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1 

Introduction 
 
 
The prevalence of developmental delay (DD) is estimated to be up to 3% 
of all children.1, 2 In 20-40% of infants the DD is part of a syndrome that 
can be diagnosed before the DD becomes apparent.3 This for instance is 
the case in infants with Down syndrome, infants that were born extremely 
preterm and suffered from severe complications, infants with birth 
asphyxia, infants with cerebral malformation suspected from prenatal 
ultrasound or at neonatal presentation, and infants with other causes of 
cerebral damage in early life. However, in the majority of infants with DD 
the delay is the first presenting symptom, after which medical attention is 
sought to confirm the delay and to establish a diagnosis. 
 
In this thesis, the diagnostic evaluation of infants with DD is discussed, 
and guidelines for a diagnostic work-up schedule are proposed. 
 
In this introduction a few issues concerning the diagnostic evaluation of 
infants with DD are addressed: 
 Terminology of DD; 
 The importance of establishing an etiologic diagnosis; 
 How to determine the etiology of DD; 
 The outline of the thesis. 
 
 
Terminology of developmental delay 
The term developmental delay is used for a number of different 
conditions. Also, it can have a different meaning for parents, social 
workers, educational personel, and physicians. Even various medical 
specialists may use the term in different ways. 
The domain of development can be somatic growth or psychomotor skills. 
The latter may be divided in gross and fine motor function, receptive and 
expressive language skills, cognitive abilities, and adaptive behaviour. 
The word delay in DD includes the possibility that the delay in 
development is temporary, e.g. due to receptive deficits, an intercurrent 
disease, or understimulation, or as a transient sequel of premature birth. 
However, it also carries the possibility of a permanent delay, affecting 
functional outcome at adult age. As a rule, this holds true in case of DD as 
a result of an untreated or untreatable inborn or non-inborn disorder. In 
these cases, as soon as intelligence can be measured (at about six years), 
the labelling switches to terms like mental retardation or intellectual 
disability. The most used definition of intellectual disability, from the 
American Association on Intellectual and Developmental Disabilities, reads 
‘Intellectual disability is characterized by significant limitations both in 
intellectual functioning and adaptive behaviour as expressed in 
conceptual, social and practical skills. This disability originates before age 
18.’ 4 
 
In this thesis, DD refers to a delay in psychomotor development. This 
delay may be caused by an underlying condition, which, however, can not 
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always be determined. Potentially DD results in limitations in functioning 
in everyday life. 
 
 
The importance of establishing an etiological diagnosis in children 
with developmental delay 
 
In every child with DD, an attempt to establish an etiological diagnosis 
should be made.5, 6 It is important to conduct this diagnostic evaluation as 
soon as possible after the presence of DD becomes clear. Establishing an 
etiological diagnosis at a young age brings potential benefit. 
One reason is that several causes of DD are treatable, in the sense that it 
is possible to intervene in the pathogenic process that leads to DD. Earlier 
treatment gives the patient more ‘healthy’ time within the timeframe set 
for psychomotor development, which results in a better outcome 
compared to a diagnosis at a later time point when the developmental 
outcome has been fixed for a larger part. 
Apart from treatment of the underlying disorder, an etiological diagnosis 
also helps o shape daily medical care, anticipating for medical issues 
associated with the condition. 
How difficult it might be for parents to realise that their child will not have 
a normal development, the presence of a diagnosis can make the situation 
more acceptable.7 Moreover, the parents can focus on what can be done 
for their child instead of using their energy in search of a diagnosis. 
Finally, establishing a diagnosis is important for genetic counselling of the 
parents (and other relatives) regarding further offspring. 
 
 
How to determine the etiology of developmental delay 
 
The causes of DD are very heterogeneous. Literature reports use different 
classifications of the etiology of DD. These classifications are based on 
timing (prenatal, perinatal, postnatal), presence or absence of structural 
aberrations of the central nervous system, pathophysiology (chromosomal 
imbalance, monogenic syndromes, inborn errors of metabolism versus 
non-inborn conditions), or a mix of these elements.8 These classifications 
also change over time, due to introducton of new techniques. One 
example of a classification of etiology, with estimated prevalences of the 
respective categories, is given in table 1.1.3  
The causes of DD range from relatively mild temporary problems, like 
hearing impairment due to fluid buildup in the middle ear, to non-
treatable inborn errors of metabolism. Therefore it is not possible to 
establish simple guidelines how to approach the diagnostic process of an 
infant with DD. 
Before starting extensive diagnostic steps, the presence of a stationary 
DD must at least be very likely. 
 
A number of existing guidelines how to conduct a diagnostic process in DD 
suggest the following steps:9-12 
 Clinical history, family history and physical examination; 
 Laboratory investigations; 
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 In case no diagnosis can be made after the first steps, to consider 
additional investigations and referral to other specialists. 

 
Neither of these guidelines indicates in more detail which studies should 
be performed. Presenting clear and simple guidelines that apply to all 
patients with DD for several reasons appears to be very difficult. The 
diagnostic process ideally should be tailored individually for each patient. 
Also, it is important not to miss a diagnosis which might not be – easily – 
recognizable, especially when this is a treatable disease. This indicates the 
need for screening tests. Moreover, techniques to detect diseases causing 
DD are improving continuously and rapidly. Massaspectroscopy techniques 
can diagnose many abnormal metabolites in extremely small samples. 
Methods to detect mutations in genes are developing at very high speed. 
The whole human genome can now be sequenced for a reasonable price. 
These developments continuously modulate the landscape of diagnostic 
evaluation of DD. 
 
The work presented in this thesis intends to contribute to the knowledge 
regarding the diagnostic evaluation of DD. 
 
Table 1.1 Causes of DD and their prevalence 
Diagnostic category Prevalence 

(%) 
Chromosome abnormalities 4-28 
Recognizable syndromes 3-7 
Known monogenic conditions 3-9 
Structural central nervous system abnormalities 7-17 
Complications of prematurity 2-10 
Environmental/teratogenic causes 5-13 
‘Cultural-familial’ mental retaration 3-12 
Provisionally unique, monogenic syndromes 1-5 
Metabolic/endocrine causes 1-5 
Unknown 30-50 
From: Curry et al. 1997.3 
 
 
Outline of the thesis 
 
The work presented in this thesis is based on the results of the diagnostic 
evaluation of a cohort of infants (N=639) referred to the outpatient clinic 
for infants with DD of the Beatrix Children’s Hospital/University Medical 
Centre Groningen. Infants are first seen by a coordinating interdisciplinary 
trained physician, followed by a standardized screening program. In case 
no diagnosis can be made after the initial visit and the screening program, 
the infant is seen by an interdisciplinary team, existing of a clinical 
geneticist, a paediatrician for metabolic disease, a paediatric neurologist 
and a child psychiatrist. Also, the expertise of the ophthalmologist, the 
neuroradiologist and a clinical molecular biochemist is brought in on a 
regular basis. 
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Chapter 2 
In this chapter the results of the diagnostic evaluation of the cohort of 639 
patients are given. Based on the results of this evaluation, general 
guidelines how to approach a child presenting with DD are formulated. 
 
Chapter 3 
In this chapter the role of cerebral magnetic resonance techniques in the 
process of establishing an etiological diagnosis in children presenting with 
DD is defined. What is the diagnostic yield of in vivo structural MRI and 
proton magnetic resonance spectroscopy (1HMRS)? Is it possible to select 
those patients who will probably benefit from this modality of 
investigation? 
 
Chapter 4 
Previous studies suggested that cerebral 1HMRS spectra obtained from 
infants with DD differ from controls, but results are diverging. Also normal 
values have not been established. In this chapter cerebral 1HMRS spectra 
from grey matter and white matter of patients with DD are compared with 
those obtained from neurodevelopmentally normal controls, in five 
different age groups, the largest cohort so far. Research questions were 
whether spectra differ between patients and controls. If spectra differ, 
what can be learnt about the pathogenesis of DD? 
 
Chapter 5 
This chapter is dedicated to clinical, radiological and biochemical 
investigations in a patient with guanidinoacetate methyltransferase 
deficiency – a treatable IEM, in which DD is caused by cerebral deficiency 
of creatine and accumulation of guanidinoacetate. The results of these 
investigations are illustrative of all other chapters of the thesis. 
 
Chapter 6 
The subject of this chapter is the diagnosis of inborn errors of metabolism 
(IEM) in children with DD. What is the diagnostic yield of metabolic 
screening investigations, and what is the yield of specific metabolic 
investigations that could be initiated after expert clinical review? 
 
Chapter 7 
In the general discussion the results of the presented work are reviewed, 
and suggestions for future guidelines for diagnostic evaluations of 
developmental delay are given. 
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Abstract 
 
Background and aim: Developmental delay, as a harbinger of 
intellectual disability, is a prevalent condition. Early diagnosis is warranted 
because of treatment options and genetic counseling. A timely diagnosis 
asks for adequate clinical awareness and a thorough and efficient 
diagnostic process. The question how to shape this process has not been 
definitely answered. Therefore, we assessed the role of several aspects of 
such a diagnostic workup in a cohort of patients referred for diagnostic 
evaluation of developmental delay. What is the role of clinical experts, and 
which investigations should be done on a screening basis? 
Methods: The data of 639 patients, who were referred to our mixed 
secondary/tertiary centre for diagnostic evaluation of developmental 
delay, were analysed. The patients were offered a structured evaluation in 
three consecutive steps: A) examination by an interdisciplinary trained 
physician, if possible followed by confirmation of the most probable 
diagnosis; B) screening investigations (high resolution array CGH, DNA-
analysis of CGG repeat length in the FMR1 gene, and an array of 
biochemical/metabolic investigations); C) multidisciplinary evaluation by 
clinical geneticist, paediatrician for metabolic diseases, child neurologist, 
child psychiatrist and ophthalmologist, followed by targeted investigations. 
Results: An etiological diagnosis could be established in 172 (26.9%) 
patients. The diagnosis originated from step A in 55 (32.0%), step B in 92 
(53.5%), and step C in 25 (14.5%) patients. Most prevalent diagnoses 
were chromosomal aberrations (50.6%), inborn errors of metabolism 
(17.4%) and other monogenic conditions (11,0%). 
Conclusion: In the diagnostic evaluation of developmental delay both a 
wide array of screening investigations and, in case this fails to establish a 
diagnosis, multidisciplinary clinical expertise are relevant. 
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Introduction 
 
Developmental delay (DD), as a harbinger of intellectual disability, is 
frequently encountered in paediatric practice. The prevalence of 
intellectual disability in the general population is estimated up to three 
percent.1, 2 
The establishment of an etiological diagnosis is of utmost importance, 
because it informs the patient’s family, and healthcare professionals about 
possibilities of medical treatment, secondary prevention, prognosis, and it 
enables accurate genetic counselling.6 The diagnostic evaluation of DD is 
challenging, due to the plethora of possible causes, each with a (very) low 
prevalence. Existing guidelines give suggestions for the initial workup of 
patients presenting with developmental delay.9-12 
After execution of the suggested program without finding an etiology, 
several questions often remain: could the condition of the patient have 
been missed caused by a too narrow array of additional investigations; 
could special features of the patient be missed due to relative 
inexperience or focus of the attending clinician? Also, these guidelines 
need continuous updating because of technical advances in various 
modalities of additional investigations, and discovery of until recently 
unknown (treatable) diseases. 
 
Here, we present the results of a structured multidisciplinary evaluation 
including additional investigations in a mixed secondary and tertiary 
cohort of 639 children with DD. Primary questions concerned the 
diagnostic yield of a fixed set of screening investigations (table 2.1), and 
the diagnostic yield of multiple clinical expertise and targeted 
investigations, conducted as a team effort. The ultimate goal of the 
present work was to propose an up to date rationale for the diagnostic 
evaluation of a child presenting with DD, highlighting the proper function 
and extent of screening investigations, and the usefulness of 
multidisciplinary clinical expertise. 
 
 
Materials and methods 
 
Patients 
Patients were referred to the multidisciplinary outpatient clinic for etiologic 
diagnostic evaluation of DD at the University Medical Centre Groningen, 
which serves as a secondary and tertiary referral centre, serving a region 
with approximately three million inhabitants. Six hundred and thirty nine 
patients (426 males and 213 females) made their first visit between 
October 2002 and September 2009. Referral to this team had been 
accepted in case of significant global DD (e.g. IQ < 70 or developmental 
abilities persistently more than two standard deviations below the mean). 
Also, patients with an IQ above 70 were accepted if additonal features, 
suggesting that a diagnosis could be made on the basis of the team's 
expertise were present. Examples of such features were: developmental 
quotients more than two standard deviations below those of the parents 
and siblings; dysmorphic features; extreme behavioural disturbances; 
neurologic signs and symptoms. 
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Median age was 5.2 years, interquartile range 2.9 – 8.3 years. Of the 639 
patiens, 87 had an IQ above 70, 294 had a mild delay, defined as quotiënt 
scores in the range 50-70, or 2-3 SD below the mean, and 258 had a 
more severe delay. Four hundred and seventy one patients had been seen 
previously by a paediatrician, neurologist or clinical geneticist, because of 
DD. The other 168 patients were predominantly referred by child 
psychiatrists or primary care physicians. 
 
Diagnostic workup 
The primary aim of the diagnostic evaluation by the multidisciplinary team 
was to establish an etiological diagnosis. Other (para)medical issues were 
frequently encountered, but these were not the subject of this study. 
The diagnostic workup in our centre was performed with a stepwise 
approach. 
The first step (A) in the workup consisted of examination by an 
interdisciplinary trained coordinating physician (KTV). In case of a 
probable clinical diagnosis, targeted diagnostic procedures were 
performed to confirm the diagnosis. 
In the second step (B), performed if the first one had been non-
diagnostic, screening laboratory investigations, as listed in table 2.1, were 
done. These included cytogenetic evaluation, DNA analysis for fragile X 
syndrome, basic biochemistry, and screening for various groups of inborn 
errors of metabolism (IEM). Neuroimaging was done in case of clear 
neurological signs and symptoms in addition to the DD, including 
abnormal head growth. If items of the screening laboratory workup had 
been done before referral, these were not repeated. 
The third step (C) of the workup was undertaken, when no diagnosis could 
be made in the first two steps. This consisted of a one-day 
multidisciplinary evaluation by a paediatrician for metabolic diseases, 
clinical geneticist, child neurologist, ophthalmologist, and in selected cases 
child psychiatrist. Further additional investigations were done according to 
differential diagnostic considerations. 
We aimed for a patient-friendly diagnostic process, minimizing the number 
of venipunctures and sedation sessions, sometimes at the cost of (in 
retrospect) unnecessary investigations. 
 
Study design 
The present study was fully observational, and did not interfere with the 
diagnostic process in the studied patients. The local Medical Ethics 
Committee judged the study exempt from full review. 
 
 
Results 
 
An etiological diagnosis was established in 172 (26.9%) patients, listed in 
supplemental table 2.1. 
 
An overview of how diagnoses were reached in different diagnostic 
categories is given in table 2.2. The diagnostic path was categorized in 
analogy with the three-steps (A-B-C) design of the diagnostic workup, and 
labeled A, B or C. 
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A: In 55 patients (32.0%) the diagnosis had been specifically mentioned 
after the first visit to the interdisciplinary trained physician. In 15 (8.7%) 
of these patients (labeled A1) confirmation of the most probable diagnosis 
was done by the interdisciplinary physician alone. In 40 (23.3%) patients 
(labeled A2) it was judged worthwile to involve other members of the 
team – especially when invasive procedures were required, or expert 
guidance of testing was needed to confirm clinical diagnosis. 
Children diagnosed with chromosomal imbalance were only placed in this 
category when the specific deletion or duplication had been specified 
before cytogenetic testing (e.g. by stating ‘deletion 22q11.2’, rather than 
‘chromosomal’), though chromosomal imbalance without further 
specification was regarded clinically probable in many more patients. 
B: In 92 (53.5 %) patients, the diagnosis could be made on the basis of 
the screening investigations. Most of these patients were diagnosed with 
genomic copy number aberrations, being the most prevalent cause of 
DD.13 
C: In 25 (14.5 %) patients, the diagnosis originated only from the specific 
expertise of one or more team members. 
 
We shortly describe the diagnoses in different diagnostic categories. 
 
Non-inborn disorders, n=16 
Non-inborn causes of DD were suspected from the clinical history and the 
findings at neurological examination, and could be sustained by cerebral 
imaging. These diagnoses can never be based on screening investigations 
alone, because they need careful consideration of alternative diagnoses. 
Acquired diagnoses were fetal alcohol syndrome (n=1), complicated 
monozygotic twin pregnancy (transfuseur) (n=1), congenital infection 
(n=3), perinatal asphyxia (n=7), postnatal infections and/or circulatory 
events (n=4), and cervical myelopathy probably due to a trauma at 
delivery in a patient with predominant motor disturbance in whom the IQ 
turned out to be within the normal range (n=1). 
 
Chromosomal, n=87 
All diagnoses of chromosomal aberrations can be established by the 
screening investigations as listed in table 2.1 . The most sensitive 
technique – array comparative genomic hybridization of the whole 
genome – was incorporated in the screening investigation program in 
2008. The present list of screening investigations developed during the 
years of this study. Therefore, 27 of the 87 patients were diagnosed in a 
later phase of our program after consultation of the clinical geneticist. 
 
Mutations of specific genes, n=19 
Fragile-X syndrome (n=5) was clinically suspected and subsequently 
confirmed in two boys and one girl, and was diagnosed by screening 
investigations in one boy and one girl. M. Duchenne (n=1) presenting with 
predominant mental deficiency, was diagnosed after a routinely measured 
elevated CK activity in blood at the age of four years. Most molecular 
genetic diagnoses could be established after recognition of specific 
features either in step A or C: Angelman syndrome (UBE3A mutation) 
(n=1: two additional cases of Angelman syndrome due to 15q12 deletions 
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in the category genomic copy number variations), ARX mutation (n=1), 
Cohen syndrome (n=1), neurofibromatosis type 1 (n=1), Opitz-Kaveggia 
syndrome (n=2)14, Norrie syndrome (n=1), Rett syndrome (n=2), Sotos 
syndrome (n=2), myotonic dystrophy (n=1), and trichothiodystrophy 
(n=1). 
 
Syndromal diagnoses that could not be confirmed by mutation analysis, 
n=7 
Syndromal diagnoses, in which DNA confirmation was not possible, were 
based on the combination of characteristic features: Bardet Biedl 
syndrome (n=2), Cornelia de Lange syndrome (n=1), Joubert syndrome 
(n=1), Lenz microphthalmia (n=1), MPPH (Megalencephaly + perisylvian 
Polymicrogyria + postaxial Polydactyly + Hydrocephalus) (n=1), 
Nicolaides Baraitser syndrome (n=1).15-17 
 
Inborn errors of metabolism, n=29 
A minority of the patients with an inborn error of metabolism were 
diagnosed as a result of screening investigations, as listed in table 2.1: 
guanidinoacetate methyltransferase deficiency (n=1)18, a very mild 
presentation of M. Canavan (n=1), thyroid hormone resistance syndrome 
(n=1), thyroid hormone transporter defect (n=1)19, 20, congenital defects 
of glycosylation types Ic (n=2) and Ih (n=1). 
The majority of the diagnoses was based on specific investigations, 
initiated because of recognition and interpretation of clinical features of 
the patients: glucose transporter defect (n=1), neuronal ceroid 
lipofuscinoses of the infantile (n=1) and late infantile type (n=1), 
subacute Tay-Sachs disease (n=1), disorders of oxidative phosphorylation 
(n=14). 
A few patients had metabolite aberrations or laboratory diagnoses that 
were regarded crucial for the diagnosis, while the pathogenesis was not 
fully understood: congenital defects of glycosylation type Ib (n=2, evident 
from screening investigations), cerebral folate deficiency (n=1), isolated 
intracellular vitamin E deficiency (n=1). 
 
Miscellaneous, n=13 
Thirteen patients were diagnosed with conditions outside the 
abovementioned categories: a specific pattern of cerebral dysgenesis 
(n=2) was recognized in patients whose ancestors descended from the 
same geographic region, in whom consanguinity (both intra- and 
interfamilial) could be proven; cerebellar dysgenesis (n=1); congenital 
white matter hypoplasia (n=1); specific pattern of cerebral and cerebellar 
dysgenesis in a patient (n=1) and his mildly affected mother; pachygyria 
(n=3) (two sisters, one isolated case), pontocerebellar hypoplasia plus 
several aspecific cerebral malformations in siblings (n=2) with 
consanguineous parents. The results of cerebral MRI were essential for 
these diagnoses. 
A few patients (n=3) were diagnosed with 'pure familial' developmental 
disability, combined with mild perinatal complications. The phrase ‘pure 
familial developmental disability’ is used when a multifactorial or 
multigenic cause can be suspected, because of widespread intellectual 
disability in the family, and that the child’s development does not really 
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deviate from the parent’s development and a monogenic cause was not 
evident. 
 
 
Discussion 
 
In our cohort of children evaluated because of DD, an etiological diagnosis 
could be established in 172 (26.9%) of 639 patients. Investigations based 
on clinical judgement by the interdisciplinary trained physician in step A, 
led to 32.0% of diagnoses. Screening investigations (table 2.1) performed 
in step B led to 53.5% of diagnoses. Targeted investigations based on 
clinical suspicion, first raised by multidisciplinary evaluation in step C, 
resulted in 14.5% of diagnoses. 
 
Roughly three quarters of referred patients in our cohort had been 
evaluated because of DD by at least one paediatrician, neurologist or 
clinical geneticist, which had not resulted in a diagnosis, defining our team 
as a predominantly tertiary expertise centre. Also, our team operated as a 
collective, with an equal contribution of all team members, and without a 
focus on a special category of disorders, preventing the enrichment of this 
cohort with specific disorders. 
A methodological issue to be addressed is how the data from the present 
cohort can be translated to any specialist's everyday's practice. The 
common attribute of the patients was the fact that they were referred to 
our team. Several categories of patients with DD are not seen in our 
team: patients whose condition was diagnosed perinatally; patients 
diagnosed in one specialist's personal practice; patients diagnosed on the 
basis of investigation recommended in existing guidelines9-12; patients in 
whom an etiological diagnosis is not wanted; patients in whom the non-
referring physician judges referral not worthwhile. Therefore, the results 
of our cohort best translate to the practice of specialists who are expected 
to conduct in depth evaluation of DD, but the results also contain valuable 
information for physicians who may consider referral to these specialists. 
 
The diagnostic evaluation of DD should be shaped individually, but 
common considerations can be made. For example, it does not make 
sense to perform extensive additional investigations in a patient with a 
recognizable syndrome or disease, that cannot be diagnosed by these 
investigations. On the other hand, standard investigations may 
unexpectedly yield diagnostic results, that could not reasonably be 
foreseen. 
In daily practice, the dilemma becomes clear from several possibilities 
that the attending clinician may contemplate after initial evaluation that 
yielded no clues: failure to recognize the patient's condition by 
overlooking or misappraisal of any symptom; omission of investigations 
covering treatable and/or genetic conditions that may present in an 
aspecific way; possible benefit from evaluation by one or more colleagues 
who have done more specific training in examining this group of patients? 
 
On the basis of the results and the experience in this study, we propose a 
simple flowchart, as depicted in figure 2.1, to be applied in every patient 
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with DD. Of course, individual aspects and circumstances of the patient 
and the family may modulate the actual timing of respective elements. We 
now discuss the evidence for each of the three respective parts of the 
flowchart. 
 
First (A): examine the patient, formulate differential diagnostic 
considerations, check most probable diagnosis 
Obviously, examining the patient, and generating a differential diagnosis, 
is a corner stone of medical practice. In DD, clinical history stretches from 
conception to present, and must be explored actively. Specific features 
can focus the differential diagnosis in a very early phase. Family history, 
specifically regarding developmental disorders, congenital malformations 
and possible consanguinity, can put genetic disorders on the forefront. 
Physical examination aims to identify other symptoms that can be part of 
the condition that causes the DD. 
In this phase, investigation of auditory and visual acuity, if not already 
done, should be considered, not only to rule out dysfunctions hereof as a 
cause of DD, but also to acquire additional clues for a diagnosis.  
The importance of this first phase looks self evident, and its significance is 
quantified by the 32.0% diagnoses suggested by the interdisciplinary 
trained physician on the basis of a first clinical examination. A further 
14.5% of diagnoses were based on clinical expertise in step C. 
Additionally, in most of the patients with cytogenetic copy number 
aberrations, this diagnostic option had been suspected, however without 
specification of the chromosomal location involved. 
 
Second (B): screening investigations as listed in table 2.1. 
Selective confirmation of the most probable diagnosis is a very efficient 
way to establish a diagnosis. Which number of patients can be diagnosed 
this way depends on the skills, training and experience of the attending 
physician. In the remaining patients, the next step is performing screening 
investigations. These investigations aim to provide further diagnostic 
clues, or to diagnose or exclude specific (categories of) disorders. 
Debate is ongoing which screening investigations should be done, when a 
diagnosis is not evident from the first phase of diagnostic evaluation. This 
question can be rephrased more positively as: which disorders can present 
with DD, and might lack easily recognizable characteristic features at the 
child's present age. With this in mind, in table 2.3 we further explain the 
rationale for the investigations we routinely performed. 
In our cohort, 53.5% of diagnoses were made in the phase of screening 
investigations. However, it should be noted that many diagnoses of 
genomic copy number variations, but lacking a more specific suspicion for 
the region involved, had been clinically suspected. 
 
Third (C): arrange consultations of clinical geneticist, paediatrician for 
metabolic diseases and paediatric neurologist, aiming for a joint effort of 
these specialists. 
In 14.5% of diagnosed patients, the basis for the diagnosis was first 
generated in the step of multidisciplinary evaluation. These numbers 
clearly indicate the use of arranging multiple clinical expertise. 
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It cannot be proven from the data itself, that the multidisciplinary effort is 
superior over sequential expertise of the respective specialists. However, 
it was observed, that a considerable number of diagnoses made in this 
step turned out to have a completely different background than first 
thought by the referring specialist or interdisciplinary trained physician. 
Also, the synergistic effect of examining children in one place on a single 
day, followed by an interdisciplinary discussion of the case, helped focus 
the diagnostic workup. 
 
Finally, we shortly discuss some additional diagnostic modalities that are 
frequently used in the evaluation of DD. 
 
Child psychiatry 
Evaluation by the child psychiatrist of the team, though rarely yielding 
very specific symptoms with regard to the etiology, was frequently very 
important for proper understanding of the developmental profile and 
course of the patient. 
 
Ophthalmological and auditory evaluation 
Most guidelines for the evaluation of DD advise auditory and 
ophthalmological examination for three reasons. First, receptive 
dysfunction may be the primary cause of DD. Second, it is well known that 
hearing and visual impairments are highly prevalent amongst patients 
with DD. Third, the finding of ophthalmologic or auditory abnormalities, 
may give a valuable diagnostic clue for the etiology.21, 22 
Ophthalmological examination was routinely done in patients entering the 
third step of the algorithm, in case that full ophthalmologic examination, 
including inspection of the media and fundi, had not been done before. 
However, ophthalmological examination could be repeated in children 
suspected of progressive disorders, and children suspected of conditions 
associated with ophthalmological aberrations (e.g. neurofibromatosis, 
Bardet-Biedl syndrome, neuronal ceroid lipofuscinosis, intracellular 
vitamin E deficiency, congenital infections, etc.), and children with 
apparent visual dysfunction. Dozens of patients received prescription 
glasses, frequently associated with improvement of development. Apart 
from that, in dozens of patients the opthalmological findings helped 
sorting out diagnostic possibilities, or were indispensible in confirming the 
diagnosis. Therefore, we recommend ophthalmological examination at 
least once in all children presenting with DD. 
Auditory deficits were encountered frequently, most often due to middle 
ear dysfunction, enabling treatment, associated with improving (language) 
development. In most patients, auditory evaluation had been done before 
referral, reflecting common practice to refer children for auditory 
evaluation as one of the first steps when a child is suspected of 
developmental delay. 
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Electroencephalography 
EEG was sometimes done to rule out epileptic encephalopathy, but was 
never diagnostic with regard to underlying etiology in our cohort. We 
obtained several abnormal EEG's in patients with Angelman syndrome, but 
this diagnosis had already been suggested on the basis of clinical features 
and relevant additional investigations before.23 Likewise, epileptic seizures 
and abnormal EEG's were documented in patients from all diagnostic 
categories, as well as in undiagnosed patients. 
 
 
Cerebrospinal fluid analysis 
Disorders of glucose transport, serine synthesis, neurotransmitter 
metabolism, and cerebral folate can be diagnosed in CSF, when sampled 
correctly.24-28 The clinical spectrum of several of these disorders is very 
broad. Therefore, when these investigations are only done in patients 
presenting with the classical symptoms of these diseases, milder 
presentations will escape from being diagnosed. This issue should be 
further explored in the future. 
 
Future aspects 
Exome sequencing will begin to come available in clinical practice within 
the next years. This technique will certainly help with the diagnostic 
evaluation in a fraction of the patients presenting with DD, given the large 
number of publications describing pathogenic mutations in many different 
genes in patients with (aspecific) DD.29, 30 The main challenge will be to 
confirm or reject pathogenicity of the many private mutations that will be 
found. Definite proof of pathogenicity must come from finding such 
mutations in other patients. However, this requires very large numbers of 
patients. Many variations will remain of unknown clinical significance. Most 
certainly, it will remain very difficult to diagnose multigenic disorders. 
Whole genome sequencing should become available in all patients with DD 
at a relatively early stage, probably best in the second step (B) of the 
diagnostic algorithm presented here (figure 2.1), along with, or 
immediately after detection of copy number aberrations. However, the 
elaboration of whole exome sequencing should not delay the diagnostic 
process, and should not prevent the patient from exposition to relevant 
clinical expertise (step C) except in case of very bold diagnostic results.  
 
Comparison with other centers 
The approach as followed in our centre seems rather unique in several 
aspects:31-33 
 the expertise and effort of an interdisciplinary trained coordinating 

physician, aiming for a truly synergistic result of the various clinical 
expertise. To our knowledge, very few centres have a group of experts 
collaborating on a regular basis, specifically in the diagnostic 
evaluation of DD; 

 the extent of the screening investigations. We are not aware of 
cohorts of patients receiving a comparable set of investigations. 

Comparison with other published cohorts of patients evaluated because of 
DD is difficult, mostly because of referral bias. For example, some centres 
implement more strict conditions before referral, requiring screening 



 The ABC of diagnosing the etiology of DD: a cohort-based algorithm 

 25 

2 

investigation much like in table 2.1.33 Other cohorts differ from the 
present cohort in that the investigated patients all are the clientele of a 
single subspecialist.31, 32 
 
 
In conclusion, on the basis of the this study, we advise a simple approach 
in three consecutive steps (figure 2.1): 
A) Examine the patient, formulate differential diagnostic considerations, 
check most probable diagnosis; 
B) Conduct screening investigations as listed in table 2.1; 
C) Arrange consultations of clinical geneticist, paediatrician for metabolic 
diseases and paediatric neurologist, aiming for a joint effort of these 
specialists. Perform further additional investigations, depending on 
differential diagnostic considerations by this team. 
 
 

 
Figure 2.1 Proposal for the diagnostic evaluation of developmental delay 
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Table 2.1 Investigations routinely performed in patients with DD, lacking 
a probable diagnosis after first clinical examination. 
Investigation 
Genetics 
Karyotype 
Moleculary cytogenetic investigation, e.g. whole genome aCGH 
DNA screening Fragile-X syndrome 
 
'Basic' lab 
BL: full blood count, hemoglobin, sodium, potassium, chloride, urea, 
creatinine, urate, aspartate aminotransferase, alanine aminotransferase, 
creatine phosphokinase, lactate dehydrogenase, calcium, phosphate, 
albumin, glucose, pH 
U: protein, glucose, pH, ketones 
 
Metabolic 
Intermediary metabolism 
BL: amino acids 
U: amino acids, organic acids, purines and pyrimidines 
Lysosomal metabolism (with water soluble metabolites) 
U: mucopolysaccharides, oligosaccharides, B-mannose, sialic acid 
containing oligosaccahrides 
Peroxisomal metabolism 
BL: pristanic acid, phytanic acid, pipecolic acid, very long chain fatty acid 
ratio's 
Cholesterol biosynthesis 
BL: cholesterol, 7-dehydrocholesterol 
Mitochondrial metabolism 
BL lactate, pyruvate 
Creatine metabolism 
BL & U: creatine and guanidinoacetate 
Congenital defects of glycosylaton 
BL: sialylation profile of transferrin 
Thyroid metabolism 
BL: thyroid stimulating hormone, free tetraiodo thyroxine and free triiodo 
thyroxine 
 
Cerebral imaging* 
MRI of the brain including: transversal inversion recovery (IR), T2 
weighted, fluid attenuated inversion recovery (FLAIR), sagittal T1, coronal 
T2 weighted series, diffusion weighted images; proton spectroscopy, e.g. 
cranial to the lateral ventricle with voxels in grey matter and white matter 
*Indication for cerebral imaging is stronger in case of clear neurological 
signs and symptoms, abnormal head circumference, and in case of severe 
DD. BL=blood, U=urine 
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Table 2.2 Step of the algorithm wherein the diagnosis was established in 
172 patients 
 Timing diagnosis in traject 
Diagnostic category A A1 A2 B C 
Non-inborn 15 - 15 - 1 
Chromosomal 3 3 - 84 - 
Molecular genetic 7 7 - 3 9 
Syndromes 2 - 2 - 5 
IEM 15 4 11 5 10 
Miscellaneous 13 1 12 - - 
 (32.0%) 55 15 40 (53.5%) 92 (14.5%) 25 
A, B and C: see figure 2.1 
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Table 2.3 Relevance of screening investigations 
Screening investigations: evidence and illustrations of 
significance 
Cytogenetic aberrations 
Chromosomal imbalance is a major cause of DD, with prevalence 
estimates growing with introduction of newly available tests. Classically, 
chromosomal imbalance, apart from DD, is characterized by the presence 
of congenital malformations and dysmorphic features. Now that the 
resolution of molecular cytogenetic techniques increases to only 150.000 
base pairs, as opposed to about 5.000.000 base pairs with 550 band 
karyotype, this statement does not hold true anymore. 
 
Fragile-X syndrome (recurrent CGG repeat expansion FMR1) 
Fragile-X syndrome has a relatively high prevalence in all parts of the 
world. Checklists intending to select male patients for testing do not 
translate to paediatric practice.34, 35 Furthermore, girls with Fragile-X 
syndrome present with even broader clinical spectrum. 
 
Inborn errors of metabolism 
Inborn errors of metabolism that may have an aspecific presentation, 
were previously discussed in the review bij García-Cazorlas et al.36 
Creatine biosynthesis and transport. 
These genetic diseases may present very aspecific, as illustrated by the 
patient with guanidinoacetate deficiency from our cohort. This is a 
treatable disease, with a recurrence risk of 25%.37 
Intermediate metabolism. 
Most disorders of small molecules present with a clear clinical picture, 
often with metabolic crises, and thus do not present primarily with DD. 
Patients with these disorders, presenting with DD, thus suffer from mild 
variants of these diseases. These variants often can be treated more 
effectively, indicating the significance of screening for these disorders. 
Lysosomal metabolism.  
Typically, lysosomal storage diseases, have a progressive clinical course, 
often with organomegaly and nearly pathognomonic dysmorphic 
appearance. The importance of screening for these disorders lies in the 
notion that DD or behavioural disturbances may be the first symptom, 
before the specific features come clear. Sanfilippo disease and alpha-
mannosidosis are examples. It should be kept in mind, however, that it is 
impossible to screen for all lysosomal diseases. Urine screening is only 
possible for those diseases in which water-soluble metabolites 
accumulate. 
 
Thyroid metabolism 
Thyroid function has long been recognized as an important condition for 
normal development, leading to screening for congenital hypothyroidism 
in newborn screening programs. Therefore, in western countries, 
congenital hypothyroidism in children presenting with DD is very unlikely. 
However, there are several entities of thyroid hormone dysfunction left, 
that can lead to DD, e.g. thyroid hormone resistance and thyroid 
hormone transport dysfunction, both present in our cohort. 
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Table 2.3 (continued) Relevance of screening investigations 
Routine biochemistry 
Results hereof seldomly present a direct diagnosis, but can add 
biochemical features of the disease that has to be looked for. E.g. 
neutropenia in Cohen syndrome, low calcium in Albright hereditary 
osteodystrophy, high levels of CK in neuromuscular disorders (especially 
Duchenne muscular dystrophy). 
 
Cerebral imaging 
Cerebral imaging was very important in the diagnosis of several patients. 
The chance of finding diagnostically important abnormalities was virtually 
restricted to patients with specific signs and symptoms, leading to 
neuroimaging following our own guidelines.38 



Chapter 2 

 30 

Supplemental table 2.1 Diagnosed patients, n=168 
Diagnosis Classification 
Non-inborn disorders, n=16  
Cervical myelopathy 4.2 II 
Circulatory failure/hypoxia, complications cardiac surgery 4.3 I 
Circulatory failure/sepsis at 4 yr 4.3 I 
Complicated twin pregnancy, transfuseur 4.1 I 
Congenital CMV infection 4.1 I 
Congenital CMV infection 4.1 II 
Congenital infection, unspecified 4.1 I 
Foetal alcohol syndrome 4.1 I 
Neonatal encephalitis, possibly HSV 4.3 I 
Perinatal asphyxia 4.2 I 
Perinatal asphyxia 4.2 I 
Perinatal asphyxia 4.2 I 
Perinatal asphyxia 4.2 I 
Perinatal asphyxia 4.2 I 
Perinatal asphyxia 4.2 I 
Perinatal infection, silent asphyxia 4.2 I 
  
Chromosomal aberrations, n=87  
46,X,idic(Y)(q11) 1.1 II 
46,X,t(X;11)(q13.3;p13) 1.1 II 
46,XX,r(22) 1.1 I 
46,XX,t(2;10)(p15;p14) 1.1 II 
46,XX,t(6q;3p) subtelomere - del 6q, dup 3p 1.1 I 
46,XY,der(12)t(9;12)(q34.13;p13.32) - del 12p, dup 9q 1.1 I 
47,XX,+der(15)t(3;15)(127;q13) 1.1 I 
47,XX,+r(15)(q11.2q13.1) 1.1 I 
47,XXY 1.1 I 
47,XXY 1.1 I 
Mos 47,XX,+der(22p) 1.1 II 
Mos 47,XX,+r(14)(q11.2->q21.3) 1.1 I 
Inversion dup del 8p 1.1 I 
Del 01p36.22 1.1 I 
Del 01q43q44 1.1 I 
Del 01q44q44 1.1 I 
Del 02p13.6, del 14q13.1 (incl resp NRXN1 and NRXN3) 1.1 I 
Del 02q23.1 (incl MDB5) 1.1 I 
Del 02q37.3 1.1 I 
Del 02q37.3 1.1 I 
Del 02q37.3 1.1 I 
Del 02q37.3 1.1 I 
Del 03q13.32q13.3 1.1 II 
Del 03q14.4q21.1 1.1 I 
Del 03q22 1.1 II 
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Supplemental table 2.1 (continued) Diagnosed patients, n=168 
Diagnosis Classification 
Chromosomal aberratons (continued)  
Del 04p (WHSCR not included) 1.1 I 
Del 04p15.31p15.2 1.1 II 
Del 05q subtelomere 1.1 I 
Del 06p24.3p24.2 (incl TFAP2A) 1.1 I 
Del 06q25.3 1.1 II 
Del 07p22.3 1.1 II 
Del 07q11.23 / Williams S 1.1 I 
Del 07q31.2q31.32 1.1 I 
Del 08q24.12 1.1 I 
Del 09q34.3qter (incl EMTH1) 1.1 II 
Del 11q11q12.1 1.1 II 
Del 14q11.2q12 1.1 I 
Del 15q11.2 1.1 II 
Del 15q11-13 / Angelman S 1.1 I 
Del 15q12 / Angelman S 1.1 I 
Del 18q11.2q12.2 1.1 I 
Del 18q subtelomere 1.1 I 
Del 16p11.13 1.1 II 
Del 16p11.13 1.1 II 
Del 16p11.2 1.1 II 
Del 16p11.2 1.1 I 
Del 16p13.11, dup 15q11.2 1.1 I 
Del 17p11.2 / Smith Magenis S 1.1 I 
Del 17q11.2 1.1 I 
Del 17q12 (incl HNF1B) 1.1 I 
Del 19p13.2 1.1 I 
Del 19q13.1q13.2 1.1 I 
Del 22q11.21 1.1 I 
Del 22q11.21 1.1 I 
Del 22q11.21 1.1 I 
Del 22q11.21 1.1 I 
Del 22q11.21 (atypical) 1.1 I 
Dup 02q33.2q34 1.1 I 
Dup 03p12.3p12.1 1.1 I 
Dup 05q15 1.1 I 
Dup 06p22.2 1.1 I 
Dup 06q26q27 1.1 I 
Dup 07q11.23 1.1 I 
Dup 07q11.23 1.1 I 
Dup 08q subtelomere 1.1 II 
Dup 09p24.3 1.1 II 
Dup 09q21.13q21.33 1.1 I 
Dup 11q12.3 1.1 I 
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Supplemental table 2.1 (continued) Diagnosed patients, n=168 
Diagnosis Classification 
Dup 13q21.32q22.3 1.1 I 
Dup 15q11.2q12 1.2 I 
Dup 15q11.2q12 1.1 I 
Dup 15q11.2q12 1.1 I 
Dup 15q11.2q13.1 1.1 I 
Dup 15q13.3 1.1 I 
Dup 16p11.2 1.1 I 
Dup 16p11.2, also perinatal asphyxia 1.1 II 
Dup 16q23.1, del 20q13.3 1.1 I 
Dup 17p13.3 1.1 I 
Dup 19p13.3 1.1 I 
Dup 22q11.21 1.1 I 
Dup 22q11.21 1.1 I 
Dup 22q11.21 1.1 I 
Dup 22q11.21 1.1 I 
Dup Xp 21.1 - 46,XY,der(X)ins(X;X)(q26.3;p21.1p21.1) 1.1 I 
Dup Xp subtelomere 1.1 I 
Dup Xp11.22 1.1 I 
Dup Xq28 - breakpoint through NEMO 1.1 I 
  
Molecular genetic, n=19  
ARX 1.2 I 
COH1, Cohen 1.2 I 
DMD, Duchenne 1.2 I 
DMPK, congenital Steinert 1.2 I 
FMR1, Fragile X 1.2 I 
FMR1, Fragile X 1.2 I 
FMR1, Fragile X 1.2 I 
FMR1, Fragile X 1.2 I 
FMR1, Fragile X 1.2 I 
MECP2, Rett 1.2 I 
MECP2, Rett 1.2 I 
MED12, Opitz-Kaveggia 1.2 I 
MED12, Opitz-Kaveggia 1.2 I 
NDP, Norrie 1.2 I 
NF1, Neurofibromatosis type 1 1.2 I 
NSD1, Sotos 1.2 I 
NSD1, Sotos 1.2 I 
TTDN1, Trichothiodystrophy 1.2 I 
UBE3A, Angelman 1.2 II 
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Supplemental table 2.1 (continued) Diagnosed patients, n=168 
Diagnosis Classification 
Syndromes (molecular diagnostics not available), n=7  
Bardet Biedl 1.3 I 
Bardet Biedl 1.3 I 
Cornelia de Lange 1.3 I 
Joubert 1.3 I 
Lenz microphthalmia 1.3 I 
MPPH (Megalencephaly, perisylvian Polymicrogyria, postaxial 
Polydactyly, Hydrocephalus) 

2.2 II 

Nicolaides-Baraitser 1.3 I 
  
Inborn errors of metabolism, n=30  
Aspartoacylase - 'M Canavan' form fruste 1.2 I 
CDG 1b 1.2 II 
CDG 1b 1.2 II 
CDG 1c 1.2 I 
CDG 1c 1.2 I 
CDG 1h 1.2 I 
Cerebral 5-methytetrahydrofolate deficiency 1.2 II 
Ceroid Lipofuscinosis, CLN1 / Santavuori-Haltia 1.2 I 
Ceroid Lipofuscinosis, CLN2 / Jansky-Bielschowsky 1.2 I 
Ganidinoacetate methyltransferase, GAMT 1.2 I 
Glucosetransporter 1, GLUT1 1.2 I 
Hexosaminidase A, HeXA / subacute Tay-Sachs 1.2 I 
Monocarboxylate transp 8, MCT8 / Allan-Herndon-Dudley 1.2 I 
OXPHOS 1.2 II 
OXPHOS 1.2 II 
OXPHOS 1.2 II 
OXPHOS 1.2 II 
OXPHOS 1.2 II 
OXPHOS 1.2 II 
OXPHOS 1.2 II 
OXPHOS 1.2 II 
OXPHOS, Complex I 1.2 II 
OXPHOS, Complex I 1.2 II 
OXPHOS, Complex I 1.2 II 
OXPHOS, Complex I, II 1.2 II 
OXPHOS, Complex I, II, II+III, IV 1.2 II 
OXPHOS, Complex II 1.2 II 
OXPHOS; mut POLG1, mut mtDNA 1.2 II 
Thyroid hormone resistance 1.2 II 
Vitamin E intracellular deficiency 1.2 II 
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Supplemental table 2.1 (continued) Diagnosed patients, n=168 
Diagnosis Classification 
Miscellaneous, n=13  
Multifactorial 1.4 I 
Multifactorial 1.4 I 
Multifactorial 1.4 I 
Cerebellar dysgenesia 2.1 II 
Cerebral dysgenesia + dysmorphism, dominant inheritance 2.2 II 
Cerebral dysgenesia, recessive, recurrent in geographic 
region 

2.1 II 

Cerebral dysgenesia, recessive, recurrent in geographic 
region 

2.1 II 

Pachygyria 2.1 II 
Pachygyria 2.1 II 
Pachygyria 2.1 II 
Pontocerebellar hypoplasia + other cerebral malformations 2.1 II 
Pontocerebellar hypoplasia + other cerebral malformations, 2.1 II 
White matter hypoplasia 2.1 II 
Classification: adapted from Moog 2005.8 Microdeletion syndromes were, 
in contrast to the convention in Moog 2005, classified 1.1 (chromosomal) 
instead of 1.2 (molecular genetic). Original description of the respective 
categories: 1.1 CH, chromosomal disorders; 1.2 MG, monogenic disorders, 
including nonsyndromic XLMR; 1.3 KS, known syndromes, including 
microdeletion syndromes; 1.4 MF, multifactorial, including cultural-familial 
MR; 2.1 CNS malf., CNS malformations of unknown origin; 2.2 CNS+MCA, 
CNS malformation and multiple congenital anomalies; 2.3 MR/MCA, 
MR/multiple congenital anomalies and/or dysmorphism; 3.2 
MR+micro/macro, MR+microcephaly or macrocephaly; 3.3MR+N, 
MR+neurological symptoms; 3.4 MR+P/B, MR + psychiatric illness and/or 
serious behavioral problems; 3.5 NC, unclassified/untraceable; 4.1 
acquired prenatal; 4.2 acquired perinatal; 4.3 acquired postnatal. I 
definite diagnosis; II provisional diagnosis (more than 50% probability of 
correct diagnosis). 
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Abstract 
 
Aim: To assess the contribution of MRI and proton spectroscopy (1HMRS) 
in establishing an etiological diagnosis in children with developmental 
delay (DD) and to assess whether the chance of finding specific 
abnormalities correlates with the presence of neurological signs and/or 
abnormal head circumference (HC). 
Methods: Patients were derived from a cohort of 325 consecutive 
patients with DD receiving structured multidisciplinary evaluation in our 
centre. Patients had MRI/1HMRS if a diagnosis could not be made clinically 
and if additional neurological signs and/or abnormal HC and/or an IQ 
below 50 were present. The MRI protocol consisted of axial IR, T2, FLAIR, 
sagittal T1 and coronal T2 sequences. Multivoxel 1HMRS was located in a 
plane superior to the lateral ventricles with voxels in both grey matter and 
white matter. 
Results: One hundred and nine children were scanned, 80 of them 
because of neurological signs and/or abnormal HC. Although minor 
abnormalities were noted in the vast majority of patients, MRI and/or 
1HMRS really contributed to an etiological diagnosis in only 10 (9%) 
patients, all of whom were scanned because of neurological signs. In 
these 10 patients, 1HMRS was diagnostic in one patient and of additional 
value to MRI findings in 3 patients. 
Conclusions: MRI and 1HMRS may contribute to the diagnostic 
evaluation of DD, especially if applied specifically to patients with 
neurological signs, whereas its role is very limited in children without 
these signs. 
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Introduction 
 
Developmental delay (DD), evolving into mental retardation, is a frequent 
condition with an estimated prevalence of 1–3%.1 Physicians are to 
provide optimal care, including establishing an etiologic diagnosis. 
Determining the etiology of DD is a challenging task, which is of utmost 
importance for several reasons. First, sometimes, it may facilitate causal 
treatment and secondary prevention, thus improving clinical outcome. 
Second, it provides parents with an explanation for the abnormal 
development of their child. Third, it may indicate some landmarks for the 
prognosis. Fourth, a definite etiological diagnosis is an optimal starting 
point for genetic counselling and determining the recurrence risk in the 
family.6, 39 
Mainstay in the diagnostic evaluation is a thorough clinical history, family 
history and physical examination leading to a differential diagnosis. 
Subsequent additional investigations are important either to confirm or 
reject the clinical diagnosis, or to provide additional diagnostic clues. 
MRI of the brain is a diagnostic tool, which has been evaluated rather 
extensively with respect to DD.40-47 Abnormalities are frequently seen on 
MRI. This forms the basis for regarding it indicated in many patients.3, 10, 

48 In most studies it does not become clear whether abnormalities found 
on cerebral MRI contributed to the establishment of a diagnosis, deserving 
the label ‘etiologic’.6 
Only a few studies have described the results of cerebral 1HMRS in 
cohorts of patients with DD, comparing metabolite levels of patients with 
those of controls. Patient groups mostly consisted of patients without a 
diagnosis and with a structurally normal brain.49-52 
The goal of our study is twofold. First, to report the general MRI and 
1HMRS results in a cohort of 109 patients who underwent combined MRI 
and 1HMRS of the brain as part of a multidisciplinary, structured, 
diagnostic evaluation. Second, to examine within this cohort to what 
extent 1HMRS and MRI of the brain contributes to the process of 
establishing an etiological diagnosis in DD, and whether this contribution 
is associated with the presence of significant elementary neurological 
signs, such as abnormal head circumference (HC) or other specific 
features appealing for neuroimaging. 
 
 
Methods 
 
Patients were derived from our multidisciplinary outpatient clinic for 
etiologic diagnostic evaluation of DD. Our university medical centre serves 
as a tertiary centre for the northern part of the Netherlands, but also 
receives secondary and primary referrals from the region in which it is 
located. 
All patients with a significant DD (≤2 SD or IQ ≤70) underwent a 
structured evaluation, which is described in short. Patients were initially 
seen by the coordinating physician (KTV). A first differential diagnosis was 
made the basis of clinical history, family history, observation and physical 
examination. On this basis in combination with logistical considerations, a 
diagnostic program was scheduled. 



Chapter 3 

 38 

Multidisciplinary evaluation by a clinical geneticist, paediatric neurologist, 
paediatrician for metabolic diseases and ophthalmologist was planned and 
usually additional investigations were initiated. Without any clues for a 
specific diagnosis, these investigations basically consisted of high banding 
karyotype, FISH 22q11.2, molecular cytogenetic studies of the 
subtelomeric regions (since 2005), fragile-X analysis, blood smear, routine 
chemistry and metabolic screening of plasma (amino acids, screening for 
N-glycosylation, peroxisomal, cholesterol biosynthesis, creatine (Cr) 
metabolism disorders) and urine (amino acids, organic acids, and 
screening for purine metabolismdefects, oligosaccharidoses, 
mucopolysaccharidoses, and Cr metabolism defects). 
MRI of the brain was planned in case of: (a) presence of additional 
neurological signs; (b) abnormal HC defined as microcephaly (HC ≤ -2 
SD), macrocephaly (HC ≥ +2 SD), or clearly declining or accelerating 
head growth; and (c) specific diagnostic considerations prompting 
neuroimaging such as stigmata of a neurocutaneous disease, suspicion of 
a neurometabolic disorder based on clinical features or abnormal 
laboratory results. In addition MRI was also planned in patients with a 
more severe delay, e.g. IQ ≤ 50 or developmental age less than half of 
chronological age. When a patient fulfilled these criteria for MRI, but the 
etiology was already evident clinically, MRI was not performed (e.g. in 
children with Angelman syndrome, Cohen syndrome, velocardiofacial 
syndrome or neurofibromatosis). Results of investigations possibly 
yielding an etiological diagnosis (e.g. cytogenetic investigations) were 
awaited before performing MRI, but to avoid a delay in the diagnostic 
evaluation as a whole it was sometimes done simultaneously. 
In the period October 2002 - May 2006 a total of 325 patients made a first 
visit to our centre. The files of the patients were reviewed for overall 
results of the diagnostic evaluation in November 2007. Virtually all cases 
had been concluded at that time. One hundred and thirty seven patients 
underwent MRI, of whom 109 also underwent 1HMRS in the same session. 
Most of the 28 patients who did not have MRS were scanned before spring 
2004, when 1HMRS was not routinely incorporated in the scanning 
protocol. Of the 188 patients who were not scanned, 49 had cerebral MRI 
before referral. The 109 patients with combined MRI and 1HMRS form the 
subject of this study. 
Patients were divided in subgroups in analogy with the criteria employed 
for MRI. The first group (group A) consisted of the patients who 
underwent neuroimaging because of additional neurological signs and/or 
abnormal HC and/or specific reasons for MRI/1HMRS. The second group 
(group B) consisted of the patients who were scanned only because of a 
low level of functioning. Patient selection and study group subdivision is 
illustrated by the flow diagram in Figure 3.1. 
 
A standard birdcage head coil of a Magnetom Sonata system (Siemens 
AG, Erlangen, Germany) was used for MRI and 1HMRS at 1.5 Tesla. 
MRI: the protocol consisted of axial IR, T2, FLAIR, sagittal T1 and coronal 
T2 sequences. All MRI’s were reviewed by an experienced paediatric 
neuroradiologist (LCM) who was blinded for the specific clinical features of 
the patients beside the presence of DD. 
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Point resolved spectroscopy 2D-chemical shift imaging (CSI) 
measurements with a repetition time (TR) of 1500 ms and an echo time of 
135 ms were performed.53 An axial MRI series was used as guidance for 
defining a volume of interest for the CSI located cranial to the ventricles 
(Figure 3.2). This 2 cm thick volume was positioned in the frontoparietal 
part of the brain where the white matter is most abundant. The CSI 
defined volume of interest was maximally 8 x 8 cm2 subdivided in up to 
64 equal voxels of 2 cm3. The number of peaks fitted included the 
chemical shift ranges restricted to 3.1-3.3 ppm for choline (Cho), 2.9-3.1 
for Cr, 2.2-2.4 for glutamine/glutamate (Glx), and 1.9-2.1 for N-
acetylaspartate (NAA). Their line widths and peak intensities were 
unrestricted. Using standard post processing protocols, the raw data were 
thus processed automatically, allowing for operator independent 
quantification. Additionally, we checked manually for the presence of 
lactate at 1.3 ppm. Of the total number of maximally 64 CSI voxels the 
inner 36 were analyzed and separated into GM and WM voxels as 
described elsewhere.54 The 12 voxels lining the interhemispherical fissure 
contained grey matter, though partial volume due to a small portion of 
white matter cannot be excluded. The 12 anterior and 24 posterior voxels 
were designated frontal and parietal, respectively. 
To limit patient examination times, absolute quantification requiring 
additional CSI measurements without water suppression was not an 
option. To facilitate tissue signal comparisons, we expressed the GM and 
WM metabolite levels as percentage of the summed peak areas of Cho, Cr, 
NAA and Glx of the 36 analyzed voxels, using the following procedure: 
summing the peak areas of Cho, Cr, NAA and Glx in each brain region; 
summing these totals weighting the area of each brain region (frontal WM 
8x, frontal GM 4x, parietal WM 16x, Parietal GM 8x); dividing this figure 
by 36 yielding the average peak area in the 36 voxels; calculating the 
respective metabolite levels in a given brain region as percentage of this 
average peak area. 
Adequate age matched control metabolite levels are not available in our 
centre, especially controls less than 4 years of age are virtually lacking. 
Because of this, results are qualitative rather than quantitative. However, 
plotting the data of all patients yields a frame of reference to some degree 
(Figure 3.3). 
 
MRI and 1HMRS results were labelled as contributing to the diagnosis in 
cases where results directly suggested the correct diagnosis, or where the 
results aided in focussing subsequent investigations, eventually leading to 
the diagnosis. All other cases were labelled as not contributing. 
 
 
Results 
 
Some patient characteristics - including gender, age at first visit, severity 
and type of the delay, presence of neurological signs and HC - of the 
study population (n = 109) and of the patients from the clinical population 
not included (n = 216), are listed in Table 3.1. From the study population 
80 patients were assigned to group A and 29 patients were assigned to 
group B (Figure 3.1). 
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The results of MRI and 1HMRS are summarized in Table 3.2. More detailed 
information on the clinical features and neuroimaging findings of every 
individual patient is available as electronically available data 
(supplemental Table 3.1). 
Abnormalities in structural MRI were frequently seen in both groups. At 
least one abnormality was seen in 70 (88%) of the 80 patients scanned 
with a specific indication (group A) and in 24 (83%) of the 29 patients 
scanned only because of low level of functioning (group B). The findings 
are listed in Table 3.2. 
Looking at the specific items examined, it appears that abnormalities of 
the WM, abnormal appearance of the cerebellum and 1HMRS 
abnormalities are more prevalent in group A than in group B. 
The WM showed abnormalities in 26% and 10% of patients of group A and 
B, respectively. Most often this concerned diffusely elevated signal 
intensity (Figures 3.4 and 3.7). 
The cerebellum showed abnormalities in 30% and 10% of patients, 
respectively. Volume abnormalities, suggesting hypoplasia or atrophy 
were most frequent, but a dysplastic appearance also occurred in a 
significant number of patients. 
Abnormal morphological appearance of the hippocampus and collateral 
sulcus regions was found in a relatively high number of patients in both 
group A and group B (Figure 3.8). 
Especially in the younger patients there was an increase of NAA and 
decrease of Cho with advancing age up to about 7 years (Figure 3.3). 
1HMRS abnormalities were noted in eleven patients in group A, and in one 
patient in group B. Abnormalities were the presence of lactate (Figure 
3.4); severely low Cr; elevated Cho; NAA decrease; mild Cr decrease; and 
decrease of all metabolites (except lactate). Only the elevated lactate and 
the severely deficient Cr were helpful in the diagnosis. 
An etiological diagnosis was made in 19 of the 109 (17%) patients, all in 
group A. MRI and 1HMRS contributed to these diagnoses in a total of 10 
patients (MRI and 1HMRS together in three patients, MRI alone in six 
patients and 1HMRS alone in one patient). 
The results of the 10 patients in whom MRI and/or 1HMRS contributed to 
the diagnosis are described in more detail. 
Five patients were diagnosed with a mitochondrial disorder. They were 
scanned because of respectively: (a) epilepsy and hypoventilation; (b) 
intractable epilepsy, severe hypotonia and virtually absent psychomotor 
development (Figure 3.4); (c) recurrent febrile status epilepticus and 
pyramidal tract signs; (d) ataxia and hypotonia; and (e) myoclonic 
epilepsy. Four of these five patients had prominent CSF spaces, three had 
abnormal signal intensity of the WM, one had clear atrophy of pons and 
cerebellum and two had mild cerebellar atrophy. 1HMRS showed clearly 
elevated lactate levels in all voxels in three of the five patients. In one 
patient, the elevated lactate was accompanied by decreased levels of all 
metabolites (together with the abnormal aspect of the WM suggesting the 
presence of oedema) and elevated frontal WM Cho in another patient (also 
with abnormal WM aspect on conventional MRI). 
One patient was diagnosed with guanidinoacetate methyltransferase 
(GAMT) deficiency. He was scanned because of clinically severe expressive 
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language delay, suggesting possible cerebral Cr deficiency.18, 55 1HMRS 
was diagnostic, while MRI was completely normal. 
One patient was diagnosed with Joubert syndrome based on the typical 
neuroanatomical aberrations, including molar tooth sign, batwing 
configuration of the fourth ventricle and split vermis (Figure 3.5). He was 
scanned because of hypotonia, ataxia and oculomotor abnormality (Duane 
syndrome type I), but lacked the classical neonatal signs of this diagnosis. 
Two patients were diagnosed with static encephalopathy due to perinatal 
asphyxia. The first patient was scanned because of relatively severe 
expressive language difficulties, drooling and a history of neonatal 
convulsions. The second patient was scanned because of microcephaly, 
severe choreoathetoid and spastic tetraplegia, epilepsy and severe mental 
retardation (Figure 3.6). 
One patient was diagnosed with congenital infection based on white 
matter lesions in combination with a history of pre- and dysmaturity, 
neonatal signs of infection and hypoglycemia, absence of dysmorphic 
features, and placental histopathology of (viral) chorionvillitis. 
Of the other nine patients receiving an etiological diagnosis eight had a 
chromosomal imbalance, six of them submicroscopic. 
The ninth patient was eventually diagnosed with thyroid hormone 
transporter (MCT8) deficiency.20 He had an abnormal aspect of theWM, 
elevated Cho and decreased NAA. At present this may bring attention to 
MCT8 deficiency, but this disease had not been described at the time of 
scanning.56 
 
 
Discussion 
 
The results indicate that in our cohort of patients with DD structural MRI 
of the brain yields abnormalities in up to more than 80% of scanned 
patients, 1HMRS in about 10%. Combined MRI and 1HMRS contributes to 
a diagnosis in a much smaller, but still considerable number of patients 
(9%). 1HMRS may be of diagnostic value in specific cases with highly 
distinctive metabolite patterns, or may otherwise have an additional value 
to structural MRI. 
Our data are in keeping with those from the literature suggesting that 
neuroanatomical abnormalities are very prevalent in patients with DD. 
Several findings deserve further discussion. 
Diffusely increased white matter signal intensity on FLAIR images was 
found rather frequently (Figure 3.7). This finding should be differentiated 
from a delayed myelination, which was recently shown to be very difficult 
to ascertain.46 The significance of abnormal appearing white matter signal 
intensity is so far aspecific, occurring in different diseases. In our cohort it 
was seen in one patient with thyroid hormone transporter defect (at 4 
years of age, while scanning at 8 months of age only showed clearly 
delayed myelination), and in three of the patients with a mitochondrial 
respiratory chain defect. Furthermore, it was seen in several patients, 
apparently suffering from different conditions, but in whom no etiological 
diagnosis could be made. 
Abnormal morphological appearance of the hippocampus and 
parahippocampal sulcus regions (Figure 3.8) was found in about 30% of 
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the patients in both group A and B. This has not previously been clearly 
described in the literature on neuroimaging in DD, though it was reported 
in a case of familial duplication of 15q.57 It also has been noted that the 
hippocampus is abnormally shaped in autistic disorders, especially when 
accompanied by mental retardation.58 These abnormalities thus seem to 
reflect subtle abnormalities in the focal development of the brain. The 
hippocampus seems to fail to grow into its normal medial and horizontal 
position. Furthermore, collateral sulcus extends more cranially than 
normal. These two items result in an abnormal ‘flying seagull’ 
configuration of the temporal horn of the lateral ventricle. Most often this 
is bilateral, but an asymmetry is often noted with more pronounced 
abnormalities on the left side. It was found in several patients who were 
later diagnosed with a cytogenetic disorder. 
The age dependent trend of NAA and Cho levels we found (Figure 3.3) is 
well known in the literature.59, 60 Due to the lack of a sufficient number of 
age matched controls we cannot judge whether the metabolite levels in 
our population significantly differ from normal. 
MRI and/or 1HMRS only contributed to a diagnosis in patients from group 
A: in 10 out of 80 patients (13%). Further inspection of the data shows 
that the diagnostic yield of MRI/ 1HMRS derives purely from the patients 
with clear neurological signs or a specific reason for neuroimaging (n=69). 
MRI/1HMRS never helped establishing a diagnosis in the patients scanned 
only because of abnormal HC (n=11). These data, though the number of 
patients is relatively small, indicate that a diagnostic contribution of 
MRI/1HMRS strongly correlates with the presence of neurological signs, 
but not with isolated abnormal HC. 
For clinical practice, the data imply that performing MRI/1HMRS in DD 
certainly may contribute to the diagnostic process, but that expectations 
should not be set too high. With respect to the relevance of establishing 
an etiological diagnosis – treatment, secondary prevention, genetic 
counselling – MRI/1HMRS can mainly be used to acquire additional clues, 
necessary to make a diagnosis at the most basic level. 
Performing 1HMRS in addition to MRI in our population had a diagnostic 
value in four out of the 10 patients in whom MRI/1HMRS contributed to 
the diagnosis (5% of patients in group A), being diagnostic in one patient. 
These four 1HMRS findings were felt to be powerful indicators for the 
necessary subsequent investigations, although it cannot be excluded that 
these four diagnoses eventually would have been made if 1HMRS would 
not have been available. 
Because of the relatively small contribution to the diagnostic process as a 
whole, and because of the required general anaesthesia, MRI/1HMRS 
should only be scheduled after careful evaluation of the expected benefits 
in view of the diagnostic process as a whole. 
For instance, in a child with multiple dysmorphic features it may be 
sensible to await the results of cytogenetic investigations, which may yield 
a direct diagnosis, even in the presence of overt neurological signs or 
abnormal HC. 
On the other hand, when a patient is suspected to have a mitochondrial 
respiratory chain disorder on clinical grounds, MRI/1HMRS of the brain, 
along with biochemical evaluation may be very important as a first step to 
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further assess the probability of such a condition, before embarking on 
muscle biopsy.61 
The cost of MR studies under general anaesthesia should be considered, 
both in terms of financial resources and of risk of (mainly respiratory) 
complications. The addition of 1HMRS to the scanning protocol elongates 
anaesthesia time approximately 10 min, resulting in a total anaesthesia 
time of 50 min. There is no evidence of increasing prevalence of 
complications due to this elongation.62-65 
We suggest performing MRI/1HMRS only after careful, integral, 
multidisciplinary clinical evaluation. The chance of finding relevant, 
diagnostic abnormalities increases if additional neurological signs are 
present 
 
 
Conclusion 
 
MRI and 1HMRS of the brain did contribute to the process of establishing 
an etiological diagnosis in DD in 9% of the patients who were scanned in 
our cohort. The primary role of MRI/1HMRS is the possible yield of 
additional diagnostic clues for the diagnosis. The chance of finding such 
clues increases when MRI/1HMRS is applied in patients selected because 
of additional elementary neurological features or those with a differential 
diagnosis in which MRI/1HMRS is expected to help in further 
differentiation. 
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Figure 3.1 Flow chart patient inclusion and study poplulation division. 
 
 
 

 
 
 
 
 
 
 

Figure 3.2 Position of 1HMRS. 
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Figure 3.3 Semi quantitative 1HMRS results for NAA and Cho. Left to 
right: frontal WM, frontal GM. Upper row: NAA. Lower row: Cho. Trends of 
increasing NAA and deceasing Cho until about 7 years of age are clearly 
visible. 
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Figure 3.5 Transversal T2 weighted images of the patient with Joubert 
syndrome. The left panel shows the molar tooth sign, with elongated, 
vertically oriented superior cerebellar peduncles (large arrow) and deep 
interpeduncular fossa. The middle detail shows the split vermis cerebelli. 
The right detail shows the batwing configuration of the fourth ventricle. 

Figure 3.4 Patient with mitochondrial respiratory chain defect, complex I 
deficiency. Left panel: Transversal FLAIR, showing increased signal 
intensity of the WM with resulting decreased demarcation between GM 
and WM. Right panel: 1HMRS spectrum of a 1 x 1 x 2 cm voxel located in 
the parietal white matter (location indicated in right upper detail), showing 
abnormal presence a lactate at 1.3 ppm (arrow). 
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Figure 3.7 Left panel: patient (8 years of age) with mild cognitive 
impairment, delayed visual maturation and slight pyramidal features at 
the legs. Transversal FLAIR, showing increased WM signal intensity and 
decreased WM – GM demarcation. IR sequences showed 
decreasedWMsignal intensity. 1HMRS was normal. Right panel: normal 
transversal FLAIR in a normally developing person (7 years of age). 

Figure 3.6 Patient diagnosed with perinatal asphyxia. Left panel: (near) 
mid sagittal T1, showing very thin corpus callosum, especially the dorsal 
part of the corpus, apparently due to loss of crossing fibres. Right panel: 
Transversal FLAIR, showing atrophy and abnormal intensity in the 
thalamus bilaterally The patient also had extensive signal intensity 
elevation in the precentral gyrus and corona radiata. 
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Figure3.8 Left panel: patient moderate severe developmental delay 
without additional neurological signs. Abnormal appearance of the 
hippocampi which have a medial position with the collateral sulcus 
extending far cranially, giving rise to a ‘flying seagull’ configuration of the 
temporal horns of the lateral ventricles. Detail: magnification and 
schematic indication of the ‘flying seagull’. Right panel for comparison: 
normal appearance of the hippocampi. 
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Table 3.1 Patient characteristics of the patients included (MRI + 1HMRS) 
versus the patients from the clinical population not included in the study. 
 MRI + 1HMRS No 1HMRS 
 n (%) n (%) 
MRI + 1HMRS 109 (100) 0 (0) 
MRI   28 (13) 
No MRI, but MRI before 
referral 

  49 (23) 

     
Gender     
   male 78 (72) 138 (64) 
   female 31 (28) 78 (36) 
     
Age (yr, mean, SD, range) 5,3 ± 4,1 (0,6-22) 6,9 ± 5,8 (0,2-47) 
     
Severity     
   normal 1 (1) 10 (5) 
   borderline 5 (5) 29 (13) 
   mild 36 (33) 108 (50) 
   severe 67 (61) 69 (32) 
     
Type     
   global 91 (83) 184 (85) 
   global accent language 8 (7) 12 (6) 
   global accent motor 8 (7) 11 (5) 
   global accent behaviour 1 (1) 4 (2) 
   language 1 (1) 1 (0) 
   motor 0 (0) 4 (2) 
     
Head circumference     
   normal 84 (77) 184 (85) 
   microcephaly 10 (9) 15 (7) 
   macrocephaly 8 (7) 4 (2) 
   accel. head growth 4 (4) 10 (5) 
   accel. head growth 3 (3) 3 (1) 
     
Neurological signs present 55 (50) 54 (25) 
     
Certain etiologic diagn 19 (17) 43 (20) 
     
Neuroimaging diagn eci 1 (1) 3 (1) 
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Table 3.2 Summarized results of MRI and 1HMRS. 
 Group A 

n=80 
Group B 
n=29 

Abnormalities n  (%) n % 
Central CSF total 42  (53) 10 (34) 
Lateral ventricles 24  6  
Asymmetry lateral ventricles 11  0  
3d ventricle 22  4  
4th ventricle 15  1  
Peripheral CSF total 25 (31) 4 (14) 
Supratentorial 17  4  
Mega Cisterna Magna 9  0  
Brain genesis total 31 (39) 8 (28) 
Cavum septum pellucidum (et vergae) 5  0  
Abnormal aspect hippocampal / 
parahippocampal region 

26  8  

Size discrepancy (small) frontal and or 
temporal lobes 

4  0  

Asymmetry hemispheral size 1  0  
Decreased volume of the white matter 2  0  
Gyrus / sulcus pattern 2  0  
Unclassified 1  0  
Supependymal heteropia 1  0  
Gray matter total 1 (1) 1 (3) 
Abnormal signal intensity insular cortex   1  
Localised dysplasia 1  0  
White matter total 21 (26) 3 (10) 
Diffuse increased (FLAIR) signal 
intensity 

11  2  

Myelination delay 2  0  
Localised abnormalities 7  1  
Accentuated terminal zones 2  0  
Corpus callosum total 22 (28) 10 (34) 
Thin global 6  1  
Thin localised 9  6  
Dysplastic 4  2  
Thick 5  2  
Basal ganglia total 5 (6) 0 (0) 
Abnormal signal intensity 3  0  
Abnormal shape / size 3  0  
Cerebellum total 24 (30) 3 (10) 
Hypoplasia / atrophy 18  2  
Abnormal shape, including Chiari 1 6  1  
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Table 3.2, continued Summarized results of MRI and 1HMRS. 
 Group A n=80 Group B n=29 
Abnormalities n  (%) n % 
Brainstem total 8 (10) 0 (0) 
Abnormal signal intensity 2  0  
Abnormal shape / size 6  0  
Miscellaneous total 25 (31) 10 (34) 
Skull bones abnormalities 1  0  
Oedema 1  0  
Prominent perivascular spaces 21  9  
Vascular aberration 4  0  
Arachnoidal cyst 0  1  
Pineal cyst 1  0  
1HMRS total 11 (14) 1 (3) 
Lactate elevated 3  0  
Choline elevated 9  1  
Choline decreased 1  0  
Creatine deficiency (GAA present) 1  0  
Cr decrease (mild) 1  0  
NAA decrease 3  0  
MRI contributing to diagnosis 9 (11) 0 (0) 
1HMRS contributing to diagnosis 4 (5) 0 (0) 
MRI and/or 1HMRS contributing 
to diagnosis 

10 (13) 0 (0) 

Group A consists of the patients scanned because of neurological signs 
and/or abnormal HC and/or a specific indication for MRI/1HMRS. Group B 
consists of the patients scanned because of low level of functioning only. 
Rows indicate brain structures and/or loci which were scored to be normal 
or abnormal. Numbers and percentages represent the number of patients 
with the respective MRI and 1HMRS abnormalities. Detailed information 
for every individual patient can be found in supplemental table 3.1. 



Chapter 3 

 52 

Supplemental table 3.1 
Electronically available from European Journal of Paediatric 
Neurology, or from Krijn T. Verbruggen 
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Abstract 
 
Purpose: To assess whether proton MR spectroscopy of the brain in 
children with developmental delay reveals a consistent pattern of 
abnormalities. 
Materials and Methods: Eighty-eight patients (median age 4.6 years; 
interquartile range 3.1–8.1 years) with unexplained developmental delay, 
were compared with 48 normally developing age-matched controls. 
Patients and controls were assigned to five age-groups. Multivoxel MR 
spectroscopy was performed on a volume of interest superior to the lateral 
ventricles. The relative levels of choline, creatine, N-acetyl aspartate, and 
glutamate/glutamine in 24 voxels containing white matter and 12 voxels 
containing gray matter were quantified in an operator-independent 
manner and expressed in proportion to the total metabolite peak area in 
the volume of interest. 
Results: White matter choline in DD showed less decrease with age. 
Mean choline levels, compared with mean control levels, increased from 
99 to 111% with increasing age. This was statistically significant in the 
highest age groups (P = 0.015 [7 < yr ≤ 12.8] and P = 0.039 [12.8 < 
yr]). Other metabolites did not show clear alterations. 
Conclusion: Proton MR spectroscopy in a group of patients with 
unexplained DD shows small differences in the metabolite pattern, 
compared with normally developing controls, that is, higher choline in the 
white matter. The pathophysiological origin and significance may relate to 
myelination and maturation of the white matter.
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Introduction 
 
Developmental delay (DD) evolving into mental retardation, is a 
frequently encountered problem in pediatrics and neurology, with an 
estimated prevalence of 1 to 3%.1 Optimal medical care includes 
determining the etiology of the DD, which enables the patient to receive 
treatment, secondary prevention and genetic counseling. 
A broad range of diagnostic tools is available, among which neuroimaging 
studies. MR techniques may reveal abnormalities underling the 
malfunctioning of the brain, for example, specific patterns of cerebral 
dysgenesia, acquired lesions, and abnormalities of the milieu interieur. MR 
spectroscopy may give insight in pathophysiologically important 
mechanisms. 
Cerebral proton MR spectroscopy (1HMRS) is known to produce 
pathognomonic abnormal patterns in several diseases, among which 
cerebral creatine (Cr) deficiency syndromes, and Canavan’s disease.66-68 
In addition, 1HMRS may significantly contribute to a diagnosis by 
increasing insight in the nature of structural MRI abnormalities.38 
Additionally, several authors have studied metabolite patterns in cohorts 
of patients with DD, divergently reporting differences or similarities 
compared with control persons.49-51 
Here, we present a study, unique in comparison to previous studies, in the 
unprecedented number of patients and the use of a multivoxel technique 
allowing the study of metabolites in the white and gray matter separately. 
The main research question was whether 1HMRS of the brain reveals a 
consistent pattern in DD, deviating from the pattern seen in normally 
developing agematched individuals. 
 
 
Materials and methods 
 
Patients 
Patients were derived from our multidisciplinary outpatient clinic for 
etiologic diagnostic evaluation of DD, on the condition that they had 
undergone 1HMRS (n=108), and that no diagnosis could be made, 
resulting in the selection of 88 patients. The restriction to patients in 
whom an etiological diagnosis could not be established, was done to avoid 
outlying data, reflecting the nature of a specific diagnosis, which would 
interfere with the research question whether a consistent pattern of 
1HMRS abnormalities is present in DD. 
Our university medical center serves as a tertiary center for an area with 
three million inhabitants, but also receives secondary and primary 
referrals from the region in which it is located. All patients with a 
significant DD (IQ ≤ 70 ) underwent a structured evaluation, outlined as 
follows. Patients were initially seen by the coordinating physician. A first 
differential diagnosis was based on clinical history, family history,  
observation and physical examination. On this basis, in combination with 
logistical considerations, a diagnostic program was scheduled. 
Multidisciplinary evaluation by a clinical geneticist, pediatric neurologist, 
pediatrician for metabolic diseases, and ophthalmologist was planned and 
usually additional investigations were initiated. MRI of the brain was 
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planned in case of: (a) presence of additional neurological signs; (b) 
abnormal head circumference (HC) defined as microcephaly (HC ≤ -2 SD), 
macrocephaly (HC ≥ 2 SD), or clearly decelerating or accelerating head 
growth; and (c) specific diagnostic considerations prompting neuroimaging 
such as stigmata of a neurocutaneous disease, suspicion of a 
neurometabolic disorder based on clinical features or abnormal laboratory 
results. In addition, MRI was also planned for patients with a more severe 
delay, for example, IQ ≤ 50 or developmental age less than half of the 
chronological age. When a patient met these criteria for MRI, but the 
etiology was already evident clinically, MRI was not performed (e.g., in 
children with Angelman syndrome, Cohen syndrome, velocardiofacial 
syndrome, or neurofibromatosis). Results of investigations possibly 
yielding an etiological diagnosis (e.g., cytogenetic investigations) were 
awaited before performing MRI. 
Of the 88 patients, 62 (70%) were male. Median age at scanning was 4.6 
years, interquartile range 3.1–8.1 years. 
 
Controls 
1HMRS is routinely incorporated in most pediatric MRI protocols in our 
center. We checked the indication of the MRI (performed in 2003–2008) 
and the medical files of all the patients aged 3 months through 18 years, 
and selected those patients with a normal development, and without overt 
structural abnormalities (n=48). Scanning indications were: epilepsy or 
undiagnosed ictal symptoms (n=15), headache (n=10), isolated 
oculomotor abnormality (n=4); and 19 miscellaneous reasons: confirming 
absence of pathology (n=4), benign external hydrocephalus (n=2), 
premature activation gonadal hypophysial axis (n=1), transient hypertonia 
(n=1), beta keto thiolase deficiency research (n= 1), spina bifida occulta 
(n= 1), exercise intolerance (n= 1), meningism (n= 1), follow-up of 
accidentally found developmental cerebellar lesion (n= 1), swollen optic 
discs (n= 1), habitual toe walking (n= 1), unilateral sensorineural hearing 
impairment (n= 1), torticollis (n= 1), apparently life-threatening event 
(n=1), post meningitis hearing impairment (n= 1). 
Median age of the controls was 4.8 years, interquartile range 2.7–10.1 
years. 
 
1HMRS 
1HMRS was performed using an 8-channel transmit/ receive head coil of a 
1.5 Tesla (T) Magnetom Sonata system (Siemens AG, Erlangen, 
Germany). Two-dimensional (2D) -CSI point resolved spectroscopy 
measurements were performed with a repetition time (TR) of 1500 ms 
and an echo time (TE) of 135 ms, resulting in T1- and T2-weighting of 
spectra.53 A transverse T2- weighted fast spin-echo series was used as 
guidance for examining an approximately 7x7x2 cm3 supraventricular 
volume of interest, located cranial to the lateral ventricles, in a 16x16 
phase encoded field of view of 16x16 cm2 resulting in MRS voxels of 
1x1x2 cm3 (7 min acquisition time) (Fig. 1). Since 2003, the standard 
brain MRI measurement protocol for children who are not suspected of 
cancer has included 1HMRS measurement according to the above 
specifications. This is regardless of the presence of focal pathology 
elsewhere in the brain, in which case a second 1HMRS measurement of a 



 Quantitative Multivoxel Proton Spectroscopy of the Brain in DD 

 57 

4 

different volume of interest may be performed (not reported here). As a 
matter of fact, the MRI scans corresponding with the 1HMRS volume of 
interest did not reveal overt focal pathology in any patient, although 
subtle nonspecific WM signal intensity alterations were noted in some 
patients, which (as already clear from the patient inclusion criteria) was 
never diagnostic. Our choice of this particular volume of interest superior 
to the corpus callosum was inspired by our wish to measure a large 
transverse brain area containing both white and gray matter and little 
cerebrospinal fluid to obtain good quality spectra not affected by partial 
volume effects or by artifacts caused by the vasculature near the eyes and 
ears.69 A standardized postprocessing protocol was used consisting of 
water reference processing, Hanning filtering (center, 0 ms; width, 512 
ms), zero filling from 512 data points to 1024 data points, Fourier 
transformation, frequency shift correction, sixth order polynomial baseline 
correction, phase correction, and frequency domain curve fitting. The 
curve fitting was set to fit peaks to Gaussian line shapes, restricting their 
chemical shift ranges to 3.1–3.3 ppm for choline (Cho), 2.9–3.1 for Cr, 
2.2–2.4 for glutamate/glutamine (Glx), 1.9–2.1 for N-acetyl aspartate, 
and 1.2–1.4 for lactate. The raw data were thus processed automatically, 
allowing for operator-independent quantification. The CSI voxels on the 
edge of the volume of interest (subject to signal drop-off) were deducted 
from the total data matrix. The inner 36 voxels were analyzed and 
separated into the two central columns mainly containing gray matter 
(GM) (12 voxels) and the remainder of 24 voxels filled with white matter 
(WM) (Fig. 1), as described elsewhere.54 The quantifications, also those of 
the small Glx peak in the summarized blocks of 12 or 24 spectra, were 
reliable; therefore, no manual adjustments were performed. To limit 
patient examination times, absolute quantification requiring additional CSI 
measurements without water suppression was not an option. To facilitate 
tissue signal comparison, we expressed the GM and WM metabolites as a 
permillage (‰) of the summed peak areas of Cho, Cr, NAA, an Glx of the 
36 analyzed voxels, a method used before (10,12).69, 70  
 
Statistical analysis 
Relative metabolite levels for age were plotted for patients and controls 
(Fig. 2). Normal values, expressed in mean and standard deviation, were 
calculated from the control group data, in 5 age groups. The age intervals 
of these groups were determined by the youngest and oldest of 10 
subsequent controls (sorted by age): 0.25<yr≤2.0; 2.0< yr≤4.4; 
4.4<yr≤7.0; 7.0<yr≤12.8;>12.8 yr. Metabolite levels in the respective 
age groups were tested for normality with the Kolmogorov-Smirnov test, 
with Lilliefors Significance Correction). In case of normal distribution of 
the data, an independent samples double sided t-test was used to 
compare means. When data were not distributed normally, the Mann 
Whitney test was used. Differences were regarded statistically significant 
when P < 0.05. Notably, correction for multiple comparisons was not 
applied. All statistical tests were performed, using SPSS 16.0. 
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Results 
 
The relative levels of the studied metabolites in the patients were 
generally similar to those in controls. Higher white matter Cho levels in 
DD were observed, that is, the decreases in Cho with maturation were 
smaller in DD than they were in controls (Table 4.1). The ratio of the 
respective Cho levels in DD and agematched controls increased almost 
continuously with maturation, from 99%, 105%, 104%, and 106% to 
111% of control level in the highest age category, reaching statistical 
significance above the age of 7 years (P = 0.015 [7<yr≤12.8] and P = 
0.039 [12.8 < yr]). 
GM Glx levels were higher in one age group only (P = 0.013), without a 
consistent tendency of increase or decrease in other age groups. Other 
metabolites did not show clear alterations. 
Means and standard deviations of the studied metabolites in patients and 
controls, along with significance levels of their differences, are depicted in 
Table 4.1. Graphical data in the form of scatter plots are provided in 
Figure 4.2. 
 
 
Discussion 
 
The presented data show that patients presenting with DD, as a group, do 
not clearly display differences compared with controls, although 
statistically significant higher relative Cho levels were found in the WM in 
the two oldest age groups, and higher relative Glx levels in the GM in one 
age group. 
Before further discussing the results, some methodological aspects need 
to be addressed. Notably, a cohort of children with DD cannot be seen as 
a homogeneous patient group, the sole unifying feature being the DD. The 
underlying disease, resulting in the DD, is very diverse, with different 
pathophysiological mechanisms. Thus, individual patients well may 
present clearly abnormal results on MRS, which are not seen in the group 
as a whole. 
Indeed, we have seen this in several patients from our cohort who were 
excluded from this study because they were diagnosed with a specific 
condition. Examples are guanidinoacetate methyltransferase deficiency 
(severely decreased Cr accompanied by clearly detectable guanidino acetic 
acid), thyroid hormone transport defect (elevated Cho, in conjunction with 
transient abnormal structural aspect of subcortical WM), and 
mitochondrial respiratory chain defects (e.g., lowering of all metabolites 
suggesting edema, presence of lactate). Another limitation here, as in 
other studies, is that (a careful selection of) patients had to be used as 
controls, because the use of healthy children in MRI studies is ethically not 
considered to be acceptable. 
Relevant studies for comparison are those of Hashimoto et al, Filippi et al, 
and Martin et al.49-51 Hashimoto et al reported a decreased NAA/Cho ratio, 
but similar NAA/Cr and Cho/Cr ratio’s, in a group of 28 mentally retarded 
children, measured in a single voxel, containing GM and WM, leading to 
the conclusion that NAA is decreased.50 However, from the data in this 
study it cannot be deduced whether the decreased NAA/Cho ratio is due to 
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deviation of the numerator, denominator, or both. Additionally, 
information may be lost due to mixing GM and WM. Filippi et al reported 
decreased NAA/Cr and increased Cho/Cr ratios in seven children over 2 
years of age, in two white matter locations.51 Martin et al found no 
differences between 48 children with DD and normal controls in a single 
voxel containing mixed deep GM and WM.49 No information is provided 
here on metabolite levels in separate GM and WM. 
The present study is semiquantitative, meaning that all (relative) 
metabolite levels are peak area values relative to total metabolite peak 
area in the 6x6x2 cm3 quantified part of the volume of interest. The 
variations in the relative level of each metabolite reported here are 
proportional to metabolite concentration variations, provided that total 
metabolite content and relaxation properties are similar in different 
patients. The choice of this measure precludes the detection of changes of 
all metabolites as, for example seen in response to cellular loss. Here, as 
in the studies of others, time constraints prohibited the measurement of 
the unsuppressed water signal for use of reference. Even in truly 
quantitative studies the relaxation properties of the metabolites in 
individual patients remain an uncertainty. 
In a clearly larger cohort of 88 patients, we have partly confirmed the 
findings of Filippi et al.51 Our study also showed elevation of WM Cho, and 
that this was only found at a more advanced age, with statistically 
significant elevations only in children older than 7 years. However, our 
data do not confirm a decrease of NAA, although mean NAA values were 
somewhat lower. 
Relating the finding of higher WM Cho to the pathophysiology of DD is 
challenging. Presuming that the patients have different underlying 
disorders, a somewhat higher Cho level well may be an a specific finding. 
However, this finding raises the question which mechanisms, present in at 
least a subset of patients with DD, result in higher 1HMRS detectable Cho. 
To our knowledge, real evidence about the background of higher 1HMRS 
detectable Cho in DD does not exist. Still, a few facts are relevant to any 
interpretation. First, the Cho peak in the 1HMRS spectrum derives from 
diverse, soluble molecules containing N(CH3)3 groups, like choline, 
phosphocholine, betaine, and carnitine. Lipid bilayers, especially 
abundantly present in myelinated WM, contain large quantities of choline 
containing esters, but these are not 1HMRS visible.71 Second, 1HMRS Cho 
decreases with age, while myelination proceeds.59, 60, 71 Third, in 
leukodystrophies 1HMRS Cho is frequently increased.72, 73 
These facts may lead to speculations that during normal brain maturation 
free Cho compounds are incorporated in membrane structures, while the 
opposite occurs in leukodystrophy.51, 71 These speculations concern fluxes, 
while 1HMRS only documents the contemporary concentration of soluted 
Cho containing compounds, intrinsically revealing nothing about the 
kinetics of these Cho compounds. 
The finding of higher Cho in DD also may lead to speculations that DD is 
pathophysiologically connected to abnormal WM maturation or membrane 
instability. This speculation is highly doubtful, as DD (in most cases) is of 
unprogressive nature, and structural MRI infrequently shows persistent 
myelination abnormalities.46 
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In conclusion, we found that the mean WM choline in patients (>7 years 
of age) presenting with DD, remaining unexplained after extensive workup 
including cerebral MRI and MRS, showed a tendency to be higher than in 
normally developing age matched controls. GM choline and other MRS 
detectable metabolites were comparable with controls. The finding of 
higher Cho is a measurable feature, which can be documented along with 
the DD itself, but does not intrinsically explain the origin of the DD. 
Therefore, the main importance of 1HMRS in DD is its contribution to the 
overall interpretation of MRI investigations, and its diagnostic capacities in 
specific diseases.38 On this basis, 1HMRS deserves a place in MR protocols 
used in the evaluation of DD. Due to the fact that differences are small, 
and usually not observable by visual inspection of the spectra, proper 
quantification and comparison with normal values are of utmost 
importance to interpretation of 1HMRS results. 
 
 
 
 
 

 

Figure 4.1 Localization of the volume of interest. Right panel: the two 
central columns are designated GM, the lateral four columns are 
designated WM. 
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Figure 4.2 Relative metabolite levels of Cho, NAA, Cr, and Glx in WM 
(left) and GM (right). Y-axis, metabolite level. X-axis, age in years. Filled 
dots, patients. Open dots, controls. Dotted lines indicate age groups. 
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Table 4.1 Relative metabolite levels of Cho, NAA, Cr, Glx in the gray and 
white matter in different age groups.  
  0,25<yr ≤ 2,0  2,0<yr≤4,41  4,41<yr≤7,0  7,0<yr≤12,8  >12,8  

  10p 10c 31p 10c 22p 10c 18p 10c 7p 8c 

  Mn SD P Mn SD P Mn SD P Mn SD P Mn SD  P 

Cho 
WM 

c 32,1 2,4 0,865 28,3 1,8 0,093 28,1 1,6 0,161 25,5 1,1 0,015 25,2 2,2 0,039 

p 31,9 2,3  29,6 2,2  29,3 2,5  27,0 1,6  27,9 2,2  

Cho 
GM 

c 26,4 2,5 0,773 23,0 1,6 0,613 23,2 1,9 0,774 23,8 2,0 0,966 24,5 1,9 0,621 

p 26,0 2,8  23,3 1,6  23,5 2,4  23,8 1,4  25,1 2,6  

Naa 
WM 

c 41,9 2,7 0,318 46,1 2,1 0,083 46,0 1,2 0,825 47,5 1,4 0,517 48,0 1,9 0,23 

p 42,9 1,7  44,9 1,8  45,9 1,8  47,0 2,0  46,0 3,8  

Naa 
GM 

c 38,8 2,5 0,179 42,6 2,0 0,463 42,8 2,1 0,675 43,8 1,7 0,955 43,5 1,8 0,312 

p 40,5 3,0  42,1 1,8  42,5 2,4  43,8 2,0  41,6 4,2  

Cr 
WM 

c 24,8 3,6 0,102 23,7 1,4 0,4 22,8 1,3 0,681 23,3 1,4 0,164 23,6 1,2 0,964 

p 22,8 1,2  23,2 1,5  22,6 1,4  22,5 1,5  23,6 2,2  

Cr 
GM 

c 24,6 2,9 0,706 25,4 1,4 0,898 25,4 1,0 0,471 26,7 1,2 0,061 26,6 2,1 0,182 

p 24,2 1,6  25,4 1,4  24,9 2,0  25,5 1,8  25,2 1,8  

Glx 
WM 

c 3,7 1,1 0,498 3,8 0,5 0,554 4,1 0,8 0,407 3,6 0,5 0,267 3,2 0,6 0,242 

p 4,0 0,6  3,9 0,5  3,9 0,9  3,9 0,8  3,6 0,7  

Glx 
GM 

c 5,0 1,1 0,060 5,4 0,6 0,013 6,4 1,1 0,094 6,0 0,4 0,648 5,3 0,7 0,094 

p 5,9 0,8  6,0 0,7  5,8 0,9  6,1 0,8  5,9 0,7  

Expressed as permillage (‰) of the summed peak areas of Cho, Cr, NAA 
an Glx of the 36 analyzed voxels. Mean, standard deviation of patients (p) 
and controls (c) and significance levels of doublesided t testing (equal 
variances assumed when Levene's Test for Equality of Variances 
significance > 0,05) or (printed in italics) Mann Whitney testing (only 
where significance level Kolmogorov-Smirnov test of Normality (with 
Lilliefors Significance Correction) < 0,05. 
 



 

 

5 
Clinical, biochemical and 

neuroradiological studies in a child with a 
treatable disorder of creatin biosynthesis 

 



 

 

Overview 
 
In the earlier years of the cohort, one patient was diagnosed with 
guanidinoacetate methyltransferase deficiency (GAMTD), at the age of 
three years. He had a relatively mild presentation. 
He was treated with dietary interventions, aiming to supplement the 
deficient cerebral creatin (Cr) pools, and to lower the toxic levels of Cr's 
precursor guanidinoacetate, with the ultimate goal to foster normal 
development as much as possible. Luckily, development accelerated 
remarkable, resulting in quotient scores in the lower normal range. 
Currently, we still strive to optimize treatment. 
 
The remarkable clinical history of this boy highligts the importance of 
diagnostic evaluation of developmental delay. More specifically, it outlines 
some necessary specificatons of this evaluation, in analogy with the 
conclusions in chapters two and six: 
 it should take place at the youngest possible age; 
 exposure to clinical expertise, enabling diagnosis of even very rare 

disorders, must be guaranteed; 
 screening for this inborn error of metabolism (as well as other entities 

that may easily go unnoted) should be incorporated in diagnostic 
alghorithms. 

 
In chapters 5a-c the clinical history, diagnosis and treatment results are 
described in detail. Chapter 5a focussus on the pathogenetic mechanisms 
and biochemical follow up. Chapter 5b gives a detailed overview of the 
developmental characteristics of the patient prior to, and after one year of 
treatment with Cr supplementation. Chapter 5c hightlights the 
neuroradiological diagnosis, mainly with proton magnetic resonance 
spectroscopy, of the patient's condition. 
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Abstract 
 
Biochemical and developmental results of treatment of a guanidinoacetate 
methyltransferase (GAMT) deficient patient with a mild clinical 
presentation and remarkable developmental improvement after treatment 
are presented. Treatment with creatine (Cr) supplementation resulted in 
partial normalization of cerebral (measured with magnetic resonance 
proton spectroscopy) and plasma levels of Cr and guanidinoacetate (GAA). 
Addition of high dose ornithine to the treatment led to further 
normalization of plasma GAA, while cerebral Cr and GAA did not improve 
further. 
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Introduction 
 
The clinical symptoms of guanidinoacetate methyltransferase deficiency 
(GAMTD) are variable, but a recent overview of 27 patients showed 
intellectual disability in all patients, epilepsy in all but 3, and significant 
movement disorder in half of the patients. Intellectual disability was 
severe (IQ 20–34) in 21, moderate (IQ 35–50) in 3 and mild (IQ 50–70) 
in 3 patients.74 We present the treatment results in a GAMT deficient 
patient, who was first supplemented with creatine (Cr) and later also with 
ornithine (Orn). The clinical outcome, formal IQ test results, metabolites 
and cerebral multivoxel magnetic resonance proton spectroscopy (1HRMS) 
findings are discussed in relationship to treatment, pathophysiology and 
monitoring of treatment. 
 
 
Materials and methods 
 
Patient 
The patient was previously reported because of 1HMRS findings and the 
discrepancy between clinical impression of intellectual capacities and 
results of formal IQ test results.18, 67 Motor performance was only a bit 
clumsy without clear neurological disturbances or epilepsy. Formal testing 
of intellectual and language abilities at 3 years and 8 months of age 
showed a rather harmonic delay with quotient scores of about 50.18 
GAMTD was proven by elevated GAA and decreases Cr concentrations 
plasma and urine, severely decreased GAMT activity of 1.3 (normal 60-
243) pmol/h mg protein in cultured fibroblasts, and the finding of a novel 
homozygous missense mutation in exon 5 (p.Leu166Pro, c.497T > C) of 
the GAMT gene.75-78 Treatment was started at age 3 years and 8 months 
with Cr monohydrate 375 mg/kg/day. After 14 months Orn was added: 
100 mg/kg/day for 2 months, 400 mg/kg/day for 4 months and 800 mg/ 
kg/day from then onward. 
 
Developmental testing 
Language comprehension was measured with the Comprehension scales of 
the Reynell Developmental Language scales.79 Language production was 
measured with various appropriate tests, and non-verbal intelligence with 
the Snijders-Omen Non-verbal intelligence test (SON).18, 80 All tests yield 
quotient scores with means of 100 and standard deviations of 15 points. 
 
Metabolite analysis 
GAA and Cr concentrations in plasma and urine were measured with GC–
MS.75  
 
1HMRS 
2D-chemical shift imaging PRESS with TR = 1500 ms and TE = 135 ms53, 
was performed under anesthesia using a 1.5T Magnetom Sonata system 
(Siemens AG, Erlangen, Germany). A 8x8x2 cm supraventricular volume 
of interest, containing 36 voxels analyzed as white matter (24) and gray 
matter (12), was reproduced in subsequent MRS examinations. 
Automated peak fitting included the (ppm) chemical shift ranges restricted 
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to 3.7–3.9 for GAA, 3.1–3.3 for Choline, 2.9–3.1 for Cr and 1.9–2.1 for N-
acetylaspartate, allowing for operator-independent quantifications.54 
Published metabolite concentrations from 6 adults of 36 ± 6 years served 
as reference. This was considered reasonable since from age three to 
adulthood the levels of 1HMRS detectable brain metabolites show no 
significant change with aging.60 White matter N-acetylaspartate served as 
internal control and the relaxation properties of GAA and Cr were assumed 
equal.54 
 
 
Results 
 
Table 5a.1 shows results of developmental testing, metabolite 
concentrations in plasma and urine, and 1HRMS. Cr supplementation 
resulted in a rise of cerebral Cr, a drop of cerebral GAA and partial 
normalization of plasma and urine GAA concentrations. Subsequent 
addition of Orn did not result in further normalization of cerebral Cr and 
GAA, but a further sharp drop of plasma GAA was achieved. Non-verbal IQ 
gradually improved from 50 to 76. Language expression increased from 
incomplete monsyllabic utterances to sentences up to five words, mostly 
sufficiently articulate. 
 
 
Discussion 
 
Clinical improvements after the start of treatment at the age of 3 years 
and 8 months in this GAMTD patient exceeded those observed in most 
previously treated patients.74 
The question is whether this improvement is caused by aspects of the 
individual patient or by the treatment strategy. 
A relation with the genotype or enzymatic phenotype remains speculative, 
as the cerebral Cr content and plasma levels of Cr and GAA seem 
comparable to patients with a severe clinical phenotype.74, 78, 81 
More likely, the favorable results may reflect the start of treatment at 
relatively young age, as may be concluded from the normal development 
of a patient treated from the first week of life.82 
The improvement of development in our patient began as soon as Cr was 
started. Whether the continuing improvement is due to the Cr itself or to 
an additional effect of Orn remains unclear. 
The sharp drop of plasma, urine and cerebral GAA caused by Cr 
supplementation alone contrasts with the further decrease of plasma and 
urine GAA without further decrease of cerebral GAA after additional Orn 
supplementation. We cannot exclude a further drop of cerebral GAA after 
a longer time of treatment, while it is known that cerebral Cr also only 
increases gradually over at least 6 months after start of Cr. The difference 
between plasma measurements and cerebral 1HMRS measurements 
indicate the importance of directly monitoring the organ of interest. 
Treatment of GAMTD not only focuses on normalization of cerebral Cr, but 
also on decreasing the turnover of metabolites in the AGAT reaction. The 
second aim may be achieved by supplementation with high dose Orn, 
limiting substrate availability of Arg (by dietary Arg restriction) and 
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Glycine (by treatment with Sodium Benzoate). A combination of these 
treatments may result in normalization of plasma GAA, however not 
knowing the response of cerebral GAA.82, 83 
As Arg restriction and Benzoate treatment considerably burden the patient 
and Orn supplementation is relatively uncomplicated, in our opinion high 
dose Orn supplementation is a first choice as adjuvant to Cr monohydrate 
supplementation. 
In summary, we presented a GAMT deficient patient with a relatively 
favorable clinical outcome. The results gave rise to the following 
conclusions: 
 Early start of treatment is important; 
 Measurement of Cr and GAA in the brain (by 1HMRS) apart from 

plasma (and other body fluids) measurements is essential to monitor 
treatment results on the biochemical level; 

 treatment should aim at complete GAA normalization both in plasma 
and in the brain; 

 Initial treatment of GAMTD may consist of Cr and additional high dose 
Orn supplementation. 
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Table 5a.1 Biochemical and developmental results. Treatment, plasma, 
urine, 1HMRS and developmental test results in the course of two years of 
treatment of a GAMT deficient patient.  

Time in months from diagnosis, which was at age 3 years and 7 months. 
Metabolites GC-MS: – indicating very high Cr levels in urine and plasma 
due to supplementation; † µmol/l; ‡ mmol/mol Creatinine. 1HMRS: semi 
quantitative, mean values and standard deviations from controls between 
brackets; # mmol/l; GM gray matter, WM white matter. Developmental 
testing: Non-verbal intelligence using the SON test79; Language 
comprehension using Reynell test80; language production using various 
tests.79  incomplete monosyllabic utterances,  sentences up to 5 words, 
mostly sufficiently articulated. 
 

Months after diagnosis 0 1 7 9 14 15 18 21 23 25 27 29 
Supplementation             
Creatine *  375 375 375 375 375 375 375 375 375 375 375 
Ornithine *  0 0 0 0 100 400 400 800 800 800 800 
Metabolites GC-MS             

Plasma GAA (0,35-1,8)† 31   6,62  8,99  4,99  4,23  4,33 
Plasma Cr (17-109)† 11   -  -  -  -  - 
Urine GAA (4-220)‡ 798   357  376 322 203  114  156 
Urine Cr (6-1208)‡ 10   -  - - -  -  - 

Metabolites 1HMRS             
GM GAA (0,1 ± 0,1)# 2,2  0,7       0,9   
GM Cr (6,2 ± 0,3)# 1,6  3,7       3,5   
WM GAA (0,1 ± 0,1)# 1,7  1,0       1,2   

WM Cr (5,6 ± 0,3)# 2,2  3,2       2,6   
Developmental tests             
Non-verbal Intelligence  50  58 68   68   76  
Language 
Comprehension 

 55  67 69        

Expressive Language    55 59        
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Abstract 
 
Guanidinoacetate N-methyltransferase (GAMT) deficiency is a defect in the 
biosynthesis of creatine (Cr). So far, reports have not focused on the 
description of developmental abilities in this disorder. Here, we present 
the result of formal testing of developmental abilities in a GAMT-deficient 
patient. Our patient, a 3-year-old boy with GAMT deficiency, presented 
clinically with a severe language production delay and nearly normal 
nonverbal development. Treatment with oral Cr supplementation led to 
partial restoration of the cerebral Cr concentration and a clinically 
remarkable acceleration of language production development. In contrast 
to clinical observation, formal testing showed a rather harmonic 
developmental delay before therapy and a general improvement, but no 
specific acceleration of language development after therapy. From our 
case, we conclude that in GAMT deficiency language delay is not always 
more prominent than delays in other developmental areas. The 
discrepancy between the clinical impression and formal testing 
underscores the importance of applying standardized tests in children with 
developmental delays. Screening for Cr deficiency by metabolite analysis 
of body fluids or proton magnetic resonance spectroscopy of the brain 
deficiency should be considered in any child with global developmental 
delay/mental retardation lacking clues for an alternative etiology. 
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Introduction 
 
The cerebral Cr deficiency syndromes consist of three disorders in the 
biosynthesis and transport of Cr (Fig. 1), all resulting in absent or severely 
decreased Cr concentrations in the brain, relatively severe language 
developmental delay and a variable degree of general delay in mental 
development.66, 84 The patient we report here suffers from 
guanidinoacetate N-methyltransferase deficiency (GAMTD), an autosomal 
recessive defect of creatine (Cr) biosynthesis (Fig. 1). 
GAMTD is considered especially to cause severe defects in speech 
development.66 The clinical spectrum of GAMTD probably is still not 
entirely known, but the ends of the spectrum may be described as 
follows.66, 74, 77, 81, 85-91: At the mild end of the spectrum, patients have 
(severe) language developmental delay, mild mental retardation, 
occasional febrile seizures, behavioral problems and no significant motor 
disturbances. At the severe end, patients have severe mental retardation, 
absence of speech, intractable epilepsy, severe spastic and dystonic motor 
problems and severe behavioral disturbances. 
Biochemically, GAMTD is characterized (unlike the other defects in Cr 
metabolism) by increased levels of guanidinoacetic acid (GAA; the 
precursor of Cr) in all body fluids as well as in the brain. 
The mainstay of therapy is supplementation of Crmonohydrate. Treatment 
is very effective, especially with respect to epilepsy, but also language 
capabilities, behavior and motor performance tend to improve.74, 86, 87 
Arginine restriction and ornithine supplementation may prove an effective 
additional strategy.88 Complete normalization of developmental abilities 
does not occur. 
The cases described in the literature frequently are reported to have a 
dysharmonic developmental delay with relatively severe language 
expression impairment when compared to other aspects of their 
development. Exact data on formal psychodiagnostic testing, however, are 
lacking.85-87, 89-92 
Here, we present a 3-year-old boy with a discrepancy between clinical 
evaluation showing mainly severe speech developmental delay and formal 
testing showing a rather harmonic profile of developmental delay. 
 
 
Case report 
 
The second son of healthy Dutch parents, consanguineous in the sixth 
grade, was born after an unremarkable pregnancy and delivery. His 
parents started worrying about his psychomotor development at the end 
of the 2nd year, as he did not develop expressive speech. At the end of 
the 1st year, he had repeatedly failed to pass a hearing test performed on 
a screening basis in the Dutch child health program. Nevertheless, his 
parents regarded his hearing as normal. He was referred to an 
otorhinolaryngology department at age 2 years and 7 months. Routine 
otorhinolaryngologic physical examination revealed no abnormalities. 
Otoacoustic emissions were present. Hearing was concluded to be normal, 
and no further action was undertaken. 
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Speech therapy was started, but after 2 months no progress was noted. 
At that time, expressive language consisted of only a few simple 
utterances indicating ‘there,’ ‘ball’, ‘car’ (tata) and ‘dad’. His language 
comprehension was examined with the Reynell test for language 
comprehension, a standardized Dutch version of the comprehension scale 
of the Reynell Developmental Language Scales, but he did not seem to 
understand what he should do (Table 5b.1).79, 93 
From age 3 years and 3 months, further tests were done in order to get a 
view of the different domains of language development and non-verbal 
abilities (Table 5b.1). He was admitted to a program for intensive 
stimulation of development with a focus on language abilities. He was also 
referred to our multidisciplinary team for etiologic evaluation in 
developmental delay. 
At the age of 3 years and 5 months, the parents stated that his expressive 
speech consisted of very few monosyllabic words. They considered his 
language comprehension to be much better, at least enabling him to 
understand daily life sentences. Assisted with gestures, he was able to 
make himself clear. Social interaction was described as essentially normal, 
though he was somewhat shy. His behavior was similar to other toddlers. 
His motor development was described as possibly somewhat slower and 
motor performance as somewhat clumsier than those of most children. 
Unsupported walking had been attained at 18 months of age. There was 
no doubt about his hearing and vision. Epileptic phenomena had never 
been observed. 
Family history, including that of the older brother, was negative for 
developmental disabilities. 
Physical examination showed a boy with normal nonverbal personal 
interaction, but rudimentary verbal communication. He understood simple 
sentences and followed simple sequential verbal instructions, i.e., pointing 
at his mother or father, kicking or throwing the ball with one hand 
followed by throwing with the other hand. Biometry and routine pediatric 
examinations were normal. Thorough examination showed no 
morphological alterations or neurological disturbances, though he 
appeared somewhat clumsy. 
We decided to test for cerebral Cr deficiency, because of the clinically 
impressive language expression impairment, the milder delay in language 
comprehension and cognitive function at physical examination, and the 
absence of any hint of a syndromal or acquired etiology. Cerebral proton 
magnetic resonance spectroscopy (1HMRS) revealed the absence of the Cr 
peak (Fig. 2) as described previously.67 Elevated urine GAA of 798 (normal 
4–200) mmol/ mol creatinine, a rather low Cr excretion of 10 (normal 6– 
1,208) mmol/mol creatinine and decreased fibroblast GAMT activitity of 
1.3 (normal 60–243) pmol/h*mg protein proved GAMTD.76 
Cr supplementation (375 mg/kg/day in three doses) was started at age 3 
years and 8 months directly after performance of formal psychological 
tests, indicating a severe delay in non-verbal functioning that was even 
more impressive than the language production delay (Table 5b.1). Motor 
development was not quantitatively assessed. 
In the 6 following months, his parents noted a large improvement of 
especially language development. He used 45 words and was more 
attentive. At age 4 years and 4 months, language and non-verbal 
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development was examined again, showing less positive improvement 
compared to the changes sensed by the parents and various experienced 
clinicians (Table 5b.1). Repeated cerebral 1HMRS showed the Cr peak to 
be 2/3 of normal and a decrease (of about 50%) of GAA. 
Further clinical improvement was noted at school and by the parents. 
Tests were repeated at age 4 years and 9 months (5b.1). From these 
tests, it was concluded that his nonverbal development and language 
comprehension improved significantly (his quotient scores changed from 
50 to 68 and from 55 to 69, respectively), while his language production 
development did not show acceleration with stable quotient scores in this 
domain. 
 
 
Discussion 
 
Clinically, our patient exhibited only relatively mild features of GAMTD. 
During the etiologic work-up, we were not aware of the test results on 
developmental abilities before age 3 years and 8 months. Clinically, the 
developmental profile was interpreted as mainly an expressive speech 
problem with only slight receptive language and non-verbal involvement. 
Half a year after treatment, clinical observations suggested a clear 
acceleration of especially expressive speech development. This analysis of 
the clinical observers and the parents was very different to the formal test 
results before and after the start of treatment. Although there was a 
significant improvement in verbal and non-verbal development, test 
results still indicated a moreor- less harmonic delay, while non-verbal 
development and language comprehension had benefited relatively more 
from treatment than the productive language development. 
In treated GAMTD patients, (language) development improves, but does 
not become normal. This may be due to (1) the incomplete biochemical 
normalization, (2) the fact that the brain facilitates language development 
most easily in a time window in the early years, and (3) the fact that 
GAMT may play an essential role already in embryonic and fetal brain 
development.94, 95 
In conclusion, this case emphasizes two important aspects in 
developmental delay. 
First, the discrepancies between clinical observation and formal testing 
emphasize the importance of standardized examination of all 
developmental fields in children with a perceived speech delay. The clinical 
impression is not always sufficient to estimate the developmental abilities 
of a child. Language developmental delay frequently is the symptom 
bringing the child with a global developmental delay to medical attention. 
Though language delay may be the most impressive symptom, the non-
verbal developmental abilities may be relatively even lower. Abilities may 
also be at a relatively lower level than perceived by the parents and 
caregivers. 
Second, this case underscores the importance of evaluation of defects in 
the Cr biosynthesis at an early age, not only in children with a specific 
delay in expressive language, but also in children in whom formal tests 
suggest a rather harmonic developmental delay. 
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Therefore, screening for cerebral Cr deficiency by metabolite analysis or 
1HMRS should be incorporated in diagnostic algorithms in children with 
both specific speech and non-specific global developmental delay. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5b.1 Creatine (Cr) biosynthesis and transport. Cr is synthesized 
mainly in the liver and pancreas in two steps from arginine (Arg). The first 
step catalyzed by arginine:glycine amidinotransferase (AGAT) produces 
guanidinoacetate (GAA). The second step catalyzed by guanidinoacetate 
N-methyltransferase produces Cr. Cr is transported into the brain and 
muscle through the creatine transporter (CRTR). In the neuron, Cr serves 
as a substrate for energy transport through the creatine phosphokinase 
(CK) reaction in which adenosine triphosphate (ATP) passes a phosphate 
group, resulting in the formation of Cr phosphate (CrP) and adenosine 
diphosphate (ADP). Cr undergoes nonenzymatic conversion to creatinine 
(creat) at a rate of 3% per 24 h. Creat is excreted by the kidneys.98 

 
 

Arg GAA Cr CrP Cr 
AGAT GAMT CRTR CK 
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Figure 5b.2 Brain 1HMRS of the patient. Normally the Cr peak at 3 ppm 
is as high as the Cho peak. No significant Cr peak can be detected in the 
spectrum before therapy (left). Six months after therapy, the Cr is present 
present at about 2/3 of the normal height (right). With 1HMRS, 
biochemical substances prevalent in a very much lower concentration than 
water can be studied. 
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Table 5b.1 Results of developmental testing 
 
Test 

 
age 

before 
Cr suppl 

 
age 

6 months 
Cr suppl 

 
age 

1 yr 
Cr suppl 

Language comprehension       
NNST; receptive scale 3;4 AE = 1;0 4;1 AE = 1;9   
Reynell; language 
comprehension 

3;8 LCQ =55 4;2 LCQ = 67 4;7 LCQ = 69 

       
Language production       
NNST; expressive scale 3;4 AE = 1;3 4;1 AE = 1;9   
Schlichtingtest, Lexicon list 3;4 AE = 1;3 4;1 AE = 1;7   
Schlichtingtest, Word   4;1 WQ = 55 4;8 WQ = 57 
Schlichtingtest, Sentence    SQ = 56 4;8 SQ = 62 
       
Non-verbal development       
BDSI-II-NL 3;3 mental delay?    
SON 2½ - 7 3;8 IQ = 50 4;4 IQ = 58 4;9 IQ = 68 
AE: age equivalent; quotient: normal distributed standardized score with 
an average of 100 and a standard deviation of 15; IQ = intelligence 
quotient; LCQ = language comprehension quotient; WQ = word 
development quotient; SQ = sentence development quotient; Reynell: 
comprehension scales of the Reynell Developmental Language Scales79; 
NNST = Dutch Non-Speech Test96; BDSI-II-NL: Bayley Scales of Infant 
Development II, Dutch version; SON = Snijders-Omen Non-Verbal 
Intelligence Test.80 
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Abstract 
 
MR spectroscopy results in a mild case of guanidinoacetate 
methyltransferase (GAMT) deficiency are presented. The approach differs 
from previous MRS studies in the acquisition of a chemical shift imaging 
spectral map showing gray and white matter with the corresponding 
spectra in one overview. MR spectroscopy revealed guanidinoacetate 
(GAA) in the absence of creatine. New is that GAA signals are more 
prominent in gray matter than in white. In the prevailing view, that 
enzyme deficiency is localized in liver and pancreas and that all GAA is 
transported into the brain from the blood and the cerebrospinal fluid, this 
would be compatible with a more limited uptake and/or better clearance 
of GAA from the white matter compared to the grey matter. 
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Introduction 
 
Creatine deficiency syndrome was first defined in 1994 on the basis of a 
complete lack of brain creatine and phosphocreatine signals as detected 
by magnetic resonance spectroscopy.90 It can be caused by inborn defects 
of creatine biosynthesis in the liver and pancreas (guanidinoacetate 
methyltransferase deficiency (GAMT deficiency, McKusick 601240), or 
arginine:glycine amidinotransferase deficiency (AGAT deficiency, McKusick 
602360), or by X-linked creatine transporter defect (CRTR,  McKusick 
300036).92 The 1H MR spectra of the brain in GAMT deficiency are 
characterized by a lack of creatine signal86, 89-91, 97 and by the presence of 
signal of the precursor of creatine, guanidineacetiate (GAA).89, 90 
Reported here is a result of MRS and MRI in a patient suffering from GAMT 
deficiency. The MRS approach is new in that multiple voxel chemical shift 
imaging is applied resulting in the display of a spectral map superimposed 
on a MRI scan showing gray and white matter with the corresponding 
spectra in one overview. 
 
 
Subject and methods 
 
Clinical history 
M.T., the son of healthy, non-consanguineous parents, was referred to our 
outpatient clinic for diagnostic evaluation of developmental delay at age 
41 months. Pregnancy, delivery and neonatal history were uneventful. The 
parents’ concern about his development was raised from 18 months 
onward because he did not start to speak. At age 41 months language 
development was severely retarded, manifest by the use of a few single 
words pronounced incompletely and sometimes reversed. Receptive 
language seemed relatively good. Eye contact, interaction and hearing 
were normal. There were no paroxysmal events. Family history was 
unremarkable. Physical examination revealed no dysmorphic features. 
Head circumference, height and weight curves were normal. Neurological 
examination revealed no neurological signs, though he showed 
clumsiness. 
Cerebral creatine deficiency was suspected because of the strong 
emphasis on language delay and the lack of clues for any other metabolic 
diagnosis (pre- or perinatal, chromosomal, syndromal). Besides MRI–MRS, 
the following tests (used in our clinic in cases with developmental delay 
without a specific clue for diagnosis) were performed: karyotype, Fragile-X 
analysis and biochemical analysis. 
 
MRI and MR spectroscopy 
At the age of 43 months the patient was examined by MRI and 1H MRS at 
1.5 T using the standard head coil of a Magnetom Sonata system 
(Siemens, Erlangen, Germany). An MRI protocol designed for 
neuropediatric patients with a developmental delay without a specific clue 
for diagnosis, was applied under general anesthesia and consisted of T2 
weighted fast spin echo (TR/TE 4460/105 ms), fluid attenuated inversion 
recovery (TR/TE/TI 8500:119:2500), inversion recovery (TR/TE/TI 
7000:40:350) in the axial plane, coronal T2 weighted FSE (TR/TE 
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4460:105), sagittal T1 SE (TR/TE 691:15), and axial diffusion weighted 
images with B=0, 500 and 1000 s/mm2 with an ADC map. The plane of 
the diffusion weighted images was slightly steeper than that of the 
conventional sequences in order to minimize susceptibility artefacts from 
the paranasal sinuses. 1H MRS: 2D chemical shift imaging (CSI) 
measurements with a repetition time (TR) of 1,500 ms and an echo time 
of 135 ms were performed. Hybrid CSI includes preselection of a volume 
of interest (VOI) that is located within the brain to prevent the strong 
interference from subcutaneous fat and is smaller than the phase-encode 
field of view (FOV) that must be large enough to prevent wraparound 
artefacts.53 The axial T2-weighted FSE series was used as guidance for 
defining a volume of interest located cranial to the ventricles, a 2 cm 
thickness slice in that part of the brain where the white matter is most 
abundant, for MRS. The CSI sequence produced a 16×16 transversely 
oriented matrix that was defined by phase encoding with a volume of 
interest of 8×8 cm2. 
Automated localized multiple angle projection (MAP) shimming resulted in 
a water peak line width of 5 Hz in the VOI. Excitation with 2.56 ms sinc-
Hanning shaped RF pulses preceded by 25.6 ms Gaussian shaped RF 
pulses for chemical shift selective excitation (CHESS) and subsequent 
spoiling of the resultant water signal, was followed by selection of he 
second spin echo using 1024 data points and a spectral width of 500 Hz. 
All 16×16 2D CSI measurements were one acquisition per phase encoded 
step with four pre-scans and TRs of 1500 ms (acquisition time 7 min). 
Time domain data were multiplied with a Gaussian function (center 0 ms, 
half width 256 ms), 2D Fourier transformed, phase and baseline corrected 
and quantified by means of frequency domain curve fitting with the 
assumption of Gaussian line shapes, using the standard “Numaris-3” 
software package provided with the MR system. Sixth-order polynomial 
lines with a 0- to 4.3-ppm calculation range were used for baseline 
correction. In the curve fitting the number of peaks fitted included the 
chemical shift ranges restricted to 3.7–3.9 for GAA, 3.1–3.3 ppm for 
choline (Cho), 2.9–3.1 for creatine (Cr), 2.2–2.4 for glutamate (Glx m3), 
1.9–2.1 for N-acetylaspartate (NAA), and their line widths and peak 
intensities unrestricted. Using standard postprocessing protocols the raw 
data are thus processed automatically, allowing for operator independent 
quantifications. 
 
 
Results 
 
There were no structural abnormalities on MRI. The white matter had a 
normal appearance on all sequences and the stage of myelination was 
consistent with the age of the patient. Furthermore, development of the 
brain structures was normal. The upper row in Fig. 1 shows the MR 
spectrum of one of the 64 voxels together with the 8×8×2 cm3 VOI 
spectral map projected on an axial T2-weighted FSE image. Cr, normally 
equally intense as the Cho peak, is virtually absent. Depicted in Fig. 2 is 
one of the spectra showing a distinct GAA peak and the spectral map 
showing all 64 spectra for the 3.7- to 3.9-ppm region containing the GAA 
peak. In the gray matter near the interhemispheric fissure, i.e. the 
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separation between both hemispheres, the GAA signals are more 
prominent than in the surrounding white matter (Fig. 2). 
At the time of MRI and MRS, the standard screen (Subject and methods) 
had proven normal, except for a slightly increased excretion of 
mucopolysacharides, expressed as mg/mmol creatinine. Further 
biochemical analysis re- vealed an increased urinary GAA excretion of 798 
mmol/ mol creatinine (normal value range, according to Almeida et al.75: 
4–220) increased plasma GAA 30.5 μmol/l (normal range75: 0.35–1.8) 
and low plasma Cr 11 μmol/l (normal range75: 17–109), consistent with 
GAMT deficiency. Enzyme analysis revealed a strongly 
reducedGAMTactivity of 1.30 pmol/h mg protein (controls 60–243). 
 
 
Discussion 
 
This is the first demonstration of the distribution of brain metabolites in a 
creatine deficiency patient both in gray and white matter voxels. GAA, the 
precursor of creatine in the guanidinemethyltransferase reaction, was 
detected byMRS. This is compatible with GAMT deficiency rather than the 
alternative defects in creatine metabolism known. (GAA, to our 
knowledge, has not been observed in healthy persons or in any known 
pathology other than GAMT deficiency, but spectral resolution and signal-
to-noise ratio have to be good in order to be able to resolve a small 3.8 
ppm GAA peak from an intense 3.9 ppm CH2 creatine peak) This 
diagnosis by MRS was soon afterwards confirmed by the results of 
biochemical analysis revealing a highly increased GAA excretion and a 
plasma creatine level at the bottom of the normal range, conform the 
findings of Almeida et al. in case of a strongly reduced GAMT activity.75 
Our patient’s most remarkable symptom was a severe speech delay. Other 
reported signs were mild (mental retardation) or absent (epilepsy, 
extrapyramidal signs and autistic behaviour). 
That GAA signals were more prominent in gray matter than in white 
matter contrasts with a single observation by Stöckler et al.90 that the 
levels of GAAwere similar in two voxels containing parietal white and gray 
matter, respectively. Other MRS studies published to date did either not 
detect GAA in GAMT86, 91, 97 or not offer a comparison between gray and 
white matter.89 
It would be tempting to attribute the presence of GAA in gray matter 
rather than white matter of GAMT deficient patients to the fact that the 
PCr and total Cr concentrations as well as the flux through the creatine 
kinase reaction are significantly higher in gray than in white matter of the 
human brain.98 These findings would be corroborated by the higher rate of 
ATP turnover in cerebral gray compared with white matter. However, the 
prevailing view is that enzyme deficiency is localized in liver and pancreas 
and that all GAA is transported into the brain from the blood and the 
cerebrospinal fluid.98 In view of this, the higher level of GAA in gray 
matter compared to white matter could indicate that: 
(1) The uptake of GAA from blood and CSF into the gray matter is higher; 
(2) The creatine synthesis system is partially localized in the gray matter. 

The GAMT deficiency, however, would prevent creatine synthesis in 
brain as well (which is confirmed by the lack of Cr signal in the gray 
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matter) and not necessarily lead to elevated GAA levels in 
preferentially gray matter; 

(3) A better clearance of GAA from the white matter if 1 or 2 are valid and 
also if 1 and 2 are the same in gray and white matter. 

 
 
Conclusion 
 
In a mild case of GAMT deficiency we demonstrated that GAA signals are 
more prominent in gray matter than in white matter, compatible with a 
more limited uptake and/or better clearance of GAA from the white matter 
compared with the grey matter. 
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Figure 5c.1 1H magnetic resonance spectroscopy of a case of GAMT 
deficiency. CSI performed at TR/ TE=1500/135 ms yields a map of 64 
spectra, showing normal peak intensities for Cho, glutamate (Glx m3) and 
NAA. Creatine (3.0 ppm) is virtually absent. Top: spectrum plus spectral 
map. Bottom: MRI cross-sections showing the localisation of the VOI in 
the brain. 
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Figure 5c.2 Gray matter spectrum showing a clear GAA peak at 3.8 ppm 
and the spectral map of Fig. 1 after focussing on the 3.7 to 3.9 ppm 
region. GAA is most evident in the gray matter tissue near the 
interhemispheric fissure. 
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Abstract 
 
Objective: To determine the efficacy of screening investigations for 
inborn errors of metabolism in blood and urine, compared to targeted 
metabolic investigations after a multidisciplinary clinical evaluation, in 
children presenting with developmental delay. 
Methods: Analysis of the results of a consecutive series of patients with 
developmental delay evaluated by a multidisciplinary team, including both 
a fixed set of screening metabolic investigations and targeted metabolic 
investigation after a clinical multidisciplinary examination. 
Results: 16 (4.3%) of 372 patients were diagnosed with an inborn error 
of metabolism. The metabolic screening program resulted in the diagnosis 
in two patients, with cerebral creatine deficiency and thyroid hormone 
transport defect. Based on clinical suspicion for an inborn error of 
metabolism, more specific investigations were done in 39 patients, leading 
to the diagnosis in the other 14 patients, with neuronal ceroid 
lipofuscinosis, glucose transporter defect, and disorders of oxidative 
phosphorylation (n=12). Of the 16 diagnosed patients, nine patients had 
epilepsy, and four had ataxia. 
Conclusions: The diagnostic yield of targeted metabolic investigations 
after clinical multidisciplinary expertise greatly exceeded the diagnostic 
yield of screening metabolic investigations. Clinical expertise regarding 
inborn errors of metabolism is warranted in all undiagnosed patients with 
a developmental delay, also in those whose screening laboratory 
investigations are non-diagnostic. The presence of certain neurological 
features incresases the chance of diagnosing an IEM. 
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Introduction 
 
Developmental delay (DD), frequently resulting in mental retardation, is a 
common and serious problem in paediatrics. The prevalence of mental 
retardation on a population basis is estimated 0.6-3%.1, 2 
Establishing an etiological diagnosis in patients with DD is very important.6 
This particularly applies to inborn errors of metabolism (IEM). IEM have a 
high risk of accompanying morbidity, including DD, and mortality, and can 
have a high recurrence risk. In addition, a (still) increasing number of IEM 
can - to some extent - be treated, improving clinical outcome. 
 
Whilst the importance of diagnosing IEM in children with DD, at the 
youngest possible age, is obvious, attending physicians currently are left 
without clear advice from the literature, which steps to take to diagnose 
these diseases. The difficulty with IEM is, that each entity has a low 
prevalence, and that many IEM, primarily presenting with DD, lack easily 
discernable pathognomonic features.36 
 
In the past decade, three major systematic reviews on the diagnostic 
evaluation of DD were published.10-12 These reviews do not clearly advise 
what tests should be performed to diagnose an IEM in patients presenting 
with DD, and state that the yield of metabolic investigations in DD is low. 
However, the reader is left in doubt what kind of metabolic investigations 
is referred to. Most studies included in these reviews assessed the yield of 
a relatively limited number of tests, typically of amino acids and organic 
acids analysis.3, 32, 99-101 Many IEM are not covered by these tests, e.g. 
mucopolysaccharidoses and other lysosomal storage diseases, creatine 
deficiency syndromes, disorders of glycosylation, and disorders in energy 
metabolism (mitochondrial oxidative phosphorylation, OXPHOS). At the 
same time, these IEM often have an insidious presentation, without 
evident metabolic crises or recognisable dysmorphic features. Hence, the 
attending physician may not be easily tempted to consider these 
diagnoses, and to initiate the relevant investigations. 
A further difficulty is the impossibility to compose a panel of laboratory 
investigations, covering 'all' IEM. Many IEM require recognition and 
appraisal of specific symptoms followed by specific and sometimes 
invasive tests in order to be diagnosed. 
 
In a large cohort of children with DD, we investigated the diagnostic yield 
of a fixed set of screening metabolic investigations. These investigations, 
listed in table 6.1, included basic biochemistry, and several metabolites 
associated with various groups of IEM. We compared the outcome of this 
screening with the outcome of specific metabolic investigations performed 
after an expert multidisciplinary clinical review by clinical geneticist, 
metabolic paediatrician, paediatric neurologist, child psychiatrist and 
ophthalmologist. 
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Materials and methods 
 
Patients 
Patients were referred to the multidisciplinary outpatient clinic for etiologic 
diagnostic evaluation of DD at the Groningen University Medical Centre, 
which serves as a secondary and tertiary referral centre, serving a region 
with approximately three million inhabitants. Three hundred and seventy 
two patients (249 males and 123 females) made their first visit between 
October 2002 and September 2007, and had a documented significant 
global DD, i.e. IQ < 70 on non-verbal or fullscale intelligence test, or 
developmental abilities persistently more than two standard deviations 
below the mean, confirmed by appropriate standardized developmental 
tests). Median age was four years and eleven monts and (interquartile 
range two years and eight monts – eight years and two months). Of the 
372 children, 198 had a mild delay, defined as quotient scores in the 
range 50 - 70, or 2 - 3 SD below the mean, and 174 patients had a more 
severe delay. Two hundred seventy three patients (73,4%) had been seen 
previously by a specialist (paediatrician, neurologist or clinical geneticist) 
because of DD. The other 99 patients were predominantly referred by 
child psychiatrists or primary care physicians. 
 
Diagnostic workup 
The diagnostic workup in our centre was divided in two phases (figure 
6.1). 
The first tier in the workup consisted of examination by an 
interdisciplinary trained coordinating physician (KTV). In case of a 
probable clinical diagnosis, targeted diagnostic procedures were 
performed to confirm the diagnosis. Otherwise, screening laboratory 
investigations were done. These included cytogenetic evaluation, fragile X 
analysis, basic biochemistry, and screening for various groups of IEM 
(table 6.1). Neuroimaging was done in case of clear neurological signs and 
symptoms in addition to the DD including abnormal head growth. If items 
of the screening laboratory workup had been done before referral, these 
were not repeated. 
The second tier of the workup, when no diagnosis could be made in the 
first tier, was a one-day multidisciplinary evaluation by a paediatrician for 
metabolic diseases, clinical geneticist, child neurologist, ophthalmologist 
and (in selected cases) child psychiatrist. Further additional investigations 
were done according to differential diagnostic considerations. 
 
We aimed for a patient-friendly diagnostic process, minimizing the number 
of vena punctures and sedation sessions, sometimes at the cost of (in 
retrospect) unnecessary investigations. 
 
Study design 
The present study was fully observational, and did not interfere with the 
diagnostic process in the studied patients. The local Medical Ethics 
Committee judged the study exempt from full review. 
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Results 
 
Three hundred and seventy two patients entered the first tier of diagnostic 
evaluation. In 120 of them, limited screening for IEM had been done 
before referral to our team. Most often this comprised a combination of 
plasma amino acids and urine amino acids, organic acids, purines, 
mucopolysaccharides and oligosaccharides. No abnormalities were found 
in these 120 patients. 
 
Screening metabolic investigations (table 6.1) were capable to indicate 
the origin of DD in two patients with cerebral creatine deficiency and 
thyroid hormone transport defect, respectively (table 6.2, #1 and #2). 
These patients essentially lacked pathognomonic clinical features, 
indicating their disease. 
 
Targeted metabolic investigations (beyond those listed in table 6.1), 
performed because of suspicion of an IEM after clinical multidisciplinary 
review, were done in 39 patients, and yielded the diagnosis in 14 (36%) 
of these patients (table 6.2, #3-16). The targeted investigations were: 
determination of the CSF-blood glucose ratio (#3); electron microscopical 
investigations of deposits pathognomonic for neuronal ceroid lipofuscinosis 
related deposits in lymfocytes and subsequent DNA analysis (#4); lactate 
measurement in CSF by clinical chemical methods, cerebral lactate 
determination by proton spectroscopy (along with other magnetic 
resonance modalities), and enzymatic analysis of OXPHOS in various 
tissues (#5-16). 
 
Overall, a diagnosis of an IEM was made in 16 patients, 4.3% of the whole 
cohort. Key clinical features, and diagnostic tests of these 16 patients are 
summarized in table 6.2. They all had been evaluated previously because 
of DD, by at least one paediatrician, neurologist or clinical geneticist, but 
no diagnosis was made at that time. 
Most, but not all, of the 16 patients diagnosed with an IEM had one or 
more (intrinsically aspecific) neurological symptoms: epilepsy in nine, 
ataxia in four. Furthermore, cerebral MRI/MRS abnormalities of any kind 
were present in 12 of the 16 patients, being important in the diagnostic 
process in three patients. 
 
 
Discussion 
 
We assessed the diagnostic yield of screening metabolic investigations in 
DD, as well as the diagnostic yield of targeted metabolic investigation, 
performed after clinical multidisciplinary expertise. Screening metabolic 
investigations (table 6.1) were diagnostic in two (0.5%) of the 372 
patients. Targeted metabolic investigations, performed because of clinical 
suspicion of an IEM, done in 39 patients, confirmed the diagnosis in 14 
patients (36%, or 3.8% of the total group of 372 patients). 
 
Before we further discuss the results, some methodological issues must be 
addressed. Quantitative results must always be judged against the 
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background of the studied population. Notably, our clinical cohort is a non-
random selection of all patients with DD in our region. The unifying 
feature of our patients was that they had been referred to our special 
team for (further) investigation. This excludes patients in whom referral to 
our team was not considered, or was considered unnecessary, for instance 
as patients were diagnosed otherwise. 
Clinical features, classically associated with IEM (e.g. progressive disease, 
crises, organomegaly, coarse facial features etc) were not a criterium for 
referral. This sets our cohort apart from studies specifically reporting 
about the etiology of progressive intellectual and neurological 
deterioration.102, 103 
In 73% of the cohort, and in all 16 patients with an IEM, previous 
attempts to establish an etiological diagnosis had been made. 
 
We chose for a rather extensive metabolic screening program (table 6.1) 
to be performed in all referred patients without apparent clinical diagnosis, 
regardless of absence of specific signs and symptoms thought to be 
indicative for a metabolic disease.36, 104, 105 By doing so we aimed not to 
miss IEM that may present without their presumed classical features at 
the initial presentation with DD. This also precludes missing treatable 
diseases due to insufficient recognition and/or appraisal of mild 
symptoms. 
When performing metabolic screening by analytical chemical methods, 
only those diseases will be diagnosed, which show a characteristic 
metabolite pattern in the sampled body fluid. The 14 patients with an IEM 
diagnosed in the second tier, failed to meet these conditions. In glucose 
transporter defect, cerebrospinal fluid glucose measurement is needed to 
trace this condition. Cerebrospinal fluid, however, is not routinely 
obtained. In the neuronal ceroid lipofuscinoses, an easily accessible 
biomarker is lacking. These diagnoses depend on enzyme assays, DNA 
studies, possibly guided by electron microscopy results. OXPHOS disorders 
do not show pathognomonic metabolites except hyperlactacidaemia in 
some cases. The etiology of this biochemical abnormality is, however, 
multifactorial. In our cohort we analysed a fresh muscle biopsy in cases 
suspected of OXPHOS disease because of clinical symptoms, neuroimaging 
abnormalities and/or biochemical abnormalities. We performed a muscle 
biopsy in 22 patients, and made a diagnosis of OXPHOS disease in 12 
patients (#5-16). 
 
Our question concerned the diagnostic yield of screening metabolic 
investigations (table 6.1) and targeted metabolic investigation after a 
specialist clinical evaluation respectively, in children presenting with DD.  
 
The usefulness of a screening metabolic workup can hardly be proven in a 
clinical cohort of the size presented. The prevalence of IEM and of 
diagnostic findings in metabolic screening in our cohort (4.3% and 0.5% 
respectively), is comparable to figures found in the literature.11 These 
appear to be low, but on the other hand the implications for treatment 
and genetic counselling of these diagnoses are substantial.  
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Our results indicate that in children with DD in whom screening metabolic 
investigations do not provide a diagnosis, targeted metabolic 
investigations after an expert clinical evaluation may reveal a considerable 
number of IEM. Recognition and appraisal of, sometimes subtle, signs 
from clinical history and physical examination, in conjunction with a 
thorough and up-to-date knowledge and experience of IEM are the key to 
these diagnoses. The presence of clear neurological symptoms increased 
the chance of diagnosing an IEM, but is should be noted that absence of 
these features far from excludes an IEM (table 6.2). 
 
The results not only substantiate the data of Engbers et al. that showed a 
2.8% diagnostic yield of screening metabolic investigations when 
performed under supervision of clinical metabolic expertise, but also 
indicate that even more diagnoses of IEM can be established on the basis 
of specific expertise, even in case of completely normal screening 
results.33 
 
In recent years, three literature reviews on the diagnostic evaluation of 
DD, and two reviews specifically addressing the investigation of IEM in 
DD, were published.10-12, 36, 105 The literature reviews did not recommend 
metabolic screening in general in patients with DD.10-12 On the other hand, 
the reviews on diagnosing IEM clearly indicated the importance of a 
metabolic screening program. They stressed the potential relevance of 
expert recognition of subtle features of IEM, simultaneously stressing the 
lack of these features in several IEM.36, 105 
 
In our cohort, the patients with cerebral creatine deficiency (#2) and 
glucose transporter defect (#3) could be treated rather effectively, with 
clearly improving development. One patient (#15) with OXPHOS disease 
experienced improved wellbeing and exercise tolerance after carnitine 
supplementation. In addition to treatment, several diagnoses were crucial 
for genetic counseling, which had been requested by several families.  
Therefore, because of the options for treatment and possibilities of genetic 
counselling, effort should be made to diagnose IEM at the youngest 
possible age.  
 
In conclusion, to diagnose IEM in children with DD, it is important to keep 
following core notions in mind. First, screening metabolic investigations 
have a very low diagnostic yield, which however is of crucial importance 
for the few patients involved. Second, the diagnostic yield of specific 
investigations after multidisciplinary expertise regarding IEM is 
substantial, independent of normal results of screening metabolic 
investigations, justifying referral of patients with DD to a centre offering 
this expertise. The presence of certain neurological symptoms, such as 
epilepsy and ataxia, increases the chance of diagnosing an IEM. 
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Table 6.1 Overview of diagnostic tests incorporated in the diagnostic 
algoritm for developmental delay. 
Investigations in the laboratory for metabolic diseases 
Sample Investigation Disorders (of) Pitfalls 
Plasma + urine Amino acids Intermediary 

metabolism 
glutaric aciduria 

Urine Organic acids 
Urine Purines, pyrimidines Purine metabolism mild Lesch Nyhan 

disease 
Urine Mucopolysaccharides Lysosomal 

disosorders (with 
accumulation of 
water soluble 
metabolites) 

(sphingo)lipidoses, 
neuronal ceroid 
lipofuscinoses, 
metachromatic 
leukodystrophy 
(and many others) 
don't give 
abnormal 
screening results 

Urine Oligosaccharides, B-
mannose 

Urine Sialic acid containing 
oligosaccharides 

Plasma Phytanic acid, pipecolic 
acid, very long chain 
fatty acid ratio’s 
(C26/C22, C25/C22, 
C24/C22) 

Peroxisomal 
disorders 

 

Plasma 7-dehydrocholesterol Smith Lemli Opitz Other sterol 
synthesis defects 

Plasma Lactate, pyruvate 
(random sample) 

Mitochondrial 
disorders 

Very low 
sensitivity in 
presentations with 
DD 

Plasma and 
urine 

Guanidinoacetic acid, 
creatine 

Cerebral Cr 
deficiency* 

Screening for X 
linked Creatine 
Transporter defect 
not 100% 
sensitive, 
especially in 
females 

Plasma Sialylation profile of 
transferrin and** Apo 
CIII 

Disorders of N- 
and** O-
glycosylation 

 

Plasma Thyroid stimulating 
hormone, free tetraiodo 
thyroxine and*** free 
triiodo thyroxine 

Thyroid function Scope must be 
broader than 
vigilance for 
(congenital) 
hypothyroidism, 
e.g. MCT8 
deficiency and 
thyroid hormone 
resistancy 
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Table 6.1, continued  
Routine biochemistry 
Sample Investigation 
Blood Full blood count, hemoglobin 
Plasma Sodium, potassium, chloride, urea, creatinine, urate, aspartate 

aminotransferase, alanine aminotransferase, creatine 
phosphokinase, lactate dehydrogenase, calcium, phosphate, 
albumin, glucose, pH 

Urine Qualitative: Protein, glucose, pH, ketones 
Genetic Studies 
Sample Investigation 
Cultured 
lymfocytes 

Karyotype 

DNA 
(leukocytes) 

High resolution whole genome array Comparative Genome 
Hybridisation (aCGH)**** 
Testing for Fragile-X syndrome (CGG repeat number FMR1 gene) 

Sample: investigated body fluid / material. Screening for disorders in: 
types of metabolic disturbance screened for. Pitfalls: diagnoses that may 
be missed in the screening procedure and other reasons for cautious 
interpretation of lab results. *since 2004. **since 2008. ***since 2007. 
****since 2008 (before: Fluorescent In Situ Hybridization (FISH) 22q11.2 
added to karyotype; array Comparative Genome Hybridisation (aCGH) or 
Multiplex Ligation-dependent Probe Amplification (MLPA) screening for 
subtelomeric deletion/duplications since 2004). 
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Table 6.2 Patients diagnosed with an IEM 
# Diagnosis  Key features                      Noted at 

referral 
Screening 

1 Thyroid Hormone Transporter 
(MCT8) defect 

 pyramidal involvement; selective 
determination T3 (patient 
presenting before incorporation of 
T3 in the screening program) 

+ triiodo 
thyroxine 
elevated 

2 Guanidinoacetate 
Methyltransferase (GAMT) 
deficiency 

 severe expressive language delay; 
suspicion cerebral Cr deficiency: 
selective cerebral 1HMRS (patient 
presenting before incorporation of 
Cr screening in screening program) 

+ guanidino 
acetic acid 
elevated in 
plasma and 
urine 

3 Glucose Transporter Protein 
(GLUT1) deficiency 

 fluctuating, feeding/fasting related, 
cerebellar symtoms 

- normal 

4 Late Infantile Ceroid 
Lipofuscinosis (CLN2) 

 regression, epilepsy, progressive 
cerebral atrophy  

- normal 

 Mitochondrial diagnoses MDC    
 ATP  

M 
Ox  
M 

Enz 
M 

Enz 
F 

DNA     

5 14.1 1-6 I - - 7-7 intractable epilepsy; myoclonia; 
absent psychomotor development; 
abnormal white matter signal 
intensity on MRI; lactate on 1HMRS 
(simultaneous with muscle biopsy) 

+ normal 

6 21,4 1,3,4
,6 

I I,IV - 7-7 epilepsy; severe; hypoventilation 
during sleep 

+ normal 

7 35,5 1,3,6 I I - 4-6 regression; epilepsy; brother of #8 + normal 
8 40,6 1 - - - 4-5 regression, epilepsy; brother of #7 + normal 
9 23 1,3,4

,5,6 
I,II I - 2-3 drop attacks; ataxia; family history 

possibly indicating maternal 
inheritance 

+ normal 

10 24,9 1,2  - I,II - 5-5 recurrent febrile myoclonic status 
epilepticus 

+ ala and lact 
slightly 
elevated 

11 10,6 1  I,II, 
II+III
, V 

- - 5-5 recurrent status epilepticus; 
pyramidal symptoms; abnormal 
aspect WM on MRI; 1HRMS brain 
lactate 

+ normal. 
crisis urine: 
lact  and 
pyruvate 

12 16,5 1-4,6 - - POLG  
mt 

6-6 severe hypotonia, intractable 
epilepsy, abnormal signal intensity 
brainstem 

+ normal 

13 16,4 1-6 - - - 3-3 ataxia, hypotonia; atrophy pons + 
cerebellum 

- normal 

14 25.4 1-3,6 - - - 3-3 microcephaly, elevated CSF lactate + 1x lact 
elevated, 
but OGGT 
normal 

15 27,4 1,3 - - - 3-3 severe exercise induced muscle 
complaints, abnormal exercise test 

- normal 

16 21,1 1-5 
(6 
not 
done) 

- - - 3-3 emerging ataxia; organic acid 
profile in the past 

- organic 
acids: 
ethylmaloni
c acid 

Key features: overview of the clinical features and other findings leading 
to the relevant investigations. 
Noted at referral: noted before referral: + if the clinical features leading to 
the diagnosis had been documented at time of referral. 
Standard lab: see table 6.1.  
MDC: Mitochondrial Diagnostic Criteria score (Wolf 2002, Morava 2006), 
prior to biopsy - post biopsy.61, 106 
ATP Musc: rate of production of ATP+CrP from pyruvate in a fresh muscle 
biopsy (nmol/h.mU Citrate Synthase), normal range 42-81.  
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Ox Musc: decreased substrate oxidation rates in fresh muscle biopsy 
(nmol/CO2/h.mU Citrate Synthase). Reactions: 1)[1-14C]pyruvate + 
malate; 2)[1-14C]pyruvate+carnitine; 3)[U-
14C]malate+pyruvate+malonate; 4)[U-
14C]malate+acetylcarnitine+malonate; 5)[U-
14C]malate+acetylcarnitine+arsenite; 6)[1,4-
14C]succinate+acetylcarnitine. 
Enz Musc: decreased enzyme (PDHc, complexes of the mitochondrial 
respiratory chain (complexes I-IV), ATPase (complex V)) activities in 
muscle.  
Enz Fibro: decreased enzyme (PDHc, complexes of the mitochondrial 
respiratory chain (complexes I-IV), ATPase (complex V)) activities in 
cultured fibrolasts. 
DNA: mutations found in the mitochondrial and nuclear DNA. 
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M

edical A
dvice

1st tier

First visit: clinical evaluation by interdisciplinary trained physician

Routine laboratory investigations, as listed in Table 1

Follow up visit: one-day multidisciplinary clinical evaluation by 
paediatrician for metabolic diseases, paediatric neurologist, 
clinical geneticist, psychiatrist, ophthalmologist

Targeted specific additional investigations

diagnosis evident?

diagnosis evident?diagnosis evident?

2nd tier

+

+

-

-

Figure 6.1 Outline of the diagnostic workup of the 372 patients. 
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Chapter 1: Introduction and outline 
 
Theme of this thesis is the diagnostic evaluation of developmental delay 
(DD). DD is an aspecific symptom of many different pathological 
conditions. When a child presents with DD it is very important to 
determine the cause, because of the repercussions an etiologic diagnosis 
can have with respect to medical treatment and genetic counselling. 
In this thesis, DD is defined as a delay in psychomotor development. This 
delay may be caused by an underlying condition, but this can not always 
be determined. Potentially DD results in limitations in functioning in 
everyday life. 
The work presented in this thesis is based on the results of the diagnostic 
evaluation of a large (n=639) cohort of patients presenting with DD. This 
diagnostic evaluation was done by a dedicated multidisciplinary team. 
Unique features of this team were: 
 the activity of an interdisciplinary trained physician to guide the 

diagnostic process; 
 a relatively extensive package of screening investigations (table 2.1) 

in case no diagnosis could be made otherwise. 
The expertise of the team members primarily concerned the fields of 
clinical genetics, child neurology, paediatrics (specifically inborn errors of 
metabolism), child psychiatry, and ophthalmology. 
 
 
Chapter 2: The ABC of diagnosing the etiology of developmental 
disability: a cohort-based algorithm 
 
In this chapter, we describe the results of diagnostic evaluation of the 
cohort of 639 patients. We assessed the role of several aspects of the 
diagnostic workup in the multidisciplinary team. What is the role of clinical 
experts, and which investigations should be done on a screening basis? 
A diagnosis could be made in 172 (26.9%) patiens. Most prevalent 
diagnoses were chromosomal aberrations (50.6%), inborn errors of 
metabolism (17.4%) and other monogenic conditions (11.0%). 
Regarding clinical expertise: 32.0% of diagnoses were recognized at the 
first visit by the interdisciplinary trained physician. Another 14.5% of 
diagnoses was first recognized in the later phase of multidisciplinary 
evaluation. 
Regarding screening investigations: 53.5% of diagnoses were based on 
screening investigations (table 2.1). Almost all screening investigations 
proved useful in our cohort. An overview of the relevance of the respective 
elements, on the basis of the literature and our experience is provided. 
A proposal for a simple flowchart, consisting of three steps, for diagnostic 
evaluation of DD is given in figure 2.1. 
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Chapter 3: Magnetic resonance imaging and proton magnetic 
resonance spectroscopy of the brain in the diagnostic evaluation 
of developmental delay 
 
Cerebral Magnetic Resonance Imaging (MRI) of the brain is frequently 
done in the diagnostic evaluation of DD. It’s main power is to visualise the 
dysfunctioning organ. More recently, in vivo Proton Magnetic Resonance 
Spectroscopy (1HMRS) has become available, enabling quantification of 
several metabolites in the brain. Abnormalities found with MRI or 1HMRS 
may or may not help physicians to establish a truly etiologic diagnosis. 
We assessed the role of MRI and 1HMRS in the first 109 patients from our 
cohort who underwent cerebral MRI/MRS. Although abnormalities were 
noted in the vast majority (80 à 90%) of patients, MRI and/or 1HMRS 
really contributed to an etiological diagnosis in only 10 (9%) patients, all 
of whom were scanned because of neurological features. In these 10 
patients, 1HMRS was diagnostic in one patient and of additional value to 
MRI findings in 3 patients. 
We conclude that MRI and 1HMRS may contribute to the diagnostic 
evaluation of DD, especially if applied specifically to patients with 
neurological signs, whereas its role is very limited in children without 
them. 
 
 
Chapter 4: Quantitative multivoxel proton spectroscopy of the 
brain in developmental delay 
 
When interpreting results of investigations in patients, it is an absolute 
necessity to compare them with the results of normal individuals. This is 
especially the case when the changes are quite subtle. In the field of 
1HMRS in patients with DD, only a few pathognomonical entities exist, 
among which cerebral creatine deficiency. However, an inconsistent 
pattern of decreased or increased levels of metabolites was reported in 
patients with DD, leading to speculations on the pathophysiology of DD. 
Most studies included very few patients and controls. 
We compared the 1HMRS results of 88 patients with DD who could not be 
diagnosed in our team, with 48 neurodevelopmentally normal controls. 
These patients and controls were assigned to five age-groups. The relative 
levels of choline, creatine, N-acetyl aspartate, and glutamate/glutamine in 
24 voxels containing white matter and 12 voxels containing gray matter 
were quantified in an operator-independent manner and expressed in 
proportion to the total metabolite peak area in the volume of interest. 
White matter choline in DD showed less decrease with age. Mean choline 
levels, compared with mean control levels, increased from 99 to 111% 
with increasing age. This was statistically significant in the highest age 
groups (P = 0.015 [7 < yr ≤ 12.8] and P = 0.039 [ > 12.8 yr]). Other 
metabolites did not show clear alterations. The pathophysiological origin 
and significance may relate to myelination and maturation of the white 
matter, but this cannot be proven. 
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Chapter 5: Clinical, biochemical and neuroradiological studies in a 
child with a treatable disorder of creatin biosynthesis 
 
In chapter 5a we describe the results of treatment of a patient with 
guanidino acetate methyltransferase deficiency. The biochemical 
hallmarks of this disease are accumulation of guanidinoacetate (GAA) and 
deficiency of creatin (Cr). Treatment with oral Cr supplementation resulted 
in partial normalization of cerebral (measured with magnetic resonance 
proton spectroscopy) and plasma levels of Cr and GAA. Addition of high 
dose ornithine to the treatment led to further normalization of plasma 
GAA, while cerebral Cr and GAA did not improve further. 
In chapter 5b, we describe the developmental course of this boy. There 
was a remarkable difference between clinical observation and formal 
testing. Clinical observation seemed to indicate relatively isoloated 
expressive language deficiency, leading to suspicion of cerebral Cr 
deficiency, but formal testing after establising the diagnosis indicated a 
rather harmonic, global DD. This highlights the importance of considering 
Cr deficiency as possible cause of DD. 
In chapter 5c, we describe the proton spectroscopy results at the time of 
diagnosis. A novel finding was that GAA levels were higher in grey matter 
than in white matter, pointing at the possible relevance of cerebral Cr 
synthesis. 
 
 
Chapter 6: Clinical metabolic expertise, rather than metabolic 
screening, is required to diagnose most inborn errors of 
metabolism in children with developmental delay 
 
In the first 372 patients from the cohort with developmental quotients 
lower than two standard deviations below the mean, we assessed the 
diagnostic yield of screening metabolic investigations, and the diagnostic 
yield of targeted investigations that could be initiated after clinical 
metabolic expertise. 
16 (4.3%) patients were diagnosed with an inborn error of metabolism 
(IEM). The diagnostic yield of targeted metabolic investigations after 
clinical multidisciplinary expertise (14 patients) greatly exceeded the 
diagnostic yield of screening metabolic investigations (2 patients). The 
crucial symptoms indicating the respective IEM had not always been noted 
before referral. Therefore, clinical expertise regarding inborn errors of 
metabolism is warranted in all undiagnosed patients with a developmental 
delay, also in patients whose screening laboratory investigations are non-
diagnostic. 
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Chapter 8: Conclusions and future directions 
 
In this chapter we discuss the findings in the preceding chapters with 
respect to future developments in the field of diagnostic evaluation of DD. 
Guidelines for the diagnostic evaluation of DD should be updated 
regularly. On the basis of our results and experience we think that future 
guidelines should promote that every patient with DD: 
 is exposed to concerted multidiscplinary expertise (including clinical 

genetics, paediatrics – including inborn errors of metabolism, child 
neurologist); 

 is tested with appropriate screening investigations (table 2.1) when a 
diagnosis cannot be made otherwise. 

Future developments are: the application of whole exome sequencing; the 
development of diagnostic algorithms for patients with possible energy 
metabolism defects; further research on the use of investigations in the 
cerebrospinal fluid; the embedding of diagnostic evaluation of DD in the 
healthcare system. 
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Hoofdstuk 1: Inleiding en overzicht 
 
Dit proefschrift gaat over het proces van medisch onderzoek naar de 
oorzaak van ontwikkelingsachterstand (OA). OA is een aspecifiek 
symptoom dat kan optreden bij verschillende aandoeningen of 
omstandigheden. Wanneer duidelijk wordt dat een kind een OA heeft, is 
het om verschillende redenen erg belangrijk om de oorzaak (etiologie) 
ervan vast te stellen. Een etiologische diagnose maakt het mogelijk de 
juiste medische begeleiding in te stellen en is het beste startpunt voor 
gerichte erfelijkheidsvoorlichting. 
In dit proefschrift hebben we OA gedefinieerd als een achterstand van de 
psychomotore ontwikkeling, die waarschijnlijk zal uitmonden in blijvende 
beperkingen wat betreft het dagelijks functioneren. Deze achterstand kan 
berusten op een onderliggende aandoening, maar die kan niet altijd 
aangetoond worden. 
Het werk in dit proefschrift is gebaseerd op de resultaten van medisch 
onderzoek bij een groot (n=639) cohort patiënten met OA. Dit onderzoek 
werd uitgevoerd door een specifiek voor dit doel opgericht multidisciplinair 
medisch team. Unieke eigenschappen van dit team zijn: 
 de aanwezigheid van een interdisciplinair opgeleide arts om het 

diagnostisch proces aan te sturen en te begeleiden; 
 een relatief uitgebreid pakket van screenend onderzoek (tabel 2.1) 

voor patiënten bij wie het anders niet zou lukken om een diagnose te 
stellen. 

De expertise van de teamleden betreft de klinische genetica, 
kinderneurologie, kindergeneeskunde metabole ziekten, kinder- en 
jeugdpsychiatrie en oogheelkunde. 
 
 
Hoofdstuk 2: ABC van het vaststellen van de oorzaak van 
ontwikkelingsachterstand: een algoritme op basis van ons cohort 
 
In dit hoofdstuk beschrijven we de resultaten van medisch onderzoek naar 
de oorzaak van de OA bij onze 639 patiënten. We onderzochten de rol van 
verschillende aspecten van deze diagnostiek. We keken ook naar de rol 
van klinische expertise. Daarnaast probeerden we vast te stellen welke 
onderzoekingen standaard gedaan zouden moeten worden. 
Bij 172 (26,9%) van de patiënten kon een oorzakelijke diagnose gesteld 
worden. Meest voorkomende diagnoses waren chromosomale afwijkingen 
(50,6%), erfelijke stofwisselingsziekten (17,4%) en andere monogene 
aandoeningen (11,0%). 
Met betrekking tot de rol van klinische expertise: 32,0% van de gestelde 
diagnoses werd herkend bij het eerste bezoek aan de interdisciplinair 
opgeleide arts. 14,5% van de diagnoses werd voor het eerst overwogen in 
de latere fase van multidisciplinaire beoordeling. 
53,5% van de diagnoses waren gestoeld op screenend onderzoek (tabel 
2.1). Vrijwel alle onderdelen van het door ons gebruikte pakket screenend 
onderzoek bewezen hun nut in onze groep patiënten. 
Een voorstel voor een eenvoudig, uit drie stappen bestaand, 
stroomdiagram voor de diagnostiek bij kinderen met een OA is 
weergegeven in figuur 2.1. 
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Hoofdstuk 3: De rol van Magnetische resonantie imaging (MRI) en 
proton magnetische resonantie spectroscopie (1HMRS) van de 
hersenen bij de etiologische diagnostiek bij van 
ontwikkelingsachterstand 
 
MRI van de hersenen wordt vaak gedaan als onderdeel van de diagnostiek 
naar de oorzaak van OA. Het belang ervan ligt hierin, dat het 
dysfunctionerende orgaan afgebeeld kan worden. Relatief recent werd in 
vivo magnetische resonantie spectroscopie (1HMRS) geïntroduceerd. Deze 
techniek maakt het mogelijk de concentratie van enkele stoffen in de 
hersenen vast te stellen. Afwijkingen bij MRI of 1HMRS kunnen helpen bij 
het vaststellen van de onderliggende oorzaak. 
We onderzochten de rol van MRI en 1HMRS bij de eerste 109 patiënten 
van onze groep patiënten die MRI/1HMRS ondergingen. Afwijkingen 
werden opgemerkt bij het overgrote deel (80 à 90%) van de patiënten, 
maar deze afwijkingen droegen slechts bij tien (9%) patiënten bij aan de 
uiteindelijk gestelde diagnose. Deze tien (evenals nog 70 andere 
patiënten) hadden behalve de OA nog andere neurologische 
verschijnselen. De 1HMRS was beslissend bij éen patiënt, en was van 
aanvullende waarde naast de MRI bij drie andere patiënten. 
De conclusie is dat MRI en 1HMRS kunnen bijdragen aan het vaststellen 
van de oorzaak bij kinderen met een ontwikkelingsachterstand. Dit geldt 
zeker voor de kinderen die naast de OA verdere neurologische 
verschijnselen hebben. De rol van MRI en 1HMRS lijkt beperkt bij de 
overige patiënten. 
 
 
Hoofdstuk 4: Kwantitatieve multivoxel proton spectroscopie van 
de hersenen bij kinderen met ontwikkelingsachterstand 
 
Bij het interpreteren van de resultaten van aanvullend onderzoek is het 
noodzakelijk deze te vergelijken met normaalwaarden, vooral als 
veranderingen subtiel zijn. Slechts enkele oorzaken van OA kunnen 
rechtstreeks met behulp van 1HMRS vastgesteld worden; bijvoorbeeld 
cerebrale creatine deficiëntie. Daarnaast werd in verschillende studies bij 
patiënten met OA een inconsistent patroon van geringe verlagingen en 
verhogingen van in de hersenen aanwezige stoffen beschreven. Dit leidde 
tot speculaties over de ontstaanswijze van OA. De meeste van deze 
studies includeerden slechts een klein aantal patiënten en controles. 
Wij vergeleken de 1HMRS bevindingen van 88 patiënten met OA, bij wie 
uiteindelijk geen diagnose gesteld kon worden, met die van 48 kinderen 
met een normale psychomotore ontwikkeling. Patiënten en controles 
werden ingedeeld in vijf leeftijdsgroepen. De concentraties van choline, 
creatine, N-acetyl aspartaat, en glutamaat/glutamine werden gemeten in 
24 gebiedjes met witte stof en 12 gebiedjes met grijze stof. 
Het choline in de witte stof daalde bij de patiënten minder met het 
toenemen van de leeftijd dan bij de controles. De gemiddelde choline 
concentratie, vergeleken met controles, steeg van 99 naar 111%. Deze 
stijging bleek statistisch significant in de oudste leeftijdsgroepen (P = 
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0,015 [leeftijd 7,0-12,8 jaar] en P = 0,039 [leeftijd boven 12,8 jaar]). De 
andere stoffen toonden geen duidelijke veranderingen. Of het hogere 
choline werkelijk iets betekent ten aanzien van de ontstaanswijze van OA 
kunnen we met onze resultaten niet verder onderbouwen.  
 
 
Hoofdstuk 5: Klinische, biochemische en neuroradiologische 
bevindingen bij een kind met een behandelbare ziekte van de 
creatine biosynthese 
 
In hoofdstuk 5a beschrijven we de resultaten van behandeling van een 
patiënt met guanidinoacetaat methyltransferase deficiëntie. De 
biochemische kenmerken van deze ziekte zijn ophoping van 
guanidinoacetaat (GAA) en tekort aan creatine (Cr). Toevoeging van Cr 
aan het dieet leidde tot een gedeeltelijke normalisering van de 
concentraties van Cr en GAA in zowel de hersenen als in bloed en urine. 
Toevoeging van ornithine leidde tot verdere verlaging van het plasma 
GAA, terwijl de cerebrale Cr en GAA concentraties in de hersenen niet 
verder normaliseerden. 
In hoofdstuk 5b beschrijven we de ontwikkeling van deze jongen. Er was 
een opmerkelijk verschil tussen observatie in de spreekkamer en formele 
testresultaten. In de spreekkamer leek een relatief geïsoleerde 
expressieve taalachterstand te bestaan. Dit leidde tot verdenking op 
cerebrale Cr deficiëntie. Na het stellen van de diagnose duidden 
ontwikkelingstesten echter op een tamelijk harmonische, globale 
ontwikkelingsachterstand. Dit onderstreept het belang van het overwegen 
van cerebrale Cr deficiëntie en het onderzoek daarnaar bij patiënten met 
ontwikkelingsachterstand met voor het overige een aspecifieke 
presentatie. 
In hoofdstuk 5c rapporteren we 1HMRS bevindingen ten tijde van de 
diagnose. De hogere concentratie van GAA in de grijze stof, vergeleken 
met die in de witte stof, was een nieuwe bevinding, die waarschijnlijk 
samenhangt met de aanmaak van Cr in de hersenen zelf. 
 
 
Hoofdstuk 6: Klinische expertise op het terrein van 
stofwisselingsziekten is vereist om het grootste deel van de 
erfelijke stofwisselingsziekten bij kinderen met 
ontwikkelingsachterstand te diagnosticeren 
 
Bij de eerste 372 patiënten van ons cohort met een ontwikkelingsquotiënt 
lager dan twee standdaarddeviaties onder het gemiddelde onderzochten 
we de diagnostische opbrengst van A) screenend metabool onderzoek, en 
B) gericht metabool onderzoek dat werd ingezet op geleide van metabole 
expertise. 
16 (4,3%) patiënten bleken een erfelijke stofwisselingsziekte te hebben. 
De diagnostische opbrengst van gericht metabool onderzoek (diagnostisch 
bij 14 patiënten) was veel groter dan dat van uitsluitend screenend 
metabool onderzoek (diagnostisch bij twee patiënten). De symptomen die 
voor ons team in de richting van de betreffende stofwisselingsziekte 
wezen waren niet altijd opgemerkt vóór verwijzing. Het is dan ook de 
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moeite waard om klinische metabole expertise in te zetten voor kinderen 
met OA. Dit geldt onverminderd voor patiënten bij wie screenend 
metabool laboratoriumonderzoek geen afwijkingen heeft laten zien. 
 
 
Hoofdstuk 8: Conclusies en toekomstige ontwikkelingen 
 
In dit hoofdstuk bespreken we de resultaten van de voorgaande 
hoofdstukken in het licht van toekomstige ontwikkelingen op het gebied 
van diagnostiek naar de oorzaak van OA. Richtlijnen voor de etiologische 
diagnostiek van OA moeten regelmatig worden geactualiseerd. Op basis 
van onze resultaten en ervaringen denken wij dat het medisch onderzoek 
bij een patiënt met OA bij voorkeur moet bestaan uit: 
 gecoördineerde multidisciplinaire expertise (waaronder klinische 

genetica, kindergeneeskunde metabole ziekten, kinderneurologie); 
 een aantal screenende diagnostische tests, wanneer er geen ingang 

voor meer gerichte diagnostiek is. Een voorstel voor welke testen dit 
zijn, is weergegeven in tabel 2.1. 

Toekomstige ontwikkelingen zijn: de toepassing van aflezen van het hele 
genoom; de ontwikkeling van diagnostische algoritmen voor patiënten 
met mogelijke energiestofwisselingsziekten; verder onderzoek naar het 
nut en de toepassing van diagnostiek in het hersenvocht; het inbedden 
van diagnostiek naar de oorzaak van OA in de gezondheidszorg. 
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The child presenting with developmental delay 
 
When a child presents with developmental delay (DD), this is accompanied 
with many uncertainties. Foremost for the parents, who are confronted 
with drastically changing future aspects of the child and themselves. Also, 
it contains a challenge for the attending physicians, who are bound to play 
a role in the detection and confirmation of DD, it’s designation as 
pathological, the quest for an etiological diagnosis, and shaping medical 
treatment and follow up. 
 
The subject of this thesis is the diagnostic evaluation of DD, aiming to 
disclose the etiology of the DD. 
 
For many reasons it is important to establish an etiological diagnosis, e.g. 
starting causal treatment, genetic counselling, focussing prognosis, 
helping choose optimal education. This intrinsically means that diagnostic 
evaluation should be performed as soon as possible, and should be 
conducted at a reasonable speed. 
 
 
The need for guidelines for diagnostic evaluation of DD 
 
The etiology of DD is very heterogeneous. Individual disease entities, 
besides a few more prevalent conditions, have a very low incidence. Some 
of these diseases are easy to recognize. Others are more difficult to 
recognize and diagnose. Because of this, the diagnostic process is 
challenging. The need for guidelines in this complicated matter is self-
explanatory. 
 
Guidelines on the diagnostic evaluation of DD should be dynamic, because 
of the ongoing development of new diagnostic tests, the discovery of 
unknown diseases, and the development of new treatment possibilities.  
 
Guidelines, these days, are expected to be evidence based. In existing 
guidelines on the diagnostic evaluation of DD, this call for evidence is 
rephrased into the question how many patients we can accept to test, to 
diagnose one patient. However, this seems to be an ethical and political 
issue, rather than a call for evidence. Of course, the answer to this 
question is modulated by possibilities for treatment and genetic 
counselling in the patients to be diagnosed on the basis of the respective 
test. 
 
Guidelines also are expected to constrain financial expenses. Expenses of 
diagnostic investigations are a significant factor with respect to the 
question which investigations and clinical expertise should be done in all 
patients, only to diagnose a few patients. 
When figuring the financial costs and benefits of introducing a specific 
test, the cost of performing the test is only one of many factors, among 
which: costs of medical treatment associated with the diagnosis; possibly 
increased economic productivity due to better functional outcome; 
possibly avoidance of very costly institutionalisation; no costs of ongoing 
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diagnostic efforts as long as a diagnosis is lacking; financial rating of 
quality of life of both the patient and the family. 
 
Cohort studies based research, as well as case reports, are needed for 
new incarnations of guidelines for the diagnostic evaluation of DD. 
 
 
Guidelines at present 
 
At present, guidelines, as well as expert opinons, call for a stepwise 
approach of diagnostic evaluation of DD.3, 9-12 Typically, these guidelines 
primarily aim at general paediatric practice, also addressing neurologists 
and clinical geneticists. A thorough history, family history and physical 
examination are advised as a first step, followed by some basic laboratory 
investigations. Guidelines differ in the content of these investigations. 
Depending on the results, further expertise is advised or discommended. 
 
In 2003, The Dutch Paediatric Society (Nederlandse Vereniging voor 
Kindergeneeskunde), adopted the evidence based guideline for the initial 
diagnostic evaluation of children with DD.9 The core document of this 
guideline is applicable to patients without a specific clue for the diagnosis 
at the first visit: i.e. no dysmorphic features, normal neurological 
examination, normal biometry, etc. After documenting the DD with a 
validated test, and excluding hearing impairment, the guideline calls for 
first line investigations specified as: performing karyotype; checking for 
the recurrent FMR1 CGG repeat expansion (Fragile-X syndrome); some 
basic biochemical tests. When these are non-diagnostic, in the absence of 
specific features (which was already called a condition for entering the 
algorithm) the evaluation can be concluded. An array of 
recommendations, only on the basis of specific features is added, 
including further metabolic testing, and consulting diverse types of clinical 
expertise. 
 
 
The Groningen experience 
 
At the Groningen University Medical Centre, at the start of the millenium, 
it was documented, that the diagnostic evaluation in children with DD was 
done far from optimal in several aspects.107 The diagnostic traject was 
very stretched in time, especially due to a chain of serial referrals. 
Investigations were apparently randomly done or omitted. Multiple 
specialists often communicated divergent messages and advices to the 
parents, leading to unnecessary uncertainties for parents. 
To eliminate these problems, in 2002, a multidisciplinary Team for 
Diagnostic evaluation of DD (Team Diagnostiek Ontwikkelingsachterstand) 
was initiated with the following core features: 
 an interdisciplinary trained coördinating physician, leading the 

diagnostic process, calling together relevant expertise, and 
communicating the results with the parents during the traject; 
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 a circumscript, but relatively broad package of laboratory 
investigations, to be conducted in all patients who could not be 
diagnosed immediately at the first visit; 

 consultation of all the members of the team – clinical geneticist, 
paediatric neurologist, paediatrician for metabolic diseases, child 
psychiatrist, ophthalmologist – on a single day, in case a diagnosis 
could not be made in the preceding steps; 

 frequent meetings of the team to discuss patients, each patient being 
discussed at least once; 

 simple and relatively minor patient burden: basically one outpatient 
clinic visit with the interdisciplinary trained physician, including 
venapuncture and urine collection, and a single day hospital admission 
for multidisciplinary evaluation. Further testing, especially when 
invasive and requiring sedation, were done on a separate occasion. 

 
The abovementioned goals for improving the diagnostic process were 
accomplished. 
 
Apart from delivery of high quality patient care, this constellation gave the 
oppurtunity to formulate and answer several research questions. The 
results hereof are gathered in this thesis. 
 
 
Core research question in the thesis 
 
The central goal of the research presented here was to contribute to the 
knowledge regarding the diagnostic evaluation of DD. 
We hypothesized that both a relatively broad package of screening 
investigations, and multidisciplinary clinical expertise would prove 
indispensible in the diagnostic process 
 
 
The significance of laboratory (and other) investigations 
 
Various modalities of investigations were done on a regular basis in 
patients evaluated in our team: investigation of genomic copy number 
variations, mutation analysis of specific genes, metabolic investigations on 
the metabolite level; cerebral magnetic resonance imaging and 
spectroscopy. An overview of these tests, and the changes in time, is 
given in table 2.1. 
 
Investigation of chromosomal aberrations 
The resolution of cytogenetic techniques has increased tremendously since 
the team started in 2002. Initially, cytogenetic evaluation was done by 
karyotyping with Giemsa staining, at the 550 bands level. This has an 
average resolution of five million basepairs (5Mb). FISH 22q11.21 for 
detection of the recurrent submicrosopic deletion in this region was added 
from the beginning, because of the often aspecific clinical presentation of 
this microdeletion. 
FISH of the subtelomeric regions was available at that time, but was 
reserved for patients with a very high suspicion for a chromosome 
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abnormality that could not be specifically recognized. The FISH technique 
for examination of the subtelomeric regions was replaced bij array 
Comparative Genome Hybridization (aCGH) and Multiplex Ligation-
dependent Probe Amplification (MLPA) techniques, and was done routinely 
in our patients since 2005. Meanwhile, whole genome array CGH was 
developed, initially with a resolution of 1Mb, increasing to 150kb in 2008, 
in which year it was added to the screening investigations. 
Each introduction of a new technique gave an increase in the number of 
diagnoses. As can be expected with increasing resolution, the size of 
diagnosed deletions and duplications decreased, and the diagnosed 
patients exhibited increasingly less clinical features that are classically 
regarded as indications of chromosomal imbalance; e.g. more and more 
widespread dysmorphic features, malformations of the brain, genitals and 
other organs, growth retardation.108 The other side of theis coin was the 
documentation of many small variations that are not necessarily 
pathogenic.109 
Since 2009, karyotyping has been abandoned as a first screening test. 
An overview of patients diagnosed with genomic copy number aberrations 
can be found in chapter 2. 
 
Mutation analysis of specific genes 
Fragile-X syndrome due to the recurrent CGG repeat expansion in the 
FMRI gene is a common cause of DD. Testing for this mutation was done 
in all patients, when no other cause could be easily recognized. This is in 
accordance with most guidelines on diagnostic evaluation of DD. In the 
past, checklists have been developed to select patients for molecular 
genetic testing.34, 35 However, these do no translate to young children, 
and are not applicable in girls. Four of the five patients (among whom two 
girls) with Fragile-X syndrome in the cohort would not have been 
diagnosed, using such criteria. 
Other molecular genetic investigations were done on the basis of suspicion 
for specific diseases. This suspicion could be purely clinically based, or 
could arise because of laboratory, or neuroimaging findings. 
An overview of patients diagnosed by mutation analysis of specific genes 
is found in chapter 2. 
 
Metabolic investigations 
Standard investigations included biochemical screening of the function of 
most organs and cell organelles. This was done to generate additonal 
clues, as well as proving or excluding specific groups of disorders, 
especially various groups of inborn errors of metabolism (IEM). 
We choose to conduct these investigations in all patients, provided that 
another condition could not be recognized at the first visit. Clearly, this 
deviated from existing guidelines that are discussed above. We did so, 
because we were convinced that several disorders, covered by these tests, 
could present aspecific. Also, in our team, we shared the opinion that 
missing these disorders would be unacceptable. Another core notion in 
this matter has been that many IEM not only have a classical or severe 
presentation, but usually have milder variants. The patient with GAMT 
deficiency is an example (chapter 5). Additionally, many IEM need many 
years to develop their pathognomonic features, e.g. Sanfilippo syndrome. 
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The use of these screening investigations, in the context of the diagnostic 
workup by our team, was assessed in chapter 2 and chapter 6. The use of 
almost all screening metabolic investigations could be illustrated directly 
from our cohort. 
 
Creatine biosynthesis and transport 
Cerebral deficiency of Creatine (Cr) was first described in 1996, due to the 
application of proton magnetic resonance spectroscopy.90 Meanwhile two 
disorders of biosynthesis, and one disorder of transport have been 
delineated.66 The disorders of Cr biosynthesis can be treated. An early 
timing of treatment has proven to be of utmost importance for success.110 
These disorders may lack pathognomonic features, and it is certainly not 
possible to exclude cerebral Cr deficiency on the basis of clinical features. 
One patient from our cohort had an exceptionally mild presentation of 
guanidinoacetate methyltransferase deficiency, and responded remarkably 
well to treatment with Cr supplementation, with developmental quotient 
scores improving with three standard deviations. Clinical, biochemical and 
neuroradiological studies in this patient are described in chapter 5. 
Screening for treatable disorders unquestionable must be done at the very 
beginning of diagnostic evaluation of DD. 
 
Lysosomal disorders 
Typically, lysosomal storage diseases can be recognized on the basis of 
progressive neurological features and regression, often (but not always) 
accompanied by coarsening, dysmorphic features, and organomegaly. The 
presentation of these diseases may be very insidious, sometimes taking 
years to reach the fullblown clinical picture. Major changes in therapeutic 
possibilities have changed the outcome, urging for a timely diagnosis.111 
Therefore, screening for these disorders is warranted. 
It must be taken into account that such a screening is not easy and 
cannot be complete. Screening for these diseases by measuring 
metabolites in urine is restricted to those in which water soluble 
substances are accumulated and excreted. 
In cases where a lysosomal storage disease could be clinically suspected, 
therefore, it is not sufficient to do screening investigations in urine alone. 
 
Investigations in the cerebrospinal fluid 
Most guidelines recommend some form of screening for IEM on the 
metabolite level in blood and urine. However, some IEM can only be 
diagnosed by measuring metabolites in the cerebrospinal fluid (CSF). In 
our cohort we obtained and investigated the CSF in selected cases. By 
now, we are aware of the fact that this restrictive selection might have 
prevented some patients from being diagnosed. This should be further 
explored in the future. Several (groups of) diseases must be taken into 
account: 
 Glucose Transporter defect (GLUT1 deficiency): this disorder has a 

very wide clinical spectrum, as clearly described in the literature.24 We 
diagnosed two patients (one patient reported inchapters 2 and 5, and 
one more recently) with only very mild features; 

 Serine synthesis defects: these disorders have only scarcely been 
described, and the clinical spectrum already starts widening;112 
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 Cerebral folate deficiency: several causes of cerebral folate deficiency 
exist, both on the basis of mutations in the folate recepter gene 
(FOLR1), and due to autoimmune activity against this receptor. These 
disorders can be treated with oral folinic acid. The clinical spectrum of 
these disorders again is very wide, with sometimes a very mild 
presentation;27, 28, 113, 114 

 Biogenic amine metabolisme defects: these diseases usually have a 
presentation with severe neurological signs in addition to DD as 
such.115 However, the clinical spectrum probably is not fully 
crystallised yet. 

The use of performing these investigations in CSFshould be explored in 
the future. The advent of whole genome sequencing probably will facilitate 
the diagnosis of some (but not all) of the conditions mentioned here. 
 
Cerebral imaging and spectroscopy 
Looking for structural abnormalities of the brain, at first sight, seems very 
important in the diagnostic evaluation of DD. Structural abnormalities 
indeed are frequently seen in children and adults with DD. However, the 
finding of these abnormalities attributes to an etiological diagnosis in a far 
lesser number of patients. In chapter 4, we describe the diagnostic yield 
of cerebral MRI and proton magnetic resonance spectroscopy (1HMRS) in 
109 patients. Abnormalities were documented in over 80% of scanned 
patiënts. These finding helped with establishing a diagnosis in 9%, but 
were not intrinsically diagnostic. Neurological features, that were regarded 
fortifying the indication for cerebral imaging, had been present in these 
9% of scanned patients. This, again, underlines the importance of clinical 
expertise, to recognise these features. On the basis of our cohort, it 
cannot be concluded that absence of neurological symptoms excludes MRI 
results that lead to a diagnosis. 
 
 
The significance of multiple clinical expertise 
 
Existing guidelines advise various kinds of further expertise, depending on 
specific features of the patients. 
In our team, all patients were seen first by the interdisciplinary trained 
coordinating physician. Later in the diagnostic traject, provided no 
diagnosis was recognized or was made due to screening investigations, we 
chose patients to be seen by all team members: clinical geneticist, 
paediatrician for metabolic diseases, child neurologist, child psychiatrist 
(selected cases) and ophthalmologist. 
Both stages of application of clinical expertise had a considerable 
diagnostic yield. This is described in chapter 2, describing the diagnostic 
yield of the respective elements of diagnostic investigations. In 172 
(26.9%) of 639 patients, a diagnosis could be made. In 32.0% of these 
172 patients, the diagnosis was recognised at the first visit. In 14.5%, 
clinical suspicion first arose in the phase of multidisciplinary evaluation. 
Sometimes a diagnosis was recognized by another specialist than the 
interdisciplinary trained physician would have suspected. An example is 
the diagnosis of dystrophia myotonica in a boy with global DD, in whome 
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a syndromal condition was suspected beforehand, but in whom the 
stigmata of his condition were recognised by the child neurologist. 
These observations show the importance of performing a multidisciplinary 
evaluation in patients with DD in whom a diagnosis cannot be made by a 
single physician. 
 
 
The future of diagnostic evaluation: fast forward, but do not omit 
to see a doctor first 
 
In forthcoming years a number of developments can be expected, which 
we will shortly discuss: 
 technical advances, most notably whole genome sequencing; 
 the application of investigations in the cerebrospinal fluid; 
 the development of algorithms to diagnose complex, multigenic 

disorders, most notably disorders of energy synthesis 
 the way in which the process of diagnostic evaluation will be shaped in 

The Netherlands and other parts of the world. 
 
Technical advances – whole genome sequencing 
Whole genome (exome) sequencing is now both technically and financially 
feasible. Interpretation of results is the main hazard to overcome in 
forthcoming years. 
Certainly, this technique will enable to diagnose a larger part of the 
patients presenting with DD. Several publications have shown 
examples.29, 30, 116-118 The importance of this technique can also be 
deduced from the many papers, reporting pathogenic mutations in genes, 
in patients with DD lacking very specific features. 
Also, this technique will ease the molecular genetic diagnosis of several 
categories of clinically recognizable disorders and clusters of symptoms, in 
which at present sequential analysis of a package of multiple genes is 
needed. Examples are Bardet-Biedl syndrome, diseases of oxidative 
phosphorylation, and aspecific X-linked mental retardation.119, 120 
Despite these expected benefits, some problems probably will prove hard 
to solve, in analogy with tests for assessment of copy number 
variations.121 Many variations will be found that are not necessarily 
pathogenic. Confirmation of pathogenicity of mutations will be particularly 
troublesome in families in which a multifactorial cause of DD seems 
obvious. 
Therefore, careful clinical examination before embarking on whole genome 
sequencing will remain of utmost importance. No time should be lost to 
diagnose treatable diseases, as well as conditions that cannot be detected 
by whole genome sequencing. Having said this, whole genome sequencing 
should be made available to all patients presenting with DD, most sensibly 
in an early phase of diagnostic evaluation. 
 
Investigations in the cerebrospinal fluid 
As indicated above, the role of biochemical investigation in CSF must be 
investigated further. These investigations are targeted at medical 
conditions that cannot be diagnosed by investigation of blood and/or 
urine. 
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From the literature, it is already evident that part of these conditions have 
a rather unspecific presentation. Furthermore, several of these conditions 
can be treated, improving prognosis. 
Though these benefits are clear, further research should point out the 
prevalence of these conditons in DD, and whether it is possible to select 
patients in whom such a condition can be fully excluded on clinical 
grounds. 
The main barrier for introducing CSF investigations in a screening fashion 
in algorithms for diagnostic evaluation of DD is the need for sedation in at 
least some of the patients.  
 
Rationale for the diagnostic approach of diseases of oxidative 
phosphorylation 
Mitochondrial diseases deserve furher attention in the future. In our 
cohort, a considerable number of patients were diagnosed with a defect of 
oxidative phosphorylation. In this matter, our cohort contrasts with other 
reported cohorts. This difference probably reflects our vigilance for these 
entities, and the fact that we were prepared to really dig into these 
disorders, rather than a difference in prevalence. Given the complexity of 
the mitochondrial biochemical apparatus, with more than 100 nuclear 
bound genes, a relatively high prevalence of these this orders can be 
expected. Possibly, many of these disorders are caused by compound 
heterozygosity of multiple mutations, each not being pathogenic on it’s 
own. 
Up to now, it is possible to diagnose these disorders on the molecular 
genetic level in only a minority of the patients. This is illustrated in 
chapter 6. Future research must induce a rationale for approaching 
diagnostics in this matter. Probably, whole genome sequencing will be of 
help in diagnosing these IEM.122 
 
Shaping the diagnostic evaluation of DD 
When discussing the future of diagnostic evaluation of DD, the easiest 
portion is the advent of new diagnostic techniques as such. However, the 
application of these techniques necessitate the development of true 
synergy and exchange between clinical and technical expertise. The 
plethora of possible causes of DD at present is often felt as deterrent by 
clinicians, not specifically dealing with DD. The introduction of new 
techniques will help to diagnose some more patients relatively easily, but 
does not make the field more clear. 
These developments urge for specialised centres. The expertise of these 
centres should be available for all patients with DD – in analogy to the 
flowchart for the diagnostic evaluation of DD, as proposed here (figure 
7.1) and in chapter 2. The intensity of attention from such a centre should 
be individually tailored. Different models can be thought of to facilitate 
this: regular case discussions with a delegation from the centre, possibly 
supported by photo or video material of the patient; visits of the 
specialized team in the local hospital, enabling both case discussions and 
examining the patient in vivo. These formats of collaboration also will help 
to maintain and strengthen the diagnostic power of the referring 
physicians. 
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Further research on the use of a specialised centre for diagnostic 
evaluation of DD is needed to quantify the diagnostic yield of the expertise 
in such a centre. An example of a study to be designed could be to 
compare the diagnostic results in two groups of children presenting with 
DD from two comparable regions: in one region the diagnostic 
infrastructure remains unchanged; in the other region, all patients 
presenting with DD are referred to the centre in case a diagnosis cannot 
be made. 
 
 
Concluding 
 
Determining the etiology of DD is very important. This should be done as 
early as possible, because of repercussions for treatment and genetic 
counselling. 
 
The etiology of DD is very diverse, and it's diagnostic evalutation might 
look complicated due to this. Guidelines help physicians to conduct 
diagnostic evaluation in a rational way. On the basis of the research 
presented in this thesis, we propose following specifications for future 
guidelines: 
 the diagnostic evaluation of DD is a multidisciplinary effort. A truly 

synergistic effect of multidisciplinary expertise is needed, which can be 
reached when the diagnostic process is actively overseen by a 
physician leading the diagnostic process; 

 investigations, as listed in table 2.1, are done in all patients in whom a 
diagnosis cannot be made otherwise. 

These elements are included in the simple flowchart in Figure 8.1. 
 
Future developments concern the emergence of new techniques, 
improvement of the use of already existing techniques, development of 
algorithms for the diagnosis of prevalent complex diseases, and 
embedding diagnostic evaluation of DD in the medical field. 
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Figure 8.1 Flowchart for the diagnostic evaluation of developmental 
delay. Patients enter the algorithm in case of documented or 
unquestionable developmental delay, in whom the cause of the delay is 
not allready evident. 
 

clinical history ,  familiy history ,  physical examination 

 

differential diagnosis 

 

check most  probable diagnosis,  otherwise > step B 

paediatrician for IEM,  paediatric neurologist ,  clinical geneticist ,  psychiatrist ,  
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Zoals in feite reeds aangeduid door zijn titel is dit boekje het resultaat van 
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Dr. F.J. van Spronsen, copromotor - beste Francjan, jij bent de initiator 
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dit boekje is rechtstreeks aan onze groep ontleend. 
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betrokken geweest bij de totstandkoming van ons Team Diagnostiek 
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Jan-Willem Pott - beste Jan-Willem, dank voor de steeds prettige 
samenwerking en het (samen met je collega’s) steeds zien van de 
patiënten, ondanks de schijnbaar geringe kans iets relevants te vinden. 
 
Zonder alle co-auteurs had dit proefschrift er niet gelegen. 
Dr. P.E. Sijens - beste Paul, we leerden elkaar kennen naar aanleiding van 
de spectroscopie resultaten van een van onze patiënten. Het was altijd 
enerverend om samen met jou te schrijven. 
Dr. L.C. Meiners - beste Linda, heel wat uren hebben we samen naar MRI 
scans gekeken. Je hebt een scherp oog, ook voor de betreffende patiënt, 
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over onze patiënt met GAMT deficiëntie. 
Prof. dr. A. Schulze - dear Andreas. Thanks for collaborating on the 
manuscript on treatment of GAMT deficiency. Probably it is time to write 
an update, which I’m looking forward to. 
Dr. E. Morava - beste Eva, dank voor je inbreng en enthousiasme voor het 
artikel over het diagnosticeren van ingeboren stofwisselingsziekten bij 
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in letterlijk opzicht scherpe potlood. Je onconventionele benadering was 
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Mr. dr. A.A.E. Verhagen - beste Eduard, dank voor je support als hoofd 
van de sectie algemene kindergeneeskunde. Het was enerverend om 
samen te werken aan het opleidingsplan voor de ‘ziekenhuisarts voor in 
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continueren en voor de gelegenheid die mij geboden is om de 
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Marieke de Wiljes en Han Marra wil ik bedanken voor de hulp bij het vele 
dat voor vandaag geregeld moest worden. 
 
Wat in een UMC ontontbeerlijk is, en dus in niet té geringe mate aanwezig 
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proces. Bij dezen mijn dank aan de secretaresses en leiding van de 
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behartigde op het secretariaat. De wijze waarop je dat deed, heb ik altijd 
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uitvoeren van testen, ook al is de a priori kans van het vinden van een 
afwijking gering: dr. Dirk-Jan Reijngoud, dr. Klary Niezen-Koning, dr. 
Rebecca Heiner en alle medewerkers van het laboratorium metabole 
ziekten; Henk Breukelman en de medewerkers van het laboratorium 
bijzondere chemie; Nel Blom voor het doen van de EM van lymfocyten, 
waar ik soms onverwacht mee aan kwam zetten als ik op de poli dacht dat 
dit onderzoek de diagnose op zou kunnen leveren. 
 
De afdeling genoomdiagnostiek dank ik voor het uitvoeren van alle 
genotyperingen. Dr. Trijnie Dijkhuizen, dr. Birgit Raddatz, dr Renee 
Niessen, dr. Yvonne Vos en de andere medewerkers van de afdeling 
genoomdiagnostiek van prof. dr. Richard Sinke wil ik hartelijk danken voor 
het frequente, en vaak leerzame, overleg. 
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Deborah Sival - beste Deborah, we hebben nu vijf jaar een kamer gedeeld 
in het UMCG. Alleen al het feit dat deze tien vierkante meter, die wij 
samen met vier archiefkasten en drie bureaus delen, nooit echt ontploft is, 
illustreert dat ik je als collega en als persoonlijkheid zeer waardeer. Ik ben 
dan ook heel blij dat je als paranimf optreedt. 
Richard van der Woude - beste Richard, aan onze vriendschap spenderen 
we meestal niet te veel woorden. Maar ik waardeer deze bijzonder en ben 
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blij dat je op 9 november - waarschijnlijk als de rust zelve - naast me 
staat. 
 
Mijn ouders - lieve papa en mama. Ik denk dat als we röntgenfoto’s 
zouden maken van wat we doen en wat ons drijft deze als twee druppels 
water op elkaar zouden lijken. Hartelijk dank voor alles wat jullie mij 
gegeven hebben. 
 
Paulien. Met jou ben ik covalent verbonden. 
 
Rosalie, Anne-Sofie en Wiesje - mijn lieve kinderen. Rosalie en Anne-
Sofie, ik vermoed dat dit niet het boek is waar jullie ’s avonds extra 
leestijd voor willen hebben – maar het gaat over datgene wat ik deed in 
de uren gedurende zo ongeveer heel jullie leven dat ik niet thuis was of 
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