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In the last decade, the landscape of genetic testing has 
changed enormously due to the development and 
introduction of next-generation sequencing technologies. 
Exome sequencing has found a stable position in identifying 
the genetic etiology of rare disease, and increased 
diagnostic yield. There is however still an unmet need to 
better understand the economic impact of exome 
sequencing implementation in routine care, also including 
the other possible benefits of exome sequencing, such as 
improvements in clinical decision-making, and reduced 
burden to families. A cohort of patients in which these 
economic outcomes might be best captured are neonates 
admitted to Dutch neonatal intensive care units. For these 
neonates, it is expected that genetic tests results may 
impact clinical decision-making. Yet, genetic testing using 
exome sequencing has not reached widespread 
implementation. The latter is mainly due to the need for 
neonatal intensive care units to have a fast exome 
sequencing result, requiring infrastructure on Dutch 
genetic laboratories. There are also still uncertainties 
regarding the values to be taking into account for economic 
evaluation when implementing novel genetic tests. Hence, 
this thesis assesses the economic value of implementing 
exome sequencing compared to routine genetic diagnostic 
testing within pediatric care.
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10 | CHAPTER 1

1.1 GENETIC DIAGNOSIS OF RARE DISEASES

World-wide, one in 17 individuals is affected by a rare disease; generally meaning a 
disease that affects fewer than 1 in 2,000 people [1]. Currently, there are 7,000 rare 
diseases known. For approximately 75% of these diseases, the first clinical symptoms 
manifest during (early) childhood, and 30% of children with a rare disease die before 
the age of 5 [2-8]. The vast majority of rare diseases (~80%) has an underlying 
genetic etiology [9, 10]. Obtaining this genetic diagnosis for rare diseases is, however, 
complex due to extensive genetic and clinical heterogeneity of these disorders. This 
results in individuals with a rare disease being referred to different medical specialists, 
laboratories and subsequently multiple genetic diagnostic tests are required before the 
molecular diagnosis is identified [11]. A trajectory that is thus unpredictable, uncertain, 
often long and costly, and perceived as ‘a diagnostic odyssey’. Moreover, a conclusive 
molecular diagnosis is only obtained in a fraction of the individuals [11]. This creates an 
impasse, as the field of medical genetics considers a fast and accurate genetic diagnosis 
to be the starting point for personalized medicine, i.e. to guide decisions on prevention, 
treatment and care.

Improving the diagnostic trajectory to rapidly identify a genetic diagnosis may thus 
impact clinical decisions of patients with a rare disorder. With many of the rare diseases 
presenting in the first 28 days of life, it may be well hypothesized that newborns 
admitted to a neonatal intensive care unit (NICU) make an excellent use case to show 
the importance and impact of a fast and reliable genetic diagnosis. That is, a large part 
of newborns admitted to a NICU may have a genetic disorder, and their diagnostic 
trajectories is extensive with high healthcare utilization [12]. This has a negative impact 
on clinical, economic and personal aspects. For patients admitted to the NICU, the time-
consuming diagnostic trajectory itself can be long and burdensome for the (parents of 
the) patient, and not having a conclusive diagnosis can lead to a lot of uncertainties. In 
addition, in absence of a diagnosis, it is difficult to give an accurate prognosis of survival 
and outcomes, which can be burdensome for patients and their parents. Furthermore, 
a diagnosis might impact clinical decision-making, for example by starting treatment, 
or by preventive measures to reduce health risk and symptoms of the disease. In 
addition, the psychosocial impact a diagnosis has on (parents of) patients should not be 
underestimated, as they can search for social support networks [13, 14].

1 1
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1.2 GENETIC ASSAYS TO DIAGNOSE RARE DISEASES

To diagnose rare diseases, there are several complementary cytogenetic and molecular 
diagnostic technologies to provide genetic diagnoses (Table 1), with two aspects of 
genetic testing mostly discriminating them. The first is the scope of testing, being either 
‘genome-wide’, looking at all of the genome, such as for karyotyping or genome-wide 
microarrays, or alternatively, ‘targeted’, assessing only a small portion of it, such as the 
case for fluorescence in situ hybridization (FISH) or polymerase chain reaction (PCR)-
based methods. The second is the resolution of the technology, being either ‘low’, such 
as chromosomes being visible under a light microscope, or ‘high’ Sanger sequencing, 
referring to the DNA sequence being read at single nucleotide resolution. Ideally, 
technologies combine a high resolution, with a genome-wide view.

Over the last decade, technological innovations, collectively termed next-generation 
sequencing (NGS) technologies, have made it possible to combine such genome-wide 
view with high resolution, allowing to map out an individual’s entire DNA sequence at 
base pair level [15]. This has had major impact within the field of medical genetics and 
pediatrics including the NICU. With the introduction of NGS, it was no longer needed to, 
based on a patient’s clinical presentation, a priori select a region of the genome for DNA 
analysis (e.g. one gene) to find an underlying genetic defect explaining disease. Instead, 
NGS allows an unbiased DNA analysis (e.g. all 21,000 human genes at once) [15, 16]. The 
latter is of particular importance for genetically and clinically heterogeneous disorders, 
as the disease could be caused by a single DNA error in one of as much as 1,500 different 
genes without the phenotype of the patient being specific enough to pinpoint which of 
these 1,500 genes to test for (e.g. for neurodevelopmental disorders).

In 2012, exome sequencing (ES), a form of NGS, was introduced in the clinic, enabling 
sequencing all protein-coding genes at once [17]. Another development within the 
field of genetics was the introduction of genome sequencing (GS). In contrast to ES, GS 
also analyses the non-coding DNA-sequences, i.e. the entire human genome [18]. The 
resolution of both ES and GS is much larger compared to other technologies (Table 1). 
Another major advantage of both ES and GS is that no a-priori knowledge about the 
underlying disease is necessary [18]. The introduction of ES and GS creates a shift from 
a phenotype-first approach to a genotype-first approach.

1 1
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1.3 EXPLOITING THE ADVANTAGES OF ES AND GS

Exome sequencing and genome sequencing are -per test- perceived to be more 
expensive than the techniques previously used, but they allow to combine the advantage 
of genome wide analysis with the ultimate resolution at base pair level. Besides these 
technical advantages of ES or GS, there are also other possible advantages of ES or GS 
used to confirm a genetic diagnosis in children with suspected genetic condition:

Reducing complexity and length of the diagnostic trajectory
One example of clinical benefits of implementing ES or GS is the impact on complexity 
of the genetic diagnostic trajectory. Instead of performing multiple (consecutive or 
parallel) genetic tests, just one single test, i.e. ES or GS, might be sufficient in order 
to provide the molecular diagnosis, which can reduce the complexity of the genetic 
diagnostic trajectory. As a consequence, the time-to-diagnosis is also expected to be 
shortened [19-21]. The latter is even more evident if ES or GS is performed as first-tier, 
and rapid test (rapid ES or rapid GS), providing the diagnostic outcome of genetic testing 
in 5-14 days.

Increasing the diagnostic yield
The use of multiple complementary genetic assays is chosen to account for the genetic 
and clinical heterogeneity. Yet, it is practically beyond reach to test for all genes, and all 
variant types. Consequently, the overall diagnostic yield obtained in a cohort of patients 
with rare disease, is still low (5-20%). Based on the size detection limit and detectable 
type of variants of ES and GS (Table 1), implementing these technologies instead of 
routine genetic testing might impact the efficiency of the diagnostic trajectory, and 
results in an increased diagnostic yield [19-21].

Reducing burden of the diagnostic trajectory
As mentioned, the diagnostic trajectory can be burdensome for both patients and 
their parents. By ending the diagnostic odyssey, i.e. by aiming at shortening the 
length of the diagnostic trajectory and increasing diagnostic yield by implementing 
ES or GS, experienced burden might be reduced. Moreover, research has shown that 
implementation of ES in rapid mode, i.e. rapid ES, is clinically effective for patients 
admitted to the NICU or pediatric intensive care unit (PICU), but also relieves the burden 
of stress and uncertainty in families [2, 22].

Supporting clinical decision-making
Based on early diagnosis, treatment can be started (earlier) or ineffective or harmful 
therapies can be stopped. Furthermore, complications of the disease can be prevented 
or specialists can anticipate on expected complications by long-term strategies, e.g. 

1 1



14 | CHAPTER 1

by surgery or rehabilitation. A genetic diagnosis can also guide genetic counseling for 
parents of the patient or it can assist in the discussion regarding end-of-life decisions.

1.4 COST-EFFECTIVENESS OF GENETIC DIAGNOSTICS

The implementation of a new technology, such as ES or GS, does not only involve clinical 
or ethical considerations. The economic impact should also be taken into account. As 
mentioned, in order to diagnose a patient with a rare disease of presumed genetic origin, 
so far, often multiple tests are used, questioning whether the overall costs to diagnose a 
patient by the new techniques, i.e. ES or GS, are also more expensive. Cost-effectiveness 
plays a crucial role regarding the implementation of a new technology and depends on 
both the costs and clinical benefit [23]. In the ideal scenario, a new technology should 
cost less (or be cost neutral) compared to the alternative, or currently used technology, 
and/or should positively affect clinical outcomes in order to be cost-effective. In practice, 
a cost-effectiveness analysis (CEA) is performed where the relationship between at least 
two technologies or interventions and their effect on health outcomes is investigated and 
can be used to inform policymakers about making decisions regarding reimbursement 
and implementation of the new technology [1, 24, 25].

General guidelines for performing a CEA
Before performing a CEA, it is important to know which outcome measurements should 
be used. According to the National Institute for Health and Clinical Excellence (NICE) and 
Zorginstituut Nederland (ZIN), cost per quality-adjusted life year (QALY) is the preferred 
outcome measure [24, 26, 27]. A QALY represents one extra year of life in perfect health 
and takes into account both the quantity and quality of life in a certain health state [25, 
28]. QALYs are assessed by using questionnaires about different dimensions of daily life, 
for example the EuroQol-5D (EQ-5D-5L) [23].

Based on the incremental cost-effectiveness ratio (ICER), a policymaker can decide 
whether a new intervention or technology should be implemented in local or national 
policies [23, 24]. An ICER compares two different interventions or technologies and is 
based on the incremental health outcomes and incremental costs. For example when 
comparing two interventions (Table 2), i.e. the currently used treatment (O) compared 
to a new treatment (A). Both interventions are related to a certain health outcome, 
in this case the QALY. The incremental health outcome is defined as the difference in 
health outcome for the two interventions and can be calculated by subtracting the 
health benefit of O (i.e. 0.7) by the health benefit of A (i.e. 0.9). Incremental costs are 
defined by the difference in costs for the currently used technology (O) and the new 
technology (A).

1 1
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Table 2. Example of comparing two different treatment strategies
Costs Health benefit (QALY)

Currently used treatment (O) €700 0.7

Alternative treatment (A) €500 0.9

QALY = quality-adjusted life years gained

The ICER can be calculated by dividing the incremental costs by the incremental health 
outcomes ( ). In the example provided in Table 2, this would result in 
(€500-€700)/(0.9-0.7) = -€1,000. This means that implementing the new intervention 
will save €1,000 per QALY gain. A negative ICER indicates that the new technology 
results in a decrease in costs, improvement of health outcomes or both compared to 
the current technology (Figure 1), suggesting that it is recommended to implement the 
new technology [1].

(€)

Figure 1. Cost-effectiveness plane, based on Bick and Dimmock [29]. 
The red line represents the change in costs and effects for the currently used technology, 
intervention or treatment (O) and the alternative technology, intervention or treatment (A).

Guidelines for performing a CEA within genetics
Within the field of genetics, it might be difficult to use cost per QALY as outcome 
measure, since QALYs are mainly based on patients’ quantified perception of wellbeing. 
Especially with children or infants as target population, it can be quite challenging to 
get a realistic representation of QALYs. Furthermore, QALYs are also determined only 
for directly affected patients instead of taking relatives into account, although earlier 
research has shown that genetic information is also very important for relatives due to 
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16 | CHAPTER 1

potential harm or benefit of a genetic disease for family members [23, 30, 31].

Within pediatric genetics, there are guidelines for performing economic evaluations. 
However, according to earlier research there is a lack of adherence to these existing 
guidelines and there is need for additional guidance to assist clinical decision-making 
[32]. At the moment, it is unclear which outcome measurements should be included in a 
CEA focused on NGS innovations for rare disease diagnostics, and what the time horizon, 
i.e. time period over which costs are collected, should look like.

Current cost-effectiveness evidence
Regarding the cost-effectiveness of implementing ES or GS, scientific evidence is 
relatively scarce [33]. By ending the diagnostic odyssey, future healthcare resource 
use and costs can be prevented. A previous study showed that an earlier diagnosis, 
especially with improved genetic testing, will positively affect the diagnostic odyssey 
and significantly reduce costs associated with this diagnostic trajectory [34]. However, 
an earlier diagnosis can also lead to an earlier start of treatment, also preventing future 
healthcare costs, but may in fact also lead to increase in costs because of the use genetic 
therapies, which without knowledge of the diagnosis, may not have spent [17, 35]. The 
latter will, however, only become visible if CEAs include a longer time window than up 
until the ES diagnostic outcome. Although implementation of ES or GS might be cost-
effective in the future for the diagnostic trajectory, more research is needed to support 
the implementation of ES or GS [2, 36-38]. It is unclear what differences in costs related 
to the genetic diagnostic trajectory can be expected.

Within the Netherlands, several studies have been performed on the clinical utility 
and economic impact of ES compared to current genetic testing [36, 39]. These studies 
suggest that implementation of ES might be clinically beneficial and cost-effective 
in patient care. However, it remains challenging to estimate the impact in case ES is 
implemented as first-tier test.

1.5 RESEARCH QUESTIONS

In the last decade, the landscape of genetic testing has changed enormously due to 
the development and introduction of NGS technologies. ES has found a stable position 
in identifying the genetic etiology of rare disease, and increased diagnostic yield. 
There is however still an unmet need to better understand the economic impact of ES 
implementation in routine care, also including the other possible benefits of ES, such 
as improvements in clinical decision-making, and reduced burden to families. A cohort 
of patients in which these economic outcomes might be best captured are neonates 
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admitted to Dutch NICUs. For these neonates, it is expected that genetic tests results 
may impact clinical decision-making, yet, genetic testing using ES has not reached 
widespread implementation. The latter is mainly due to the need of NICUs to have a fast 
ES result, requiring infrastructure on Dutch genetic laboratories. Since there are also 
still uncertainties regarding the values to be taking into account for economic evaluation 
when implementing novel genetic tests. Hence, the overall aim of this thesis is to assess 
the economic value of implementing ES compared to routine genetic diagnostic testing 
within pediatric care. Hereto, the following research questions will be addressed:

1.	 What are the best approaches for economic evaluations of next generation 
sequencing in pediatric care, what are the included costs, effects and time 
horizons?

2.	 What are the average healthcare costs for patients admitted to the NICU, and 
what is the role of genetic testing in this trajectory?

3.	 What is the impact of implementing (rapid) ES on these total healthcare costs?

In order to assess the added value of implementing ES, it is important to know what 
to include in an economic evaluation. Therefore, chapter 2 reviews the included costs, 
effects and time horizons of studies on implementation of ES and/or GS in pediatric 
genetics to deduce a framework for future economic evaluations in a changing genetic 
diagnostic landscape.

In chapter 3, a single-center retrospective observational cohort study is described of 
neonates admitted to the NICU, including a clinical characterization of the cohort, as well 
as the uptake of genetic testing, and diagnostic yield obtained. Based on these results, 
strategic options were suggested to maximize diagnostic yield by implementing rapid 
ES. The healthcare costs and genetic testing of this cohort are explored in chapter 4. 
Furthermore, this chapter includes four scenarios in which the economic consequences 
of implementing ES was modelled.

Chapter 5 details the clinical and economic consequences of implementing ES at the 
NICU as first-tier test in neonates, by a national prospective multicenter clinical utility 
study. All neonates received both the traditional genetic diagnostic trajectory and the 
genetic trajectory in which rapid ES was performed, allowing for a direct comparison of 
outcome measures including diagnostic yield, and economic consequences.

Chapter 6 summarizes the studies of this thesis and provides an overall reflection on 
results obtained, and places these in a context for future economic evaluations of novel 
technologies in the field of medical genetics. 
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ABSTRACT

Next Generation Sequencing (NGS) is increasingly used for the diagnosis of rare genetic 
disorders. The aim of this study is to review the different approaches for economic 
evaluations of NGS in pediatric care used to date, to identify all costs, effects and time 
horizons taken into account. A systematic literature review was conducted to identify 
published economic evaluations of NGS applications in pediatric diagnostics, i.e. exome 
sequencing (ES) and/or genome sequencing (GS). Information regarding methodological 
approach, costs, effects and time horizon was abstracted from these publications. 
Twenty-eight economic evaluations of ES/GS within pediatrics were identified. Costs 
included were mainly restricted to direct in-hospital healthcare costs and varied widely 
in inclusion of sort of costs and time horizon. Nineteen studies included diagnostic yield 
and eight studies included cost-effectiveness as outcome measure. Studies varied greatly 
in terms of included sort of costs data, effects and time horizon. Large differences in 
inclusion of cost and effect parameters were identified between studies, validity of 
outcomes can therefore be questioned and it hinders valid comparison and wide-spread 
generalization of conclusions. In addition to current health economic guidance, specific 
guidance for evaluations in pediatric care is therefore necessary to improve validity of 
outcomes and furthermore facilitate comparable decision-making for implementing 
novel NGS-based diagnostic modalities in pediatric genetics and beyond. 
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2.1 INTRODUCTION

Worldwide, approximately 350 million people are affected by rare disorders of which 
fifty percent had an onset during childhood, and eighty percent has a genetic origin [1, 
2]. The diagnosis of rare genetic disorders in children is challenging and time consuming 
due to among others the rarity of the individual disorder, the variability of the clinical 
manifestations, the genetic heterogeneity and the deficiencies in laboratory testing. 
Recent developments in Next Generation Sequencing (NGS) have made it possible to 
investigate all protein-coding regions or even entire genome in one single time, i.e. by 
implementing exome sequencing (ES) or genome sequencing (GS), respectively [3]. 
These developments have resulted in an increase in genetic diagnoses and a shortened 
time-to-diagnosis for patients with expected genetic disorders [4, 5].

These rapid technological developments are often of clinical relevance, and subsequently 
studies on economic impact are increasingly being performed to assess the (added) 
value of new diagnostic modalities. To ensure valid decision-making and high-quality 
studies, it is essential that these studies adhere to respective health economic guidelines. 
Unfortunately, a recent study has indicated that there currently is a lack of adherence to 
these “basic health economic” guidelines in economic evaluations of pediatric genetics 
[6].

Unfortunately, adherence to these “basic health economic” guidelines does not hundred 
percent ensure the validity and quality of evaluations. Recent studies in other areas have 
indicated the need for additional, so-called disease-specific guidance, in order to ensure 
right choices are made on a disease level with regard to inclusion of cost data, outcome 
parameters and length of the analysis [6]. In addition to adherence to existing guidance 
it is therefore also essential to adhere and or to include (newly) developed guidance 
published in scientific journals, guidance which increases disease specific uniformity of 
methods and outcome measures. This would not only facilitate the ability to share and 
combine health economic data, but would possibly also lead to a decrease in research 
waste. An excellent example of such disease-specific guidance is the publication of 
Buchanan in which they outline characteristics which should be included in economic 
evaluations [7]. 

Moreover, next to a complete and comparable collection of costs and adherence to 
existing guidelines, there is ongoing discussion about the inclusion of effect measures 
for genetic technologies. In the field of health economics, combining costs and effects 
into one outcome measure, such as cost per life year gained or cost per quality 
adjusted life year gained, is routinely used and subsequently decision makers to decide 
on reimbursement [8]. However, using a uniform effect measure, i.e. an outcome 
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measurement which makes it easier to compare or combine studies, is very challenging 
within the field of pediatric genetics, as most often, obtaining a genetic diagnosis, does 
not immediately lead to treatment options.

Although recent reviews have indicated that challenges with comparability are prevailing 
in economic evaluations of pediatric genetics, they did not outline whether differences 
in included costs and effects are prevalent and which costs and effects were included 
by the individual studies [6, 9]. Also, assessment on inclusion of disease-specific 
recommendations is often lacking. 

An overview of all parameters used so far within previous economic evaluations is 
currently lacking. We therefore aim to review all economic evaluations of ES and/or GS 
performed for pediatric onset genetic disorders, identifying all costs, effects and time 
horizon (i.e. time over which data was collected) included, and providing the differences 
in approaches taken. Approaches are compared to disease-specific guidance as recently 
recommended [7, 10].

2.2 METHODS

Study design and search strategy
A systematic literature review was conducted (February 14, 2021) to identify published 
economic evaluations, in which costs and effects are compared (model-based, 
prospective and retrospective) of the clinical applications of ES and/or GS as diagnostic 
tool for rare genetic disorders in a pediatric setting. Hereto, the following search strategy 
was applied: (sequence analysis OR high throughput nucleotide sequencing OR next 
generation sequencing OR whole genome sequencing OR whole exome sequencing) 
AND (costs and cost analysis OR cost-effectiveness) AND (children OR infant OR pediatric 
OR paediatric). The databases used for the search were PubMed/MEDLINE and EMBASE.
Two independent reviewers validated the published articles based on the following 
inclusion criteria: (i) the full-version of the article was available; (ii) the article was 
published in English; (iii) ES and/or GS are part of the economic evaluation described; and 
(iv) the study population consists of children aged 18 years or younger. The independent 
reviewers participated in both data extraction and article screening. Both reviewers 
independently selected studies suitable for data analysis based on the inclusion criteria. 
Discrepancies were resolved by discussing the article in question. There were no 
restrictions considering year of publication, since the role of NGS in genetic diagnostics 
(ES and/or GS) has only became more evident since 2009. Of all included studies, 
reference lists were reviewed to identify additional studies.

2 2



ECONOMIC EVALUATIONS OF EXOME AND GENOME SEQUENCING IN PEDIATRIC GENETICS | 27

Data extraction
Characteristics including study population, health condition, sample size, comparison of 
genetic tests, time horizon, type of included costs (for example costs related to diagnostic 
testing or non-medical costs) and effects (i.e. outcome measures) were extracted and 
summarized to create an overview of all economic evaluations included in this study. 
Time horizon was defined as the duration over which costs and effects were included. 
For each included study, the final conclusion was extracted.

Data analysis
The included costs were compared to the cost components as stated by Drummond et 
al. [10] and Buchanan et al. [7] to determine which aspects are currently missing in the 
evaluations. Drummond et al. [10] outlined that the following costs should be included: 
(i) costs within the healthcare sector, consisting of all medical costs directly resulting 
from the intervention and costs incurred during life years gained; (ii) costs for the patient 
and family, for example travel expenses, own contributions, time spending costs or costs 
of informal care; and (iii) costs in other sectors, which can be costs incurred in sectors 
outside the healthcare system, for municipal services, education or voluntary work. 
Buchanan et al. [7] defined eight cost components, which were specifically attributable 
to the evaluation of genomic technologies: costs related to: (i) patient recruitment (e.g. 
publicity and education of patients); (ii) blood or tissue sample collection; (iii) sample 
testing; (iv) data analysis; (v) communication of test results; (vi) actions taken based on 
tests results; (vii) training and infrastructure (e.g. costs related to staff training); and (viii) 
indirect costs. In order to judge which effects should be measured during an economic 
evaluation, an overview of all included effects was created.

2.3 RESULTS

Studies identified
Based on our database searches, we identified 313 studies in Pubmed/MEDLINE and 494 
studies in EMBASE, resulting in 807 unique studies. Of these, 28 studies (3.5%) fulfilled 
our inclusion criteria. Based on the PRISMA reporting guidelines [11], an overview of the 
complete selection procedure is shown in Figure 1. Manual inspection of the reference 
lists from these twenty-eight studies did not yield any new studies.

In Table 1, the characteristics of the included studies are summarized. The rare disorders 
of the children for which the child received ES/GS (i.e. intellectual disability, epilepsy, 
autism spectrum disorder) and the cohort sizes varied (IQR 40-300, median 101). Nine 
studies (32.1%) included a scenario analysis [12-20] and six (21.4%) investigated the 
implementation of GS instead of, or in addition to, ES [15, 17, 21-24].

2 2



28 | CHAPTER 2




Figure 1. Overview of systematic database search. 
ES = exome sequencing; GS = genome sequencing.

Time horizons were also different for the included studies, and there was no consensus 
regarding the moment a study started nor the moment a study ended (Table 1). In more 
detail, five studies (17.9%) had a time horizon of a fixed duration (range 7-24 months) [14, 
15, 22, 26-27] and six studies (21.4%) included the complete diagnostic trajectory [16, 
19-20, 23, 28-29]. There were eight studies (30.8%) which started at a certain moment in 
time (i.e. first visit in hospital, onset of symptoms or moment of inclusion) until a diagnosis 
was found [12, 18, 30-35]. Five studies (17.9%) looked at what had happened after ES was 
performed [17, 21, 24-25, 36] and the remaining four studies (15.4%) included a time 
period from onset of symptoms or first visit to the hospital until ES was initiated [13, 37-
39]. The final conclusions of the included studies are shown in Table 1.
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Included costs and effects
Table 2 shows a summary of the different cost categories according to both Drummond 
et al. [10] and Buchanan et al. [7]. Regarding inclusion of internal costs (i.e. diagnostic 
and non-medical costs within the hospital of interest), external costs (i.e. costs outside 
or in another hospital) and additional costs, results are diverse: fourteen studies (50.0%) 
included only internal costs [13, 15-16, 20, 22, 24, 26-30, 35, 37, 39], whereas eleven 
studies (42.3%) also took a part of the external costs into account [12, 18-19, 21, 25, 
31-34, 36, 38]; two studies (7.7%) also investigated nonmedical costs like travelling costs 
[14, 23] and time spending costs for (parents of) the patient, such as time lost due to 
medical visits [17, 23]. Furthermore, eleven studies (42.3%) solely focused on costs of 
diagnostic testing [15-16, 19, 22, 29, 31-33, 35, 37-38]. None of the studies took costs 
incurred during life years gained or costs related to other sectors (non-medical costs) 
into account.

Compared to the cost components of Buchanan et al. [7], all of the studies included 
costs related to sample collection, sample testing and data analysis. Fourteen out of 
twenty-eight studies (50.0%) took post-test counseling into account [12-14, 17, 20-21, 
23-28, 30, 39] and nine out of twenty-eight studies (32.1%) took action taken based 
on test result into account [12-15, 21, 24-26, 30]. Three studies (11.5%) included non-
medical costs, such as travel expenses and time spending costs of patients and family 
[14, 17, 23]. Costs related to patient recruitment and training and infrastructure were 
not investigated.

Table 3 shows a summary of the investigated effects. Nineteen studies (67.9%) included 
diagnostic yield [12-14, 16, 20, 22, 24-29, 31-33, 35-38]. Two studies (7.7%) took the 
number of ongoing pregnancies and utilization of reproductive genetic services into 
account [25, 36]. Considering cost-related outcomes, included outcome effects varied: 
five studies (19.2%) focused on cost-effectiveness only [14, 22, 31-32, 37], but the 
more recent publications included incremental costs per additional positive finding in 
(hypothetical) testing scenarios [15-16], incremental costs per additional diagnosis [17-
18, 25, 28] or an incremental cost-effectiveness ratio (ICER) [36].
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2.4 DISCUSSION

Based on our inclusion criteria, to date twenty-eight economic evaluations regarding 
NGS have been performed within the pediatric population. These economic evaluations 
were published between 2014 and 2020. Our review outlined the presence of an 
extensive variability in choice and usage of costs, effects and time horizon in these 
economic evaluations. According to the cost categories defined by Drummond et al. 
[10], costs included by the studies mainly focused on diagnostic costs. Only three out 
of twenty-eight took other healthcare resources (i.e. travel expenses [14, 23] and time 
spending costs [17, 23]) into account, while personal costs (i.e. costs of informal care, 
own contributions/co-payments and non-medical costs) were not included at all. The 
cost categories as defined by Drummond [10] and Buchanan et al. [7] focus on the costs 
related to (genetic) diagnostics and beyond diagnostics. However, no uniformity can be 
found between the cost taken into account by the different studies in this review. In 
order to increase uniformity, future studies should at minimum follow their guidelines 
[7, 10]. Since it will be challenging to include non-medical costs, we suggest to also 
include at least non-diagnostic costs in addition to the diagnostic costs. If studies work 
conform to this approach, this would also improve insight in and appreciation of cost-
effectiveness of ES and GS [23]. This is also supported by a study of Vrijenhoek et al. 
[26], which stated that benefit of genetic diagnostics can be broader than the diagnostic 
test itself. Having a diagnosis can also influence future health, treatment can be started 
earlier or expensive surgeries can be prevented.

Considering time horizon, no uniform method was used to determine the start and end 
of a study. Most of the studies ended the economic evaluation when a final diagnosis 
was found or when ES was initiated. However, the total duration included by the studies 
varied widely. This confirms the need for a uniform approach to ensure comparability. A 
study of Dragojlovic et al. [23] concluded that longer time horizons need to be included. 
Especially in patients without a conclusive diagnosis, long-term costs may influence 
conclusions about cost-effectiveness of a diagnostic test. It is not possible to judge 
whether studies which took a fixed time-period as time horizon also took the complete 
diagnostic trajectory into account. To capture the full benefit of ES and/or GS, at least the 
complete diagnostic trajectory should be taken into account. According to Dragojlovic et 
al. [23], a longer follow-up period of at least two or three years is needed to capture the 
health benefit following having or not having a diagnosis. The latter may even suggest 
that stratification according to the outcome of the genetic test should be performed, as 
differences may be expected.

Interestingly, there seems to be a shift in focus on how effects were studied over 
time. The first publications regarding evaluations of NGS in pediatric genetics include 
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effects directly related to the diagnostic trajectory, for instance diagnostic yield or cost-
effectiveness itself. In health economic evaluations, a quality-adjusted life year (QALY) 
is most often used as effect measure to calculate the incremental cost effectiveness 
ratio (ICER) [40]. Since the end of 2017, it is common to use the ICER used to investigate 
cost-effectiveness within the field of health technology assessment. Although Stark et al. 
[25] did investigate QALYs, this was not included in an ICER. The first two studies which 
calculated an ICER, included additional positive findings in scenario analysis as effect 
measure [15-16]. Later on, effects were replaced by additional number of diagnoses 
[17-18]. A more recent study of Schofield et al. [36] included QALYs to calculate the ICER. 
Although valuable, making decisions on willingness to pay per additional diagnoses is 
difficult. Besides, also no conclusive diagnosis can have added value to both doctors and 
(parents of the) patients. For example, in case of a severe disease. Expensive care might 
be continued in case no severe diagnosis can be found. For decision makers, QALYs 
are very well-known parameters in de the decision-making process. Other outcome 
measures, such as clinical utility, are more difficult to base reimbursement decisions 
upon, although these better reflect the added clinical value within the pediatric 
population. The findings of this study again demonstrated that more discussions should 
be initiated with all decision makers to gain complete insight in most valuable other 
outcome measures compared to the QALY to base a decision upon.

Remarkably, two studies included the number of ongoing pregnancies and the utilization 
of parents’ reproductive genetic services as effect measure [25, 36]. This result also 
suggests that including costs goes beyond including costs directly related to the patient 
(child) him/herself. That is, in daily practice, guidance based on genetic test results is 
often not limited to impacting (future) life decisions of the patient him/herself, but 
also affects the choices and health care costs of his/her (blood)relatives. In order to 
perform economic evaluations in NGS, it is important to include all relevant information. 
However, at the moment it is unclear how this relevant information can be defined and 
to what extent it is needed to involve effect measures related to the relatives of the 
child. These findings confirm the need of a uniform approach, including all cost aspects 
which should be the minimum requirement to guide decision-making. 

Recently, it has been outlined that non-adherence to current health economic checklists 
is a major issue in economic evaluations of NGS for pediatric patients [6]. Although Alam 
and Schofield [6] make a valid point regarding non-adherence, they did not discuss that 
disease-specific guidance to perform an economic evaluation in a certain setting was 
lacking. Examples include for instance that the use of terminology by the included papers 
was very divers (Table 3), but also that is was unclear what was meant by the terms in 
absence of definitions, making comparisons and interpretation difficult. Whereas these 
at large may depend on the study perspective, also these were not clearly outlined. 
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The end results are economic evaluations within pediatrics for which it is underdefined 
which costs to include or how to define these. Such practical, disease-specific guidance 
is needed to ensure the improvement of future economic evaluations in genetics and 
thereby ensure the correct collection of highly valid data which can be used by the entire 
scientific field. These improvements can be created by more guidance as many authors 
of economic evaluations take previous papers as example when deciding upon inclusion 
of costs; high quality standards should therefore be developed and also journals should 
be made aware of the importance of so called cross-validation.

It was unclear whether or not studies had the intention to perform a full economic 
evaluation. In order to create more uniformity and comparable studies, it is essential 
that studies indicate whether the objective was to conduct a full-economic evaluation 
and or whether there was a transparent reason to include certain costs and or effects 
in the evaluation.

The variability in choice of costs and effects also indicates the lack of discussion and 
guidance with current decision makers within the field. It is highly relevant that such 
a discussion takes place to ensure inclusion of the most valuable outcome measures 
for making decisions on reimbursement and timing of expensive diagnostics. Within 
pediatric genetics, a disease specific guidance as outlined in this review is needed. This 
guidance would increase quality, reliability and comparability of outcomes. Current 
initiatives such as the GEECS (Global Economics and Evaluation of Clinical Genomics 
Sequencing Working Group) are essential in this case [41]. Within GEECS, for instance, 
they focus on improving methods used for assessing value of new genomic technologies. 
The lack of uniformity and consensus on outcome measures (as indicated in this study) 
indicates that guidance and consensus on outcome measures should have high priority 
to ensure and improve decision-making.

At last, the majority of the included evaluations in recent reviews have had a focus on 
the implementation of ES [12-14, 16, 18-20, 25-39], and only six studies investigated 
the implementation of GS [15, 17, 21-24]. In order to help decision makers with future 
decisions, especially in a fast-developing field such as medical genetics, it would be 
very relevant to outline which outcomes and individual input parameters are useful for 
future decisions on for instance implementation of GS in clinical practice. If achieved, 
this will also improve the power of evidence and, better guide future research on cost-
effectiveness studies towards those areas for which evidence is still largely unexplored. 
Within the field of medical genetics, much effort is being made to share knowledge on 
genetic causes of disease, similar efforts should be made to push the field of economic 
analysis in genetics. Hereto, transparency in sharing outcomes and knowledge with 
regard to health economic evaluation are essential.
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In general, it is challenging to use current health economic methods to capture the full 
benefit of NGS-related diagnostics. For instance, the inclusion of secondary findings, 
non-health benefits and family spillover effects are difficult to incorporate in cost savings, 
let alone in one overarching number informing decision makers. New approaches and 
methods should become available to fully capture, address and evaluate the added 
benefit. Methodological research is essential in order to more precisely estimate the 
impact of genetic diagnostics and to improve well informed/valid decisions in the near 
future.

This study has two (minor) limitations. First of all, only Pubmed/MEDLINE and EMBASE 
were included for database search. However, we have also manually inspected the 
reference lists of the included studies to ensure that all relevant studies are included in 
this review. This did not lead to any new inclusions. Another possible limitation of this 
study was that we did not perform quality checks for the included studies. Although 
we did use the PRISMA reporting guideline [11], no alternative quality checks were 
performed. However, we do not think that inclusion of extra databases or adding quality 
checks would result in different results and/or conclusions.

Conclusions
In conclusion, a large variety in choice of costing characteristics and outcome measures 
is present in economic evaluations of new genetic technologies in pediatric conditions. 
This variability shown by the included studies indicates randomness in methods for 
economic evaluations in NGS and hampers a reputable comparison between outcomes. 
We argue that an improvement in cost collection (duration and type of cost data) and 
standardization in outcome measure is necessary for valid decision-making in the field 
of pediatric genetics, and beyond. In addition to collaboration on clinical outcomes and 
data sharing, we should strive for a uniform approach in health economics in genetics 
to fight research waste but even more to speed up and improve the decision-making 
process; now is the time.
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ABSTRACT

Neonates with genetic disorders or congenital anomalies (CA) contribute considerably 
to morbidity and mortality in neonatal intensive care units (NICUs). The objective of this 
study is to study the prevalence of genetic disorders in an academic level IV NICU. We 
retrospectively collected and analyzed both clinical and genetic data of all 1444 infants 
admitted to the NICU of the Radboudumc (October 2013 to October 2015). Data were 
collected until infants reached at least 2 years of age. A total of 13% (194/1444) of the 
patients were genetically tested, and 32% (461/1444) had a CA. A total of 37% (72/194) 
had a laboratory-confirmed genetic diagnosis. In 53%, the diagnosis was made post-
neonatally (median age=209 days) using assays including exome sequencing. Exactly 
63% (291/461) of the patients with CA, however, never received genetic testing, despite 
being clinically similar those who did. Genetic disorders were suspected in 13% of the 
cohort, but only confirmed in 5%. Most received their genetic diagnosis in the post-
neonatal period. Extrapolation of the diagnostic yield suggests that up to 6% of our 
cohort may have remained genetically undiagnosed. Our data show the need to improve 
genetic care in the NICU for more inclusive, earlier, and faster genetic diagnosis to enable 
tailored management.
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3.1 INTRODUCTION

A significant portion of neonates admitted to neonatal intensive care units are 
diagnosed with a genetic disorder [1]. Congenital malformations, potentially indicating 
an underlying genetic disorder, are estimated to be present in 13% of all admissions to 
neonatal intensive care units (NICUs) and remain one of the leading causes of neonatal 
mortality (25-34%) [2-6]. The clinical presentations of genetic disorders vary widely, from 
an isolated (major) congenital anomaly (CA) or multiple malformations (MCA) to more 
subtle clinical signs or symptoms. The diagnostic pathway is often long and requires 
extensive evaluations that may be invasive and costly [1]. Diagnosis of most genetic 
disorders in neonatal and pediatric intensive care units (NICUs and PICUs) is generally 
not timely enough to adequately guide acute clinical management. 

Previous studies have shown that genetic disorders are a frequent cause of CA, especially 
MCA [1, 2]. However, the exact frequency is unknown, as percentages reported 
vary between 20-50%, which can mainly be attributed to cohort selection and the 
heterogeneity of diagnostic tools used [2, 7]. In neonates admitted to a NICU, genetic 
testing is generally aimed at detection of aneuploidies (such as trisomy 13, 18 and 21) or 
chromosomal aberrations, which in lesser extent is followed by direct testing of specific 
genes, guided by the patients’ phenotype.

Over the last decade, novel technologies, such as exome sequencing (ES), have entered 
the genetic diagnostic arena. Its use in clinical settings, such as neonatal intensive care, 
have however been limited, as turnaround times were perceived too long (i.e. months) 
to impact acute or short-term clinical decision-making, and too costly compared to 
other genetic diagnostic testing options [8-10]. Yet, as these turnaround times and 
costs have decreased significantly, there is an opportunity for innovation and durable 
implementation of ES in the NICU setting.

To facilitate these efforts, insight into current practices, both at the level of clinical 
presentation as well as the uptake of (the type of) genetic testing, is essential. For this 
purpose, a retrospective observational study was performed in a cohort of neonates 
admitted to the NICU of the Radboud university medical center during a two-year period 
up to a post-natal age of two years.
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3.2 METHODS

Retrospective cohort definitions 
We collected data of all patients born between 1 October 2013 and 1 October 2015 
and admitted to the level IV NICU of the Radboud university medical center. Exclusion 
criteria were genetic testing in the context of a known mutation within the family and/
or the identification of disorders through the national neonatal blood spot screening 
program [11]. For the purpose of this study, we stratified the data to three different time 
periods, being prenatal (before birth), neonatal (day of birth – day 1, up to 28 days of 
life), and post-neonatal (beyond 28 days of life). In addition, patients were categorized 
in six groups based on the moment when a genetic disorder was suspected (prenatal, 
neonatal and post-neonatal period), combined with whether or not a genetic diagnosis 
was confirmed.

Data collection and analysis 
Data was extracted from the electronic medical record (EMR) for each subject until the 
post-natal age of 2 years. A combination of automatic and manual data extraction was 
performed. Information regarding demographic data, diagnoses, and clinical geneticist 
consultations were manually extracted from the EMR of all patients. Genetic diagnosis 
was defined as a molecular, cytogenetic, or metabolic abnormality explained by a genetic 
disorder and related to the patient’s presenting phenotype. “No genetic diagnosis” 
was classified as patients with (non-specific) symptoms, such as feeding difficulties or 
respiratory distress and physical abnormalities without confirmation of an underlying 
genetic disorder. 

For each patient, we retrieved information on whether or not a clinical geneticist was 
consulted. If so, information on the date, location (inpatient /outpatient), and indication 
for consultation was obtained. We reviewed all genetic tests and recorded the type 
and result of the test, the date the specimen was received by the lab, and the date 
of the final report. We also included relevant tests performed prior to transfer to our 
institution using the information available in our EMR. Gene tests that were ordered 
as a panel (more than one gene), but for which results for each gene were provided 
separately, were entered as individual gene tests as the turnaround time may vary per 
gene. A conclusive diagnosis was defined as a laboratory-confirmed genetic diagnosis 
based on the identification of a (likely) pathogenic (class 4 and 5) variant in concordance 
with the patient’s phenotype [12]. Of note, interpretation of variants also relies on the 
clinical presentation of the patient. Phenotypic presentation of (premature) neonates 
may differ from the presentation later in life for known genetic disorders [13]. The 
variants of unknown significance (VUS; class 3) were only considered clinically relevant 
if the phenotype matched appropriately as evaluated by expert clinical geneticists [14]. 
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Primary end points 
Primary end points were (i) confirmed genetic disorders, (ii) incidence of genetic testing, 
(iii) diagnostic yield of genetic testing and (iv) time-to-diagnosis (TTD). Suspicion of an 
underlying genetic disorder was based on the presence of one or more CA or other 
guiding clinical symptoms. The incidence of genetic testing was defined as the percentage 
of patients that received any molecular, cytogenetic or metabolic diagnostic testing. 
The diagnostic yield was defined as the percentage of cases for whom a conclusive 
molecular or cytogenetic diagnosis was identified, e.g. the identification of a class 3, 4 
or 5 variant, that is compatible with the identified phenotype. The TTD was measured 
from the moment the first test was indicated until the return of the final conclusive 
genetic diagnostic report. 

Identification and scoring of congenital anomalies 
To identify the presence of any CA, we analyzed all EMR and scored the reported 
anomalies. Only anomalies that were identified prenatally or during the NICU stay 
were scored. CA were scored using the human phenotype ontology (HPO) terms and 
concomitantly grouped in 23 different organ systems [12]. CA were considered as isolated 
when affecting a single organ system, and as multiple in the presence of anomalies in 
two or more organ systems.

Statistical analysis
Normal distributed data were expressed in mean and standard deviation. Median and 
interquartile ranges were used in data with a skewed distribution. Statistical analysis was 
performed using descriptive and chi-square analyses and a two-sided Fisher’s exact test 
for continuous variables.

3.3 RESULTS

During this 2-year timeframe, 1,470 patients were admitted to the NICU; 26 patients 
were excluded from the analysis, because genetic testing was performed in the context 
of a known familial mutation (n=22) or they were admitted after the identification of a 
neonatal bloodspot screening disorder (n=4) (Figure 1). This resulted in 1,444 eligible 
patients. The clinical characteristics of the included patients are shown in Table 1 and 
Supplementary Table 1. 
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Table 1. Clinical characteristics of neonates
N = 1,444

Male/Female 833 (58%) / 611 (42%)

Gestational age

     Extremely preterm (<28 weeks) 91 (6%)

     Very preterm (28 weeks-34 weeks) 193 (13%)

     Preterm (34 weeks-37 weeks 401 (28%)

     Term (37 weeks-42 weeks) 746 (52%)

     Post-term (>42 weeks) 9 (0.6%)

     Unknown 4 (0.3%)

Congenital anomalies

     No congenital anomalies 983 (68%)

     Congenital anomalies 461 (32%)

          Isolated 312 (68%)

          Multiple 149 (32%)

Genetic testing

     One or more genetic tests 194 (13%)

Genetic testing
In a total of 194 patients (194/1,444; 13%) 410 genetic tests were performed (Figure 2). Of 
these genetic tests, 28% (114/410) were ordered in the neonatal period. More than half 
of the genetic tests (214/410; 52%) were initiated in the post-neonatal period. The type 
of genetic test varied among patients and depended on the suspected genetic disorder 
and corresponding clinical features. In the prenatal and neonatal period quantitative 
fluorescent polymerase chain reaction (QF-PCR), karyotyping, and genomic microarray 
technologies were the most frequently used diagnostic tools, whereas in the post-neonatal 
period this included also Sanger sequencing and ES (Supplementary Table 2).

Genetic diagnosis 
In a total of 72 patients a genetic diagnosis could be established (Table 2). The overall 
diagnostic yield of tested patients is 37% (72/194). We identified all genetic tests and 
the periods wherein these tests were performed (Supplementary Table 2). Most genetic 
diagnoses (38/72; 71%) were confirmed in the post-neonatal period but before 2 years 
of age. The timing of genetic diagnosis across the cohort is demonstrated in Tables 2 
and 3. For the majority of patients receiving their genetic diagnosis in the post-neonatal 
period (22/38; 58%), the search for a genetic diagnosis already started in the prenatal 
and/or neonatal period. 
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Figure 2. Percentage of all genetic tests per time period. 
*Six diagnoses were confirmed with QF-PCR after abnormal noninvasive prenatal testing.; 
#Other: chromosome breakage and x-inactivation analysis. QF-PCR = quantitative fluorescent 
polymerase chain reaction; FISH = fluorescence in situ hybridization; ES = exome sequencing. 

Table 2. Time period in which genetic testing started and the timing of genetically confirmed 
diagnosis

Prenatally confirmed 
diagnosis (n=15)

Neonatally confirmed 
diagnosis (n=19)

Post-neonatally confirmed 
diagnosis (n=38)

Median time (IQR) to diagnosis 
(days)

N/A 22 (IQR 8) 112 (IQR 234)

Median age (IQR) start genetic 
testing (days)

Prenatally 2 (IQR 6) 17 (IQR 304)

Median post-natal age (IQR) at 
genetic diagnosis (days)

Prenatally 13 (IQR 14) 209 (IQR 483)

Median number of genetic tests 2 1 2

N/A = not applicable; IQR = interquartile range

The median TTD for patients with a confirmed genetic diagnosis in the post-neonatal 
period was 112 days (IQR 234 days). Patients in the post-neonatal period received more 
genetic tests than patients in the neonatal period (Table 3). The type of genetic tests 
most used in the post-neonatal period often have a long turnaround time. These factors 
have a significant impact on the median TTD for the patients.

Congenital anomalies 
CA were identified during the NICU admission in 32% (461/1,444) of patients, of whom 
68% (n=312) presented with an isolated CA and 32% with MCA (n=149; Table 1). Uptake 
of genetic testing correlated with the categories for CA: 24/983 (2%) of patients without 
CA were tested, 80/312 (26%) of patients with an isolated CA and 90/149 (60%) of 
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patients with MCA. As expected, also the diagnostic yield correlated with these groups, 
with 21% (5/24) obtained in patients without CA, 25% (20/80) for those with an isolated 
CA and 52% (47/90) for patients tested with MCA (Figure 3). In reverse, patients with 
a CA represented 67/72 (93%) of the confirmed genetic diagnoses. Approximately two-
thirds (44/67) of the diagnosed patients had MCA. This group of patients with MCA will 
be most of the time tested independently of the affected organ systems. Of note, there 
was no difference in the frequency of affected organ system between diagnosed and 
undiagnosed patients with an isolated CA nor with the uptake of genetic testing. 

Table 3. Time-to-diagnosis for 72 patients with a conclusive genetic diagnosis in relation to the 
moment genetic testing was started and a genetic diagnosis was confirmed

Prenatally confirmed 
diagnosis

Neonatally confirmed 
diagnosis

Post-neonatally 
confirmed diagnosis

Suspected genetic disorder 
prenatally (n=21)

15 1 5

Suspected genetic disorder 
neonatally (n=35)

N/A 18 17

Suspected genetic disorder post-
neonatally (n=16)

N/A N/A 16

N/A = not applicable

Figure 3. Relative frequencies for the occurrence of congenital anomalies in the total cohort in 
relation to genetic testing and its outcomes

Types of genetic defects 
An overview of types of genetic defects is displayed in Figure 4 and details for all genetic 
disorders are presented in Supplementary Table 3. Overall, more than half (43/72; 60%) 
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of the detected genetic defects were single nucleotide variants (SNVs), responsible 
for monogenic disorders with large genetic and clinical heterogeneity. These genetic 
disorders were predominantly (35/43; 81%) diagnosed in the post-neonatal period, by 
unbiased genome wide technologies such as exome sequencing and/or gene panel-
based strategies. 15 out of 72 (21%) neonates had an aneuploidy, which were detected 
prenatally or neonatally by use of technologies such as karyotyping and QF-PCR. Of the 
latter, the commonly identified genetic disorders were Down´s syndrome/trisomy 21 
(10/72; 14%), Patau’s syndrome/trisomy 13 (1/72; 1%), Edward’s syndrome/trisomy 
18 (2/72; 3%), and Turner syndrome (2/72; 3%). The remaining 19% (14/72) of genetic 
defects (copy number variants (CNVs), uniparental disomy (UPD), and methylation 
defect) were predominantly detected by genomic microarray and methylation assay.

Figure 4. Relative contribution of genetic assay establishing the conclusive genetic diagnosis 
in relation to moment of testing (panel A) and type of genetic alterations identified (panel B). 
*Six abnormal NIPT were confirmed with QF-PCR. UPD = uniparental disomy; CNV = copy 
number variant; SNV = single nucleotide variant; NIPT = Noninvasive Prenatal Testing; QF-
PCR = Quantitative Fluorescent Polymerase Chain Reaction; ES = exome sequencing; NIPT = 
noninvasive prenatal testing. 
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3.4 DISCUSSION

In this study we retrospectively evaluated a cohort of 1,444 neonates admitted to the 
NICU for the presence of genetic disorders and the genetic diagnostic process during 
the first two years of life. We observed that approximately one third of all neonates 
at the NICU present with CA, which is often an indication for genetic testing. However, 
the timeline of genetic testing as part of the diagnostic pathway usually exceeds the 
neonatal time period. Also, the genetic technologies used during the neonatal period 
differ from those used in the post-neonatal time frame. In the last years advanced 
techniques, with higher diagnostic yields, like exome or genome sequencing are used to 
diagnose patients in the post-neonatal period.

Neonates with congenital malformations indicating a possible genetic disorder comprise 
a substantial proportion of NICU admissions. Congenital malformations are important 
signs and should always alert the clinician [3, 7]. The presence of a genetic disorder 
can easily be missed because of the variable clinical presentation of genetic disorders, 
often leading to a diagnostic odyssey requiring extensive evaluations, both clinically and 
genetically [1].

Identifying the genetic cause of a patient’s condition puts an end to the diagnostic 
odyssey, obviating the need for further costly testing. Furthermore, confirmation of 
a genetic diagnosis has also been shown to alter clinical management [8, 10, 15-17]. 
This may lead to a reduction in mortality and morbidity related to genetic disorders 
with onset in newborns. Contrarily, it may facilitate shared decision-making regarding 
transition to palliative care [8, 18-20]. As an example, in one patient with congenital 
alveolar capillary dysplasia with misalignment of the pulmonary veins and therapy 
resistant pulmonary hypertension, the TTD extended beyond one month. Prolonged 
ineffective cardiorespiratory support could be prevented for this patient given the 
disastrous prognosis due to the underlying genetic disorder. The timing of diagnosis may 
have major impact on clinical management of critically ill neonates [17]. 

Interestingly, we noted that patients suspected of a genetic disorder in the neonatal 
period were more likely to get a diagnosis faster compared to a resulting suspicion in 
the post-neonatal phase. The median TTD of patients tested in the prenatal or neonatal 
period was significantly shorter compared to patients tested in the post-neonatal period. 
The reasons for this are the shorter turnaround time of the genetic tests used in these 
patients compared to those who are tested later in life, but also more obvious clinical 
presentations, like major CA, in neonates which initiated genetic testing compared to for 
instance developmental disorders or isolated intellectual disability, which only become 
recognizable later in life [21].
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In this study, we identified all patients with CA and determined their genetic diagnostic 
path throughout their first two years of life. It was observed that 26% (80/312) of infants 
with an isolated CA were genetically tested, leading to a diagnosis in 25% (20/80) of 
these patients. Similarly, for patients with MCA, 60% (90/149) of patients received 
genetic testing, with a diagnostic yield of 52% (47/90). Comparison of the different 
clinical presentations to determine whether we could identify any clinical indications 
why some patients with CA were tested, and others were not, did not reveal any specific 
observations (data not shown). This was not dependent on which organ system was 
affected. Potential reasons for the reduced uptake of genetic testing in patients with 
isolated CA or MCA could be unawareness of physicians to order genetic testing, or 
perceptions of ‘too long turnaround times to impact clinical decision-making’ and/or 
parents rejecting genetic evaluation. 

Following the above rationale, one may wonder how many patients with CA would have 
benefited from early genetic testing, thereby reducing their diagnostic odyssey and 
allowing enhanced patient-tailored medicine. Extrapolation of the data from our cohort 
and based on the assumption that the genetic diagnostic yield achieved is representative 
for the remainder of the cohort, an extra 58 (diagnostic yield of 25% in 232 not-tested 
patients) patients could potentially be diagnosed in the group with an isolated CA, and 
another 25 (diagnostic yield of 43% in 59 not-tested patients) patients in the sub-cohort 
with MCA. The diagnostic yield for the group with MCA is corrected for patients with 
aneuploidies who rarely will not be tested and diagnosed because of the obvious clinical 
features.

Of note, also in the group of patients without CA, genetic diagnoses were made; 
retrospective analysis of these patients showed that there were specific clinical 
indications (mostly later in life) for genetic testing, such as neurodevelopmental delay. 
As we have limited the follow-up period of our cohort to 2 years of age, it is currently 
not possible to extrapolate the potential for additional diagnosis in the group of patients 
without CA. Overall, it is speculated that at least 83 (58 plus 25=6%) patients in our total 
cohort of 1,444, and 29% (83/291) of not-tested patients with a CA could have likely 
remained undiagnosed due to a lack in genetic testing.

The limited uptake of genetic testing in daily clinical practice on the NICU patients offers 
opportunities for improvement, for instance by offering genetic testing to all patients 
with one or multiple CA. Traditionally, genetic testing has been too time-consuming 
or perceived to have limited impact on management of the critically ill neonate. 
Technological advances in recent years have led to the ability to sequence and interpret 
the entire genome of a neonate in only 1 or 2 days [22, 23]. Whereas many others have 
already shown that exome or genome sequencing can effectively be used to diagnose 
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patients in turnaround times required in an acute setting, other clinical utility questions 
remain unsolved [1, 9, 17-20, 23-26]. This does not only include matters related to 
genetic consultation, and patient selection, but also socio-economic analyses on cost-
effectiveness, and scenario models to determine the most effective strategy to test 
most, if not all, patients at the NICU.

Ideally, one would analyze these aspects in a prospective parallel study that would offer 
great insight into the opportunities and potential pitfall of a so-called ‘ES or genome 
sequencing (GS)-first strategy’. Outcome measures should not only focus on quantification 
of the diagnostic yields via rapid ES, but also on relevant clinical management changes, 
which are anticipated to range from the initiation of specific patient-tailored supportive 
management, the transition to palliative care for confirmed lethal conditions to simply 
refraining from further invasive diagnostic procedures as a consequence of having a final 
molecular diagnosis [8]. The parental perceptions of WES are also very important and 
key factors in the process of empowerment must be explored. 

Whereas our study has limitations because of its retrospective nature relying only on 
information available in the patients EMR with only a few years of clinical follow-up, its 
power is reflected by the systematically assessment of all patients admitted to a level 
IV NICU for their clinical presentation, genetic testing, and genetic diagnosis obtained. 
We have motivated the speculation that currently admitted neonates to the NICU are 
underdiagnosed for disorders of genetic origin. Our results contribute to gaining insight 
in patient populations that would benefit from ES- or GS-based genetic testing, that not 
only allows for impact on clinical decision-making in the acute setting but would also 
limit the diagnostic odyssey of these patients. However, further research is needed to 
determine the best strategy on whom to offer advanced genetic testing, maximizing the 
potential of ES or GS in the NICU setting improving the care provided to infants and their 
families.
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ABSTRACT

It has been estimated that at least 6.0% of neonates admitted to the Neonatal Intensive 
Care Unit remains genetically undiagnosed because genetic testing is not routinely 
performed. The objective of this study is to provide an overview of average healthcare 
costs for patients admitted to the Neonatal Intensive Care Unit and to assess possible 
impact of implementing exome sequencing (ES) on these total healthcare costs. Hereto, 
we retrospectively collected post-natal healthcare data of all patients admitted to the 
level IV neonatal intensive care unit at the Radboudumc (October 2013–October 2015) 
and linked unit costs to these healthcare consumptions. Average healthcare costs were 
calculated and a distinction between patients was made based on performance of 
genetic tests and the presence of congenital anomalies. Overall, on average €26,627 
was spent per patient. Genetic costs accounted for 2.3% of all costs. Healthcare costs 
were higher for patients with congenital anomalies compared to patients without 
congenital anomalies. Patients with genetic diagnostics were also more expensive than 
patients without genetic diagnostics. We next modelled four scenarios based on clinical 
preselection. First, when performing trio-ES for all patients instead of current diagnostics, 
overall healthcare costs will increase with 22.2%. Second, performing trio-ES only for 
patients with multiple congenital anomalies will not result in any cost changes, but 
this would leave patients with an isolated congenital anomaly untested. We therefore 
next modelled a scenario performing trio-ES for all patients with congenital anomalies, 
increasing the average per patient healthcare costs by 5.3%. This will rise to a maximum 
of 5.5% when also modelling for an extra genetic test for clinically selected patients to 
establish genetic diagnoses that are undetectable by ES. In conclusion, genetic diagnostic 
testing accounted for a small fraction of total costs. Implementation of trio-ES as first-tier 
test for all patients with congenital anomalies will lead to a limited increase in overall 
healthcare budget, but will facilitate personalized treatments options guided by the 
diagnoses made.
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4.1 INTRODUCTION

Genetic disorders are of great impact in the wellbeing of an individual. For instance, in 
Europe, 23.9 per 1,000 births between 2003 and 2007 have a congenital anomaly caused 
by a genetic disorder [1]. The prevalence of genetic disorders within the neonatal intensive 
care unit (NICU) is not exactly known and can be missed easily in a neonatal setting [2]. 
Earlier research has shown that a large part of patients admitted to the NICU consists of 
patients with a genetic disorder and 30-50% of these genetic disorders results in neonatal 
and infant deaths [3-9]. It has been shown that 13.7% of the patients admitted to the NICU 
suffer from an isolated congenital anomaly (CA) or multiple congenital anomalies (MCAs) [8, 
10]. As CAs often have a genetic origin, genetic diagnostic testing in these patients may help 
to obtain a diagnosis. We previously confirmed a correlation between a conclusive genetic 
diagnosis and the presence of CAs [11]. We additionally showed that not all neonates 
with CA receive genetic testing, leaving at least 6.0% of neonates without a diagnosis [11]. 
This finding indicates the need for improvement of genetic diagnostic research in order 
to diagnose these patients, decrease the time-to-diagnosis with the possibility of starting 
treatment earlier [11-12]. The introduction of genetic tests for all patients with CAs albeit 
clinically relevant, will have economic effects that need to be clarified.

The advent of novel genetic technologies, including exome sequencing (ES) and genome 
sequencing (GS), have made it possible to investigate the exome or genome, without 
the need for a priori knowledge about a suspected underlying cause of the disease [13]. 
Implementing ES or GS at an early stage during the diagnostic trajectory can result in 
a timely diagnosis. Once the diagnosis has been established, the appropriate type of 
care can be initiated. Timely genetic testing compared to “delayed” diagnostics, shows a 
decrease in healthcare consumption [13].

These novel genetic technologies are very promising for their clinical added value. 
However, implementation of novel genetic technologies also may come at high costs. 
Therefore, the latter impact should deliberately be discussed and adequately analyzed. 
Previous research stated that implementation of ES and GS might be cost-effective in the 
future for critically ill newborn infants [3, 12, 14-15]. The evidence is very scarce and it is 
questionable whether outcomes and cost savings can be extrapolated between different 
patient groups and different countries.

To decide on implementing new diagnostic approaches like ES or GS, it is essential to put 
additional costs into perspective. The main objective of this study is to retrospectively 
calculate the uptake of genetic testing and associated costs for patients admitted to the 
NICU. The secondary objective is to assess the possible impact of implementing ES on 
the total healthcare costs.
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4.2 MATERIALS AND METHODS

Study participants and healthcare data collection
In order to include a long follow-up period and to start before the introduction of WES 
as part of the diagnostic trajectory, patients were included in this retrospective study 
if they were admitted to the level IV NICU at the Radboud University Medical Center 
(Radboudumc), Nijmegen, the Netherlands, between October 2013 and October 2015. 
The clinical details of this cohort are presented in Marouane et al. [11]. In brief, the 
study population consisted of 312 neonates presented with an isolated CA and 149 
with MCA. When represented by 21 organ systems in human phenotype ontology, 
anomalies were found in all organ systems, with cardiovascular system (159 neonates), 
genitourinary system (76 neonates), and growth abnormalities (70 neonates) being 
affected mostly. For neonates with MCA, on average 2.8 organ systems were affected. 
In this cohort, no correlation was found between the severity of the CA (isolated or 
multiple) and the uptake of genetic testing [11]. Patients were excluded from this study 
in case (i) the patient was admitted to the NICU due to results from the neonatal blood 
spot screening program; (ii) genetic diagnostic testing was performed to investigate the 
presence of a known familial mutation; or (iii) no healthcare data could be retrieved. We 
retrospectively collected all available healthcare data from hospital information systems 
and patient records. We collected all healthcare data until April 4th, 2019. On this date, 
data was collected. This study was approved by the Medical Research Ethics Committee 
Arnhem/Nijmegen under file number 2016-2486/NL57511.091.16.

Data analysis
In this study, the total number (and percentage) of females and males and the average age 
in days at the moment of data collection (including standard deviation) were calculated. 
Follow-up time was calculated as the number of days between the first hospital visit until 
the moment of data-collection (April 4th, 2019). In this analysis, we made a distinction 
between patients who did and those who did not receive genetic testing, and those with 
and without CAs (Figure 1). Details on the genetic tests performed per patient are described 
in detail by Marouane et al. [11] and presented in summary in Supplementary Table A.

The outcome measures of this study were healthcare resource use and costs related to 
this healthcare resource use. Healthcare data was divided into seven types of costing 
categories: (i) hospitalization; (ii) consultations; (iii) diagnostics; (iv) medication; (v) 
genetics; (vi) surgery; and (vii) other, which consists of all other healthcare activities 
which cannot be categorized into one of the previous categories. Genetic costs consisted 
of costs related to both genetic counseling and genetic diagnostic testing. Unit prices 
were retrieved from the Dutch Healthcare Authority (Nederlandse Zorgautoriteit; NZA), 
the cost-manual of the National Healthcare Institute (Zorginstituut Nederland; ZIN) and 
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literature research and linked to the corresponding healthcare activities [16-20]. All unit 
prices were converted to the same index year (2020). Descriptive and scenario analyses 
were performed in R (version 4.0.3) [17].

Figure 1. Patients included in this study. 
NICU = neonatal intensive care unit.

Descriptive analysis of current healthcare costs
1)	 Average healthcare costs. This analysis was performed with the available 

healthcare data, for all patients divided in the different costing categories. For 
all categories, the mean, median and range (minimum and maximum) of costs, 
total number of healthcare activities and the average unit price were calculated.

2)	 Genetic diagnostic testing vs. no genetic diagnostic testing. The average 
healthcare costs for patients who received genetic diagnostic testing were 
compared to patients who did not receive genetic diagnostic testing. For each 
costing category, the average costs per patient were calculated, including mean, 
median and range (minimum and maximum). Furthermore, for each costing 
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category, the number of units and the average unit price was calculated. The 
minimum follow-up period of patients included in this study was 730 days. 
Therefore, in order to ensure comparability between groups, follow-up time 
included in the analysis for these patients was 730 days starting on the first day 
of admission to the NICU.

3)	 Isolated CAs vs. MCAs vs. no CAs. We also compared the average healthcare 
costs for patients with an isolated CA, MCAs and patients without CAs. We 
calculated average costs per patient, including mean, median and range 
(minimum and maximum), and the number of healthcare activities including 
their unit costs. For this sub-analysis, follow-up time was also limited to 730 
days starting on the day of admission to the NICU to ensure comparability 
between groups. 

Scenario analysis
The presence of CAs is one of the most obvious reasons to suspect a genetic defect 
that underlies a disorder. In order to ensure comparability between groups, patients 
with a prenatal diagnosis were excluded from the scenario analyses. The following four 
scenario analyses were performed:

1)	 Implementing ES as first-tier test for all patients admitted to the NICU. The 
average healthcare costs and the total costs related to genetic testing in case all 
patients admitted to the NICU would receive ES were estimated and compared 
to the current costs (Figure 2, scenario A). For patients who did receive genetic 
diagnostic tests, all costs related to these genetic diagnostic costs were excluded 
from the results since it was assumed that performing ES would result in the 
same diagnosis and thus replaces the whole standard diagnostic trajectory. 
Healthcare activities which were included in the ES scenario are pre-test genetic 
counseling, performing (trio-)ES and post-test genetic counseling. The total costs 
related to this ES scenario were calculated by multiplying the total number of 
patients admitted to the NICU by €2,892, i.e. the costs of pre- and post-test 
genetic counseling (€1,089 [16-20]) and per-sample costs of ES (€1,803 (16)). 
Costs related to performing trio-ES were €6,498 (pre- and post-test genetic 
counseling and 3 times the per-sample costs of ES). The current costs of genetics 
were compared to the costs resulting from this scenario analysis.
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Figure 2. Scenario analyses. Scenario A. 
NICU = neonatal intensive care unit.

2)	 Implementing ES as first-tier test for all patients with CAs admitted to the 
NICU. The average healthcare costs and the total costs related to genetic 
testing in case all patients with CAs and admitted to the NICU receive ES were 
estimated and compared to the current costs (Figure 2, scenario B). As with 
scenario analysis A, current costs for genetic testing were excluded from the 
scenario in which all patients with CAs receive (trio-)ES and total genetic 
costs were calculated by using the same formula. In the end, costs related to 
performing ES for all patients with CAs were compared to the genetic costs 
related to the standard and current genetic diagnostic trajectory.

Figure 2. Scenario analyses. Scenario B. 
NICU = neonatal intensive care unit.
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3)	 Implementing ES as first-tier test for all patients with MCAs. In scenario C, 
current healthcare costs were compared to the costs in case all patients with 
MCAs received ES. The average total healthcare costs and genetic costs were 
calculated just like scenario A and B.

Figure 2. Scenario analyses. Scenario C. 
NICU = neonatal intensive care unit.

4)	 Implementing ES as first-tier test for patients with CAs, including additional 
genetic tests. Because of technical limitations, ES is not able to detect all 
clinically relevant variation, such as for instance methylation defects. A fourth 
scenario was performed in which a correction factor was added to the costs 
associated with additional diagnostic testing (Figure 2, scenario D). Hereto, the 
genetic tests performed, and diagnosis obtained in this cohort were assessed 
from Marouane et al. [11]. Per assay, it was determined whether the type 
of variants they assess, can also (technically) be detected from ES data. For 
patients with a conclusive genetic diagnosis, it was assessed whether it is 
possible to find the same diagnosis by performing ES or whether an additional 
genetic test is required. Average per patient costs of these additional tests were 
calculated and added to the ES scenario in which ES was implemented as first-
tier test for all patients with CAs.

4 4



MEDICAL COSTS OF CHILDREN ADMITTED TO THE NEONATAL INTENSIVE CARE UNIT | 73

Figure 2. Scenario analyses. Scenario D. 
NICU = neonatal intensive care unit.

4.3 RESULTS

Study participants
Overall, 1470 patients were admitted to the NICU of the Radboudumc between October 
2013 and October 2015. In total, 27 patients were excluded from the data analysis, 
resulting in a study population of 1,443 patients (Figure 1). In the scenario analysis, 
another 15 patients were excluded due to a prenatal genetic diagnosis. There were 610 
females (42.3%) and 833 boys (57.7%), with a mean age of 1,650 (±209) days at the 
moment of data collection. Of these 1,443 neonates, the average follow-up time was 
1,614 (±209) days. An overview of follow-up time per patient is shown in Supplementary 
Table B.

Descriptive analysis of current healthcare costs
1)	 Average healthcare costs. For all 1,443 included patients, the average costs 

spend on healthcare were €26,627 per patient (Table 1). Hospitalization 
accounted for the largest part (84.1%) of all healthcare costs, which was 
on average €22,382 per patient. An overview of all cost categories and its 
corresponding costs can be seen in Table 1.

Of 1,443 patients included in this study, 194 patients (13.4%) received genetic 
diagnostic testing. In total, 410 genetic diagnostic tests were performed, 
totaling to an average of €616 per patient, and accounting for 2.3% of the total 
costs for all 1,443 patients together.
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Table 1. Total healthcare costs per patient (n = 1,443)
Mean 
(€)

Percentage of 
total (%)

Median 
(€)

Min 
(€)

Max
(€)

Units 
(n) 

Unit costs
(€)

Hospitalization 22,382 84.1 7,178 0 587,353 27,084 1,192

Consultations 85 0.3 0 0 3,051 3,356 36

Diagnostics 1,476 5.5 515 0 22,600 220,165 10

Medication 127 0.5 0 0 160,961 1,464 125

Geneticsa 616 2.3 0 0 14,064 1,269 700

Other 1,911 7.2 457 0 35,039 36,224 76

Surgery 31 0.1 0 0 15,780 896 49

Total 26,627 9,665 69 630,689 290,458 132
a Includes all costs related to genetics (i.e. genetic counseling, genetic diagnostic tests)

2)	 Genetic diagnostic testing vs. no genetic diagnostic testing. Table 2 shows the 
costs of healthcare use for the different categories in patients who received 
genetic diagnostic tests and patients who did not receive genetic diagnostic 
tests. 

For patients who did receive genetic diagnostic testing, the average costs spend 
on healthcare was €43,804 per patient. 5.8% (€2,523 per patient) of these costs 
consisted of costs related to genetics.

For patients who did not receive genetic diagnostic testing, the total costs 
spend on healthcare were €18,404 per patient. Of these costs, 0.5% (€99 
per patient) were related to genetics, i.e. genetic consultation and evaluation 
without performing any genetic diagnostic tests.

For both patient groups, the main part of the total healthcare costs consisted of 
costs related to hospitalization, 80.0% (€35,055 per patient) and 87.0% (€16,007 
per patient) of all costs for patients with and without genetic diagnostic testing 
respectively.
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Table 2. Average healthcare costs per child per category for patients who did or did not receive 
genetic diagnostic tests (n = 1,443)a

Mean (€) Percentage of 
total (%)

Median 
(€)

Min (€) Max (€) Units (n) Unit costs (€)

Patients without genetic diagnostics (n = 1,249)

Hospitalization 16,007 87.0 5,556 0 501,834 16,760 1,193

Consultations 35 0.2 0 0 1,760 1,156 38

Diagnostics 984 5.3 334 0 20,325 133,654 9

Medication 144 0.8 0 0 160,961 1,117 160

Geneticsb 99 0.5 0 0 6,449 323 384

Other 1,123 6.1 211 0 31,100 15,376 91

Surgery 11 0.1 0 0 1,565 452 32

Total 18,404 6,606 0 527,393 168,838 136

Patients who received genetic diagnostics (n = 194)

Hospitalization 35,055 80.0 16,125 0 471,572 5,499 1,237

Consultations 249 0.6 117 0 2,073 1,264 38

Diagnostics 2,505 5.7 1,501 0 16,024 45,304 11

Medication 2 0.0 0 0 302 233 2

Geneticsb 2,523 5.8 1,745 0 12,692 589 831

Other 3,342 7.6 2,409 0 25,534 9,697 67

Surgery 127 0.3 0 0 15,643 254 97

Total 43,804 24,230 569 501,537 62,840 135
a From date of admission to the neonatal intensive care unit until 730 days after this admission date; b Includes all costs 
related to genetics (i.e. genetic counseling, genetic diagnostic tests)

3)	 Isolated CAs vs. MCAs vs. no CAs. The average healthcare costs for patients 
with and without CAs are shown in Table 3. Total healthcare costs were €27,350 
and €53,686 per patient for patients with isolated CAs and MCAs respectively. 
For patients without CAs, these total healthcare costs were on average €15,210 
per patient.

For patients with isolated CAs, costs related to hospitalization accounted 
for 79.7% (€21,808 per patient) and costs related to genetics accounted for 
2.4% (€665 per patient) of all costs. For patients with MCAs, 83.4% (€44,781 
per patient) of the costs was related to hospitalization and 3.8% (€2,036 per 
patient) to genetics. 89.1% (€13,548 per patient) of the costs and 0.7% (€104) 
of the costs were related to hospitalization and genetics respectively for 
patients without CAs.
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Table 3. Average healthcare costs per child per category for patients with isolated, multiple or 
without congenital anomalies (n = 1,443)a

Mean (€) Percentage 
of total (%)

Median (€) Min (€) Max (€) Units (n) Unit costs (€)

Patients without congenital anomalies (n = 982)

Hospitalization 13,548 89.1 4,400 0 242,384 10,987 1,212

Consultations 19 0.1 0 0 900 484 38

Diagnostics 781 5.1 277 0 14,230 88,235 9

Medication 2 0.0 0 0 1,095 325 7

Geneticsb 104 0.7 0 0 9,601 233 439

Other 751 4.9 136 0 24,746 9,488 78

Surgery 4 0.0 0 0 936 176 24

Total 15,210 5,418 0 267,073 109,928 136

Patients with an isolated congenital anomaly (n = 312)

Hospitalization 21,808 79.7 11,461 0 501,834 6,000 1,134

Consultations 116 0.4 39 0 2,073 946 38

Diagnostics 1,694 6.2 948 0 15,503 49,308 11

Medication 568 2.1 0 0 160,961 685 259

Geneticsb 665 2.4 0 0 11,888 287 723

Other 2,486 9.1 1,059 0 25,534 6,949 112

Surgery 14 0.1 0 0 914 269 16

Total 27,350 15,481 10 527,393 64,444 132

Patients with multiple congenital anomalies (n = 149)

Hospitalization 44,781 83.4 18,987 298 471,572 5,272 1,266

Consultations 252 0.5 98 0 1,838 990 38

Diagnostics 2,808 5.2 1,543 0 20,325 41,415 10

Medication 3 0.0 0 0 302 340 1

Geneticsb 2,036 3.8 872 0 12,692 392 774

Other 3,601 6.7 2,441 0 31,100 8,636 62

Surgery 204 0.4 0 0 15,643 261 116

Total 53,686 25,870 2,200 501,537 57,306 140
a From date of admission to the neonatal intensive care unit until 730 days after this admission date; b Includes all costs 
related to genetics (i.e. genetic counseling, genetic diagnostic tests)
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Scenario analysis
Since trio-ES approach will be the most relevant as genetic diagnostic trajectory in this 
study population, only results regarding trio-ES (Table 4) will be discussed in this paper. 
Results regarding implementing single-ES can be found in Supplementary Table C.

1)	 Implementing ES as first-tier test for all patients admitted to the NICU. In 
case trio-ES was performed for all 1,428 patients admitted to the NICU (Figure 
2, scenario A), total genetic costs increased to €6,498 per patient, which is 
an increase in costs of 949.8% (Table 4). The average total healthcare costs 
increased 22.2% (€32,361 instead of €26,482 on average per patient).

2)	 Implementing ES as first-tier test for all patients with CAs and admitted to 
the NICU. 446 patients (31.2%) were admitted to the NICU with CAs and were 
included in this scenario analysis (Figure 2, scenario B). Of these patients, 
291 patients did not receive any genetic diagnostic testing (65.2%). The total 
healthcare costs related to genetic diagnostic testing in case trio-ES was 
performed for all these patients (n = 446) were on average €2,207 per patient 
(n = 1,428). Compared to the regular diagnostic trajectory this was an increase 
in costs of 227.4% (on average €1,408 per patient extra, see Table 4). The 
average total healthcare costs increased with 5.3% (€27,893 per patient).

3)	 Implementing ES as first-tier test for patients with MCAs. In total, 136 patients 
had MCA. Replacing the traditional diagnostic trajectory by performing trio-ES 
for patients with MCA did not result in a change in average genetic diagnostic 
costs and overall healthcare costs (Table 4).

4)	 Implementing ES as first-tier test for patients with CAs, including additional 
genetic tests. Due to technical limitations, not all variant types can be detected 
from ES data. We therefore assessed the use of assays detecting variation that 
escape detection by ES (Table 5), and identified four assays providing additional 
genetic information: fluorescence in situ hybridization (FISH), Methylation 
assays, hemoglobinopathies, and testing for fragile sites. Per patient, an 
overview of the genetic disorders, diagnostic tools, variants and detectability 
by ES is provided in Supplementary Table D. For the tests of which the results 
are not detectable by ES, we subsequently determined the average use in 
the cohort and determined the associated costs. On average, this scenario 
increased the costs by an additional €105 per patient, resulting in an average 
total healthcare costs increase of 5.5% (€27,926 per patient).
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Table 5. Genetic test (result) and detectability from ES
Type of genetic test Reason of use Total patients 

receiving the 
test (from 
n=194)

Average 
number of 
tests per 
patient

Variant(s) 
technically 
detectable 
from ES

NIPT Trisomy 13; trisomy 18; trisomy 21 6 0.03 Out of scope – 
prenatal test

QF-PCR Trisomy 13; trisomy 18; trisomy 21; 
sex chromosomal aberrations

45 0.23 Yes

Karyotype (Confirmation of) chromosomal 
aberrations

39 0.20 Yes

Genomic microarray CNVs 112 0.58 Yes

Prenatal gene panel 
(Noonan syndrome / 
Cystic Fibrosis)

SNVs, indels and CNVs in selected 
genes

2 0.01 Out of scope – 
prenatal test

Sanger SNVs and indel in targeted gene 
(based on clinical presentation)

57 0.29 Yes

FISH (confirmation of) CNVs and testing for 
balanced aberrations

8 0.04 Possibly

ES SNVs, indels and CNVS in disease gene 
panel(s)

55 0.28 Yes

Methylation assay Hypo/hypermethylation of 
targeted gene(s) (based on clinical 
presentation)

8 0.04 Possibly

Hemoglobinopathy Assessment of α- and β-globin gene 
clusters

2 0.01 No

Chromosomal 
Breakage Syndrome

Assessment of chromosomal fragile 
sites

5 0.03 No

NIPT = noninvasive prenatal testing; QF-PCR = quantitative fluorescence polymerase chain reaction; FISH = fluorescence 
in situ hybridization; ES = Exome Sequencing; CNVs = copy number variations; SNVs = single nucleotide variations.

4.4 DISCUSSION

We presented an overview of the average healthcare costs of patients admitted to the 
NICU. We estimated the economic impact of the inclusion of ES as part of the diagnostic 
trajectory on the resources spent on genetic testing and on the overall healthcare costs. 
We modelled multiple scenarios to find a balance between making maximal benefits of 
the use of ES in this patient population, while limiting the socio-economic impact on 
the healthcare system. Our results showed that care for patients who received genetic 
diagnostic tests (€43,804 per patient) was more expensive compared to care for patients 
who did not receive genetic diagnostic testing (€18,404 per patient). This has been 
calculated for the first two years after the patients were admitted to the NICU. Of these 
costs, €2,523 (5.8% of all costs) and €99 (0.5% of all costs) was spent on genetic testing, 
respectively. Apart from spending more budget on genetic testing for the patients with 
CAs, the main difference was attributed to costs for hospitalization and consultations. 
This was in line with results obtained by others, showing that more complex patients 
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often have higher healthcare costs [22]. We observed a similar trend between patients 
with isolated CAs and MCAs: care for patients with MCAs was more expensive than for 
patients with isolated CAs (€53,686 vs. €27,350 per patient). Care for patients without 
CAs was the least expensive (€15,210 per patient).

Of the 57 patients that received a conclusive genetic diagnosis and were included in 
the scenario analyses, 52 presented CAs, highlighting that such anomalies can have a 
genetic origin [11]. In the total cohort, 461 patients presented with CAs, but not all 
patients received genetic testing, which by extrapolation of diagnostic yield, left 83 
patients (6% of the total cohort) without a genetic diagnosis [11]. An argument of not 
testing in these patients is often related to the long turnaround times. Since these 
have been drastically reduced by the introduction of ES, we modelled four scenarios 
to determine the anticipated impact on diagnostic yield and healthcare costs for wider 
spread implementation in a NICU setting. 

In scenario A, all 1,428 patients would receive genetic diagnostic testing by ES. Compared 
to the current costs, genetic costs increased with 949.8% and overall healthcare costs 
with 22.2%. Although costs will increase significantly, testing all patients will allow to 
identify possible diagnosis identifiable by ES (~95% of all diagnosis) in the cohort in one 
test, at the start of the diagnostic trajectory. Moreover, testing allows to identify an 
extrapolated number of diagnoses that currently remain undetected because patients 
are not subjected to diagnostic testing. Since only 5 diagnoses were made in patients 
without CAs [11], one might wonder whether clinical preselection on who should receive 
ES based on having CAs is not a more economically sustainable option.

We therefore modelled scenario C, where ES was only performed for patients with 
MCAs, as this clinical sub-cohort of NICU patients had relative highest diagnostic yield 
[11]. Testing all 136 patients with MCAs by trio-ES, but refraining from genetic testing 
in all other patients (n = 1,428), resulted in no change in healthcare costs. Whereas 
there may be an economic benefit when introducing trio-ES for patients with MCAs, 
this scenario seems unethical as the diagnostic yield in patients with isolated CAs in this 
cohort is 5.8% (18 out of 310 patients). Hence, at cohort level, this scenario would leave 
up to half of all patients with a rare disease undiagnosed.

Scenario B, allowing to perform ES for those patients with either isolated CAs or MCAs, 
seemed as such most beneficial. The costs related to genetic testing increased with 
227.4% for trio-ES, but the average total healthcare costs increased with 5.3% (€1,411). 
Although the costs are higher compared to the current diagnostic trajectory, this would 
allow the detection of ~95% of all genetic diagnoses in the cohort. This scenario includes 
both the diagnoses established in the current situation, but also the diagnoses of those 
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patients who currently remain untested despite a clinical presentation suspicious to be 
of genetic origin. This approach would however miss the genetic diagnosis in the 5 of 
982 patients without CAs, and those that were obtained via another assay that cannot 
be replaced by ES (4 diagnoses). The 5 patients without CA now received a conclusive 
genetic diagnosis after performing genetic testing well after the neonatal period 
because of (neuro)developmental delay. It might, however, be expected that these 
patients would still receive genetic testing later in life, similar to the current situation, 
because of developmental delay [11], but would not immediately benefit from wide 
implementation of rapid ES in the NICU setting. For the 4 patients whose diagnoses 
would be delayed by only offering ES, we performed scenario D.

In scenario A, B and C, it was assumed that ES provided the same results as the standard 
diagnostic trajectory. To not withhold patients their timely diagnosis, we modelled 
Scenario D, in which we performed ES for all patients with CAs (isolated and MCA). We 
also included extra dedicated tests based on clinical presentation, to capture variants 
undetectable by ES, and thus still being able to detect all diagnoses made in the cohort. 
This scenario showed an increase in genetic costs of 333.2%, and a total healthcare costs 
increase of 5.5% (€1,444) compared to the standard diagnostic trajectory. In practice, 
we expect this scenario to be the most realistic approach to future care. Albeit, it could 
be argued that those additional tests are performed only in patients with a negative 
ES result, all tests are likely to be performed in parallel because the turnaround time is 
crucial.

A possible limitation of this study was that the diagnostic trajectory was not completed 
for all patients included in the scenario analysis. Although we did not include any 
restrictions regarding follow-up length, total healthcare costs used in these scenario 
analyses are probably higher due to an increase in the amount of healthcare costs in 
case a longer follow-up period is included. This can also have impact on the increase in 
costs when healthcare costs are compared to the ES-scenarios. The same holds for the 
calculated costs related to surgery and medication, which might also be underestimated. 
Unfortunately, it was not possible to collect all unit costs taking into account the amount 
of medication prescribed and unit costs related to surgery. Therefore, which is also a 
strength of this study, the results of this study showed the maximum increase in costs 
when ES is performed. If this study is repeated after a certain amount of time, results 
of the scenario analyses will probably be more positive (i.e. less increase in costs due to 
increase in current healthcare costs and decrease in costs related to WES). According 
to earlier research, it is very valuable that patients were followed over time for several 
years [23]. The genetic diagnostic trajectory can be very long and costly, so including a 
longer follow-up period in an economic evaluation provides a more accurate overview 
of the actual costs.
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In this study, costs related to prenatal diagnostic testing were not taken into account. 
This aspect requires dedicated studies, especially with the increasing uptake of rapid 
WES in prenatal settings [24-25]. Noteworthy however is that prenatal rapid ES is mostly 
performed based on ultrasound abnormalities, and thus, likely representing the patients 
who after birth, are admitted to NICU. This group is therefore expected to create a shift 
in the moment ES is performed, but will not create an additional group of patients. 
Regardless of the time of testing, the implementation of ES has the potential to influence 
the diagnostic trajectory and the treatment and care after a diagnosis is established 
and consequently the costs. Ideally, a prospective follow-up study is performed, in 
which patients receive current diagnostics and trio-ES to see what the exact clinical and 
economic impact is of implementing ES.

In conclusion, genetic diagnostic testing in a NICU patient cohort accounts for a small 
fraction of total costs. Only half of patients whose clinical presentation is suggestive of 
a genetic disorder, are currently being tested. We showed that with limited increase in 
overall healthcare budget on this cohort, all patients presenting with CAs can be tested 
by trio-ES. This will not only increase the overall diagnostic yield of this cohort, but may 
also allow for improved personalized treatments options guided by the diagnoses made.
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SUPPLEMENTARY TABLES

Supplementary Table A. Overview of genetic diagnostic tests
Supplementary Table A can be found online at
https://doi.org/10.1016/j.ejmg.2022.104467

Supplementary Table B. Follow up time (days) per patient
Supplementary Table B can be found online at
https://doi.org/10.1016/j.ejmg.2022.104467
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Supplementary Table D. Genetic disorders, diagnostic tools, variants and detectability by ES
Supplementary Table D can be found online at
https://doi.org/10.1016/j.ejmg.2022.104467

4 4





Published:
Olde Keizer R.A.C.M.*, Marouane A.*, Kerstjens-Frederikse W.S., Deden A.C., 
Lichtenbelt K.D., Jonckers T., Vervoorn M., Vreeburg M., Henneman L., de Vries L.S., 
Sinke R.J., Pfundt R., Stevens S.J.C., Andriessen P., van Lingen R.A., Nelen M., Scheffer 
H., Stemkens D., Oosterwijk C., Ploos van Amstel J.K., de Boode W.P.*, van Zelst-Stams 
W.A.G.*, Frederix G.W.J.*, Vissers L.E.L.M.* on behalf of RADICON-NL consortium**. 
European Journal of Pediatrics, 2023. 182(6): 2683-2692.
*Authors contributed equally; **Author list in Appendix 1

Rapid exome sequencing as first-tier test in 
neonates with suspected genetic disorder: 
results of a prospective multicenter clinical 
utility study in the Netherlands

CHAPTER 5



90 | CHAPTER 5

ABSTRACT

The introduction of rapid exome sequencing (ES) for critically ill neonates admitted to 
the neonatal intensive care unit has made it possible to impact clinical decision-making. 
Unbiased prospective studies to quantify the impact of rapid ES over routine genetic 
testing are, however, scarce. We performed a clinical utility study to compare rapid ES to 
conventional genetic diagnostic workup for critically ill neonates with suspected genetic 
disorders. In a prospective multicenter study involving five Dutch NICUs, we performed 
rapid ES in parallel to routine genetic testing for 60 neonates with a suspected genetic 
disorder, and monitored diagnostic yield and the time-to-diagnosis. To assess the 
economic impact of rapid ES, healthcare resource use was collected for all neonates. 
Questionnaires and Visual Analogue Scale (VAS) scores were obtained from parents and 
involved clinicians to gain insight into their perspectives of rapid ES. Rapid ES detected 
significantly more conclusive genetic diagnoses than routine genetic testing (20% vs. 
10%, respectively, P<0.05), in a significantly shorter time-to-diagnosis (15 days (95% 
CI 10-20) vs. 59 days (95% CI 22-99)). Moreover, rapid ES reduced genetic diagnostic 
costs by 1.5% (€85 per neonate). Also, parents showed preference towards rapid ES, 
and involved clinicians reported clinical benefits for rapid ES. Our findings demonstrate 
the clinical utility of rapid ES for critically ill neonates based on increased diagnostic 
yield, shorter time-to-diagnosis and net healthcare savings. Together with the positive 
user experience, our observations warrant the widespread implementation of rapid ES as 
first-tier genetic test in critically ill neonates with disorders of suspected genetic origin.
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5.1 INTRODUCTION

Genetic disorders are frequent causes of neonatal morbidity and mortality, and disease 
presentations are often undifferentiated at birth [1]. Since genetic disorders can progress 
fast, a rapid genetic diagnosis might provide the opportunity to reduce suffering, 
morbidity, and mortality, especially in critically ill infants and neonates [2, 3]. An essential 
indicator in genetic diagnostics is the turnaround time (TAT). Earlier research has 
demonstrated that rapid exome sequencing (ES) is related to a shortened TAT compared 
to conventional genetic diagnostic tests. The return of test results has decreased from 
several weeks or even months to a few days, thereby shortening the diagnostic odyssey 
and enabling precision medicine [4]. Genetic disorders and congenital anomalies (CA) 
affect around 6% of live births and are the leading reason for hospitalization in infants 
and neonates [5]. The presence of a genetic disorder can easily be missed because of the 
variable clinical presentation, often leading to a diagnostic odyssey requiring extensive 
evaluations, both clinically and genetically [6].

Approximately 2.5% of newborns is admitted to neonatal intensive care units (NICU) in 
the Netherlands [7]. The prevalence of genetic disorders is relatively high in critically ill 
newborns and this is accompanied by long hospitalization and high healthcare utilization 
[8]. Genetic testing of newborns using rapid ES at an earlier stage may reduce their 
diagnostic odyssey and enhance diagnosis-predicated precision. Early diagnosis may 
improve patient’s clinical outcome and can potentially be life-saving [2]. Identifying 
a genetic diagnosis can also help to avoid ineffective (intensive) care in critically-ill 
newborns with poor prognosis.

Besides clinical implications, implementation of improved diagnostic tests can also 
have health economic impact. Gonzaludo et al. [9] have shown that children who are 
admitted to the hospital and diagnosed with a genetic disorder have a significant and 
disproportionate impact on resource use and related costs. By improving the diagnostic 
trajectory and shortening its length, future healthcare costs can be prevented for 
example by initiating adequate treatment earlier [10]. Before implementing a new 
technology, such as rapid ES, into diagnostic care, it is important to understand the 
possible financial/economic consequences. Since the costs of performing rapid ES 
have reduced over time, it is unknown what the actual costs will be when conventional 
genetic diagnostic trajectory is replaced by rapid ES.

Based on several studies showing that rapid ES provides a faster diagnosis, enabling 
timely precision medicine aiming to decrease morbidity and mortality of infants with 
genetic disorders [3, 5, 11-13], we hypothesized that rapid ES can positively affect 
diagnostic yield and the length of the diagnostic trajectory at lower costs. However, rapid 
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ES is still not sufficiently implemented in clinical guidelines of critically ill neonates as 
standard genetic care. Our group recently indicated that a prospective follow-up study is 
needed, in which current genetic diagnostic costs are compared to a parallel diagnostic 
trajectory in which rapid ES replaces all conventional genetic diagnostic testing [14]. 
Therefore, the aim of this study is to prospectively examine the clinical utility of rapid 
ES versus conventional genetic testing, by comparing clinical and economic outcomes.

5.2 METHODS

Study design 
We performed a multicenter prospective parallel cohort study, in which we assessed the 
clinical utility of rapid ES compared to conventional genetic testing, i.e. routine genetic 
testing/the genetic trajectory based on decisions of the clinicians. In order to compare 
these two genetic trajectories, all study participants received both conventional genetic 
testing and rapid ES in parallel (Figure 1). This study design, in which the participants 
served as their own control, allowed the eliminate potential biases and confounders. 
Moreover, this approach allowed for direct comparison of both trajectories at three 
defined outcome measures including (i) genetic diagnostic yield, defined as the 
percentage of neonates receiving a conclusive genetic diagnosis, (ii) time-to-diagnosis 
(TTD), calculated as the time between the request of the first genetic test and receiving 
the conclusive genetic test results, and (iii) costs associated with (genetic) health care 
resource use in the first 2 years of life. 

This study was approved by the Medical Research Ethics Committee Arnhem/Nijmegen 
under file number 2016–2486/ NL57511.091.16.

Patient recruitment
We studied 60 neonates admitted to a NICU in five out of ten centers in the Netherlands 
between May 2017-January 2019. This sample size was calculated based on a two-sided 
chi-square test, using a power of 80% and a significance level of 0.05. The diagnostic 
yield of routine genetic testing was estimated to be 5% and 25% for rapid ES. The 
sample size calculating resulted in a minimum of 55 patients, with a significance level 
of <0.001. Taking into account a possible drop-out of 10%, during the course of the 
study, 60 patients were recruited. Criteria for inclusion were a post-natal age less than 
3 months at presentation, and high suspicion of a genetic disorder (as assessed by 
neonatologist and/or clinical geneticist based on the neonate’s clinical presentation). In 
addition, EDTA blood samples of both biological parents were required for participation. 
Exclusion criteria were a previously (prenatally) established genetic diagnosis, or a 
clinically phenotype highly associated with trisomy 13, 18, 21, or monosomy X. Parents 
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were informed about the study by the attending clinician, in consultation with a clinical 
geneticist, if routine genetic testing was indicated. Written informed consent was 
obtained for all participating families.

Figure 1. Flowchart of the included patients. Overview of patients enrolled in this study, 
including patients lost to follow-up or excluded. 
ES = exome sequencing.

Clinical description to assess representativeness of cohort
Clinical features were scored using the human phenotype ontology (HPO) terms 
(Supplementary Table 1) [15]. CA were considered isolated when affecting a single organ 
system, and as multiple congenital anomalies (MCA) when affecting two or more organ 
systems. Representativeness of the cohort was determined by comparison to our recent 
analysis of a retrospective cohort of >1,400 neonates admitted to the NICU for which 
we described routine genetic care, uptake of genetic testing and diagnostic potential, in 
addition to economic models predicting effects of the use of rapid ES in a NICU setting 
[14, 16].

Rapid ES procedure
The rapid ES procedure was performed in the ISO15189 accredited genetic diagnostic 
laboratories affiliated to the five NICUs. Whereas minor technical differences exist 
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between centers, such as for instance different enrichment kits or sequencing equipment 
used, the overall procedures were similar [17-19]. Importantly, data interpretation was in 
all neonates guided by the clinical referral, and could consist of interpretation of disease-
gene specific panels, interpretation of the Mendeliome (all genes with confirmed OMIM-
disease-gene associations), interpretation of all genetic variants to allow discovery of novel 
candidate disease genes (open exome strategy), or a combination of these strategies. 
Variants were clinically interpreted based on a 5-class system, with class 1/2 representing 
(likely) benign variants, class 4/5 representing (likely) pathogenic variants, and class 3 
representing variants of unknown clinical significance [20].

Diagnostic yield
For each neonate, we monitored the routine genetic diagnostic trajectory (Supplementary 
Table 2). In routine care, the type of genetic tests and the number of tests were left 
at the discretion of the clinical geneticist. In parallel, rapid ES was performed as study 
intervention. For neonates where ES was requested as part of routine diagnostic care, 
the ES was not performed in duplicate, but the results of the rapid ES were used as such. 
A conclusive diagnosis was defined as a laboratory-confirmed genetic diagnosis based on 
the identification of a (likely) pathogenic (class 4 and 5) variant in concordance with the 
patients’ phenotype. Variants of unknown clinical significance (class 3) in a known disease 
gene in concordance with the neonates’ phenotype were considered a possible diagnosis. 
For comparison of the diagnostic yield, only conclusive diagnoses were considered.

Turnaround time (TAT) and time-to-diagnosis (TTD)
To gain insight into the time spent to obtain a genetic diagnosis, we discriminated 
between the TAT, and the TTD. The TAT could be assessed for all tests and describes the 
time between receipt of the diagnostic sample and the final test report, irrespective 
of the obtained result (e.g. diagnosis or no diagnosis). In contrast, the TTD was only 
determined for neonates who received a conclusive diagnosis. The latter was chosen as 
this reflects an objective end point of genetic diagnostic care for index patients. The TTD 
was measured from the moment the first genetic test was requested by the involved 
clinician until the return of the final conclusive genetic diagnostic report. Of note, 
in case ES was request in the conventional diagnostic strategy, only the rapid ES was 
performed, and the TAT of routine ES was censored to overcome the need to perform 
the ES procedure twice. To determine this censored TAT of ES in conventional diagnostic 
testing, the TAT of ES was determined from a random, anonymized, set of individuals, 
unrelated to this project, but equal in size of the number of neonates receiving rapid ES. 
This resulted in a TAT for ES of 105 days (95% CI 96-113 days).

Costs of genetic diagnostic trajectory
Health care consumption was collected from the electronic patient file of 56/60 patients. 

5 5



RAPID EXOME SEQUENCING AS FIRST-TIER TEST IN NEONATES WITH SUSPECTED GENETIC DISORDER | 95

For four neonates, these data could not be collected and therefore these patients 
were excluded from the costs analyses. Healthcare activities were linked to their unit 
prices (index year 2020) retrieved from the Dutch Healthcare Authority (Nederlandse 
Zorgautoriteit; NZA) and National Healthcare Institute (Zorginstituut Nederland; ZIN) 
[21, 22], after which a distinction was made between costs related to genetic diagnostic 
testing and other health care related costs. 

For all healthcare data, average costs per neonate were calculated, including the 
minimum, maximum and median. Costs were divided into seven categories based on 
their type of healthcare activity: diagnostics, hospitalization, consult, surgery, medicines, 
genetic and other healthcare costs. Per category, a percentage of total healthcare costs 
was calculated. For the category ‘genetic costs’, the types of genetic tests performed 
were also retrieved to provide more detailed insight to the build-up of costs associated 
with genetic testing.

Next, two cost analyses were performed, firstly the economic impact of implementation 
of rapid ES compared to the conventional genetic testing; and secondly, the evaluation 
of the timing of expenditure for genetic testing, differentiating between costs made 
during the neonatal period (first 28 days starting at birth) and costs during the post-
neonatal period with a maximum follow-up period of two years after birth.

Statistical methods
Data analysis of the clinical variables was performed in Excel (version 2016) and the cost 
analysis was performed in R (version 4.0.3) [23]. In more detail, normal distributed data 
were expressed in mean and standard deviation; Median and interquartile ranges were 
used in data with a skewed distribution. Paired samples t-test was performed to analyze 
whether the difference in TAT and costs between the two diagnostic trajectories were 
significant.

5.3 RESULTS

Representativeness of cohort
A total of 60 newborns admitted to the NICU with clinical features suggestive for a possible 
genetic disorder were enrolled in this study. Demographic information is presented in 
Table 1, with detailed clinical characteristics per patient summarized in Supplementary 
Table 1. When comparing the cohort to a recently published, retrospectively collected 
cohort of NICU patients [14], we observe a shift towards more newborns with CA (78% 
vs. 32%, p<0.001), as expected given our study purpose and the relation between 
genetic disorders and CA [14]. Patients with CA are more frequently genetic tested than 
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neonates without. Within the subgroup of neonates with CA, neonates more often 
showed multiple CA (70%) than isolated anomalies (30%).

Table 1. Clinical characteristics
  N= 60

Male/Female 32 (53%) / 28 (47%)

Gestational age

Extremely preterm (< 28 weeks) 7 (12%)

Very preterm (28 weeks – 33 weeks) 15 (25%)

Preterm (34 weeks – 36 weeks) 8 (13%)

Term (37 weeks – 41 weeks) 29 (48%)

Post-term (>42 weeks) 1 (2%)

Clinical features
 

Congenital anomalies 47 (78%)

•	 Isolated 14/47 (25%)

•	 Multiple 33/47 (53%)

No congenital anomaly 13 (22%)

Prenatal 
 

Prenatal ultrasound abnormalities 30 (50%)

Comparison of diagnostic yield, TAT, and TTD in routine genetic testing versus rapid ES 
For all 60 neonates, the genetic diagnostic trajectory started in the neonatal period, at 
an average age of 8 days (95% CI 6-10 days). From this start point onwards, the neonates 
received both routine genetic testing and rapid ES in parallel, allowing to directly 
compare outcome measures as neonates served as their own controls. 

In routine genetic testing, a total of 112 genetic tests were performed, resulting in an 
average of 1.87 tests per patient (range 1-5; Supplementary Figure 1; Supplementary 
Table 2). In total, 7 different types of assays were requested, with genomic microarray 
(46/112; 41%) and routine ES (44/112; 39%) being most frequently ordered. In 6 out of 
60 neonates (10%) a conclusive genetic diagnosis could be identified (Table 2). The mean 
TAT of the routine genetic diagnostic trajectory by tests initiated in the neonatal period 
was 81 days (95% CI 71-92), with the main driver of this relatively long TAT being routine 
ES (Supplementary Table 2). For patients with a conclusive diagnosis, the average TTD 
was 59 days (95% CI 23-98).

Parallel to the conventional genetic diagnostic trajectory, all neonates received trio-
based rapid ES. These efforts resulted in conclusive genetic diagnosis in 12 of 60 neonates 
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(20%), providing higher diagnostic yield than the routine genetic tests (Table 2). Rapid 
ES had an average TAT of 12 days (95% CI 10-14 days), being significantly shorter than 
the average 81-day TAT in routine genetic testing (p<0.001; Supplementary Table 2). The 
average TTD was 15 days (95% CI 10-20) for patients with a conclusive genetic diagnosis, 
which is four times faster than for routine genetic testing (59 days).

Table 2. Genetically confirmed diagnosis and diagnostic methods
Rapid ES 

Conclusive diagnosis No diagnosis Total

Conventional 
genetic testing
 

Conclusive 
diagnosis

6
- 22q11 deletion syndrome(2x) 
- Mowat-Wilson syndrome 
- Renal cysts and diabetes 
syndrome 
- Trisomy 21 
- Turner syndromea

0 6

No diagnosis 6
- Costello syndrome 
- Developmental and epileptic 
encephalopathy 
- Noonan syndrome (3x) 
- X-linked myotubular myopathy

48 
undiagnosed patients

54

Total 12 48
ES = exome sequencing; a In this case, rapid ES detected a possible 45,X0 based on variant characteristics on the 
X-chromosome, the conventional genetic test, performed in parallel to rapid ES, confirmed a 45,X0 chromosome 
profile.

Concordance between genetic diagnostic trajectories
In our cohort of 60 neonates, 12 conclusive genetic diagnoses were obtained 
(Supplementary Table 3). 8 of the 12 (66%) diagnoses were based on (de novo) single 
nucleotide variants (SNVs), known to lead to monogenic disorders with high genetic and 
clinical heterogeneity. In two neonates (17%), an aneuploidy was detected including 
trisomy 21 resulting in Down´s syndrome, and 45,X0 causing Turner syndrome without 
a typical phenotype. The remaining two diagnoses (17%) were based on smaller copy 
number variants (CNVs). Of these 12 diagnoses, 6 were detected by both genetic 
diagnostic trajectories, albeit that for one of these, an additional confirmatory test was 
needed in the rapid ES trajectory. The remaining six diagnoses were only obtained in the 
genetic trajectory using rapid ES (Table 2).

Comparison of costs of genetic diagnostic trajectories
In the routine genetic care pathway, the average total healthcare costs during the first 
two years of life were €125,826 per neonate (Table 3), with 5.2% of the expenditures 
(on average €6,568 per neonate) for genetic care. Of the expenditure for genetic care, 
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83.6% (on average €5,494 per neonate) corresponded to routine genetic diagnostic 
testing, and 16.4% (on average €1,074 per neonate) was spent on genetic consultation.

Table 3. Average costs per patient
  Average per patient (€) Min (€) Median (€) Max (€) Percentage

Diagnostics 16,648 234 8,310 101,206 13.2%

Hospitalization 97,552 9,038 53,273 318,838 77.5%

Consult 2,725 0 1,606 14,658 2.2%

Surgery 519 0 0 11,045 0.5%

Genetics 6,568 392 6,882 14,964 5.2%

Medicines 519 0 0 22,608 0.4%

Other 1,223 0 179 12,205 1.0%

Total 125,826 10,273 69,224 416,473

To assess the overall impact rapid ES as replacement for the routine genetic testing, 
costs of routine genetic testing (€5,494 per neonate) were substituted by the costs of 
trio-based rapid ES (€5,409 per neonate; Table 4), resulting in a (non-significant, p=0.23) 
reduction in genetic costs by 1.5% (i.e. €85 per neonate). We subsequently aimed on 
gaining insight into the timing of healthcare utilization and associated costs (Figure 2). 
Of the €5,494 for genetic diagnostic testing, €4,781 (87%) was spent in the neonatal 
period (Figure 2).

Table 4. Average number of declarations and associated costs per neonate
Average number of declarations 

per neonate

Genetic diagnostic test Unit price (€) Routine genetic testingc Rapid ES

Karyotype 933 0.23 -

FISH 818 0.05 -

Genomic microarray 825 1.09 -

Sanger sequencing 561 0.13 -

Disease specific gene 871 0.05 -

Gene panel 1,768 0.04 -

ESa 5,409 0.73 1.00

Otherb 640 0.30 -

Total 2.62 (€5,494) 1.00 (€5,409)

a Trio-ES, so the unit price of singleton ES (€1,803) was multiplied by three; b Follow-up genetic test in one or more 
genes; c Of note, the number of average tests performed in routine care on the index case (i.e. 1.87) deviates from 
the average number of total declarations as also parental samples are tested, and result in healthcare related costs to 
obtained diagnosis. FISH = fluorescence in situ hybridization; ES = exome sequencing.
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Figure 2. Average genetic costs per month per patient over time. Overview of average genetic 
diagnostic costs (blue) and average total healthcare costs (orange) over time, starting from birth 
(relative month). Costs decrease over time and 88% of the average genetic diagnostic costs are 
made during the neonatal period.

5.4 DISCUSSION

We studied the genetic diagnostic trajectory of ill newborns with suspected genetic 
disease to evaluate the clinical utility of rapid ES in comparison with conventional genetic 
diagnostic testing in a multicenter prospective observational study at tertiary NICUs 
throughout the Netherlands. We demonstrate that the use of rapid ES in neonates with 
a suspected genetic disorder, is associated with a higher diagnostic yield and leads to a 
faster diagnosis, without an increase in costs. 

This study showed that rapid ES had a diagnostic yield of 20%. This diagnostic rate was 
lower compared to other studies yielding 36-57% in neonatal settings [24, 25]. This 
might be explained by our clinical preselection that was aimed to represent all neonates 
admitted with a disorder suspected of a genetic origin. This inclusion criteria in this 
study were less strict compared to previous studies. Besides, the make-up of the group 
of newborns for this study can be influenced by the difference in genetic expertise of 
the clinicians involved in the selection namely pediatricians and not clinical geneticists. 
In addition, we excluded neonates who already received prenatal positive rapid ES 
testing. With prenatal rapid ES having found its place in routine testing upon ultrasound 
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abnormalities in the same time as when this clinical utility study was performed, it is 
also within reason to expect that this has influenced the overall diagnostic yield in this 
cohort [17]. Nonetheless, given the broad spectrum of diseases studied, rapid ES has 
been shown to be a suitable genetic diagnostic tool for neonates suspected of a genetic 
disorder in different disease areas. Although some genetic diseases exhibit themselves 
within the first 28 days of life or shortly thereafter, some clinical symptoms may be 
undifferentiated, especially in the early days of life [26]. We found that the presence of 
MCA increased the likelihood of finding a conclusive genetic diagnosis.

Identifying the genetic cause of disease may lead to patient tailored clinical management, 
and facilitate shared decision-making regarding end-of-life decisions, either way 
reducing ineffective, empirical, or detrimental therapies [27]. As an example, in one of 
the included patients with a severe congenital heart defect, epilepsy and agenesis of 
corpus callosum, the diagnosis Mowat-Wilson syndrome was established. Importantly, 
a former study of our group, also demonstrating a high diagnostic rate for MCA [14]. 
This diagnosis was only identified by the rapid ES trajectory, and helped the parents and 
the involved clinician in their decision about optimal care. This prevented ineffective 
cardiorespiratory support given the severe prognosis related to the underlying genetic 
disorder and withdrawal of intensive treatment was initiated.

Based on our recent study in which we modelled scenarios for the implementation of 
rapid ES for neonates admitted to the NICU based on a retrospective cohort of >1,400 
neonates, it was expected that the use of rapid ES would lead to an increase of genetic 
diagnostic costs [14, 16]. However, establishing a genetic diagnosis early in life would 
also prevent a diagnostic odyssey, and was considered the main incentive, along with 
potential future saving on futile testing, for the use of rapid ES in critically ill neonates 
admitted at the NICU [27, 28]. Our prospective evaluation however shows that, in 
addition to an increased diagnostic yield and a shorter TTD, rapid ES leads to reduced 
costs related to genetic testing. A likely explanation for this difference in anticipated 
increase, and observed decrease in costs, is identified by the uptake of ES as part of the 
routine genetic diagnostic trajectory (e.g. with an average TAT of 81 days). Results of this 
study showed that ES is implemented during the routine genetic diagnostic trajectory, 
which caused a larger increase in costs compared to the genetic trajectory in which 
only rapid ES was performed. In our retrospective analysis, ES was only rarely used. 
Prospectively, we now noticed that ES was requested in 73% (44/60) of the cohort, 
despite the realization of neonatologists and clinical geneticist that the TAT would be too 
long to impact decision-making while at the NICU; the prevention of a diagnostic odyssey 
prevailed. Our study now objectively shows that rapid ES, as such, is not increasing costs 
compared to current use of genetic diagnostics, and highlights that systematic use of 
rapid ES for all neonates with (M)CA, admitted at the NICU, would increase diagnostic 
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yield. Interestingly, our longitudinal data of two-year follow-up showed that there is 
also limited uptake of additional genetic testing after the initial rapid ES, and >95% of 
genetic diagnostic costs concentrated in the neonatal period. However, costs associated 
with (periodic) re-analysis of the existing rapid ES data for neonates without a genetic 
diagnosis are still to be expected. To what extent these additional costs outweigh costs 
saving elsewhere in the care path of these patients, is still to be determined. However, 
based on earlier research, it is assumed that shortening of the diagnostic trajectory 
by implementing rapid ES will lead to a reduction of healthcare costs, also taking 
into account cost savings in the future [29-31]. Moreover, withdrawal of care after 
confirmation of a genetic diagnosis associated with a very poor prognosis will prevent 
superfluous medical expenses.

Proper genetic consultation of parents of newborns is essential for well-informed 
decision-making and to prevent harm or decisional regret afterwards [32]. Prior to 
the start of our study several patient associations were hesitant about implementing 
rapid ES in neonates admitted to the NICU because of the potential extra (emotional) 
burden it may bring to parents of neonates. We performed an explorative study about 
the (emotional) burden of parents and clinicians (neonatologists), showing that most 
of the parents experienced use of rapid ES not as stressful and evaluated it as having a 
positive impact on clinical decision-making (Supplementary Figure 2). Dedicated studies 
with validated questionnaires are, however, needed to substantiate firm conclusions in 
end-user perspectives.

A limitation of our study is the relatively small sample size per center, hampering the 
analysis on representativeness of the cases per center. However, our approach did allow 
us to more broadly assess feasibility of rapid ES implementation since multiple centers 
participated in this study. Furthermore, there is no significant difference between the 
included centers regarding clinical decision-making. Therefore, we expect no limitations 
regarding generalizability of the results. As these NICUs are also referral centers with a 
high volume of transfers and retro-transfers, it is difficult to capture an infant’s entire 
diagnostic odyssey, particularly if it began in another institution. However, our study is 
valuable in reflecting current practices at NICUs that cares for many neonates with rare 
and likely genetic disorders. 

Overall, it can be concluded that rapid ES as a first-tier genetic test in the NICU is 
clinically relevant and beneficial for newborns, their parents and treating clinicians. 
Implementation of rapid ES will increase diagnostic yield and provides a diagnosis 
more rapidly than conventional genetic testing, without incurring higher costs to the 
healthcare system enabling individualized clinical management.
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SUPPLEMENTARY FIGURES AND TABLES

Supplementary Figure 1. Overview of all genetic tests
*Contains quantitative fluorescent polymerase chain reaction (QF-PCR) and fluorescence in situ 
hybridization (FISH). ES = exome sequencing.
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Supplementary Figure 2. Enduser perspectives
Exploratory analysis to gain insight into the perspectives of parents of neonates receiving rapid ES 
as well as the involved clinicians (i.e. neonatologist). (A) The parental perspective was focused on 
their overall experience of the rapid ES procedure compared to routine testing. Overall experience 
was assessed by the visual analog scale (VAS), a 10-point scale ranging from 0 (extremely 
unsatisfied) to 10 (extremely satisfied) in which parents answered the following questions: 1) “To 
what extent are you satisfied about the rapid genetic diagnostic testing?”; and 2) “How satisfied 
would you be if genetic test results are available within 3-4 months (i.e. routine genetic diagnostic 
testing)?”. In addition, to assess the perceived stress related to rapid ES, based on the differences 
in procedure such as the risk of incidental findings associated with rapid ES, parents indicated 
whether they agreed with the following two statements by using a 7-point scale ranging from 
completely agree to completely disagree: “It did not cause stress in order to decide whether rapid 
ES should be performed.” (B) ; and 2) “If we had the opportunity to choose again for this diagnostic 
trajectory, we would choose again for rapid genetic diagnostic testing.” (C). The involved clinicians’ 
perspective was focused on the speed of rapid ES to have an impact on clinical decision-making 
(7-point scale, ranging from completely agree to completely disagree). They indicated to what 
extent they agreed with: “The turnaround time of rapid ES is short enough to impact clinical 
decision-making.” (D). These exploratory questions and answer suggest that i) parents favoured 
the rapid ES over routine testing, ii) they experienced no extra stress related to testing and iii) that 
they would again choose rES if they had the opportunity. From the involved clinician’s point-of-
view, it seemed that the results from rapid ES were fast enough to impact clinical decision-making.
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Supplementary Table 1
Supplementary Table 1 can be found online at
https://doi.org/10.1007/s00431-023-04909-1

Supplementary Table 2
Supplementary Table 2 can be found online at
https://doi.org/10.1007/s00431-023-04909-1

Supplementary Table 3
Supplementary Table 3 can be found online at
https://doi.org/10.1007/s00431-023-04909-1
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The overall aim of this thesis was to assess the economic value of implementing exome 
sequencing (ES) compared to current genetic diagnostic testing. Since clinical symptoms 
of rare diseases occur most often (i.e. approximately 75% of the cases) during childhood 
and since 80% of the rare diseases have a genetic origin [1-9], the impact of implementing 
ES within pediatric care was evaluated. This chapter will describe and discuss the main 
findings of this thesis, followed by a discussion of the methodological considerations 
and recommendations for future research and implications for practice.

6.1 MAIN FINDINGS

The implementation of next-generation sequencing (NGS) in pediatric care came with high 
expectations. Before implementing a new sequencing technology, these expectations 
make it essential to gain accurate insight in the added value, and require approaches to 
assess this added value (for example health or economic impact) appropriately in order 
to aid in decision-making. The first question we aimed to answer in this thesis was about 
choosing the optimal approach for economic evaluations of next generation sequencing 
in pediatric care. A review was performed (chapter 2), showing that currently used 
methods for economic evaluations lack uniformity and hamper reputable comparison 
between outcomes, thereby not efficiently aiding in decision-making. In order to 
facilitate and improve decision-making for implementing novel genetic technologies 
such as ES, it is of utmost importance to develop specific guidance of evaluations in 
pediatric care in addition to current health economic guidance.

In chapter 3, we described the improvement of the genetic diagnostic trajectory for 
critically ill neonates admitted to the neonatal intensive care unit (NICU) needed in order 
to provide a more inclusive, earlier and faster genetic diagnosis. There was a substantial 
proportion of patients, especially those patients with congenital anomalies (CA), who 
did not receive any genetic testing, without the presence of a possible explanation for 
this lack of testing. The limited uptake of genetic testing indicates the need for improved 
genetic diagnostic care in this setting. Especially patients with CA might benefit from 
the implementation of ES, since it was speculated that 29% of the patients with CA who 
did not receive genetic testing, probably remained undiagnosed due to a lack of genetic 
testing. Implementation of ES for all patients with CA at the NICU would overcome 
this problem and might end the diagnostic odyssey for (families of) these patients. 
Besides, by ending the diagnostic odyssey, personalized medicine can be enabled and/
or improved, for example by starting the correct treatment or preventing unnecessary 
or risky therapies or change the goal of care, e.g. transition to comfort care.
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This thesis shows that costs related to genetic diagnostic testing are only a fraction (2-
5%) of the total healthcare costs for children admitted to the neonatal intensive care 
unit (NICU; chapters 4 and 5). The clinical impact, i.e. the impact on clinical outcome 
measurements, of implementing ES instead of conventional genetic testing, i.e. routine 
genetic diagnostic testing, can be significant. Both the number of patients who receive 
genetic testing and the diagnostic yield are likely to increase in case ES is implemented, 
without significantly increasing (overall) healthcare costs.

In the timeframe of performing the studies described in this thesis, the use of rapid ES in 
(neonatal) intensive care units has taken flight, even prior to the formal evaluation of the 
cost-effectiveness, as was highlighted in chapter 5. This overall suggests that the perceived 
opportunities of the ES in practice outweighed the challenges. This implies furthermore 
that, in addition to formal evaluations, early economic evaluations become even more 
important in this field. Evaluations in which room for improvement is calculated to outline 
possible added value before formal implementation and evaluations take place.

6.2 OPPORTUNITIES FOR ES

Previous research has outlined the potential impact of NGS in pediatric care on both costs 
and effects. Looking into current evidence, many opportunities have been described and 
are confirmed in this thesis. Most prevalent and essential opportunities are:

Ending the diagnostic odyssey
With the introduction of (rapid) ES as part of the genetic diagnostic trajectory, there 
might come an end to the diagnostic odyssey for the pediatric population, and in 
particular children admitted to the neonatal intensive care unit (NICU; chapters 3 and 5). 
As mentioned, this thesis (chapter 5) showed that implementation of rapid ES resulted 
in a larger number of patients who received a conclusive genetic diagnosis compared to 
routine genetic diagnostic testing (diagnostic yield of 20% vs. 10% respectively) with a 
shorter turnaround-time (15 days (95% CI 10–20) vs. 59 days (95% CI 23–98, p<0.001), 
respectively). This decrease in turnaround-time is in line with earlier research, which 
stated that implementation of rapid ES will shorten the diagnostic odyssey [10-12]. 
Regarding the diagnostic yield, this thesis showed a relatively lower diagnostic yield for 
rapid ES compared to similar studies in neonatal setting [13, 14]. This lower diagnostic 
yield was probably caused by the less strict inclusion criteria applied in chapter 5, 
since all neonates with a suspicion of a genetic disorder were included instead of a 
more specific study population. Besides, preselection was performed by pediatricians 
instead of clinical geneticists. Although there is a difference in results between previous 
studies and this thesis [13, 14], all studies have shown an increase in diagnostic yield 
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and decrease in turnaround-time, leading to an end of the diagnostic odyssey [10-14].

Decrease in healthcare costs at individual patient level
Results of chapters 4 and 5 have shown that implementation of ES can be promising 
for critically ill neonates admitted to the NICU, without a significant increase in costs. 
The scenario analysis presented in chapter 4 resulted in a small increase in overall 
healthcare costs, i.e. 5.3-5.5% increase in costs, in case all patients with congenital 
anomalies admitted to the NICU receive ES. Chapter 5 showed net healthcare savings, 
i.e. a genetic cost reduction of 1.5%, when routine genetic diagnostic testing is replaced 
by rapid ES for patients admitted to the NICU.

Although the existing evidence regarding the cost-effectiveness of ES within pediatrics is 
relatively scarce, multiple studies have been performed, showing similar results compared 
to the results of this thesis [15]. These studies also showed that implementation of ES as 
first-tier test can be cost saving and/or might result in an increased number of conclusive 
diagnoses without a significant increase in costs [11, 12, 15, 16].

Enabling personalized medicine and prevention of unnecessary health care resource 
use
In this thesis, healthcare utilization and associated costs after a genetic diagnosis 
was established were not investigated. However, earlier research has shown that 
establishing a genetic diagnosis earlier in the diagnostic trajectory can positively affect 
clinical management of patients with rare diseases [17]. An earlier genetic diagnosis also 
enables personalized medicine, i.e. other extra or unnecessary invasive diagnostic tests 
can be prevented and future multidisciplinary care planning can be directed based on 
the genetic diagnosis [1, 18, 19].

By ending the diagnostic odyssey and enabling personalized medicine, healthcare 
resource use can be planned more efficiently [17]. For instance, an early diagnosis of 
a neonatally lethal disorder may lead to refraining from invasive open-heart surgery, 
whereas simultaneously, an early diagnosis of a disorder with later childhood presentation 
of comorbidities may lead to early intervention and prevention [17]. Such possible effects 
again outline the necessity of gaining early insight in possible cost savings as it is likely 
that such impact cannot be prospectively tested in formal randomized controlled trial 
studies and needs early health economic modelling to extrapolate and model current 
outcomes to future impact.

6 6



GENERAL DISCUSSION | 113

6.3 CHALLENGES RELATED TO THE IMPLEMENTATION 
OF ES

Despite the opportunities offered by the implementation of ES, the introduction of a new 
genomic technology such as ES is also associated with multiple challenges. Although ES 
has meanwhile been implemented in different settings including pediatric care, some 
important hurdles have been noted, and should be taken into account for future studies, 
cost evaluations, and decisions on widespread implementation. 

Methodological challenges
One of the biggest lessons learned in this thesis was the lack of guidelines on how to 
perform an economic evaluation within the genetic pediatric population (or genetic 
testing in general) and how to create more uniformity regarding comparability of results 
(chapter 2). A more homogeneous methodology would increase comparability of results, 
and although there are specific guidelines on how to perform economic evaluations [20, 
21], it seemed rather difficult to define the most optimal method in order to create 
more uniformity. 

One of the insights obtained from previous studies is that quality-adjusted life years 
(QALY), a measure commonly used in health economic evaluations [22], seems to be 
inadequate: this measure may well work for the evaluation of adult interventions but 
is not directly applicable for children and neonates with a rare disease. Moreover, a 
diagnosis itself cannot be measured in QALYs, and often, for individuals with rare 
disease, and/or parents/caregivers perceived improvements in quality of life are much 
more subjective, and hard to capture in concise absolute numbers. More deliberate 
discussions should take place to ensure outcome measures are created which can be 
used by policymakers in the near future.

Moreover, as previously indicated, it is essential to develop high quality health economic 
models to extrapolate and model long term outcomes, as the time frame required 
to measure improvements is much longer than the current trials. One may think for 
instance of siblings or other relatives of the affected index individuals, who may benefit 
from the diagnosis as this allows for informed reproductive choices (e.g. information on 
the recurrence risk).

At the moment, it is thus still challenging to define the perfect alternative outcome 
measurement for genetic testing and to develop valid health economic models 
extrapolating short term outcomes to long term outcomes. Such models should 
become available early in the entire development and implementation process of new 
applications, and preferable added to other criteria for evaluating a genetic test, for 
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example, as defined by the Centers for Disease Control and Prevention ACCE framework 
(Acronym for: Analytical validity, Clinical validity, Clinical utility, and related Ethical/legal/
social issues) [23]. These early economic evaluations can guide further decision-making 
before high quality efficiency outcomes are present and decrease the risk of making 
wrong decisions when evidence is limited. In addition to formal use of these evaluation it 
is essential to draft and develop cyclic health technology assessments in which evidence 
and decisions are updated over time.

Balance between costs of genetic testing, other healthcare utilization, and overall 
increase in volume of individuals using genetic services
As mentioned, implementing ES led to a non-significant change in genetic costs (chapters 
3 and 5) as it replaces other genetic tests. It should however be noted that, although this 
is true at individual patient level, the new opportunities of genetic testing impact medical 
decision-making more broadly. The overall number of individuals making use of genetic 
testing has increased substantially (annual increase of 5-10%) and genetic testing has 
become more mainstream, i.e. increasingly offered within routine clinical practice and 
by non-genetic health professionals. In contrast, the overall budget a genetic center has 
available – based on negotiations with health care insurance companies via the Board 
of Directors from an academic hospital – is currently not equally compensated for the 
increase in volumes of testing (monetary increase is usually limited by inflation). Hence, 
to compensate for the increase in volume of testing, the costs of a new genetic test 
preferably need to decrease rather than being cost-neutral. Moreover, potential cost 
savings by intervening with medical treatments based on the genetic outcome, are often 
obtained in departments other than the genetic department itself (e.g. performing less 
cardiac screening is a cost saving for the department of Cardiology).

Genetic testing making headway, and being performed at an early moment in the care 
pathway for many more patients, thus to measure cost-effectiveness and develop 
decision analytic models early in the process as highlighted above not only calls for 
unified strategies, but also for a reevaluation of budgets, where costs are made, where 
cost savings end up, and how these are distributed.

Economic impact of potential increased health care utilization
Having a conclusive genetic diagnosis does not always involve manifestation of (all) 
clinical symptoms. Although a diagnosis can lead to an early start of treatment, there is 
also a risk of unnecessary healthcare utilization and unnecessary treatment, especially 
if a patient would have never developed the comorbidity being preventatively screened, 
or treated, for.
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In this thesis, we did not analyze healthcare utilization after a diagnosis was established. 
To assess the impact of implementing a new genetic technology, it is important to be 
as precise as possible and include at least the complete diagnostic trajectory in a cost 
analysis (chapter 2). However, in order to be able to evaluate long-term economic 
impact, it also relevant to take into account the consequences following a conclusive 
diagnosis. When no consequences take place, and only consequence is knowing the 
diagnosis it should be questioned whether this is always the best and most cost-effective 
option. As mentioned, when a disease does not manifest itself (fully) and unnecessary 
treatment is started or a patient is referred to a specialist for follow-up, it can lead to an 
increase in healthcare costs. Especially in case a variance of unknown sequence (VUS) or 
incidental finding is detected (i.e. an unexpected finding indicating a pathogenic variant 
other than the indication for which the sequencing test was ordered) [24]. However, 
it remains rather challenging to study this impact, as previously outlined, and early 
health economic modelling could be an efficient solution to this issue. Both clinical 
and economic impact as outlined above, should be tested and evaluated in different 
scenarios in these models for instance.

Impact of implementing ES on parents
Another challenge that is related to the implementation of ES is the impact on parents 
and their experienced burden of the diagnostic trajectory. Both parents and patients may 
suffer from the diagnostic odyssey. Earlier research has shown that finding a conclusive 
diagnosis reduces emotional burden, validates the concerns of parents and allows access 
to established support networks for (parents of) patients without a diagnosis [25]. This 
can also positively affect daily functioning of both parents and patients.

In chapter 5, we tried to assess the experienced burden of parents of the patients 
caused by the genetic diagnostic trajectory and the impact of rapid ES instead of routine 
genetic testing on this burden. Compared to routine genetic testing, parents preferred 
rapid ES, rapid ES did not increase parental experienced stress and in general, parents 
evaluated rapid ES as having a positive impact on clinical decision-making. As these 
observations were rather exploratory in absence of validated questionnaires, making 
it challenging to conclude whether the impact of ES is significantly better, one might 
also argue that having diagnosis relieves stress. Previous studies confirm the positive 
attitudes of parents towards ES in the NICU [26]. The fact that these positive attitudes 
are more often obtained when using ES compared to previous standard of care may 
suggest that implementing ES has a reduced impact on the experienced burden of 
parents. This rational does, however, not take into account non-penetrant diseases, 
which may increase uncertainty, and/or the worries of parents may have on expression 
of the disease themselves, and/or the knowledge that they may have of transmitting 
the disease to their (next) child. Whereas these arguments are also of relevance for 

6 6



116 | CHAPTER 6

diagnoses made from routine genetic testing, the number of parents dealing with such 
potential challenges does increase as a consequence of the increased diagnostic yield by 
using ES. This will result in a larger societal challenge.

Ethical considerations related to incidental findings and impact on health care 
utilization
Another impact aspect where ES differs from routine (targeted) genetic testing, is the 
chance of incidental findings, referring to a genetic finding that is of medical relevance, 
but is not the underlying cause of the condition the ES was performed for. Since their 
first discovery, guidelines were developed [27], which state that such findings should be 
reported in case future health can be influenced (“actionable”), for example, by starting 
(preventative) treatment. This is in line with the guideline developed by the Vereniging 
Klinische Genetica Nederland (VKGN) in the Netherlands [28], although international 
debates are still ongoing on whether one should actively screen for these variants or not 
[29]. In the Netherlands, depending on the diagnostic strategy to analyze ES data, the 
risk on identifying an incidental finding ranges between 0.04-1.03% [30]. Discussions 
on whether or not to disclose incidental findings are usually held in the context of the 
ethical considerations, balancing the potential harm of knowing versus the potential 
benefits of early intervention and/or life choices. In the context of this thesis, one may 
also consider emphasis on the health care utilization related to disclosure of incidental 
findings, especially as these genetic findings are usually related to disease segregating 
in (larger) families. This not only extends increased health care utilization beyond the 
index case, but also potentially leads to overdiagnosis and unnecessary treatments [31]. 
Hence, for an inclusive cost-evaluation of ES implementation, more detailed studies 
on the economic consequences of reporting incidental findings should be performed 
in the near future. Of note, we initially aimed to assess the impact of an incidental 
finding on healthcare utilization as part of this thesis, but unfortunately, the number 
of patients was too few and heterogeneous, and the follow-up time was too short to 
provide meaningful data for this thesis.

Generalizability of results across nations
Another important challenge regarding the implementation of ES is to combine study 
results across different countries. Apart from the methodological challenges highlighted 
in chapter 2 and above, it should be realized that even if studies were comparable 
regarding effect measures and/or outcome measurements, the outcomes may not 
be directly translatable to local/national implementation strategies. This latter notion 
derives from different economic systems in each country, different reimbursement 
strategies, access to genetic services and general health care infrastructure. Hence, 
despite the strong encouragement to unify and homogenize economic evaluations of 
genetic testing, policy and decisions makers may still require dedicated national outcome 
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measures in a cost analysis for final decision-making.

6.4 RECOMMENDATIONS FOR FUTURE RESEARCH AND 
PRACTICE

Multiple recommendations for future research and practice can be defined based on the 
opportunities and challenges presented in this thesis.

Focus on long term health care utilization
The implementation of (rapid) ES for critically ill neonates admitted to the NICU has 
been effected during the course of the studies described in this thesis, mostly based 
on direct short term clinical benefits (e.g. increased diagnostic yield, and impact on 
clinical decision-making) without obvious incurred higher health care costs. The trend 
of genetics playing its part in almost all medical disciplines, will lead to an increase 
of the number of individuals receiving testing. Longitudinal studies (retrospective or 
prospective) on health care utilization will provide much needed insights into the impact 
of long-term clinical and economic consequences of new genetic technologies.
These longitudinal studies should preferably involve novel outcome measures (e.g. 
other than QALY) that are specific and normative to evaluate all relevant socio-
economic aspects of implementing the innovative genetic technology. In this context 
one might also investigate differences observed for those individuals with a diagnosis 
and without a diagnosis, and those differences related to primary diagnosis, and those 
related to incidental findings. More (early) health economic models should therefore 
come available which are transparent, regularly updated and easily transferable to other 
countries. Collaboration should therefore take place within countries but also with 
health economic experts in different countries. 

Evaluation of novel technologies in the context of the fast-evolving field of medical 
genetics 
The possibilities ES has offered the field of medical genetics are enormous. Yet, the 
technological revolution is still ongoing, and includes the analysis of the genome 
over the exome using various platforms (short reads versus long read sequencing), 
different biological samples (transcriptome and metabolome), but also alternative 
non-sequencing-based strategies (optical genome mapping). Each of these strategies 
and applications will have a sweet spot for its use in a genetic diagnostic laboratory 
to diagnose rare disease. It is as such of essence that the main lessons learned from 
the studies described in this thesis are leveraged onto novel studies to assess where 
these sweet spots lie to address the question: which patient benefits most, from which 
diagnostic strategy, in a viable socio-economic health care system. Whereas ES has been 
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implemented based on the aforementioned direct clinical benefits, it might be expected 
that the direct added value of each novel technique might be smaller. In addition, 
currently, the direct consumable costs and costs for infrastructure exceed those of ES. 
Hence, the timing is now to design studies to assess whether, and if so, under which 
circumstances, these benefits should outweigh the possible extra costs. Development 
and use of early economic evaluations is therefore essential to gain early insight in 
possible added value and pinpoint clinical studies on these areas which are likely to 
have the highest impact. 

Paying attention to indirect consequences and costs associated with implementing 
novel technologies 
In addition to costs directly visible and quantifiable from implementation of new genetic 
diagnostic strategies, such as for instance new equipment and analytical software, 
policymakers should also pay attention to indirect costs and consequences associated 
with implementation. For instance, with the implementation of ES, time and money have 
been spent on training of personnel and educating other healthcare professionals [32, 
33]. Also, communication plans and strategies are required to inform all stakeholders 
for the need for innovation. In the case of ES, the direct added clinical benefit, early 
initiation of treatment etc., was generally appreciated and clinicians were willing to 
accept ES [10]. However, without a clear explanation of the possible advantages or 
disadvantages, it can be challenging to motivate these clinicians to implement a genetic 
innovation since they are used to routine genetic care.

Discussion about the added benefit holds for other stakeholders such as (parents of) 
patients and their families as well. As mentioned earlier, ES can be associated with 
possible negative impacts, for example incidental findings [24]. Parents and patients 
should be aware of both the possible clinical benefit and potential risks and the 
possibility of incidental findings [34] and should also maintain realistic expectations. 
Implementation of ES does not guarantee a conclusive diagnosis and there is always a 
possibility of being confronted with an insecure outcome or an outcome which does not 
have treatment options yet. Sufficient guidance is needed in order to let (parents of a) 
patient decide whether ES should be performed.

Additional training, professional and public education and extra guidance will lead are 
related to a (temporary) increase of costs. However, within the Netherlands, genetics is 
more obviously integrated into medical practice, and healthcare professionals are more 
and more familiar with genetic testing. Although this reduces the extra costs needed to 
train the (non-) geneticists, overall costs related to training and education are currently 
unknown.
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6.5 CONCLUDING REMARKS

This thesis has shown that exome sequencing has potential to become part of routine 
genetic testing for critically ill neonates admitted to the neonatal intensive care unit and 
as a first-tier diagnostic test. Implementation of exome sequencing does not significantly 
affect costs, especially when used for all patients with congenital anomalies. However, 
while performing the cost-effectiveness studies as presented, implementation of exome 
sequencing took place, without waiting for the outcomes of these studies. With the 
technological revolution in the field of medical genetics still ongoing, future cost-
effectiveness analyses should therefore be performed earlier in the process towards 
implementation. Consequently, decisions on implementation need to be made based on 
these early health economic evaluations, preferably using valid and transparent decision 
analytic models outlining future costs and effects. Thereafter, these models should 
be updated when new real-world data becomes available and frameworks should be 
developed in order to enhance further implementation and even de-implementation of 
innovations within patient pathways that are ultimately deemed not cost-effective. This 
involves adding a layer of uncertainty (uncertainty related to data maturity) to diagnostic 
decision-making in the future. This uncertainty can be overcome using long-term data 
from other studies and high-quality data from current practice. Early understanding of 
potential added value is essential in this case to further steer and guide the future of 
innovative diagnostic modalities.
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SUMMARY

In the last decade, the landscape of genetic testing has changed enormously. Genetic 
sequencing technologies are increasingly used for the diagnosis of rare genetic disorders. 
Exome sequencing (ES) is emerging as powerful diagnostic tool in identifying the genetic 
etiology of a rare disease, especially within pediatrics. There is however still an unmet 
need to better understand the economic impact of ES implementation in routine care, 
also including other possible benefits of ES, such as improvements in clinical decision-
making, and reducing the burden to families. A cohort of patients in which these 
economic outcomes and clinical benefits might be best captured are neonates admitted 
to neonatal intensive care units (NICUs). For these neonates, it is expected that genetic 
test results may impact clinical decision-making and enable personalized medicine. Yet, 
genetic testing using ES has not reached widespread implementation in this setting. This 
is mainly due to the need of NICUs to have a fast ES result, requiring infrastructure on 
Dutch genetic laboratories that have only been set up recently. Since there are also still 
uncertainties regarding effect/outcome measures to be taken into account for economic 
evaluation when implementing novel genetic tests, the overall aim of this thesis was to 
assess the economic impact of implementing ES in routine care for children admitted to 
the NICU.

In chapter 2, a systematic literature review was conducted (14 February 2021), aimed 
at identifying all published economic evaluations of sequencing technologies in 
pediatric diagnostics, i.e. ES and/or genome sequencing (GS). Information regarding 
methodological approach, costs, effects, and time horizon was abstracted from these 
publications. Overall, twenty-eight economic evaluations of ES/GS within pediatrics 
were identified. Costs included were mainly restricted to direct in-hospital healthcare 
costs and varied widely in inclusion of sort of costs and time horizon. Nineteen studies 
included diagnostic yield and eight studies included cost-effectiveness as outcome 
measures. Studies varied greatly in terms of included sort of costs data, effects, and time 
horizon. Due to the large differences in inclusion of costs and effect parameters between 
studies, the validity of outcomes can be questioned. This hinders valid comparison 
and widespread generalization of conclusions. In addition to current health economic 
guidance, specific guidance for evaluations in pediatric care is therefore necessary 
to improve the validity of outcomes and furthermore facilitate comparable decision-
making for implementing novel NGS-based diagnostic modalities in pediatric genetics 
and beyond.

Since it has been proven that neonates with genetic disorders or congenital anomalies 
contribute considerably to morbidity and mortality in NICUs, the exact prevalence 
of genetic disorders in an academic level IV NICU was assessed in chapter 3. Clinical 
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and genetic data was retrospectively collected data from 1,444 infants admitted to an 
academic hospital in the Netherlands between October 2013 to October 2015. Follow 
up of these patients continued until infants reached at least two years of age. Results 
have shown that for 13% (194/1,444) of all patients genetic tests were performed, 
resulting in a diagnostic yield of 37% (72/194). In 53% (38/72), the diagnosis was made 
post-neonatally (median age = 209 days) using assays including ES. 32% (461/1,444) of 
the patients suffered from a congenital anomaly. 63% (291/461) of these patients never 
received genetic testing, despite being clinically similar those who did. Extrapolation 
of the diagnostic yield suggests that up to 6% (83/1,444) of our total cohort may have 
remained genetically undiagnosed, indicating that 29% (83/291) of not-tested patients 
with a congenital anomaly could have likely remained undiagnosed due to a lack of 
genetic testing. The data shown in chapter 3 indicates the need to improve genetic care 
in the NICU for more inclusive, earlier, and faster genetic diagnosis to enable tailored 
management.

The objective of chapter 4 was to provide an overview of the average healthcare costs 
for patients admitted to the NICU and to assess the possible impact of implementing ES 
on these total healthcare costs. Post-natal healthcare data of all patients admitted to the 
level IV NICU at the Radboudumc (October 2013–October 2015) was collected and unit 
costs were linked to these healthcare consumptions. A distinction between patients was 
made based on performance of genetic tests and the presence of (multiple) congenital 
anomalies. Overall, on average €26,627 was spent per patient. Genetic costs accounted 
for 2.3% of all costs. Average healthcare costs were higher for patients with multiple 
congenital anomalies (€53,686 per patient) compared to patients with an isolated 
congenital anomaly (€27,350 per patient) and patients without congenital anomalies 
(€15,210 per patient). We next modelled four scenarios based on clinical preselection. 
First, when performing trio-ES for all patients instead of routine genetic testing, overall 
healthcare costs will increase with 22.2%. Second, performing trio-ES only for patients 
with multiple congenital anomalies will not result in any cost changes, but this would 
leave patients with an isolated congenital anomaly untested. We therefore next modelled 
a scenario performing trio-ES for all patients with congenital anomalies, increasing the 
average per patient healthcare costs by 5.3%. This will rise to a maximum of 5.5% when 
also modelling for an extra genetic test for clinically selected patients to establish genetic 
diagnoses that are undetectable by ES. Overall, genetic diagnostic testing accounted for 
a small fraction of total costs. Implementation of trio-ES as first-tier test for all patients 
with congenital anomalies will lead to a limited increase in overall healthcare budget, 
but will facilitate personalized treatments options guided by the diagnoses made.

Although clinical decision-making can be positively affected by the introduction of rapid 
ES for critically ill neonates admitted to the NICU, prospective evidence to quantify the 
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impact of rapid ES over routine genetic testing are scarce. In chapter 5, a prospective 
clinical utility study was performed, comparing rapid ES to conventional genetic testing. 
Five Dutch NICUs were involved and 60 neonates with a suspected genetic disorder 
were included in the study. For each participant, both rapid ES and routine genetic 
testing were performed in parallel. Both diagnostic yield and time-to-diagnosis were 
monitored. Healthcare resource use was collected to assess the economic impact of 
rapid ES. Questionnaires and Visual Analogue Scale (VAS) scores were obtained from 
parents and involved clinicians to gain insight into their perspectives of rapid ES. 
Compared to routine genetic testing, rapid ES detected significantly more conclusive 
genetic diagnoses (20% and 10% respectively, P<0.05), in a significantly shorter time-to-
diagnosis (59 days (95% CI 22-99) vs. 15 days (95% CI 10-20) respectively). Regarding the 
costs, rapid ES reduced genetic diagnostic costs by 1.5% (€85 per neonate). Compared 
to routine genetic testing, parents showed preference towards rapid ES, and involved 
clinicians reported perceived clinical benefits for rapid ES. Together with the positive 
user experience, these observations warrant the widespread implementation of rapid 
ES as first-tier genetic test in critically ill neonates with disorders of suspected genetic 
origin.

Concluding remarks
Overall, this thesis has shown that exome sequencing has great potential (both clinical 
and economic) to become part of routine genetic testing for critically ill neonates 
admitted to the neonatal intensive care unit. Especially if exome sequencing is 
implemented as first-tier diagnostic test for all patients with congenital anomalies, it will 
not lead to a significant increase in healthcare costs. However, the implementation of 
exome sequencing did not await the outcomes of these studies. With the technological 
revolution in the field of medical genetics still ongoing, future cost-effectiveness analyses 
should be performed earlier in the process towards implementation. Based on these 
early health economic evaluations, decisions regarding implementation need to be 
made, preferably using valid and transparent decision analytic models outlining future 
costs and effects. Thereafter, these models should be updated as new real-world data 
becomes available, and frameworks should be developed in order to enhance further 
implementation and even de-implementation of patient pathways that are ultimately 
deemed not cost-effective. This includes adding a layer of uncertainty (uncertainty about 
data maturity) to future decision-making. The use of long-term data from other studies 
and high-quality data from current practice can remove the uncertainty and early insight 
in the potential added value is in this case essential to further steer and guide the future 
of innovative diagnostic modalities.
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NEDERLANDSE SAMENVATTING

In het afgelopen decennium is het landschap van genetisch testen enorm veranderd. 
Genoombrede DNA-sequencing technologieën worden steeds vaker gebruikt voor het 
stellen van de diagnose van zeldzame genetische aandoeningen. Exoomsequencing (ES) 
is één van de methoden en is in opkomst als krachtig diagnostisch hulpmiddel bij het 
identificeren van de genetische etiologie van een zeldzame ziekte, vooral binnen de 
kindergeneeskunde. Er is behoefte om de economische impact van ES-implementatie 
in de routinezorg beter te begrijpen, ook met betrekking tot andere voordelen van 
ES, zoals verbeteringen in de klinische besluitvorming en het verminderen van de last 
van onzekerheid voor gezinnen. Een groep van patiënten waarin deze economische 
uitkomsten en klinische voordelen het beste tot hun recht komen, zijn pasgeborenen 
die zijn opgenomen op neonatale intensive care units (NICU’s). Voor deze pasgeborenen 
wordt verwacht dat genetische testresultaten van invloed kunnen zijn op de klinische 
besluitvorming en gepersonaliseerde geneeskunde mogelijk maken. Toch hebben 
genetische testen gebaseerd op ES in deze setting nog geen algehele implementatie 
bereikt. Hiervoor is een infrastructuur vereist die in staat is om een snel ES-resultaat te 
krijgen. De Nederlandse genetische laboratoria hebben deze in de laatste jaren opgezet. 
Aangezien er voor de economische evaluatie bij het implementeren van nieuwe 
genetische testen onzekerheden zijn met betrekking tot effect-/uitkomstmaten waarmee 
rekening moet worden gehouden, was het algemene doel van dit proefschrift om de 
economische impact te beoordelen van het implementeren van ES in de routinematige 
zorg voor kinderen die zijn opgenomen op de NICU.

In hoofdstuk 2 is een systematische literatuur review uitgevoerd (14 februari 2021), 
gericht op de identificatie van alle gepubliceerde economische evaluaties met betrekking 
tot sequencing technologieën binnen de pediatrische diagnostiek, in dit geval ES en 
genoomsequencing (GS). Van alle geïncludeerde publicaties is informatie verzameld 
met betrekking tot de methodologische aanpak, kosten, effectmaten en tijdsperiode 
waarin patiënten gevolgd zijn. In totaal zijn er 28 economische evaluaties van ES en/
of GS binnen de pediatrische populatie geïdentificeerd. De kosten die in deze studies 
meegenomen werden, waren met name beperkt tot gezondheidskosten die binnen een 
ziekenhuis gemaakt worden. Een heldere omschrijving van de specifieke soort kosten 
ontbrak vaak en er was veel variatie in de tijdsperiode waarover kosten verzameld zijn. 
19 studies gebruikten de diagnostische opbrengst als uitkomstmaat, terwijl 8 studies de 
kosteneffectiviteit als uitkomst omschreven. De omvang van de onderzochte variabelen 
(i.e. soort kostendata, uitkomstmaten en tijdsperiode waarover kosten zijn verzameld) 
was erg uiteenlopend. Vanwege deze variatie kan de validiteit van de uitkomsten in twijfel 
getrokken worden. Dit beperkt de mogelijkheden om onderzoeksresultaten te vergelijken 
en zorgt voor een afname van de generaliseerbaarheid van conclusies. Als aanvulling 
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op bestaande gezondheidseconomische richtlijnen is er behoefte aan specifieke 
richtlijnen voor evaluaties die worden uitgevoerd binnen de kindergeneeskunde. Dit 
kan een positieve impact hebben op de validiteit van uitkomstmaten en kan klinische 
besluitvorming bijvoorbeeld omtrent implementatie van nieuwe (sequencing) 
technologieën binnen de pediatrische genetica faciliteren.

Pasgeborenen met genetische aandoeningen of aangeboren afwijkingen dragen 
aanzienlijk bij aan ziekte en sterfte op de NICU. Daarom is de prevalentie van genetische 
aandoeningen binnen een academische level IV NICU onderzocht in hoofdstuk 3. 
Klinische en genetische data van 1.444 kinderen, opgenomen in een academisch 
ziekenhuis in Nederland tussen oktober 2013 en oktober 2015, zijn retrospectief 
verzameld. Gegevens werden verzameld tot de patiënten een minimale leeftijd van twee 
jaar hadden bereikt. De resultaten hebben laten zien dat genetisch onderzoek is verricht 
voor 13% (194/1.444) van alle patiënten. Dit heeft voor 37% (72/194) van de patiënten 
tot een diagnose geleid. In 53% (38/72) van de diagnosen is de diagnose post-neonataal 
gesteld (mediane leeftijd = 209 dagen). Hierbij zijn verschillende genetische testen 
ingezet, waaronder ES. Van alle patiënten leed 32% (461/1.444) aan een aangeboren 
afwijking. Voor 63% (291/461) van deze patiënten is er nooit genetische diagnostiek 
uitgevoerd, ondanks dat deze patiënten klinisch gezien gelijk waren aan de patiënten 
waarvoor wel genetische diagnostiek werd ingezet. Op basis van extrapolatie van de 
verwachtte diagnostische opbrengst kan gezegd worden dat tot 6% (83/1.444) van het 
totale cohort geen genetische diagnose heeft ontvangen. Dit komt overeen met 29% 
(83/291) van de patiënten met een aangeboren afwijking waarvoor geen genetische 
diagnostiek is ingezet. Deze patiënten hebben uiteindelijk geen definitieve diagnose 
gekregen wegens het niet inzetten van de genetische test. De resultaten van hoofdstuk 
3 geven aan dat genetische zorg op de NICU verbeterd moet en kan worden. Hierdoor 
kan eerder en in een kortere tijd een genetische diagnose gesteld worden zodat zorg op 
maat gegeven kan worden.

Het doel van hoofdstuk 4 was het in kaart brengen van de gemiddelde kosten van 
de gezondheidszorg voor pasgeborenen die opgenomen zijn op de NICU en het 
inzichtelijk maken van de mogelijke impact van de implementatie van ES op de totale 
kosten. Postnatale gezondheidszorgdata zijn verzameld van alle patiënten die waren 
opgenomen op een level IV NICU in het Radboudumc (oktober 2013-oktober 2015). 
Gezondheidszorggebruik werd gekoppeld aan de kostprijs. Er werden verschillende 
patiëntgroepen gemaakt op basis van het wel/niet uitvoeren van genetische diagnostiek 
voor de desbetreffende patiënt en op basis van de aanwezigheid van geïsoleerde of 
meerdere aangeboren afwijkingen. Gemiddeld werd er €26.627 per patiënt uitgegeven. 
2,3% van deze kosten bestond uit kosten gerelateerd aan genetische kosten. De 
gemiddelde kosten voor patiënten met meerdere aangeboren afwijkingen (€53.686 per 
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patiënt) waren hoger dan de kosten voor patiënten met een geïsoleerde aangeboren 
afwijking (€27.350 per patiënt) en patiënten zonder aangeboren afwijking (€15.210 per 
patiënt). Vervolgens zijn er op basis van klinische preselectie vier verschillende scenario’s 
gemodelleerd. Scenario 1, waarbij trio-ES de reguliere genetische diagnostiek vervangt 
voor alle patiënten, leidde tot een gemiddelde kostentoename van 22,2%. In het tweede 
scenario werd voor alle patiënten met meerdere aangeboren afwijkingen reguliere 
genetische diagnostiek vervangen door trio-ES, wat niet leidde tot veranderingen met 
betrekking tot de gemiddelde kosten per patiënt. Echter, patiënten met geïsoleerde 
aangeboren afwijkingen ontvangen in dit scenario geen genetische diagnostiek. Om deze 
reden is scenario 3 uitgevoerd, waarbij alle patiënten met een aangeboren afwijking, 
ongeacht of deze geïsoleerd was of niet, trio-ES ontvingen. Dit resulteerde in een kosten 
toename van 5,3%. Er zijn echter een aantal diagnosen die niet gedetecteerd kunnen 
worden met ES. Daarom is een vierde scenario gemodelleerd waarbij alternatieve 
genetische diagnostiek wordt ingezet om te compenseren voor de genetische diagnosen 
die anders gemist worden. Dit leidt tot een kostentoename van maximaal 5,5%. 
Uiteindelijk kan geconcludeerd worden dat genetische diagnostiek verantwoordelijk is 
voor een klein deel van de totale kosten. Implementatie van trio-ES voor alle patiënten 
met aangeboren afwijkingen leidt tot een beperkte toename in algehele kosten, terwijl 
het zorgt voor gerichtere zorg die beter is afgestemd op de patiënt op basis van de 
gestelde diagnose.

Ondanks dat klinische besluitvorming positief beïnvloed kan worden door de introductie 
van spoed ES bij ernstig zieke pasgeborenen die zijn opgenomen op de NICU, is er tot op 
heden beperkt prospectief onderzoek gedaan naar de impact van spoed ES ten opzichte 
van reguliere genetische diagnostiek. In hoofdstuk 5 is een prospectieve klinische studie 
uitgevoerd, waarbij spoed ES is vergeleken met de huidige standaard diagnostiek. Vijf 
Nederlandse NICU’s waren bij dit onderzoek betrokken en in totaal zijn 60 pasgeborenen 
met een verdenking op een genetische aandoening geïncludeerd. Elke patiënt ontving 
parallel aan elkaar, zowel spoed ES als reguliere genetische diagnostiek. Diagnostische 
opbrengst en de tijd tot diagnose werden onderzocht. De inzet van zorg werd in kaart 
gebracht om zodoende de economische impact van spoed ES te onderzoeken. Daarnaast 
werden vragenlijsten afgenomen bij ouders en clinici en werd de Visual Analogue Scale 
(VAS) score ingevuld om inzicht te krijgen in hun visie op spoed ES. In vergelijking met de 
reguliere genetische diagnostiek leidde spoed ES tot significant meer diagnosen (10% vs. 
20% respectievelijk, p<0,05). Daarnaast was de tijd tot diagnose ook significant korter 
voor spoed ES (59 dagen (95% betrouwbaarheidsinterval 22-99) vs. 15 dagen (95% CI 10-
20)). Voor de genetische diagnostische kosten leidde spoed ES tot een kosten besparing 
van 1,5% (€85 per patiënt). De voorkeur van ouders ging uit naar spoed ES vergeleken 
met reguliere genetische diagnostiek, en de betrokken clinici gaven aan dat spoed ES 
meer klinische voordelen heeft. De kostenbesparing en positieve gebruikerservaringen 
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rechtvaardigen de implementatie van spoed ES als eerste test die wordt ingezet bij 
ernstig zieke pasgeborenen met een verdenking van een genetische aandoening.

Conclusie
Dit proefschrift heeft aangetoond dat exoomsequencing zowel klinisch als economisch 
potentie heeft om onderdeel te worden van de reguliere genetische diagnostiek 
voor ernstig zieke kinderen die zijn opgenomen op de neonatale intensive care unit. 
Implementatie van exoomsequencing zal niet leiden tot een significante stijging 
van de kosten van de gezondheidszorg. Vooral niet wanneer deze technologie wordt 
geïmplementeerd als eerste diagnostische test voor alle pasgeborenen met een 
aangeboren afwijking. Met de implementatie van exoomsequencing is echter niet 
gewacht op de uitkomsten van de onderzoeken zoals gepresenteerd in dit proefschrift. 
Nu de technologische revolutie binnen de medische genetica nog in volle gang is, 
moeten toekomstige kosteneffectiviteitsanalyses eerder in het implementatieproces 
worden uitgevoerd. Op basis van vroege gezondheidseconomische evaluaties moeten 
beslissingen over implementatie gemaakt worden, bij voorkeur met behulp van valide 
en transparante beslissingsanalysemodellen die inzicht geven in toekomstige kosten 
en effecten. Vervolgens moeten deze modellen bijgewerkt worden zodra nieuwe 
gegevens uit de praktijk beschikbaar komen, zodat de desbetreffende technologie 
verder geïmplementeerd kan worden of besloten kan worden dat implementatie nooit 
kosteneffectief kan zijn en niet verder doorgezet wordt. Het modelleren houdt tevens 
in dat er onzekerheid wordt toegevoegd aan besluitvorming. Het gebruik van lange-
termijn data van andere studies, in combinatie met kwalitatief hoogwaardige data uit 
de dagelijkse praktijk, kunnen er voor zorgen dat deze onzekerheid geminimaliseerd 
wordt en kan tijdig inzicht geven in de toegevoegde waarde van een technologie. Op 
deze manier kan er beter richting gegeven worden aan de toekomst van innovatieve 
diagnostische technologieën.

& &



 | 137

& &



138 | 

& &



 | 139

LIST OF PUBLICATIONS

Schobers G., Derks R., den Ouden A., Swinkels H., van Reeuwijk J., Bosgoed E., Lugtenberg 
D., Sun S.M., Corominas Galbany J., Weiss M., Blok M.J., Olde Keizer R.A.C.M., Hofste T., 
Hellebrekers D., de Leeuw N., Stegmann A., Kamsteeg E.J., Paulussen A.D.C., Ligtenberg 
M.J.L., Bradley X.Z., Peden J., Gutierrez A., Pullen A., Payne T., Gilissen C., van den 
Wijngaard A., Brunner H.G., Nelen M., Yntema H.G., Vissers L.E.L.M. Genome sequencing 
as a generic diagnostic strategy for rare disease. Genome Med, 2024. 16(1):32.

Olde Keizer R.A.C.M.*, Marouane A.*, Kerstjens-Frederikse W.S., Deden A.C., 
Lichtenbelt K.D., Jonckers T., Vervoorn M., Vreeburg M., Henneman L., de Vries L.S., 
Sinke R.J., Pfundt R., Stevens S.J.C., Andriessen P., van Lingen R.A., Nelen M., Scheffer 
H., Stemkens D., Oosterwijk C., Ploos van Amstel J.K., de Boode W.P.*, van Zelst-Stams 
W.A.G.*, Frederix G.W.J.*, Vissers L.E.L.M.* on behalf of RADICON-NL consortium**. 
Rapid exome sequencing as first-tier test in neonates with suspected genetic disorder: 
results of a prospective multicenter clinical utility study in the Netherlands. European 
Journal of Pediatrics, 2023. 182(6): 2683-2692.

Olde Keizer R.A.C.M., Marouane A., Deden A.C., van Zelst-Stams W.A.G., de Boode W.P., 
Keusters W.R., Henneman L., Ploos van Amstel J.K., Frederix G.W.J.*, Vissers L.E.L.M.* 
Medical costs of children admitted to the neonatal intensive care unit: the role and 
possible economic impact of exome sequencing in early diagnosis. European Journal of 
Medical Genetics, 2022. 65(5): 104467.

Marouane A., Olde Keizer R.A.C.M., Frederix G.W.J., Vissers L.E.L.M., de Boode W.P., 
van Zelst-Stams W.G.A. Congenital anomalies and genetic disorders in neonates and 
infants: a single-center observational cohort study`. European Journal of Pediatrics, 
2022. 181(1): 359-367.

Olde Keizer R.A.C.M., Henneman L., Ploos van Amstel J.K., Vissers L.E.L.M., Frederix 
G.W.J. Economic evaluations of exome and genome sequencing in pediatric genetics: 
considerations towards a consensus strategy. Journal of Medical Economics, 2021. 
24(Suppl 1): 60-70.

*Authors contributed equally

& &



140 | 

& &



 | 141

DANKWOORD

Toen ik op 2 april 2017 solliciteerde voor promovendus HTA in genetica, had ik eigenlijk 
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sparren. Daarnaast heb ik genoten van de uitjes die we met onze afdeling hebben gehad.

Bedankt, lieve collega’s van de afdeling Translational Genomics van het Radboudumc 
in Nijmegen. Ondanks dat mijn achtergrond totaal anders is dan die van jullie, voelde ik 
mij meteen op mijn gemak. Met dank aan julie heb ik meer inzicht kunnen krijgen in de 
daadwerkelijke klinische impact van de genetica en de valkuilen die hierbij komen kijken.

Collega’s van Kennispunt Twente in Enschede, ondanks dat ik pas sinds 2024 werkzaam 
ben bij jullie, mogen jullie niet ontbreken. Bedankt voor de flexibiliteit en het begrip 
waardoor ik de laatste actiepunten van mijn proefschrift kon afvinken.

Lieve Minou en Melissa, bedankt dat jullie mijn paranimfen willen zijn. Minou, toen ik 
in 2016 als paranimf jouw verdediging mocht bijwonen, was  ik ervan overtuigd dat ik 
nooit zou kunnen wat jij toen deed. Maar zie mij hier nu eens staan, met jou aan mijn 
zijde. Zonder jou was ik deze uitdaging waarschijnlijk nooit aangegaan. Dank daarvoor. 
Daarnaast wil ik je ook graag bedanken omdat je altijd voor mij klaarstaat. Het maakt niet 
uit waarover, ik mag jou altijd bellen om weer even te sparren. Melissa, wat ben ik blij met 
jou als paranimf aan mijn zijde. We leerden elkaar kennen in de snijzaal tijdens onze studie 
in 2010. Je wilde alleen met mij samenwerken, als ik mijn uiterste best zou doen voor een 
goed cijfer. Vanaf dat moment wist ik dat jij dezelfde gedrevenheid hebt als ik. Bedankt 
voor alle momenten die we met elkaar delen, je bent een hele fijne vriendin!

Dan nog mijn vrienden, de HKC, BW-vrienden en familie. Ondanks dat jullie niet direct 
betrokken waren bij mijn proefschrift, hebben jullie wel degelijk bijgedragen aan de 
succesvolle afronding ervan. Bedankt voor de gezellige en ontspannende momenten die 
we samen hebben gehad, daardoor kon ik mij hoofd elke keer weer leeg maken. Van de 
HKC wil ik in het bijzonder Marlie bedanken voor het ontwerpen van de omslag van dit 
proefschrift. Zonder al te veel woorden wist je precies te maken wat ik voor ogen had, 
dankjewel! Je bent geweldig.
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Lieve pap en mam, wat bof ik met jullie. Geen vraag is te moeilijk, geen probleem is te 
groot, altijd staan jullie voor mij klaar. Papa, jij leerde mij de belangrijkste levensles die 
er bestaat, “heb vertrouwen in jezelf.” En mama, jij gaf mij altijd weer goede moed door 
wat geruststellende woorden of wat lekkers wat je stiekem in mijn tas stopte. 

Laszlo, ik wil je graag bedanken voor alle heerlijke wandelingen. Weer of geen weer, het 
zorgde er altijd voor dat ik mijn hoofd weer leeg kon maken. En die warme ademwalm in 
mijn gezicht terwijl ik probeer te werken aan mijn proefschrift? Dat neem ik maar voor 
lief..

Lieve Dénick, wat heb ik aan jou een geweldige partner, mijn steun en toeverlaat. We 
hebben beide het nodige meegemaakt, maar doordat we elkaar ondertussen zo goed 
kennen, weten we ook precies wat we aan elkaar hebben. Bedankt dat jij altijd voor mij 
klaarstaat. Waar ik het ene moment overenthousiast en aan een stuk door praat over 
mijn onderzoek, ben ik het volgende moment aan het mopperen over een verkeerd 
geplaatste komma in mijn script. Ondanks dit, wijk jij nooit van mijn zijde. Dank voor je 
eeuwige geduld en begrip. Zonder jou had ik het nooit zo ver geschopt. Ik hou van jou.

Julian en Sam, jullie zijn mijn twee boefjes! Jullie pretoogjes en ontdeugende streken 
zorgen ervoor dat ik elke dag begin met een glimlach. Lieve Julian, onze kleine wijsneus, 
je wilde mij zo graag al je centjes uit je speelgoedkassa geven zodat ik niet meer hoef 
te werken. Maar onthoud, zolang je doet wat je leuk vindt, is het absoluut geen straf 
om te werken. Bovendien leerde je mij hoe extra waardevol het is om na een lange 
werkdag thuis te komen en een grote “mimieknuffel!” (familieknuffel) te krijgen. En 
Sam, wat een vrolijke, lieve knul ben je! Jij weet mij altijd te verrassen. En ondanks dat 
ik soms wenste dat je wat subtieler ‘mama’ ging zeggen in plaats van ‘MAMA, MAMA, 
MAMA!’te schreeuwen, kan ik er stiekem toch best wel van genieten als je mij roept met 
een stralende lach op je gezicht. Lieve Dénick, Julian en Sam, ik ben ervan overtuigd dat 
wij nog vele mooie avonturen gaan beleven met ons prachtige gezinnetje.

Alles komt goed. En daar wil ik mijn dankwoord graag mee eindigen, want er is één 
ontzettend belangrijk ding wat ook tijdens deze promotie weer bevestigd werd: ‘Niets is 
onmogelijk, als je hart je maar leidt.’
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