0.0)

Unemployed 2 12.0 (-)

p-value 0.375
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Appendix 2. Item-total correlations for the PlexiQoL
Item-total correlations and the Cronbach’s alpha if the item were to be deleted for each 
item of the PlexiQoL at the first administration.

Item Scale Mean if 
Item Deleted

Scale Variance 
if Item Deleted

Corrected 
Item-Total 
Correlation

Cronbach’s 
Alpha if Item 

Deleted
PlexiQoL Q1 5.21 13.738 0.476 0.813

PlexiQoL Q2 5.24 13.861 0.459 0.814

PlexiQoL Q3 5.32 13.898 0.559 0.811

PlexiQoL Q4 5.39 14.840 0.317 0.822

PlexiQoL Q5 5.16 13.055 0.655 0.802

PlexiQoL Q6 4.82 14.317 0.240 0.827

PlexiQoL Q7 4.79 14.819 0.106 0.835

PlexiQoL Q8 5.18 14.803 0.128 0.832

PlexiQoL Q9 5.37 14.780 0.280 0.823

PlexiQoL Q10 5.08 13.048 0.611 0.804

PlexiQoL Q11 5.21 13.522 0.548 0.809

PlexiQoL Q12 5.24 13.645 0.533 0.810

PlexiQoL Q13 5.18 13.776 0.443 0.815

PlexiQoL Q14 5.03 14.080 0.296 0.824

PlexiQoL Q15 5.29 14.049 0.454 0.815

PlexiQoL Q16 5.03 13.594 0.433 0.816

PlexiQoL Q17 5.03 12.999 0.608 0.804

PlexiQoL Q18 5.05 13.673 0.416 0.817





Britt A. E. Dhaenens, Sarah A. van Dijk, Laura Fertitta, Walter Taal, Pierre 
Wolkenstein, Rianne Oostenbrink

J Patient Rep Outcomes. 2024 May 29;8(1):52
doi: 10.1186/s41687-024-00732-w

Chapter 9
Quality of life in individuals 
with neurofibromatosis 
type 1 associated 
cutaneous neurofibromas: 
validation of the 
Dutch cNF-Skindex



Abstract

Background: Almost all patients with Neurofibromatosis type 1 (NF1) develop 
cutaneous neurofibroma (cNF), benign dermal tumours that have a large 
impact on the patient’s Quality of Life (QoL). The French cNF-Skindex is the first 
questionnaire to specifically assess cNF-related QoL in patients with NF1. We 
aimed to adapt and validate a Dutch version of the cNF-Skindex.

Methods: The questionnaire was translated using forward and backward 
translation, and subsequently administered to a sample of 59 patients on two 
separate occasions. Feasibility was evaluated by the presence of floor/ceiling 
effects. Reliability was assessed by evaluating internal consistency and test-
retest reliability, by calculating Cronbach’s alpha and Spearman’s rank correlation 
coefficients. The EQ-5D-5L and SF-36 were used to evaluate convergent validity, 
using Spearman’s rank correlation coefficients. An exploratory factor analysis was 
performed to study the data’s internal structure. Multivariable linear regression 
was used to model the relationship between patient characteristics and the cNF-
Skindex.

Results: The Dutch cNF-Skindex demonstrated excellent feasibility and reliability 
(Cronbach’s alpha 0.96, test-retest correlation coefficient 0.88). Convergent validity 
was confirmed for the EQ-5D-5L and relevant scales SF-36 scales. All items and 
subdomains from the original questionnaire were confirmed following exploratory 
factor analysis. The patient characteristics included in the multivariable linear 
regression were not significantly associated with the cNF-Skindex score.

Conclusions: The Dutch cNF-Skindex displayed excellent psychometric properties, 
enabling use in the Netherlands.
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Introduction

Neurofibromatosis type 1 (NF1) is a tumour predisposition syndrome with an 
estimated prevalence of 1 in 2.000 to 1 in 4.500.1-3 NF1 is associated with the 
development of nerve sheath tumours, including cutaneous neurofibroma (cNF). 
These benign tumours occur in nearly all individuals with NF1 and typically start 
developing during puberty. Their number tends to increase with age, ranging from 
a few to several thousand lesions.4 cNF can cause symptoms like pain, itching, 
and disfigurement, and patients have reported that the visibility of the cNF 
negatively influences their body image.5 Due to all these associated symptoms, 
cNF can negatively impact Quality of Life (QoL).6,7 Recent studies showed that 
cNF located in the facial area and a higher number of cNF are associated with a 
lower cNF-related QoL.7,8

It has been increasingly common to include patient-reported outcomes (PROs) 
that assess QoL in clinical trials for cNF. While objective trial endpoints like the 
number and size of tumours provide information on physiologic disease severity, 
PROs reflect the patient’s perspective.9 This is especially important in a chronic 
and variable condition like NF1, because the experienced morbidity due to cNF 
varies significantly between patients and within individual patients over time. 
The use of PROs in trials for NF1 enables patients to report their personal view on 
the impact of their condition. PROs can also provide invaluable information on 
the effect of investigational treatments in clinical trials and could guide decision 
making in clinical practice, as patients can express the effects of treatment on 
constructs such as QoL or specific symptoms like itching. Earlier studies have 
assessed cNF-related QoL in patients with NF1 using generic PROs like the SF-
36.10 However, generic PROs often do not capture disease-specific problems and 
may be unable to detect subtle but relevant differences in QoL.11 Evidence from 
the literature also indicates that disease-specific PROs have better psychometric 
properties than generic QoL measures.12-14 Yet, the number of disease-specific 
PROs developed for NF1 has been limited.
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In 2022, Fertitta et al. developed the first PRO specifically for cNF-related QoL in 
patients with NF1: the cNF-Skindex, an 18-item questionnaire that was modified 
from the original Skindex.8 Being the first PRO designed to measure cNF-related 
QoL in individuals with NF1, the cNF-Skindex will be an invaluable outcome 
measure in both clinical trials and clinical practice. However, its usefulness in 
international settings is limited by the lack of adequate translations and cultural 
adaptation.

In the present study we aimed to translate the cNF-Skindex into Dutch, and to 
subsequently evaluate the psychometric properties of this translated version to 
enable use in the Netherlands.
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Methods

Translation
Permission for translation was provided by the original author of the Skindex, 
Dr. M. Chren. An expert committee was formed, consisting of the principal 
investigator (PI) of this study, two forward translators, and one backward 
translator. The original French version of the cNF-Skindex was forward 
translated into the Dutch language by two translators, who were not aware of 
the content of the original questionnaire. Both translators had French as their 
native language and were fluent in Dutch. The study PI and forward translators 
subsequently compared the two translations, evaluating the translation from 
a clinical perspective and discussing any discrepancies until an agreement 
was reached. Next, the backward translation was performed by an individual 
bilingual translator with the Dutch nationality, who was fluent in French. The 
study PI compared the translation with the original version of the cNF-Skindex 
and discussed with the translators if any adaptations needed to be made to the 
Dutch version to retain consistency. This process resulted in the final version of 
the Dutch cNF-Skindex.

It was decided to not perform cognitive debriefing of the Dutch version of the cNF-
Skindex, since the Dutch cNF-Skindex was nearly identical to the Dutch version 
of the Skindex-16,15 an already validated instrument in Dutch. To create the cNF-
Skindex, only minor changes were made to the original Skindex-16. For each 
item, the words ‘your skin’ were replaced with ‘your cutaneous neurofibroma’. 
In addition, two items were added that are relevant to cNF: 1) the influence of 
cNF on how patients experience touch, warmth, and cold on their skin, and 2) 
if the cNF get stuck on the patient’s clothing or hairbrush. In addition, patients 
would not have been allowed to participate in both the cognitive debriefing and 
psychometric evaluation stage of the study. Given the small pool of possible 
participants, it would not have been feasible to recruit adequate patient numbers 
for both stages. Hence, the psychometric evaluation stage was prioritised over 
cognitive debriefing.

Psychometric evaluation
This study was performed at the Erasmus Medical Centre in Rotterdam, the 
Netherlands. The study was approved by the local Institutional Review Board (IRB) 
of the Erasmus Medical Centre, local identifier MEC-2021-0598. All participants 
provided written consent to participate.
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Recruitment of participants
Patients who met the revised diagnostic criteria for NF1,16 aged 18 years or 
up, who had at least one cNF were recruited when they visited the outpatient 
Neurology clinic of the Erasmus Medical Centre from July 2022 through 
September 2023. Patients with severe comorbidities, defined as advanced 
malignant tumours during the time of the study, were excluded. When 
interested patients had not completed the questionnaires two weeks after the 
clinic visit, a reminder email was sent. A final telephone call was made as 
reminder four weeks after the clinic visit. Every responder was included in 
the analysis.

Psychometric evaluation
A digital version of the cNF-Skindex was administered to the participants 
using the data capture system Castor EDC. At the first administration, 
participants also completed a general information questionnaire, the EQ-
5D-5L questionnaire17 and the SF-36 questionnaire.18 To study the test-retest 
reliability, participants were asked to complete the cNF-Skindex for a second 
time, 14 days after they completed the first administration.

Questionnaires used in this study
A general information questionnaire was used to collect sociodemographic 
variables of the participants, such as gender, age, marital status, education 
level, presence of learning problems, employment status, the estimated 
number of cNF (categories 0 - 10, 11 - 50, 51 - 100, 100+, based on Fertitta et 
al.8), general health perceptions, and the presence of other health problems.

The cNF-Skindex is an 18-item questionnaire, including three domains: 
“functioning”, “emotions”, and “symptoms”.8 Each item is scored on a 7-point 
Likert scale (0 being never bothered, 6 being always bothered), with a recall 
period of seven days. A higher cNF-Skindex score indicates a poorer cNF-
related QoL. The total score of the questionnaire ranges from 0 (no impairment 
of cNF-related QoL) to 108 (maximal impairment). The cNF-Skindex has three 
severity strata: patients with a total score from 0 to 11 can be considered as 
having non bothersome cNF, patients with a total score of 12 to 48 having 
moderately bothersome cNF, and patients with a total score of 49 or higher 
having importantly or very importantly bothersome cNF.19 The cNF-Skindex 
has been validated in a French and US population of patients and showed good 
to excellent psychometric properties.8,19
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The EQ-5D-5L is a brief and generic health status measure that comprises five 
dimensions: mobility, self-care, usual activities, pain/discomfort and anxiety/
depression.17 Each dimension has five Likert response options, ranging from ‘no 
problems’ to ‘extreme problems’. It has a one-day recall period. The answers given 
by the patient on the five dimensions are combined into a five-digit number that 
describes the patient’s health state. The EQ-5D-5L also has a visual analog scale 
(the EQ-VAS) on which the patients can rate their own health from 0 to 100 (worst 
to best perceived health).

The 36-item Short Form Survey (SF-36) is a generic health-related QoL measure.18 
It comprises eight domains of health: physical function, limitations because of 
physical problems, limitations because of emotional problems, social function, 
mental health, energy, pain, and health perception. The item scores are recoded 
into percentages, ranging from 0 to 100, with higher scores indicating a more 
favourable health state. Items in the same domain are averaged together to create 
the eight scale scores. The version with the standard (four weeks) recall period 
was used in this study.

Clinical information from electronic health records
Additional clinical information was extracted from the electronic health records 
of the participants, including the presence of NF1 diagnostic criteria, the presence 
of other NF1-related disease manifestations (osseous lesions, optic pathway 
glioma (OPG), other brain glioma, malignant peripheral nerve sheath tumour, 
pheochromocytoma), and the occurrence of any cNF-related interventions 
(surgical resection, CO2 laser, photocoagulation, electrodessication or diathermy).

Statistical analysis
Statistical analyses were performed using SPSS version 28.0. Non-parametric tests 
were used given the non-normal distribution of the data. The total and subdomain 
scores of the cNF-Skindex, EQ-5D-5L, and SF-36 were computed according to 
scoring instructions. The population was described using the mean, standard 
deviation (SD), and range for continuous variables, and count and frequency for 
categorical variables.

The feasibility of the Dutch version of the cNF-Skindex was analysed by assessing 
the presence of significant floor and/or ceiling effects for the total score and 
domain scores. Floor and ceiling effects were considered significant if ≥15% 
of the participants had the lowest or highest score. The internal consistency 
was evaluated by calculating Cronbach’s α, with a Cronbach’s α of ≥0.70 being 
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considered adequate.20 The test-retest reliability was determined by calculating 
the Spearman’s rank correlation coefficients between the scores of the first and 
second administration. A value of ≥0.75 indicates adequate test-retest reliability.21

The Mann-Whitney U test was used to assess known-group validity between 
participants based on the number of cNF (≤50 or >50), and the occurrence of 
cNF-related interventions. Convergent validity was assessed by calculating 
the Spearman rank correlation coefficients between the total and subdomain 
cNF-Skindex scores and the individual item scores of the EQ-5D-5L, the visual 
analogue scale of the EQ-5D-5L, and the SF-36.

An exploratory factor analysis was performed to study if the three domains of the 
French cNF-Skindex (emotions, symptoms, and functions) were confirmed in the 
Dutch version. Spearman’s correlation coefficients (r) for all items were computed. 
The factor analysis was conducted using promax rotation. The Kaiser-Meyer-
Olkin (KMO) test was used to verify the sampling adequacy for the analysis. The 
scree plot and eigenvalues were used to justify the selection of the number of 
components. Component loadings of ≥ 0.4 were considered relevant.22

Multivariable linear regression was performed to explore the association 
between the total cNF-Skindex score and the following factors: >50 cNF, age, 
sex, educational level (ISCED level), and the occurrence of any cNF-related 
intervention (yes/no). Educational level was included to control for the effect of 
cognitive impairment, which is present in 40 - 80% of the patients with NF1, to 
correct for its influence on how patients interpret and complete the cNF-Skindex 
questionnaire.

The cNF-Skindex scores resulting from the present study were compared with 
the scores from the French population in which the cNF-Skindex was originally 
validated using independent t-tests.8
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Results

Fifty-nine patients participated in the psychometric evaluation of the Dutch cNF-
Skindex, and 50 participants completed the second administration of the cNF-
Skindex (85%). The mean age of the participants was 46 years, and the majority 
was female (68%) (Table 1). The majority of participants reported having more 
than 100 cNF (48%), although the sample also included participants with 1 - 10 
cNF (7%) and participants with 11 - 50 or 51 - 100 cNF (20% and 25%, respectively). 
Thirty-five participants (59%) had received one or more cNF-related intervention, 
mostly consisting of either surgical removal or treatment with CO2-laser.

Table 1. Socio-demographic information and clinical characteristics of the participant 
sample (n = 59). Typical osseous lesions are defined as sphenoid dysplasia, anterolateral 
bowing of the tibia, or pseudarthrosis of a long bone. *Other defined as photocoagulation, 
electrodessication or diathermy.

Mean (SD) or range n % of patients
Socio-demographic information
Gender (male) 19 32%

Age (years)

Mean (SD) 46 (14.4)

Range 20 - 76

Social status

Married / Living together 33 56%

Divorced / Single 26 44%

ISCED education level

Level 1 - 2 15 25%

Level 3 - 4 31 53%

Level 5 - 7 13 22%

Clinical characteristics - general
Age at NF1 diagnosis (years)

Mean (SD) 13 (12.1)

Range 0 - 46

NF1 diagnostic genetically confirmed 29 49%

De novo NF1 mutation 28 48%

Self-reported general health perception

Bad or Moderate 27 46%

Good or Very Good 32 54%
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Table 1. Continued

n % of patients

Clinical characteristics - cutaneous neurofibroma
Number of cutaneous neurofibroma

1 - 10 4 7%

11 - 50 12 20%

51 - 100 15 25%

100+ 28 48%

Received therapy for cutaneous neurofibroma 35 59%

Surgical resection 24 41%

CO2 laser 18 31%

Other* 8 14%

NF1 diagnostic criteria
Café-au-lait maculae 48 81%

Inguinal or axillary freckling 51 86%

Cutaneous neurofibroma 59 100%

Plexiform neurofibroma 24 41%

Optic pathway glioma 6 10%

Typical osseous lesion 1 2%

Other NF1-related manifestations
Low-grade brain glioma 4 7%

Scoliosis 16 27%

Self-reported presence of learning difficulties 32 54%

The mean total cNF-Skindex score was 40.7 (Table 2). Nine participants had a 
total cNF-Skindex score that placed them in severity stratum 1 (nonbothersome 
cNF, 15%), 28 were in stratum 2 (moderately bothersome cNF, 48%) and 22 
patients were in stratum 3 (very bothersome cNF, 37%). There were no significant 
ceiling effects, but one significant floor effect was observed for the ‘Functioning’ 
subdomain. The Cronbach’s alpha of the total score and the subdomains were all 
above 0.90, indicating high internal consistency.

Shapiro-Wilk tests confirmed that the total cNF-Skindex score and subdomain 
scores were not normally distributed (p-values ranging from <0.001 to 0.003).

Adequate test-retest reliability was observed for both the total cNF-Skindex 
score (Spearman’s correlation r = 0.88), the ‘Functioning’ subdomain (r = 0.89), 
‘Emotions’ subdomain (r = 0.83), and ‘Symptoms’ subdomain (r = 0.85), with all 
p-values <0.001.
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Table 2. Descriptive statistics and the Cronbach’s alpha for the total cNF-Skindex score 
and the three subdomains of the questionnaire. Values in bold = significant floor or ceiling 
effect.
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Sc
or

e 
ra

ng
e

Sc
or

in
g 

m
in

im
um

 (%
)

Sc
or

in
g 

m
ax

im
um

 (%
)

C
ro

nb
ac

h’
s 
α

cNF-Skindex
Total score 40.7 (27.1) 36.0 (15.0 - 65.0) 3 - 94 0 0 0.96

Functioning subdomain 10.0 (9.9) 6.0 (1.0 - 17.0) 0 - 32 15 0 0.93

Emotions subdomain 19.5 (11.0) 18.0 (9.0 - 31.0) 0 - 36 2 2 0.93

Symptoms subdomain 11.2 (9.1) 9.0 (3.0 - 20.0) 0 - 31 10 0 0.91

For known-group validity, significant differences in cNF-Skindex scores were 
observed between participants with ≤50 cNF or more than 50 cNF, as well as for 
participants who had and who had not received a cNF-related intervention (Table 3).

Regarding convergent validity, the mean Spearman correlation between the total 
cNF-Skindex score and the items of the EQ-5D-5L was 0.30 (correlations ranging 
between 0.07 and 0.358, with p-values ranging between 0.005 and 0.606) The 
Spearman correlation between the total cNF-Skindex score and the EQ-5D-5L VAS 
was -0.32 (p-value = 0.012). The total and subdomain scores of the cNF-Skindex score 
also correlated significantly with several of the SF-36 scales (Appendix 1).

The exploratory factor analysis revealed that the three domains as described in 
the original French study were confirmed. The Kaiser-Meyer-Olkin test verified the 
sampling adequacy for the analysis, with a KMO of 0.89. The scree plot showed 
an inflexion that justified the selection of three factors. The three identified factors 
(‘Functioning’, ‘Symptoms’, and ‘Emotions’) explained 76.4% of the total variance 
(Appendix 2).

Although univariate linear regression showed that having more than 50 cNF was 
associated with the total cNF-Skindex score (Table 4), when controlling for other 
characteristics such as age, sex, ISCED level and occurrence of a cNF-related 
intervention, this association was no longer statistically significant. This result was 
seen for all three severity strata, as well as for each cNF-Skindex subdomain.
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Table 3. Known-group validity of the Dutch cNF-Skindex. The mean and standard 
deviation (SD) of the total and subdomain scores are given for each group, followed by 
the p-value as calculated by the Mann-Whitney U test.

 
 

≤50 cNF
(n = 16)

>50 cNF
(n = 43)

No cNF-related intervention
(n = 24)

cNF-related intervention
(n = 35)

cNF-Skindex Mean SD Mean SD p-value Mean SD Mean SD p-value

Total score 27.9 24.4 45.4 26.8 0.017 30.5 20.9 47.7 28.9 0.026

Functioning scale 5.7 8.3 11.6 10.1 0.032 6.8 6.7 12.2 11.2 0.099

Emotions scale 13.7 11.2 21.7 10.2 0.012 14.9 9.0 22.7 11.2 0.009

Symptoms scale 8.6 7.9 12.2 9.4 0.175 8.8 8.1 12.9 9.6 0.098

Table 4. Linear regression of the total cNF-Skindex score, presenting two different models. 
The first model presents an univariate analysis, with the number of cNF being the only 
variable. The second model presents the results of a multivariate linear regression analysis, 
controlling for the number of cNF, age, sex, education (ISCED) level, and the occurrence 
of a previous cNF-related intervention.

cNF-Skindex total score
Model # Predictors β Confidence interval p-value
1 (Intercept) 27.9 14.8 - 41.0 <0.001

>50 cNF 17.5 2.2 - 32.8 0.026

2 (Intercept) 17.6 -12.1 - 47.3 0.239

>50 cNF 11.4 -5.2 - 28.0 0.176

Age 0.4 -0.3 - 0.8 0.383

Sex (female) 13.7 -0.9 - 28.4 0.072

ISCED level -3.6 -8.0 - 0.8 0.105

Previous cNF-related intervention 11.4 -5.2 - 28.0 0.130

The overall mean cNF-Skindex score of the Dutch participant sample (40.7) was 
compared to the mean total score of the original French study population (47.2). 
T-test revealed that the mean total scores did not differ significantly between the 
Dutch and French population (p-value 0.070).
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Dutch and French population (p-value 0.070).
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Discussion

This study aimed to translate the cNF-Skindex into Dutch, and to validate 
this version to enable use in clinical practice and clinical trials. Following 
psychometric evaluation, the translated version displayed excellent psychometric 
properties, and the 18 items and three domains of the original French version 
were confirmed.8

The Dutch version of the cNF-Skindex showed high internal consistency, 
which indicates that the items contained in the subdomains and total score 
are closely related and measure the same construct. Given the excellent test-
retest reliability, the results of this questionnaire will be consistent with a low 
degree of random measurement errors. The convergent validity analysis showed 
a moderate correlation with the EQ-5D-5L and EQ-5D-5L VAS. The cNF-Skindex 
correlated as expected with the different scales of the SF-36, with moderate to 
strong correlations being observed between the total cNF-Skindex score and the 
SF-36 scales that centre around general health, social functioning, emotional 
well-being, and pain. The results from the convergent validity analysis indicate 
that cNF-related QoL is mainly entwined with general health perceptions and 
social-emotional well-being. No noteworthy correlations could be found between 
the cNF-Skindex and the SF-36 scales of physical functioning, role limitations 
due to physical health, and energy/fatigue. This was to be expected, since the 
cNF-Skindex does not contain any items on problems with energy levels, fatigue, 
or physical health as included in the SF-36 (e.g. the ability of a patient to walk).

It should be noted that the repartition of the number of cNF was skewed in 
the present study: more than 70% of the participants reported having ≥50 
cNF. Although there is no clear relationship between the number of cNF and 
disease severity, this imbalance could have influenced the results of some of the 
psychometric analyses. E.g. by mainly including patients with a higher number 
of cNF, the number of floor effects observed for the cNF-Skindex score might 
be lower compared to a more balanced study population. The number of cNF 
categories were based on the French cNF-Skindex study, of which the study 
sample mainly consisted of patients with 1 - 10 cNF (42%).8 Despite the difference 
in the distribution of the number of cNF between our study and the French study, 
the psychometric properties of both versions are comparable. This might indicate 
that the number of cNF does not significantly impact the psychometric properties 
of the cNF-Skindex.
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The exploratory factor analysis confirmed the 18 items and the three subdomains 
‘Functioning’, ‘Emotions’, and ‘Symptoms’ of the original French study.8 Our results 
classified item 11 “Feeling depressed about your cNF” under the ‘Functioning’ 
domain, while it belonged to the domain ‘Emotions’ in the original French 
investigation. However, in the French validation study, this item also showed a 
considerable factor loading in the ‘Functioning’ domain (0.38), loading just slightly 
more on the ‘Emotions’ domain (0.47). In addition, as the domain ‘Functioning’ 
assesses the disturbances in social life,8 it is likely that feelings of depression affect 
the social life of the patient, and as such causes this item to load on both factors.

Previous studies showed that a higher number of cNF correlates with increased 
Skindex and cNF-Skindex scores and impaired cNF-related QoL.7,8,19 Although 
the mean cNF-Skindex score did increase with the number of cNF, and having 
>50 cNF significantly affected the cNF-Skindex score in univariate analysis, 
we were not able to confirm this finding in multivariate linear regression. This 
could be explained by the skewed repartition of the number of cNF in the present 
study. The small sample size of the present study could also be an explanation. 
To reach a statistical power of 80% for the multivariate linear regression analysis, 
it would have required a sample size of 91 participants, and we included only 59 
participants.

Other factors also did not significantly influence cNF-Skindex scores, including 
education level, age, sex, and the occurrence of cNF-related interventions. This 
is unfortunate, considering that the identification of influencing factors could aid 
medical decision making and clinical trial design for cNF. Factors that influence 
cNF-related QoL could help predict which patients are likely to be more severely 
affected by their condition, and which patient could potentially require treatment. 
It could also aid the identification of modifiable factors and treatment targets: e.g. 
if a higher number of cNF is associated with impaired cNF-related QoL, reducing 
the number of cNF could be a meaningful trial endpoint. Given that the present 
study was not powered to detect such factors, further studies would be valuable to 
study the influence of relevant patient characteristics on the cNF-Skindex score.

Before the development of the cNF-Skindex, past studies have used various 
PROs to study cNF-related QoL, including generic PROs like the SF-36,10 and 
dermatology-specific PROs such as the Skindex-29.7 While generic measures 
might be necessary to compare QoL across different disease populations, they 
might not cover distinct symptoms that are relevant to a specific disease. Disease-
specific PROs also might be more sensitive to capture (small) changes in QoL 
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over time, especially when patients are treated for disease-specific symptoms.11 
Given the increased recognition of the importance to include PROs as outcome 
measures in clinical trials,9,27 the need for a specific PRO for this condition was 
evident. The cNF-Skindex is the first PRO that specifically measures cNF-related 
QoL in patients with NF1. It will be a valuable and, as confirmed in the present 
study, feasible and reliable outcome measure in future trials for NF1-related cNF, 
providing insight in a specific domain of QoL that is very relevant to both patients 
and clinicians.

A limitation of this study is the small sample size. The Erasmus MC is an NF1 
expertise centre that cares for more than 1000 adult patients with NF1, but it 
still proved difficult to recruit a large number of patients. A considerable number 
of patients indicated that they would rather not participate, and not all of the 
patients who expressed interest to participate completed the questionnaires. In 
addition, there might have been some selection bias, as significantly more female 
patients participated in this study. We also did not know the extent of the learning 
difficulties of the participants, as this was self-reported as being present yes or 
no. The presence of cognitive impairment might complicate the completion of 
PRO questionnaires for more severely affected patients. As such, we corrected 
for educational level in multivariate linear regression, although it did not appear 
to have a significant influence on the cNF-Skindex scores.
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Conclusions

We translated the cNF-Skindex into Dutch and subsequently validated this version 
in a sample of Dutch patients with NF1 and at least one cNF. The Dutch language 
version showed high levels of feasibility, reliability, and validity, making it possible 
to reliably measure the cNF-related QoL of patients with NF1 in the Netherlands. 
Further trans-cultural validation of the cNF-Skindex will be of utmost importance, 
since multinational trials are often a necessity in rare conditions like NF1. Given 
the nearly identical psychometric properties of the French and Dutch version, we 
are expectant that the cNF-Skindex will show adequate psychometric properties 
in other trans-cultural validations.
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Supplementary appendices

•	 Appendix 1. Correlation between the total and subdomain scores of the Dutch 
cNF-Skindex with the SF-36 scales

•	 Appendix 2. Results of the exploratory factor analysis with promax rotation

Appendix 1. Correlation between the total and subdomain scores of the Dutch cNF-
Skindex with the SF-36 scales
Values in bold: significant correlation at the p < 0.05 level.
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x Total score 1.000

Functioning subdomain 0.921 1.000

Emotions subdomain 0.941 0.820 1.000

Symptoms subdomain 0.835 0.665 0.699 1.000

SF
-3

6

Physical functioning -0.193 -0.243 -0.050 -0.275 1.000

Role limitations due to physical health -0.212 -0.219 -0.105 -0.278 0.542 1.000

Role limitations due to emotional problems -0.370 -0.335 -0.302 -0.412 -0.140 0.439 1.000

Energy/fatigue -0.070 -0.113 0.025 -0.111 0.573 0.659 0.382 1.000

Emotional well-being -0.338 -0.404 -0.300 -0.163 0.085 0.248 0.505 0.486 1.000

Social functioning -0.426 -0.445 -0.315 -0.428 0.492 0.618 0.622 0.574 0.539 1.000

Pain -0.309 -0.221 -0.181 -0.454 0.512 0.542 0.280 0.385 0.074 0.508 1.000

General health -0.354 -0.393 -0.261 -0.325 0.598 0.559 0.383 0.604 0.375 0.536 0.452 1.000
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Appendix 2. Results of the exploratory factor analysis with promax rotation
Results of the exploratory factor analysis: Eigenvalues and % of variance explained of 
selected factors, and component matrix.

Item Factor 1 Factor 2 Factor 3
1 Your cNF itching 0.162 0.783 -0.087

2 Your cNF burning or stinging 0.127 0.660 0.135

3 Your cNF hurting 0.306 0.730 -0.098

4 Your cNF being irritated 0.154 0.779 -0.065

5 The persistence / reoccurrence of your 
cNF

0.698 0.250 -0.077

6 Worry about your cNF 0.668 0.403 -0.169

7 The appearance of your cNF 0.664 0.209 0.047

8 Frustration about your cNF 0.960 -0.137 0.096

9 Embarrassment about your cNF 0.915 -0.088 0.099

10 Being annoyed about your cNF 0.771 -0.040 0.157

11 Feeling depressed about your cNF 0.736 0.036 0.229

12 The effects of your cNF on your 
interactions with others

0.016 -0.125 0.985

13 The effects of your cNF on your desire to 
be with people

0.349 -0.249 0.799

14 Your cNF making it hard to show 
affection

0.163 0.158 0.580

15 The effects of your cNF on your daily 
activities

0.206 0.260 0.614

16 Your cNF making it hard to work or do 
what you enjoy

-0.033 0.234 0.761

17 Your cNF changing how touch, heat, or 
cold feel on your skin

-0.009 0.902 -0.091

18 Your cNF gripping your clothes or when 
brushing your hair

-0.486 0.801 0.422

Eigenvalues 10.7 1.8 1.3

% of variance 59.3% 9.8% 7.3%



259

Translation and validation of the Dutch cNF-Skindex

9

Component Number

181716151413121110987654321

Ei
ge

nv
al

ue
12

10

8

6

4

2

0

Scree Plot

Page 1

Figure A1. The scree plot belonging to the exploratory factor analysis.

Eigenvalues of all factors of the exploratory factor analysis.
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General discussion

This thesis focusses on themes that are related to the design and conduct of 
clinical trials for a group of diseases called the Neurofibromatoses (NF). The 
overarching aim of this thesis is to contribute to the improvement of clinical trials 
for NF by identifying and addressing specific challenges of trials in NF. In this 
chapter, we will first discuss the main findings of this thesis and how they add to 
the existing knowledge and gaps regarding trials in NF. Secondly, we will review 
future perspectives regarding trials in NF.

Challenges in trials in NF

The Neurofibromatoses are a group of rare tumour predisposition syndromes 
with a pronounced variability in clinical expression.1 The design and conduct 
of trials for these diseases is complicated by an array of challenges, including 
small available sample sizes, variability in the clinical disease course between 
individuals, a limited understanding of the natural history of the disease, a paucity 
of validated outcome measures, and problems with timely and adequate patient 
recruitment.2 Table 1 provides a summary of the challenges identified in chapter 1 
and 2 of this thesis, and refers to the corresponding chapters that discuss (partial) 
solutions to these challenges.

The described challenges have resulted in a relatively low number of trials for NF 
in the past decade. In order to improve the prospects of new treatments in NF, it is 
essential to provide faster access to potentially effective medicines whilst keeping 
the operational costs of trials under control.
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Table 1. Summary of the challenges in trials in NF as described in chapter 1 and 2 of this 
thesis, as well as the corresponding chapters in which partial solutions to these challenges 
are presented. NF = Neurofibromatosis, NF1 = Neurofibromatosis type 1, NF2 = NF2-related 
schwannomatosis, SWN = non-NF2-related schwannomatosis, PRO = patient-reported 
outcome, QoL = Quality of Life.

Challenge (Partial) solution Chapter in thesis
Not all manifestations of NF are equally 
represented in clinical trials

Manifestation 
prioritisation

Chapter 3

Small number of trials performed, especially for 
NF2 and SWN

Design of trials 
for NF1, NF2, and 

SWN

Chapter 4

Lack of natural history data on different 
manifestations of NF

Longitudinal 
natural history 

studies

Chapter 4

Varying timing and severity of manifestations in 
a patient’s lifetime

Innovative trial 
designs

Chapter 4

Small available sample sizes due to low 
prevalence and high phenotypic variability

Development 
of tools that 

can aid patient 
identification

Chapter 6

Large number of generic PROs available, unclear 
which are best to measure QoL in NF

Study 
content and 

psychometric 
properties in NF

Chapter 7

Majority of disease-specific PROs for NF not 
available in multiple languages

Transcultural 
validation

Chapter 8 + 9
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What this thesis adds

A platform trial in NF
Recognising the need for more efficient trials, NF was included as an archetype for 
rare diseases in the EU-Patient Centric Clinical Trial Platforms (EU-PEARL) project.3 
EU-PEARL initiated in 2019 and was funded under the Innovative Medicines 
Initiative (IMI), forming a public-private partnership that represented major 
stakeholders (including patients, clinicians, and pharmaceutical companies). The 
project aimed to establish a framework for collaborative platform trials in Europe 
for patients in areas of unmet medical need. Within EU-PEARL, disease-specific 
work package 7 facilitated the design of a platform trial in NF.

A platform trial is a type of prospective and adaptive clinical trial that enables the 
evaluation of multiple treatments at the same time. Interventions can be added or 
removed from the platform while the trial is ongoing, and interventional arms can 
be compared to a common control group.4 If a platform trial includes more than 
one disease or disease subgroup (such as different manifestations of a disease), it 
is called a platform-basket trial.

With a team of NF clinicians, trial methodology experts, and patient representatives, 
we developed two platform-basket trials (hereafter referred to as PBTs): one for 
Neurofibromatosis type 1 (NF1), and one for NF2-related schwannomatosis (NF2) 
and non-NF2-related schwannomatosis (SWN) (chapter 4).

Summary of the design and expected benefits of the NF PBTs
The newly developed NF PBTs are open-label, phase I/phase II proof-of-concept 
trials, aiming to screen the effectiveness of investigational agents in manifestations 
of NF1 and NF2-related and non-NF2-related schwannomatosis. These trials 
include characteristics commonly seen in other platform trials, such as response-
adaptive randomisation and the use of interim analyses for early stopping of 
interventional arms due to futility or efficacy. The design also includes novel 
elements that are innovative and tailored to the specific needs of clinical trials in 
NF. Firstly, the trials were designed in a drug-agnostic fashion, as no investigational 
agents had been selected at the time of protocol development. As a result, the trial 
design is adaptable to all types of systemic and topical investigational agents. 
Secondly, the trials will consist of an observational and a treatment period. The 
observational period will serve as a longitudinal natural history study (LNHS), 
which will provide data on the natural course of chosen manifestations in NF. The 
LNHS will serve as a control group for the treatment arms. Thirdly, participants 
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may receive multiple investigational agents: if treatment discontinuation occurs, 
participants may be re-admitted to the observational period until they are eligible 
for another treatment arm. Lastly, the PBTs respond to the variable and dynamic 
disease course in NF. Participants are allowed to enrol in the observational period 
for more than one manifestation, and they can enrol sequentially in the treatment 
period for multiple manifestations as they develop.

The PBTs that we designed for NF will provide various benefits to patients, 
researchers, and investigational medicinal product (IMP) owners as compared 
to traditional Randomised Controlled Trials (RCTs). The novel design elements 
result in optimal learning from a limited number of patients: participants can 
provide concurrent data for more than one manifestation and for multiple 
interventions. Information on the natural course of the manifestations is collected 
continuously as long as the participant is enrolled in the PBT. Due to the basket 
trial construction, the efficacy of investigational agents can be assessed across 
multiple manifestations in the same trial. The platform trial design also offers 
advantages: new medications are investigated as amendments to an existing 
protocol, utilising an already operational trial infrastructure and clinical network.5 
As a result, platform trials can identify effective treatments more rapidly and 
efficiently at reduced costs,6-9 and medicines may progress to the next stage 
of drug development more rapidly.5,8-11 Participants are more likely to receive a 
potentially effective treatment, due to response-adaptive randomisation and the 
use of interim analyses. Through these benefits, the NF PBTs solve some of the 
major challenges that are encountered in clinical trials for these diseases.

The design of these PBTs for NF provides insight in the benefits of adaptive clinical 
trials for rare diseases in general. In particular, it can be studied if they truly 
advance the development of effective therapies in NF. If proven beneficial and 
efficient, the NF PBTs could serve as a model for adaptive clinical trials in rare 
diseases.

Characteristics of NF that we had to consider in the design
While designing the PBTs for NF, we had to consider several distinctive 
characteristics of these conditions. It was critical that the PBTs could adapt to 
the variable disease course and treatment needs between patients. Patients with 
NF may develop multiple disease manifestations in different times of their lives, 
and the severity of the disease varies between patients. Consequently, it was 
crucial that we could collect data on more than one manifestation in the LNHS, 
and that patients would be able to sequentially receive treatment for multiple 
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manifestations, if necessary. We resolved this challenge by using different 
layers of eligibility criteria in the protocol of the PBTs (Figure 1). The master 
protocol eligibility criteria define whether a participant can be enrolled in the 
observational period for a particular manifestation, and the treatment criteria 
determine if a participant is eligible to receive treatment for this manifestation. 
These two type of criteria are defined specifically for each manifestation. 
This way, patients can be enrolled in the observational period for multiple 
manifestations while receiving an investigational agent for the manifestation 
with the highest treatment priority.

Next, it is important to echo the impact of the distinct multitude of disease 
manifestations in NF. Historically, trials in NF1 and NF2 have focused on a small 
selection of disease manifestations, with the majority of trials being performed 
in plexiform neurofibroma in NF1 and vestibular schwannoma in NF2.12 We 
recognised that there might be need for trials in other manifestations of NF. 
Hence, it was critical to prioritise which manifestations would be included 
in the PBTs. In a study embedded in the EU-PEARL project, we performed 
a modified Delphi procedure that included both NF experts and patient 
representatives (chapter 3). We concluded that top priority was assigned to 
the following manifestations: malignant peripheral nerve sheath tumour 
(MPNST), plexiform neurofibroma, cutaneous neurofibroma and high-grade 
glioma in NF1, tumour manifestations (vestibular schwannoma, ependymoma 
and meningioma) in NF2, and pain in SWN (Table 2). According to the 
participants of the Delphi, more high-quality clinical trials were needed for 
these manifestations in order to identify effective and tolerable treatments. 
Yet, this exact selection of manifestations was not included in the PBT for NF1, 
as MPNST and high-grade glioma were omitted. During discussions between 
NF experts and trial methodologists in the developmental phase of the PBT, it 
became evident that the inclusion of these two manifestations would not be 
feasible. Given the very low prevalence of the manifestations (approximately 
8% of patients for MPNST and 5% for high-grade glioma13-15), it would be near 
impossible to enrol a sample size large enough to assess the efficacy of one, 
let alone multiple interventions. Thus, it was decided to include two more 
common manifestations of NF1 into the PBT instead. To still acknowledge 
the high prioritisation and notable need for new treatments for these two 
manifestations, collaboration will be sought with trials for sporadic MPNST 
and high-grade glioma, in the hope that treatments for sporadic tumours will 
also prove effective in the NF1 patient population.
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Table 2. Manifestations that were prioritised in the Delphi study, and the manifestations 
that were included in the master protocol for the platform trials. PBTs = platform-basket 
trials, NF1 = Neurofibromatosis type 1, NF2 = NF2-related schwannomatosis, SWN = non-
NF2-related schwannomatosis.

Manifestations prioritised in Delphi study Manifestations included in PBTs
NF1
Malignant peripheral nerve sheath tumour
Plexiform neurofibroma
Cutaneous neurofibroma
High-grade glioma

NF1
Plexiform neurofibroma
Cutaneous neurofibroma
Optic pathway glioma
Other low-grade glioma

NF2
Vestibular schwannoma
Ependymoma
Meningioma

NF2
Vestibular schwannoma
Ependymoma
Meningioma

SWN
Pain due to schwannoma

SWN
Pain due to schwannoma

Future studies on treatment priorities in NF and other diseases should take 
influencing factors like feasibility into account prior to manifestation prioritisation. 
In addition, it should be noted that findings on treatment needs will be susceptible 
to change according to new insights, like the discovery and approval of new 
treatments. Still, the results from the Delphi study may serve as a guideline on 
which manifestations may have highest priority for future clinical trials in NF.

The NF PBTs: a solution to all problems?
The NF PBTs offer an elegant solution to numerous challenges in trials in NF, 
with optimal learning from a small number of participants being the main game 
changer in these diseases. Nevertheless, not all challenges are (fully) covered by 
this trial design.

The success of the PBTs in NF will depend on the number of drugs that will be 
included in the platform. Since there were no drugs available to us when we 
designed the NF PBTs, they were designed to enable the inclusion of multiple 
investigational agents (the platform trial aspect of the NF PBTs). In case of a 
limited availability of investigational agents, this could result in only one drug 
being tested at a time. In that case, the PBT will essentially function as a single-
arm trial, negating the majority of the benefits from the platform trial design. 
Strengthening the relationship with pharmaceutical companies will be vital to 
the NF PBTs’ success.
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It would be rash to think that the NF PBTs could suffice as the sole clinical 
trials for NF in Europe. The NF PBTs only include a small selection of disease 
manifestations of NF. In addition, only a subset of patients with these specific 
manifestations will be eligible for the PBTs. Until additional manifestations and 
subsets are added to the platform, other trials in NF are urgently needed in parallel 
to the NF PBTs.

In light of this need for trials beyond the PBTs, it is also necessary to stress the 
intended position that the NF PBTs will adopt in clinical trials in NF. The PBTs 
are designed to be proof-of-concept, phase II studies. Their primary goal is to 
screen the effectiveness of investigational agents, and they are not necessarily 
predetermined to result in regulatory approval of new medicines in NF. Following 
proof of effectiveness in the NF PBTs, will we have to conduct separate phase III 
trials for regulatory approval?

Generally, the U.S. Food and Drug Administration (FDA) and European Medicines 
Agency (EMA) require phase III confirmation trials for drug approval. Thus far, 
results from platform trials have never directly resulted in the regulatory approval 
of new investigative agents. Instead, multiple agents have been graduated 
to confirmatory phase III trials following evaluation in platform studies.9 
Consequently, it could be expected that this will be the same for the PBTs in NF. 
The choice for the single-arm, non-controlled design of the NF PBTs increases the 
need for phase III confirmation: due to the increased risk of bias and confounding, 
the results of these trials will be considered less reliable than those of RCTs. 
However, trials with non-controlled trial designs may be all that is possible in 
diseases with a low prevalence, especially in combination with variable clinical 
expression. Thus, some have argued that in rare diseases, some information is 
better than none.16 It may be unfeasible to recruit a sample size large enough to 
further assess efficacy, effectiveness, and safety of investigational agents in an 
additional phase III trial. As demonstrated by the approval of selumetinib for 
plexiform neurofibroma in NF1, phase III confirmation is not always required. 
For selumetinib, they instead used data from phase I and phase II studies, as well 
as selumetinib safety databases, adult trial data, expanded access programme 
databases and externally sponsored paediatric trials to gain FDA-approval.17

Ideally, the NF PBTs would offer a more seamless transition from phase II to phase 
III trials within the same study. We stress that the NF PBTs could aid research 
in NF immensely by identifying effective therapies and disregarding seemingly 
non-effective ones, but for regulatory approval, confirmation of effectiveness in a 
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separate phase III trial might still be necessary. Further discussions with regulatory 
bodies on the role of phase II platform trials, particularly in rare diseases, will be 
necessary to further elucidate the need for phase III confirmation.

The rare nature of NF and its disease manifestations also remain an inherent 
problem to trials in these diseases. It is not unlikely that the NF PBTs may still 
strife to recruit enough participants for all treatment arms. Optimising patient 
enrolment is a decisive element in any trial in NF, regardless of the design. 
Furthermore, the lack of validated and clinically meaningful endpoints for NF is 
not resolved by using this trial design. As such, it is essential to further improve 
clinical trials in NF beyond the development of the platform-basket trials.

The value of patient input for trials in NF
Studies have shown that involving patients in the design of clinical trials has 
the potential to improve trial quality, efficiency, and enrolment.18 In addition, 
regulatory and funding bodies strongly encourage or even require patient 
involvement in clinical studies.19,20 Given the patient-centric nature of EU-PEARL, 
patients, family of patients, and patient representatives were involved in various 
stages of the development of the NF PBTs.

Patient input in manifestation prioritisation
One of the main activities that involved patients was the Delphi study, in which 
we asked patient representatives to prioritise disease manifestations for inclusion 
in the PBTs (chapter 3). Their participation proved essential, as the manifestation 
ranking for NF1 differed between patient representatives and NF experts (Figure 
2). The ranking of high-grade glioma and neurodevelopmental manifestations 
were particularly different between both groups.

Overall, the patient representatives assigned higher priority to the malignant 
manifestations of NF1, with high-grade glioma and MPNST receiving the highest 
ranking. This increased concern of patients regarding malignancies may likely be 
explained by the awareness of the significant morbidity and mortality of these 
manifestations. Studies have shown that patients with NF1 regularly experience 
symptoms of worry and anxiety due to the risk of developing a malignancy, which 
negatively effects their mental wellbeing.21,22 The constant fear of developing a 
malignancy might even lead to feelings of depression, as demonstrated in patients 
with a high risk of breast cancer.23 In this light, it is not surprising that patient 
representatives assigned the highest treatment need to high-grade glioma and 
MPNST. However, the high ranking of these two malignancies caused a dilemma. 
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Patients evidently indicated that new treatments were urgently needed for these 
manifestations, but including them in the NF1 PBT would not be feasible due to 
their rare nature.13-15 Although high-grade gliomas and MPNST were ultimately 
not included in the PBT, the results of the Delphi study did lead to increased efforts 
to combine forces with trials for sporadic tumours, as described previously.

NF experts

RRaannkkiinngg MMaanniiffeessttaattiioonn  ggrroouupp CCuummuullaattiivvee  
iinncciiddeennccee

1. MPNST 16%

2. Plexiform neurofibroma 60%

3. Cutaneous 
neurofibroma 99%

4. Neurodevelopmental 80%

5. High-grade glioma 5%

6. Low-grade glioma 20%

NF patient representatives

RRaannkkiinngg MMaanniiffeessttaattiioonn  ggrroouupp CCuummuullaattiivvee  
iinncciiddeennccee

1. High-grade glioma 5%

2. MPNST 16%

3. Cutaneous 
neurofibroma 99%

4. Plexiform neurofibroma 60%

5. Neurodevelopmental 80%

6. Low-grade glioma 20%

Figure 2. Comparison of the prioritisation of manifestation groups of NF1 between NF experts 
and patient representatives. Includes the cumulative incidence of the manifestation groups.

The neurodevelopmental manifestation group was ranked lower by the patient 
representatives than by the NF experts. This manifestation group comprises a 
large number of symptoms and disease manifestations that frequently occur. 
Neurocognitive impairment is seen in 40 to 80% of the patients with NF1, and is 
related to a high level of disease morbidity.24-27 Hence, It was somewhat surprising 
that this manifestation group was ranked so low by the patient representatives. 
This might be explained by two factors. Firstly, there could have been some 
selection bias. In our Delphi study, patients had to be able to read and answer 
an online questionnaire, and the questionnaire was only available in English. As 
a result, only more highly educated patients participated in our study: patients 
who did not speak (sufficient) English and patients with more severe forms of 
cognitive impairment were precluded from participating. This underlines the 
need to including patients with varying levels of education, to ensure that the 
entire NF patient population is adequately represented. Secondly, although not 
directly described in the literature, we know from experience that patients with 
NF1 may have limited disease awareness. Patients may be less self-aware of 
their cognitive disorders and the impact on the functioning in their daily life. 
Despite these limitations, the patient ranking of this manifestation group did 
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influence the inclusion of neurodevelopmental manifestations in the NF1 PBT. 
Neurodevelopmental manifestations were already an unlikely candidate for 
inclusion due to limited feasibility (caused by a prominent lack of a standardised 
set of endpoints), and the low ranking by the patient representatives confirmed 
that this group of manifestations would not be included.

A new methodology to acquire patient input in protocol development
Patients and their families were also involved in the development of the protocol 
for the NF1 PBT. In a EU-PEARL embedded study, we collaborated with the 
Collaborative Network for European Clinical Trials for Children (c4c) consortium.28 
We designed and conducted a new methodology, which could be used to combine 
patient input with the feedback received by other trial experts (chapter 5). Experts 
and patients were asked to comment on specific topics of the protocol of the 
NF1 PBT, such as the assessment schedule and outcome measures. This new 
methodology resulted in effective and practical recommendations from experts 
and patients, allowing the development of the protocol to advance substantially. 
For example, as a result of this study, it was decided to incorporate a composite 
outcome measure for pain-causing plexiform neurofibroma as primary endpoint. 
Following the preference of both patients and experts, instead of only including 
results from MRI, the endpoint now also includes the patient perspective on pain 
based on Numeric Rating Scale (NRS-11) scores.

Although our study focussed on a PBT in NF1, the designed methodology can 
also be readily applied to other diseases and trial designs. If used more often, the 
cost effectiveness of our methodology, its impact at various stages of trial design, 
and the effect of involving paediatric versus adult patients could be studied 
further. In order to design high-quality trials in NF with optimal methodology, 
we recommend to involve patients in the design of all future trials, using the 
methodology as demonstrated in our study or similar methods. When designing 
a trial that includes paediatric patients, we recommend a collaboration with the 
c4c consortium. They have formed a group of over 400 experts in paediatric 
subspecialties and trial methodology, as well as patients and caregivers in various 
disease areas.29 Through c4c, sponsors and/or researchers can swiftly receive 
advice from experts and patients on all types of paediatric studies.

A tool that could optimise patient identification in trials in NF
Traditional manual trial screening is time consuming and leads to an 
overestimate of the number of trial eligible patients.30 There is great need for 
novel tools that could efficiently identify trial eligible patients, especially in 
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large-scale multi-centre trials like the NF PBTs. Many types of trial-relevant 
data are captured routinely in electronic health records (EHR).31,32 We found 
that computable phenotype algorithms could successfully identify patients with 
NF1-related optic pathway glioma (OPG) in an EHR derived database (chapter 
6). The phenotype algorithms were created with a common data model (CDM), 
which means that they are interoperable with other sites that use the same CDM. 
As a result, CDM phenotype algorithms allow for simultaneous and repeated 
screening of multiple databases, facilitating and accelerating patient accrual 
in multi-centre trials. Optimising patient accrual will be vital to the successful 
conduct of clinical trials in NF: in a review by Rees et al., it was found that 
up to 30% of randomised controlled trials in rare diseases were discontinued, 
most often due to difficulties with patient accrual.33 Phenotype algorithms also 
provide swift insight into the number cases at a potential trial site, which can 
aid site selection in multi-centre trials.

The usefulness of trial screening by phenotype algorithms will vary between trials 
and trial sites. As described in chapter 4 of this thesis, the observational period of 
the NF PBTs will provide a pool of potentially trial eligible patients. Consequently, 
the use of phenotype algorithms may be less critical for the NF PBTs than other 
trials. However, for the PBTs they can still be used to identify patients for the 
observational period and site selection. Phenotype algorithms can be a valuable 
tool for hospitals that do not participate in the NF PBTs, or for trials that include 
other manifestations that are not featured in the PBTs. In addition, the usefulness 
of phenotype algorithms will also vary between manifestations. We found that 
phenotype algorithms currently cannot be used to identify all manifestations of 
NF. CDM phenotype algorithms are based on coded, structured data. Patients with 
NF1-related OPG could be identified with phenotype algorithms because most 
patients had a diagnostic code for OPG. For other manifestations like plexiform 
and cutaneous neurofibroma, no diagnostic codes were present in the EHR data. 
Hence, data collection at the source should be adapted by standardised diagnostic 
coding practices, before these manifestations can efficiently be identified with 
phenotype algorithms.

Finally, for future use of phenotype algorithms in trials in NF, the choice of CDM 
should be considered. We used the Observational Medical Outcomes Partnership 
(OMOP) CDM to create the computable phenotype algorithms,34 but multiple CDMs 
are available to standardise healthcare data.35 The OMOP CDM is one of the more 
widely accepted models,36 and a large number of databases around the globe have 
been converted using this CDM.37 The OMOP CDM has also been increasingly 
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used in studies on various research topics, including patient identification.38,39 
While the OMOP CDM seems like an excellent candidate for further use in NF 
studies and trials, the use of other CDMs must be explored to assess which is best 
fitted to NF and other rare diseases.

Patient-reported outcome measures for clinical trials in NF1
The Erasmus Medical Centre in Rotterdam is an expertise centre for NF1, and one 
of its main areas of interest is Quality of Life (QoL). This enabled us to perform 
three studies that specifically focussed on measuring QoL in NF1.

QoL in children with NF1
The various types of tumours and other disease manifestations that are associated 
with NF1 can have a significant impact on the QoL of patients and their families.40-42 
QoL can be measured with patient-reported outcomes (PROs). We used the proxy-
reports of two generic QoL measures to measure the QoL of children with NF1: the 
Pediatric Quality of Life Inventory (PedsQL)43 and the Child Health Questionnaire 
(CHQ)44 (chapter 7). We found that parents/caregivers of children with NF1 reported 
a significantly lower QoL on both the PedsQL and CHQ on a variety of domains, 
when compared to the general Dutch paediatric population. These results reveal 
the profound impact of NF1 on the QoL of patients with NF1 and their parents/
caregivers. It also highlights why PROs must be included as outcome measures 
in clinical trials, as they reflect the patients’ perspective on their symptoms and 
well-being.45,46

We also studied the psychometric properties and the content of the two PROs, to 
see which questionnaire was better suited to assess QoL in children with NF1. The 
psychometric properties of both questionnaires were adequate, but the PedsQL 
had slightly better feasibility and reliability, making it more preferable to use as 
outcome measure in research. In contrast, the CHQ covered a unique dimension 
of health-related QoL associated with disease impact on parents and family, 
making this PRO more preferred if an extensive evaluation of QoL is needed, for 
instance in family-centric clinical care.

Transcultural validation of two disease-specific PROs in NF1
In this thesis, we described the transcultural adaptation and validation of two 
disease-specific PROs for NF1. We developed a Dutch adaptation of the Plexiform 
Neurofibromas Quality of Life (PlexiQoL)47 questionnaire for patients with 
plexiform neurofibroma (chapter 8), and the cNF-Skindex questionnaire,48 which 
assesses cutaneous neurofibroma-related QoL (chapter 9). Both Dutch versions of 
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the questionnaires demonstrated excellent psychometric properties, similar to the 
original versions. These two studies underline the need for transcultural validation 
of disease-specific PROs for NF: the Dutch PlexiQoL and cNF-Skindex can now 
be reliably used in the Netherlands. This allows Dutch hospitals to participate in 
multinational trials that use these specific PROs. In order to expedite international 
trials in Europe, these and other future NF-specific PROs should be translated to 
more relevant languages. Our studies demonstrate that the validation process is 
not overly complicated, and that international validation of PROs in NF could be 
feasible as long as each country has one or more centres willing to participate.

It should be noted that we struggled to reach adequate sample sizes in both 
studies. A considerable number of patients indicated that they would rather not 
participate, and not all of the patients who expressed interest to participate actually 
completed the questionnaires. Although we did observe signs of data saturation 
after approximately 30 inclusions, the smaller sample sizes may have influenced 
the results of some of the analyses. For future transcultural validation studies 
in NF, centres should anticipate slow patient recruitment. Ideally, an extended 
recruitment period should be planned to allow sufficient numbers of participants 
to enrol. However, this might not always be possible due to time constraints, e.g. 
when a validated version of a PRO is hastily needed for an upcoming trial.

In addition, it should be noted that neither of our studies were designed to assess 
the questionnaires’ responsiveness to change. To truly be useful as outcomes in 
clinical trials, it should be further studied how well the PlexiQoL and cNF-Skindex 
can detect differences in QoL over time. This is especially relevant for NF-specific 
PROs, since these questionnaires measure QoL in a chronic condition that tends 
to progress slowly with variable associated morbidity.

Factors that influence which PRO to use in trials and clinical care
With the wide range of PROs that are available, it can be challenging to pick the 
most suitable PRO for a clinical trial. First, one should consider the difference 
between generic and disease-specific PROs. Generic PROs capture aspects of QoL 
in a general population, and this allows for a comparison with healthy population 
norms.49 However, they might not always capture disease-specific problems and 
symptoms.49 Disease-specific PROs are developed to assess the QoL in specific 
conditions, and the literature suggests that they have better psychometric 
properties and are more sensitive to change than generic QoL measures.50-52 
Because of their unique advantages and disadvantages, it is often recommended 
to include both a generic and a disease-specific PRO in clinical trials.
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As demonstrated in chapter 7 of this thesis, one could judge PROs on their 
content and psychometric properties in the target population. Other factors that 
could influence the choice of PROs are (inter)national recommendations and 
the associated costs of using the PRO. If data comparability with other trials is 
considered imperative, recommended PROs might be the better option than 
other less frequently used PROs. Regarding the costs of using a PRO, this will vary 
between countries and institutions. Some PROs are publically available, while 
others are under proprietary rights and associated with licensing fees.53 In case 
of long-term and large-scale trials, the high costs of PRO licensing fees need to 
be considered.

Finally, the availability of a translated and validated version of a PRO (in multiple 
languages) is an inescapable bottleneck when considering its use in a clinical trial, 
especially for international trials. A large portion of the PROs that are specifically 
developed for NF are not available and validated in other languages. Transcultural 
validation of NF-specific PROs as demonstrated in chapter 8 and 9 of this thesis 
will be a critical step to facilitate large-scale clinical trials in Europe.

Barriers to including PROs in clinical trials in NF
The use of PROs in clinical trials is supported by regulatory agencies like the 
U.S. Food and Drug Administration (FDA) and European Medicines Agency 
(EMA),45,46 and might sometimes even be required for regulatory approval. For 
example, for the approval of selumetinib, the FDA required proof that a reduction 
in tumour volume was accompanied by an effect on plexiform neurofibroma-
related symptoms.17,54 Despite this growing support of PROs, several barriers to the 
successful implementation in clinical trials exist. These barriers include some of the 
factors described in the paragraphs above (difficulties in choosing the appropriate 
PRO, lack of transcultural validation), but also encompass concerns regarding 
added burden for both staff and participants, and PROs being considered of lesser 
importance than objective outcomes (e.g. laboratory outcomes and radiological 
measures).55 Furthermore, PROs are often not approved by regulatory agencies as 
primary outcome measures, but merely as supplementary and complementary 
endpoints. As a result, Oncology trials often contain traditional primary endpoints 
like overall survival, progression free survival, or tumour response rate. To aid 
further and structural implementation of PROs in trials for NF, information should 
be provided to researchers, clinicians and trial methodologists on the importance 
of PROs. Moreover, the role of PROs in clinical trials as primary outcomes should 
be further discussed with regulatory bodies like EMA and the FDA.
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Future perspectives

Implementation of the NF platform trials
Our participation in the EU-PEARL project resulted in the development of two 
unique PBTs in NF. While the design and protocols for the PBTs are finalised and 
endorsed by the major stakeholders, many challenges still lie ahead to actual trial 
implementation.

The four indications that were chosen for EU-PEARL are major depressive disorder 
(MDD), tuberculosis, non-alcoholic steatohepatitis (NASH), and NF. The disease 
areas MDD, tuberculosis, and NASH were considered exemplifications of global 
public threats, while NF served as a representation of rare diseases. EU-PEARL 
aimed to develop a framework that would facilitate the design and implementation 
of collaborative platform trials in Europe.3 This proposed framework included a trial 
design and development of the corresponding master protocol. However, it also 
included other fundamentals that are needed to conduct a multi-centre clinical 
trial, like a trial-ready network of sites and tight connections to pharmaceutical 
companies. While these latter elements were already successfully established for 
the other disease areas included in EU-PEARL, they proved to be more challenging 
for a rare disease like NF.

The lack of a clinical trial network for NF in Europe
Given the low prevalence and variability of NF1, NF2 and SWN, it is unlikely 
that a single centre would be able to independently perform clinical trials. 
The conduct of multi-centre and/or international trials increases the number 
of patients that can be enrolled, but it also increases the costs and operational 
complexity. Historically, the hardship of meeting both national and international 
ethical and regulatory requirements for clinical trials resulted in the conduct of 
many small, single-centre studies that did not yield substantial enough data to 
change care paradigms for NF in Europe. The establishment of a clinical trial 
network for NF in Europe would facilitate the conduct of multi-national trials.56 
By broadening the access of patients to trials, it allows for the recruitment of larger 
patient samples that are more geographically dispersed. As a result, clinical trial 
networks generally decrease the time required to complete clinical trials.57

An example of a successful clinical network in NF is the Neurofibromatosis 
Clinical Trials Consortium (NFCTC).12 Since its opening in 2007, this U.S. 
located network has made the translation process of drug discovery to clinical 
trial more efficient, and multiple adequately powered clinical studies have been 
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successfully conducted in this network. Exemplars of strong Oncology networks 
are the European Organisation for Research and Treatment of Cancer (EORTC)58 
network and the Drug Rediscovery Protocol (DRUP) study.59 EORTC coordinates 
a global network for international cancer trials. The DRUP is a Dutch national 
clinical network with sites throughout the Netherlands. The DRUP study is a PBT, 
designed to study targeted therapies and immunotherapies for patients with rare 
cancers based on the tumour molecular profiling.

Thus, one of the principal next steps in the implementation of the NF PBTs is the 
launch of a European clinical trial network. In addition to the PBTs, this network 
could also conduct and facilitate other clinical trials in NF. Another benefit of 
operational clinical networks is that participating sites could take part in other 
research activities, such as the validation of PROs and the collection of observational 
natural history data. Given the low prevalence of the disorders, a clinical trial 
network for NF would require a larger number of sites from a higher number 
of countries compared to networks for more common diseases. Considerable 
efforts will be required to develop and maintain this network, and problems can 
be anticipated in a.o. the eligibility of sites, logistics, the coordination of various 
research boards, and available research infrastructure.11,60 Thankfully, the first 
steps of network initialisation have already been performed as part of EU-PEARL. 
Following a survey that we sent to European NF clinics, we identified possible sites 
that could participate in the NF clinical trial network. Generally, these sites provide 
care for a large and well-characterised NF patient population. They demonstrate 
diagnostic and treatment expertise for the manifestations that are targeted in the 
PBTs, and have a site infrastructure that could support the realisation of a clinical 
trial (such as the necessary facilities). Many of these promising sites have experience 
with the conduct of clinical trials, facilitating their inclusion in the network. More 
results from the NF network survey and how they led to preliminary site-selection 
criteria for the platform trial can be found in the report that was prepared for IMI.61

Connections with pharmaceutical companies
For the successful conduct of the NF PBTs, or any trial in NF for that matter, it is 
crucial to have close connections with pharmaceutical companies. By attracting 
industry partners, more investigational agents will be made available for study. 
At this time however, pharmaceutical companies are apprehensive to invest in 
trials for rare diseases. The study and development of new investigational agents 
is expensive and tardy regardless of the disease of interest.62 It is even more 
challenging to balance the costs of clinical trials and the development of new 
treatments in rare diseases, simply because they afflict so few people, unlikely 
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providing the return on investment for pharmaceutical companies.63 In order to 
accelerate the identification of new treatments, it is critical to make the conduct of 
trials in NF more appealing to pharmaceutical companies. The implementation of 
the NF PBTs will be an important step to decrease the costs of IMP assessment and 
to foster strong and lasting connections with participating pharmaceutical partners.

Other barriers: regulatory aspects and trial sponsorship
The intricacy and complexness of adaptive trials cause challenges in regulatory 
assessment. Although platform trials have been successfully utilised in Oncology, 
Neurology, and COVID-19,64-68 they are relatively new in the field of clinical trials. 
The regulatory agencies EMA and FDA have only recently published their first set 
of recommendations on the position of adaptive clinical trials in drug development, 
e.g. the guidance document on master protocols by the FDA.69 Many uncertainties 
still exist with regards to the conduct of platform trials as seen by regulators, such 
as the use of LNHS data as a common control group, and how to control for type I 
errors in the statistical analysis. During the process of implementation of the NF 
PBTs, continuous engagement must be sought with the FDA and EMA to request 
their most recent guidance on the role of adaptive trial designs in the regulatory 
evaluation and approval of new treatments for NF.

The complexity of platform trials also causes difficulties in trial sponsorship. A clinical 
trial sponsor is the individual, institution or company that takes responsibility for 
the clinical trial, including trial management, trial initiation, and data collection and 
analysis.70 Sponsors can also (in part) finance the trial. Due to the complex design 
and increased associated costs of PBTs, regular trial sponsors such as pharmaceutical 
companies and academic hospitals may be hesitant to take on the responsibility 
of sponsorship. As this was also the case for the NF PBTs, the Children’s Tumor 
Foundation (CTF, one of the major stakeholders and leaders of the NF work-package 
in EU-PEARL) is now collaborating with the non-profit organisation Global Coalition 
for Adaptive Research (GCAR).71 GCAR functions as a sponsor of innovative trials, 
including master protocols and adaptive platform trials, and has extensive experience 
with building and leading adaptive clinical trials. At the time of writing this thesis, 
CTF and GCAR have reached an agreement regarding trial sponsorship. They are 
now actively working on the launch of the NF PBTs in Europe.

The future of trials in NF beyond the platform-basket trials
While the implementation of the PBTs will substantially advance the assessment 
of investigational medicines, there are other elements and keystones beyond the 
PBTs that could improve clinical trials in NF.
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Development of a European-wide LNHS
The PBTs in NF include an embedded LNHS. However, this LNHS is limited to a 
select number of manifestations, and the frequency and extensiveness of data 
collection is reduced to a minimum to improve feasibility. Future research projects 
should focus on the development of a European-wide LNHS that includes a broad 
selection of the different manifestations of NF. To optimise feasibility, participating 
centres should be able to choose for which manifestations they wish to provide 
data, based on their patient population and expertise. This European LNHS would 
strengthen our insight in the natural history of these manifestations. This new source 
of prospectively collected data would aid future clinical trials by serving as historical 
controls, and by providing data on predictors of disease progression, disease burden, 
and best time points for initiating treatment.72,73 A biobank should be embedded in 
the LNHS, in which ‘leftover tissues’ resulting from surgery are stored for the tumour 
manifestations of NF. Subsequently, molecular analyses could be performed on this 
leftover tumour tissue. This could lead to the identification of subgroups of patients 
that would benefit most from specific targeted therapies.73

Setting up and maintaining this LNHS will not be an easy endeavour. Key issues 
are to be expected in terms of data sharing, the storage of data and tissues, and data 
harmonisation. Since the launch of the European Union General Data Protection 
Regulation (GDPR), additional requirements have to be met when processing personal 
data of trial participants. Data-sharing across multiple countries, in particular with the 
United States, has become increasingly complex and is associated with increased risk 
of invasions of privacy of participants and breaches of confidentiality.74 Meeting all 
the requirements regarding data-sharing and data storage will take considerable time 
and effort. The inclusion of biobanking also adds an additional layer of complexity. 
The main challenges in setting up a biobank are seen with regards to ethics, informed 
consent, and data security.75 Additionally, it requires close collaboration with local 
pathology laboratories. These laboratories will need to follow the same well-defined 
standard operating procedures (SOPs), as the quality of the samples can greatly 
influence the results of the molecular analyses. Since not all centres will have a 
dedicated pathology laboratory on site, not all centres will be able to provide samples 
to the biobank. Furthermore, not all participating centres will be able to store the 
tissue locally, and transport to a central storage location will need to be arranged.

The lack of a standardised follow-up regimen for the different manifestations in NF 
has significantly hindered the pooling of observational data across Europe, both on 
national and international levels. As such, one of the first key steps to the design of 
the European LNHS would be to develop a standardised data set to be collected across 
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participating sites. This data set should include a core set of outcome measures and a 
schedule for the frequency of data collection. Following the creation of this data set, it 
must be decided whether the data will be collected manually or through automated 
data extraction. Given the increased recognition that automatic extraction of EHR 
data could be an invaluable tool in research,31,32 automatic data extraction will be 
strongly preferred. This would require to capture the data in the EHR in a standardised 
structured format. The EHR-derived databases could thereafter be transformed using 
a CDM, enabling automatic data extraction from the local EHR system to one central 
database. This process results in harmonised, high-quality data while simultaneously 
limiting manual work, significantly reducing the workload of participating centres 
and easing data analysis.76 The use of automatic data extraction will mean a larger 
upfront investment of time and resources to attain database harmonisation, but will 
prove much more efficient than manual data collection in the long run. In order to 
make this process feasible, it is reasonable to start the LNHS with a relatively small 
number of centres, an add more centres in a stepwise manner to spread the workload.

Initiation of a European consortium for PROs and standardisation of other outcome 
measures
A critical point of attention in improving trials in NF will be to streamline the 
development and validation of PROs in Europe. Currently, there is no regulating body 
or consortium for NF that decides which disease-specific PROs are most critical to 
develop and validate internationally. As a result, multiple PROs may be developed 
and translated, while not all of these PROs may be best suited to measure QoL in 
NF. Centralising the development of PROs for NF will decrease the required time 
and resources, and would make the translation and validation process much more 
efficient. This consortium for PROs in NF could function as a European branch 
of the Response Evaluation in Neurofibromatosis and Schwannomatosis (REiNS) 
collaboration group. It will specifically focus on the challenges encountered when 
designing and conducting international trials in Europe, such as the need for multiple 
language versions of PROs.

Beside PROs, the development of a standardised set of outcome measures for all 
manifestations of NF would undoubtedly advance trials in these diseases. While 
the REiNS collaboration has established standardised sets and recommendations 
for a variety of manifestations, not all manifestations have yet been covered by 
their working groups, and recommendations might need to be updated once new 
outcome measures become available. The development of a standardised set of 
outcomes is especially relevant for the neurocognitive manifestations of NF1: 
despite targeting the same primary constructs of cognition, past clinical trials in 
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this area have used an overwhelming number of different outcome measures.77 
This lack of consistency significantly hinders data comparability and the ability 
to assess therapeutic efficacy.77,78 Hence, for manifestations without standardised 
outcomes like the neurocognitive manifestations, harmonising the use of outcome 
measures will be vital to optimise clinical trials in NF.

When developing the set of standardised outcome measure, special attention 
should be paid to the feasibility and suitability of the outcome measures. During 
the development of the NF1 PBT, we encountered challenges in the feasibility of 
some outcome measures. For plexiform neurofibroma, REiNS has proposed to 
use volumetric MRI for the evaluation of tumour size in clinical trials.79 Likewise, 
they created a set of recommended endpoints for cutaneous neurofibroma, which 
included the use of 3D photography.80 We sent a survey to European NF clinics, 
aiming to register the available research and care facilities at each site. Following 
this survey, we learned that very few centres were able to perform and interpret a 
volumetric MRI scan, and that only a minority of the centres possessed a camera 
suitable for 3D photography (unpublished data). Most centres did not use these 
outcome measures in clinical practice due to the considerable costs that are 
associated with these techniques. This highlights the importance of ensuring 
that newly developed and recommended outcome measures are actually feasible 
to perform in clinical practice and large-scale, global studies. For the NF1 PBT, we 
eventually chose to incorporate volumetric MRI and 3D photography as primary 
outcomes, despite the evident challenges in feasibility. As a result, significant 
time and resources must be invested to provide participating sites with the 
respective equipment and appliances. A challenge in the suitability of outcome 
measures was seen in the design of the PBT for NF2 and SWN. For this PBT, we 
sought to incorporate a PRO to measure pain in SWN, as this is a common and 
extremely disabling symptom in this condition. To measure pain intensity, REiNS 
recommends to use the NRS-11.81 However, the NRS-11 is designed to measure 
the mean pain intensity over the past week. In SWN, patients often experience 
short moments of extreme pain, which may not be adequately represented by a 
mean pain score. As such, it is unclear whether the NRS-11 is completely suitable 
to assess pain in SWN.

Collaboration with sporadic tumours and other rare diseases
Up to this point, we have mainly focused on future prospects and necessities 
specifically within the field of NF. To further advance trials in NF, it is necessary to 
reflect on which position the PBTs and other clinical trials in NF could adopt with 
respect to research and trials in other diseases.
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As mentioned in the introduction section of this thesis, most of the tumours in NF 
also occur sporadically in the absence of a germline NF mutation. Trials that target 
these tumours can enrol both patients with sporadic tumours and patients with 
NF.82 For example, the European division of the International Society of Paediatric 
Oncology-Low-grade Glioma (SIOP LGG) Committee has conducted clinical trials 
for low-grade glioma and optic pathway glioma, and the study populations did 
include patients with NF1.83,84 Given the small number of trial eligible patients in 
NF, it is imperative that trials don’t compete for the same patient population. To 
avoid this contest for patients, it is important to instead seek collaboration with 
other research consortia like SIOP. In one model for collaboration, we could invite 
these other key players to participate as research sites in the NF PBTs. If they wish 
to participate, they could contribute both their expertise in clinical trials and their 
patient populations to the NF PBTs. Another option could be to target different 
subpopulations of patients in trials (e.g. treatment naïve vs. treatment refractory). 
Lastly, if treatment in one clinical trial is not effective, patients should be actively 
referred to other available and suitable trials.

Along with collaboration with trials in sporadic tumours, partnerships should 
be built with other rare diseases. Many of the challenges that are encountered 
in trials for NF are common challenges to therapeutic development in any rare 
disease. As F. Augustine et al. so elegantly stated: “where there is success for one 
rare disease, there is opportunity to inform research in others”.2 We are confident 
that the development of the NF PBTs could aid trials in other rare diseases. If 
proven effective and efficient, the PBT design as presented in this thesis could 
serve as a blueprint for other rare diseases. Furthermore, the other elements that 
would significantly advance trials in NF surely also apply to other rare diseases. 
Our proposed solutions to advance these elements, like the development of a 
European-wide LNHS, could inspire change-makers in other fields and diseases. 
Vice-versa, it will be important to learn how other rare diseases tackle challenges 
that are also applicable to NF.

Partnerships between rare diseases could also imply sharing of resources. When 
using a basket trial design, the effects of new medicines on multiple diseases or 
disease manifestations that have a shared biology and/or clinical features can 
be evaluated.85 This construction has been used before, for example in more 
common diseases such as neurodegenerative disorders.86 As such, it would be 
possible to set up a (platform-)basket trial that includes multiple rare diseases. 
The RASopathies are a prime example of a rare disease group that could be 
included in a shared platform-basket trial. This group of genetic syndromes is 
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caused by germline mutations in segments of the RAS/mitogen-activated protein 
kinase (RAS/MAPK) pathway.87 NF1 is an example of a RASopathy. A shared 
basket trial could target clinical features that are common in and shared between 
these diseases, such as neurocognitive symptoms or tumour manifestations. 
The design of a shared basket trial would mean that the investment of time and 
resources are shared between stakeholders of two or more rare diseases, and that 
multiple diseases could benefit from the same trial in terms of the discovery of 
new medicines. This construction would also be appealing for pharmaceutical 
companies, as investigational agents could be tested and proven effective in more 
than one rare disease, expanding marketing opportunities for new medicines.

Conclusions

We showed how innovative designs like PBTs, novel tools to identify trial eligible 
patients, and the development of patient-reported outcomes could optimise 
clinical trials in NF. The PBTs in particular offer many benefits when compared 
to traditional clinical trials. For further implementation of these innovative trials, 
we need a dedicated clinical trial network for NF in Europe, and a dedicated 
consortium that fully focusses on the development of standardised outcome 
measures in NF, including PROs. We also need close relationships with committed 
pharmaceutical partners and collaborations with researchers in sporadic tumours 
and rare diseases. If successful, this will lead to more rapid identification of 
effective treatments for patients with NF across Europe and beyond.
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Summary

Chapter 1 consists of a general introduction and a description of the aims of this thesis. 
The Neurofibromatoses (NF) are a group of rare tumour predisposition syndromes, 
encompassing Neurofibromatosis type 1 (NF1), NF2-related schwannomatosis (NF2) 
and non-NF2-related schwannomatosis (SWN). These disorders each predispose 
to a specific spectrum of associated tumours and other disease manifestations. 
Given the ineffectiveness of surgery and radiation therapy, there is great need for 
drug treatments for NF-associated tumours. However, there has been a limited 
translation from drug candidates to drug approval. This can be explained by a 
number of challenges in clinical trials in NF, including small available sample sizes, 
a lack of natural history data, variable treatment needs between patients, and a lack 
of validated outcomes, in particular patient-reported outcome measures. The aim of 
this thesis is to contribute to the improvement of clinical trials for NF, by identifying 
and addressing specific challenges in trials for these conditions.

In part I and chapter 2, we studied the current state of clinical trials in NF. Through 
a systematic review, we identified 42 eligible publications on drug trials in NF that 
were published from 2010 and onwards. We found that there was an evident lack of 
trials for NF2 and a complete absence of trials performed for SWN. The majority of 
the trials were characterised by relatively small sample sizes and retrospective trial 
designs, and most trials were single-country. Most NF1 trials focused on plexiform 
neurofibromas, while trials in NF2 solely studied vestibular schwannomas. The 
results of this study show that research in NF is dominated by small studies on a 
limited number of manifestations in NF. It emphasises the need for more clinical 
trials for SWN, underrepresented manifestations of NF1 and NF2, as well as 
innovative trial designs and international collaborations.

Part II of this thesis addresses the development of a platform-basket trial in NF. 
In chapter 3, we prioritised which manifestations of NF would be included in 
the trials. We performed a modified Delphi procedure in which NF experts and 
NF patient-representatives participated. Top priority was assigned to malignant 
peripheral nerve sheath tumours (MPNSTs), plexiform neurofibromas, cutaneous 
neurofibroma, and high-grade gliomas in NF1, tumour manifestations (vestibular 
schwannoma, ependymoma and meningioma) in NF2, and pain in SWN. Therefore, 
more high-quality clinical trials are needed to find effective and tolerable treatment 
options for these manifestations. The results of this study were primarily relevant 
to the design of the platform-basket trials, but they could also serve as a guideline 
on which manifestations have highest priority for clinical trials in the near future.
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Chapter 4 describes how we designed two platform-basket trials in NF. The trials 
were designed by a team of multidisciplinary NF experts and trial methodology 
experts. Given the platform trial design, new interventions may be added to 
the platform while the trial is running. As a novel design element, the trial will 
contain an embedded observational period that will serve as a longitudinal 
natural history study. Participants can receive multiple investigational agents 
under the same trial: if a drug does not meet the predetermined efficacy 
endpoint or reveals unacceptable toxicities, participants may stop treatment 
and re-enter the observational period, where they can be re-randomised to 
a different treatment arm if eligible. These results emphasise the benefit of 
innovative trial designs in NF: these innovative platform-basket trials have 
the potential to identify beneficial treatments for NF more rapidly and at lower 
cost than traditional, single-agent clinical trials. In addition, they may serve as 
a model for other rare diseases, as the design allows for optimal learning from 
a small number of patients.

In chapter 5, we developed a novel methodology that could be used to gain 
feedback from methodology experts and patients on (innovative) trial designs. 
Through a collaboration with the Collaborative Network for European Clinical 
Trials for Children (c4c), we performed three types of advice meetings: an 
advice meeting for clinical and methodology experts, an advice meeting for 
patients/caregivers, and a combined meeting with both experts and patients/
caregivers. These advice meetings resulted in effective feedback from experts 
and patients that allowed us to substantially advance the development of the 
platform trial for NF1. We also could provide recommendations for the most 
effective meeting type per protocol topic. This study showcases the importance 
of patient and expert input when designing a clinical trial, and hence we 
propose to incorporate the presented methodology or similar methodologies 
in the design of future trials in NF.

In part III and chapter 6, we assessed whether electronic health record (EHR) 
data could be used to identify eligible patients for trials in NF. Using the 
Observational Medical Outcome Partnership (OMOP) Common Data Model 
(CDM), we assessed whether computable phenotype algorithms could identify 
patients with NF1-related optic pathway glioma (OPG) in the EHR derived 
database of the Erasmus Medical Centre in Rotterdam, the Netherlands. The 
phenotype algorithms successfully identified the majority of known OPG cases 
at the Erasmus Medical Centre, and even identified additional cases that were 
not previously identified through manual screening. Phenotype algorithms can 
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be applied to multiple databases repeatedly, allowing investigators to frequently 
and simultaneously screen databases for potentially eligible patients. These 
results show that computable phenotype algorithms created with a CDM could 
facilitate and accelerate patient enrolment in clinical trials in NF.

Part IV of this thesis focusses on the assessment and cross-cultural validation of 
generic and disease-specific patient-reported outcomes (PROs) in NF1. Chapter 7 
describes a study on the content and psychometric properties of two generic 
Quality of Life (QoL) measures in NF1: the Pediatric Quality of Life Inventory 
(PedsQL) and the Child Health Questionnaire (CHQ). Parents/caregivers of 160 
children with NF1 reported a significantly lower health-related QoL on both 
the PedsQL and CHQ on a variety of domains, including physical, emotional, 
and social functioning, when compared to a healthy reference population. The 
psychometric properties of both questionnaires were adequate, but the PedsQL 
has slightly better feasibility and reliability, making it more preferable to use as 
outcome measure in research. In contrast, the CHQ covers a unique dimension of 
health-related QoL associated with disease impact on parents and family, making 
it more preferred if an extensive evaluation of health-related QoL is needed. This 
study highlights the profound impact of NF1 on HRQoL of patients and their 
caregivers, and that the choice of generic PROs for the use in trials and clinical 
care for NF1 is contingent to specific research or care settings.

In chapter 8, we adapted and validated a Dutch version of the PlexiQoL 
questionnaire, a disease-specific QoL measure for adults with NF1-associated 
plexiform neurofibromas. The Dutch PlexiQoL demonstrated excellent internal 
consistency and test-retest reliability. In addition, it could successfully detect 
differences in PlexiQoL scores between participants based on self-reported general 
health and disease severity. Convergent validity was confirmed for relevant 
subsections of the Nottingham Health Profile questionnaire. Following this study, 
the Dutch PlexiQoL can be reliably used to measure plexiform neurofibroma-
related QoL in adults with NF1 in the Netherlands.

Chapter 9 described the translation and cross-cultural validation of a Dutch version 
of the cNF-Skindex questionnaire, which is the first questionnaire to specifically 
assess cutaneous neurofibroma-related QoL in patients with NF1. The translated 
version demonstrated excellent feasibility and reliability, and convergent validity 
was confirmed for the EQ-5D-5L and relevant SF-36 scales. The results indicate 
that the Dutch cNF-Skindex can be used in the Netherlands to measure cNF-
related QoL in adult patients with NF1.
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Finally, the main findings of this thesis are discussed in a general discussion 
in part V, chapter 10. We comment on difficulties that we encountered in the 
implementation of the platform-basket trials in NF. These include the lack of a 
clinical trial network for NF, no strong connections with invested pharmaceutical 
companies, and problems with regulatory approval and trial sponsorship of 
innovative trial designs. In the second part of this chapter, we discuss future 
perspectives regarding clinical trials in NF beyond the implementation of the 
platform-basket trials. Future research projects should focus on the development 
of a European longitudinal natural history study for NF. Also, the launch of a 
European consortium that manages the development and transcultural validation 
of patient-reported outcomes, as well as the development of standardised outcome 
measures in NF, will facilitate future trials considerably. Lastly, we stress the 
importance of international collaborations with trials for sporadic tumours and 
other rare diseases, as they will be crucial to further improve clinical trials in NF.
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Nederlandse samenvatting

Hoofdstuk 1 bestaat uit een algemene introductie en een beschrijving van de 
doelstellingen van dit proefschrift. Neurofibromatose (NF) is een verzamelnaam 
van een groep zeldzame ziekten. Binnen NF vallen de ziekten Neurofibromatose 
type 1 (NF1), NF2-gerelateerde schwannomatose (NF2) en niet-NF2-gerelateerde 
schwannomatose (SWN). Patiënten met deze ziekten hebben een verhoogde kans 
om verschillende soorten goedaardige en kwaadaardige tumoren te ontwikkelen. 
Over het algemeen worden tumoren behandeld middels een operatie, bestraling 
of met medicatie. Bij NF zijn operaties vaak niet mogelijk vanwege de locatie of 
uitgebreidheid van de tumoren. Bestraling geeft binnen NF een hogere kans op 
bestralings-geïnduceerde kwaadaardige tumoren. Er is dus een grote behoefte aan 
medicijnen voor NF-geassocieerde tumoren. Helaas is er slechts een klein aantal 
medicijnen ontwikkeld voor deze tumoren. Dit kan worden verklaard door een 
aantal uitdagingen in klinische onderzoek binnen NF. Zo is er slechts een klein 
aantal patiënten dat mee kan doen aan klinisch onderzoek. Er is een gebrek aan 
kennis over het natuurlijk beloop van NF. Tevens is de manier waarop de ziekten 
zich uiten erg wisselend, waardoor de noodzaak tot behandeling per patiënt kan 
verschillen. Ook is er een gebrek aan gevalideerde uitkomstmaten, in het bijzonder 
de patiënt-gerapporteerde uitkomstmaten.

Dit proefschrift draagt bij aan de verbetering van klinisch onderzoek naar NF. 
Enerzijds door de specifieke uitdagingen in klinisch onderzoek naar deze ziekten 
te identificeren en anderzijds door hiervoor oplossingen te bieden.

In deel I en hoofdstuk 2 hebben we onderzoek gedaan naar de huidige stand van zaken 
van klinisch onderzoek binnen NF. We hebben een systematisch literatuuronderzoek 
uitgevoerd. Hierbij vonden we 42 publicaties over geneesmiddelenonderzoek binnen 
NF die in 2010 of later zijn gepubliceerd. We kwamen tot de ontdekking dat er een 
duidelijk gebrek is aan onderzoek naar NF2 en SWN. De meeste onderzoeken 
hadden een retrospectieve opzet en een relatief klein aantal deelnemende patiënten. 
Bovendien vonden de meeste onderzoeken plaats in één land. Bij NF1 lag de 
focus voornamelijk op plexiforme neurofibromen, terwijl onderzoeken naar NF2 
zich uitsluitend richtten op vestibulaire schwannomen. De resultaten van onze 
studie laten zien dat onderzoek naar NF voornamelijk bestaat uit kleine studies 
naar een beperkt aantal ziekteverschijnselen van NF. Er is dringend behoefte aan 
meer geneesmiddelenonderzoek naar SWN en naar ondervertegenwoordigde 
ziekteverschijnselen van NF1 en NF2. Daarnaast moet er meer aandacht worden 
besteed aan innovatieve studieopzetten en internationale samenwerkingen.
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In deel II van dit proefschrift beschrijven we de ontwikkeling van een 
platform-basket studie voor NF. Een platform-basket studie is een vorm van 
geneesmiddelenonderzoek, waarbij meerdere medicijnen worden getest 
binnen meerdere ziekten en/of ziekteverschijnselen. In hoofdstuk 3 hebben 
we onderzocht welke ziekteverschijnselen van NF we moesten opnemen 
in de platform-basket studie. Dit deden we middels een aangepaste Delphi-
procedure, waarbij zowel NF-experts als NF-patiëntvertegenwoordigers 
betrokken waren. De hoogste prioriteit werd toegekend aan de volgende 
ziekteverschijnselen: kwaadaardige perifere zenuwschede tumoren (MPNST’s), 
plexiforme neurofibromen, cutane neurofibromen en hooggradige gliomen in 
NF1, tumoren (vestibulair schwannoom, ependymoom en meningeoom) in 
NF2, en pijn in SWN. Dit betekent dat er meer klinische onderzoeken nodig zijn 
om effectieve en aanvaardbare behandelingen voor deze ziekteverschijnselen 
te vinden. De resultaten van dit onderzoek waren vooral relevant voor het 
ontwerp van de platform-basket studie, maar kunnen ook dienen als leidraad 
voor toekomstig klinisch onderzoek binnen NF.

Hoofdstuk 4 beschrijft hoe we twee platform-basket studies voor NF hebben 
ontworpen. Wat platform studies bijzonder maakt, is dat we tijdens het 
onderzoek nieuwe medicijnen kunnen toevoegen. Dit maakt het flexibel 
en efficiënt. Wat nieuw is aan het ontwerp van de platform-basket studies 
voor NF, is de observatieperiode. Deze observatieperiode zal dienen als een 
longitudinaal natuurhistorisch onderzoek. Ook kunnen deelnemers in deze 
studies behandeld worden met meerdere medicijnen. Als een medicijn 
niet aan de vooraf bepaalde eisen voldoet of te veel bijwerkingen geeft, 
kunnen deelnemers de behandeling stopzetten. Ze gaan dan terug naar de 
observatieperiode, waarin ze eventueel opnieuw gerandomiseerd worden naar 
een ander medicijn als dat beschikbaar is. Deze innovatieve studieopzet heeft 
voordelen voor NF. Met de platform-basket studies kunnen we mogelijk sneller 
en goedkoper effectieve behandelingen voor NF vinden dan met traditioneel 
geneesmiddelenonderzoek. Bovendien kunnen ze als model dienen voor 
onderzoek naar andere zeldzame ziekten, omdat we middels deze studies veel 
kunnen leren van een klein aantal patiënten.

In hoofdstuk 5 hebben we een nieuwe methode ontwikkeld om feedback te 
krijgen van patiënten en experts op het gebied van onderzoek op (innovatieve) 
studieopzetten. We werkten samen met het Collaborative Network for European 
Clinical Trials for Children (c4c). Samen organiseerden we drie soorten 
adviesbijeenkomsten:
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1.	 Een bijeenkomst voor experts.
2.	 Een bijeenkomst voor patiënten/verzorgers.
3.	 Een bijeenkomst met zowel experts als patiënten/verzorgers.

Deze adviesbijeenkomsten leverden waardevolle feedback op van zowel experts 
als patiënten. Dankzij deze feedback konden we de ontwikkeling van de platform-
basket studie voor NF1 verder verbeteren. We konden ook aanbevelingen 
doen voor de meest effectieve adviesbijeenkomst per onderwerp. Deze studie 
benadrukt het belang van de inbreng van patiënten en experts bij het ontwerpen 
van klinische studies. Daarom stellen wij voor om deze nieuwe methode of iets 
vergelijkbaars te gebruiken bij toekomstige onderzoeken naar NF.

In deel III en hoofdstuk 6 hebben we onderzocht of we gegevens uit elektronische 
patiëntendossiers (EPD) kunnen gebruiken om patiënten te vinden voor onderzoek 
binnen NF. We gebruikten het Observational Medical Outcome Partnership 
(OMOP) Common Data Model (CDM) om zogenaamde fenotype-algoritmen te 
ontwikkelen. Met fenotype-algoritmen laten we computers zoeken naar patiënten 
met bepaalde kenmerken in de database van een ziekenhuis. We hebben gekeken 
of de fenotype-algoritmen patiënten met NF1-gerelateerd opticus glioom (OPG) 
konden vinden in de database van het Erasmus Medisch Centrum in Rotterdam. De 
fenotype-algoritmen identificeerden met succes de meerderheid van de bekende 
patiënten met een OPG. Bovendien vonden ze zelfs extra gevallen die handmatig 
niet waren gevonden. Het mooie is dat deze fenotype-algoritmen herhaaldelijk op 
meerdere databases kunnen worden toegepast. Hierdoor kunnen onderzoekers 
regelmatig en gelijktijdig meerdere databases screenen. Deze resultaten laten zien 
dat fenotype-algoritmen, ontwikkeld met een CDM, het vinden van patiënten voor 
klinisch onderzoek naar NF vergemakkelijkt en versnelt.

Deel IV van dit proefschrift richt zich op de beoordeling en interculturele validatie 
van patiënt-gerapporteerde uitkomstmaten (PRO’s) in NF1. In hoofdstuk 7 
beschrijven we een onderzoek waarin we keken naar twee meetinstrumenten 
voor kwaliteit van leven in NF1: de Pediatric Quality of Life Inventory (PedsQL) 
en de Child Health Questionnaire (CHQ). We hebben de ouders/verzorgers van 
160 kinderen met NF1 gevraagd om de vragenlijsten in te vullen. De ouders/
verzorgers rapporteerden dat hun kinderen een significant lagere kwaliteit van 
leven hadden, vergeleken met gezonde kinderen. Deze lagere kwaliteit van leven 
werd o.a. gerapporteerd op fysiek, emotioneel en sociaal functioneren. Wat 
betreft de meetinstrumenten, deze hadden allebei adequate psychometrische 
eigenschappen. De PedsQL scoorde iets beter op haalbaarheid en betrouwbaarheid, 
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dus deze heeft de voorkeur als uitkomstmaat in onderzoek. Daarentegen richt 
de CHQ zich specifiek op de impact van de ziekte op ouders en familie, en de 
PedsQL doet dit niet. Daarom verdient de CHQ de voorkeur als er een uitgebreide 
evaluatie van kwaliteit van leven nodig is. Deze studie benadrukt de diepgaande 
impact van NF1 op de kwaliteit van leven van patiënten en hun zorgverleners. 
Ook hebben we laten zien dat de keuze voor PRO’s afhankelijk is van specifieke 
onderzoeks- of zorgsettings.

In hoofdstuk 8 hebben we een Nederlandse versie van de PlexiQoL-vragenlijst 
ontwikkeld en gevalideerd. De PlexiQoL is een ziekte-specifieke vragenlijst 
over kwaliteit van leven voor volwassenen met NF1-geassocieerde plexiforme 
neurofibromen. We hebben deze vragenlijst aangepast voor gebruik in Nederland. 
De Nederlandse PlexiQoL vertoonde een uitstekende interne consistentie en 
betrouwbaarheid. Bovendien kon de vragenlijst succesvol verschillen aantonen 
tussen patiënten op basis van zelf gerapporteerde algemene gezondheid en 
ziekte ernst. We hebben ook bevestigd dat de vragenlijst vergelijkbare resultaten 
geeft als de Nottingham Health Profile-vragenlijst. Dankzij deze studie kunnen 
we de Nederlandse PlexiQoL gebruiken om de kwaliteit van leven te meten bij 
volwassenen met NF1 en plexiforme neurofibromen in Nederland.

Hoofdstuk 9 beschrijft de vertaling en interculturele validatie van een Nederlandse 
versie van de cNF-Skindex-vragenlijst. De cNF-Skindex is de eerste vragenlijst 
die specifiek de kwaliteit van leven meet bij patiënten met NF1 en cutane 
neurofibromen. Uit ons onderzoek bleek dat de Nederlandse cNF-Skindex goed te 
begrijpen en betrouwbaar was. Bovendien hebben we bevestigd dat de vragenlijst 
vergelijkbare resultaten oplevert als andere relevante meetinstrumenten, zoals 
de EQ-5D-5L en bepaalde delen van de SF-36-vragenlijst. De Nederlandse cNF-
Skindex kan nu in Nederland worden gebruikt om de kwaliteit van leven te meten 
bij volwassen patiënten met NF1 en cutane neurofibromen.

In deel V, hoofdstuk 10 bespreken we de belangrijkste bevindingen van dit 
proefschrift in een algemene discussie. We nemen de moeilijkheden door die 
we hebben ervaren bij het opzetten van de platform-basket studies voor NF. Zo 
is er bijvoorbeeld nog geen Europees netwerk voor studies naar NF. Ook zijn er 
geen sterke banden met farmaceutische bedrijven, en stuiten we op problemen 
met goedkeuring door regelgevende instanties en financiering van de studies. 
In het tweede deel van dit hoofdstuk kijken we naar de toekomst van klinisch 
onderzoek binnen NF. Toekomstige onderzoeksprojecten moeten zich richten op 
de ontwikkeling van een grootschalig Europees onderzoek naar het natuurlijk 
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ziektebeloop van NF. Ook willen we een Europees consortium opzetten dat 
zich bezighoudt met de ontwikkeling en validatie van patiënt-gerapporteerde 
uitkomstmaten voor NF. Daarnaast moeten we gestandaardiseerde uitkomstmaten 
voor alle ziekteverschijnselen van NF ontwikkelen. Tot slot benadrukken we 
het belang van internationale samenwerking, omdat dit cruciaal is om klinisch 
onderzoek binnen NF verder te verbeteren.
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zoals reizen naar Amerika. Ook kon ik bij je terecht om te praten over de stappen 
na mijn promotietraject: mede dankzij jou heb ik de sprong gewaagd om als 
ANIOS Neurologie aan de slag te gaan. Heel erg bedankt, en hopelijk kom ik je in 
de toekomst tegen als ‘echte’ collega!

Professor Frenkel, professor van der Graaf en professor Nieuwenhuis, hartelijk 
bedankt dat jullie de tijd hebben genomen om deel te nemen aan de leescommissie. 
Professor Zwaan, dr. Husson en dr. French, bedankt dat jullie plaats willen nemen 
in de grote commissie.

Dear Marco and Annette, thank you so much for allowing me to be part of the 
workpackage leadership. Marco, thank you for keeping me afloat during all the 
difficulties with the deliverables, miniteam meetings and other EU-PEARL-related 
administrative requirements. I could always rely on you, and I do really hope to 
see you again.

Dear professor Ferner, professor Legius, professor Wolkenstein, and professor 
Evans. Thank you so much for taking me under your wing in the EU-PEARL 
project and beyond. I feel honoured that I was given the chance to collaborate 
with you. Although I initially felt like a Neurofibromatosis rookie amongst giants, 
you made me feel incredibly welcome. Rosalie, you are truly a wonderful person, 
and you were so kind to me. Thank you for the chocolates! Gareth and Eric, 
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thank you so much for all your knowledge and guidance. Pierre, the Dutch cNF-
Skindex would never have been developed without you. I deeply appreciate the 
many hours you have invested in me, and how you always put other people in 
the spotlight instead of yourself. Thank you so much for being a part of my thesis 
defence committee.

I also would like to thank all the research partners that I worked with in the EU-
PEARL consortium. My PhD would not have been possible without EU-PEARL, and 
it truly was a team effort to bring this project to completion. I really enjoyed seeing 
all of you in person at the closing meeting in Brussels.

Lieve Sarah, wat moest ik zonder jou beginnen. Je was mijn rots in de branding bij 
mijn twee vragenlijstonderzoeken. Samen hebben we heel wat struggles gehad om 
genoeg patiënten te includeren, maar wel met resultaat! Je bent echt een topper, 
het is niet voor niets dat de patiënten zo dol op je zijn. Ik hoop dat jij jezelf nog heel 
lang zal inzetten voor onderzoek in NF, zeker omdat je nu zelf aan je promotietraject 
begonnen bent.

Een bedankje is zeker op zijn plaats voor Maxim Moinat, Pim French en Iris de 
Heer. Maxim, wat een werk heb jij verzet voor ons “NF1-OPG OMOP” project! 
Een verrassende samenwerking tussen een expert op het gebied van Medical 
Informatics en een NF clinicus, en toch wisten we deze twee werelden samen te 
brengen in een prachtig manuscript. Ik hoop dat ons projectje je niet teveel heeft 
afgeschrikt om verder onderzoek te doen. Pim en Iris, heel erg bedankt voor al 
jullie hulp bij de MINT studie. Van coupes tot data-transfer agreements, er ging 
een wereld voor mij open.

Andre Rietman, mijn redder in de wondere wereld van de factor analyse. Ik kwam 
bij je binnen als totale leek, en voor ons manuscript moest ik een nieuwe analyse 
leren uitvoeren en interpreteren. Je hebt mij toen zo goed getraind dat ik in een 
volgend manuscript probleemloos eenzelfde factor analyse op mijn data losliet. 
Daarnaast vind ik je echt een hele fijne collega om mee te werken, hopelijk kunnen 
we in de toekomst nog eens samenwerken.

Lieve SP-kamergenootjes Chantal, Annelotte, Feline, Joany, Nienke, Naomi en 
Evelien, jullie mogen hier zeker niet ontbreken! Heel erg bedankt voor alle gezellige 
momenten, we konden uren kletsen over van alles en nog wat. Zo fijn dat we bij 
elkaar terecht konden, ook als het allemaal wat minder soepel ging. Het was heerlijk 
om met jullie samen te klagen om vervolgens weer vol goede moed door te gaan.
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A

Graag zou ik ook de onderzoeksgroep Algemene Kindergeneeskunde bedanken, 
en in het bijzonder Henriette Moll, Clementien Vermont, Dorien Geurts, en Patrycja 
Puiman. Bedankt voor de leerzame discussies tijdens de researchbespreking en 
jullie input op mijn manuscripten. Henriette, wat een inspiratie ben jij voor mij 
geweest. Je bent een waar voorbeeld voor ons allemaal: slim, bevlogen, ambitieus, 
maar ook empathisch en oprecht geïnteresseerd in anderen. Heel erg bedankt 
voor al je wijze raad en motiverende woorden omtrent mijn toekomst als arts.

Astrid en Saskia, wat was het gezellig om aan het begin van een werkdag langs 
jullie deur te lopen! Heel erg bedankt voor al jullie hulp bij de administratieve 
perikelen tijdens mijn promotietraject.

Dank aan de drie masterstudenten die ik heb mogen begeleiden bij hun 
masteronderzoek: Geesje, Rubin en Biagio. Heel erg bedankt voor jullie inzet, en 
ik hoop dat ik jullie heel wat wijzer heb gemaakt op het gebied van onderzoek.

Naast alle collega’s en mensen waarmee ik heb samengewerkt, hebben mijn 
vrienden en familie een hele speciale rol gespeeld in de totstandkoming van dit 
proefschrift. Van iedereen ben ik hen het meest dankbaar.

Lieve Mandy en Suzanne. Wat ben ik dankbaar dat jullie naast mij staan als 
paranimf op deze speciale dag! Het begon voor ons allemaal op de middelbare 
school, en we zijn elkaar nooit uit het oog verloren. Onze vaste etentjes bij het 
Zusje vind ik heerlijk, wanneer gaan we weer? Ik ben zo blij dat we al zo lang 
vriendinnen zijn, en dat jullie mij bij willen staan tijdens mijn promotie. Dankzij 
jullie gaat het helemaal goedkomen.

Lieve oma en de rest van de familie, jullie support en liefde waren goud waard 
tijdens deze periode. Oma, zonder uw wijze raad (en flinke dosis humor) was 
dit boekje niet afgekomen. Daarnaast kan een dokter natuurlijk niet zonder die 
heerlijke kookkunsten en mandarijntjes op de donderdagavond. Bedankt dat u 
na al die jaren nog steeds mijn grootste fan bent. Lieve Bebbe, bedankt voor alle 
support door de jaren heen. Zonder al die ritten van en naar de middelbare school 
en het Erasmus had dit promotietraject nooit mogelijk geweest (wat konden we 
heerlijk samen foeteren in de auto!). Waren opa, opa en oma Ver en ome Arne er 
nog maar geweest om dit mee te maken, wat hadden zij dit prachtig gevonden. 
Lieve rest van de familie, heel erg bedankt voor jullie luisterend oor en alle leuke 
feestjes die wij hebben gevierd de afgelopen jaren. Het is een voorrecht om deel 
van deze grote familie te zijn.
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Papa en mama, bedankt voor jullie onvoorwaardelijke liefde en steun. Jullie 
hebben mij altijd gestimuleerd om het beste uit mijzelf te halen. En wat ben ik 
ver gekomen dankzij jullie! Iedere keer weer een stapje verder: alles is mogelijk 
als je maar hard genoeg werkt voor je dromen. Nu staan we voor misschien wel 
de allergrootste stap, om aan de slag te gaan als arts-assistent. Ook hier ga ik vol 
goede moed in, omdat ik weet dat jullie erop vertrouwen dat ik de juiste keuze zal 
maken. Het is zo fijn om te weten dat jullie mij altijd zullen steunen, wat er ook 
gebeurd, en dat ik altijd weer thuis kan komen in mijn veilige nestje. Samen met 
jullie naar Philadelphia en Washington DC afreizen voor een congres was een 
van de hoogtepunten van mijn promotietraject. Mammi, ik kan je niet vertellen 
hoe dankbaar ik ben dat we deze dag samen kunnen vieren. Weet je nog, dat ze 
destijds vertelden dat je mij misschien kon zien starten met mijn PhD? Je hebt ze 
mooi hun ongelijk bewezen. Wij kunnen met zijn drieën alles. Ik houd van jullie.

En natuurlijk verdient mijn Flip hier ook een plekje, al zal hij het nooit lezen. Lief 
vriendje, mijn pluizige psycholoog, bedankt dat ik op jou mocht leunen. Dankzij 
jou kwam ik achter mijn laptop vandaan en leerde ik om zacht en geduldig te zijn, 
en te genieten van het moment. Hopelijk mag ik nog heel lang van je genieten.
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