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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 
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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. 
 




