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Developmental Delay in Children: Assessment
with Proton MR Spectroscopy

Christopher G. Filippi, Aziz M. Ulug, Michael D. F. Deck, Robert D. Zimmerman, and
Linda A. Heier

BACKGROUND AND PURPOSE: The cause of developmental delay frequently is unknown,
and clinicians and families can be frustrated by the lack of neuroimaging correlation especially
when considering therapeutic options and long-term prognosis. We sought to determine if
proton MR spectroscopy can depict abnormalities in patients with developmental delay who
have structurally normal brain MR images.

METHODS: Children with developmental delay who were older than 2 years (mean age, 5.0
years; range, 3.0-10.0 years) and those aged 2 years or younger (mean age, 1.5 years; range,
0.5-2.0 years) and age-matched control subjects for each patient group underwent brain MR
imaging and proton MR spectroscopy. A point-resolved spectroscopy sequence (2000/144 [TR/
TE]) was used. Voxels (8 cm’) were placed in the subcortical white matter of the frontal and
parieto-occipital lobes bilaterally. N-acetylaspartate (NAA)/creatine (Cr) and choline (Cho)/Cr
ratios were assessed.

RESULTS: All patients had normal brain MR images. In children with developmental delay
who were aged 2 years or younger, no statistically significant differences were detected in the
NAA/Cr or Cho/Cr ratios compared with those of the control subjects. In children with
developmental delay who were older than 2 years, decreases in the NAA/Cr ratio were observed
in frontal (P < .001) and parieto-occipital (P < .017) subcortical white matter, and elevations
in the Cho/Cr ratio were detected in the frontal (P < .24) and parieto-occipital (P < .002)
subcortical white matter compared with age-matched control subjects.

CONCLUSIONS: In children with developmental delay who are older than 2 years, proton
MR spectroscopy depicted abnormalities in the NAA/Cr and Cho/Cr ratios. Proton MR spec-
troscopy should be performed as part of the neuroimaging evaluation of developmental delay.
Further studies will be needed to determine if abnormalities detected with proton MR spec-
troscopy can be used as a diagnostic tool and neuroimaging marker to assess long-term

functional outcome.

MR imaging is an important part of the comprehen-
sive evaluation of children with developmental delay,
as many specific etiologic and pathophysiologic con-
ditions that lead to developmental delay can be de-
tected easily (1-7). However, children with mild neu-
rodevelopmental delay frequently have normal brain
MR imaging examinations, and approximately 15% of
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school-aged children have some form of mild devel-
opmental delay (5, 7).

Investigators have used proton MR spectroscopy,
an emerging MR imaging modality, in children to
study neurodegenerative disorders, epilepsy, meta-
bolic disorders, and pediatric neuropsychiatric disor-
ders (8-15). Clinicians have used proton MR spec-
troscopy to predict outcome in children with acquired
brain injuries such as perinatal asphyxia and hypoxic-
ischemic encephalopathy (16-22). Whereas MR im-
aging has been used to examine the normal patterns
of brain myelination (23-27), more recently proton
MR spectroscopy has been used to further assess
normal myelin maturation in children (28-32).

Using proton MR spectroscopy, investigators have
studied children who had abnormal brain MR images
and/or were at high risk for developmental delay (8,
30, 33). Changes in choline (Cho) levels in children
with developmental delay have been attributed to the



AJNR: 23, May 2002

availability of precursor molecules needed for myeli-
nation (10, 34). Normally, the Cho/creatine (Cr) ratio
declines rapidly in the first few months of life owing to
accelerated myelination, which incorporates Cho into
macromolecules associated with myelin (29). In de-
velopment, as myelination proceeds normally, there is
a rise in N-acetylaspartate (NAA) levels, which may
correspond to dendritic proliferation or increased syn-
aptic density (10, 34, 35). Conditions in children that
lead to neuronal injury, neuronal loss, or poor func-
tional outcome have been associated with decreased
NAA levels (34-36). NAA, which is only found within
mitochondria in neurons, is considered a neuronal
marker. The results of these studies suggest the poten-
tially important role of proton MR spectroscopy in
the assessment of children with developmental delay.
Variations in the NAA/Cr and Cho/Cr ratios in these
children may reflect underlying abnormalities of my-
elination or hypomyelination (10, 34).

In this study, we investigated proton MR spectros-
copy in children with the mildest form of neurodevel-
opmental delay, who had normal brain MR images.
We hypothesized that proton MR spectroscopy would
enable detection of abnormalities in the NAA/Cr ra-
tios and Cho/Cr ratios in the frontal and parieto-
occipital subcortical white matter of children with
developmental delay. Information regarding the mag-
nitude and severity of any observed neurometabolic
alterations in the NAA/Cr and Cho/Cr ratios may be
valuable in understanding the pathophysiology of de-
velopmental delay or in assessing the long-term func-
tional outcome in these children.

Methods

During a 1-year period (October 1, 1998 to October 1, 1999),
14 children with development delay were studied prospectively
with routine MR imaging and MR spectroscopy. A control
group that comprised 12 children with normal MR imaging and
MR spectroscopic examinations was included for comparison.
Since the signal changes of myelin maturation near completion
by the end of the 2nd year of development, we chose to
examine children with developmental delay who were older
than 2 years as one group and those aged 2 years or younger as
another group. Children older than 2 years with developmental
delay (four boys, three girls; mean age, 5.0 years; age range,
3.0-10.0 years) were compared with age-matched control sub-
jects (three boys, three girls; mean age, 5.7 years; age range
3.0-10.0 years). Children aged 2 years or younger with devel-
opmental delay (three boys, four girls; mean age, 1.5 years; age
range 0.5-2.0 years) were compared with age-matched control
subjects (three boys, three girls; mean age, 1.0 year; age range,
0.5-2.0 years).

All participants had nonfocal neurologic examinations, no
psychiatric history, and no noteworthy medical history. Patients
who had normal MR imaging findings and normal results on all
laboratory tests including blood and CSF tests were considered
to be healthy control subjects; MR spectra from these patients
were consistent with published data (31) and used as control
data. However, all control subjects had been referred for MR
imaging because of headache (n = 2), migraine (n = 1), or rule
out seizure (n = 9), and imaging was performed to exclude a
seizure focus. After medical evaluation, none of these patients
was considered to have a seizure disorder. Follow-up MR
imaging had not been obtained in the children with develop-
mental delay at the time of this writing.
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Fic 1. PRESS image (2000/144/8) demonstrates voxel place-
ment in the frontal subcortical white matter (box). Voxels were
used to assess NAA/Cr ratios and Cho/Cr ratios.

All participants were studied with a 1.5-T whole-body MR
imager (GE Echospeed, General Electric, Milwaukee, WI)
equipped with high-performance gradients, using a manufac-
turer-supplied quadrature head coil. Routine sequences per-
formed in all children were sagittal T1-weighted (300/14/1 [TR/
TE/excitations]), axial fast spin-echo T2-weighted (3000/91/1),
axial fast fluid-attenuated inversion recovery (FLAIR) (10,002/
172/1, TI 2.2 seconds), and axial T1-weighted (500/14/1). In
general, all axial sequences used 5-mm thickness with intersec-
tion gap of 2.5 mm, a 256 X 192 matrix, the same imaging angle
along the orbitomeatal line, and a 22- or 24-cm field of view.
Coronal fast FLAIR (10,002/172/1, TI 2.2 seconds) and coronal
spoiled gradient recalled acquisition in the steady state (SPGR)
T1-weighted volumetric (17/5/1, flip angle 45°) sequences were
obtained in 12 of the 26 children. No contrast material was
administered for any sequence. Thirteen children were sedated
with chloral hydrate 50 mg/kg.

The diagnosis of developmental delay was made by a pedi-
atric neurologist, who referred these patients for brain MR
imaging to exclude a structural cause for the developmental
delay. The diagnosis of developmental delay was made if a
child failed to meet one or more normal developmental mile-
stones in terms of speech and language skills, motor skills,
behavioral development, or learning.

Premature infants; children with neurocutaneous syn-
dromes, metabolic disorders, or genetic syndromes; and chil-
dren with mental retardation, autism, pervasive developmental
delay, or cerebral palsy were excluded. The patient population
was restricted to those children with isolated developmental
delay with no known cause and with normal-appearing MR
images on a macroscopic or structural level.

Proton MR spectroscopy was performed in all patients by
using a point-resolved spectroscopy (PRESS) sequence (2000/
144 [TR/TE]) with 128 averages; voxel sizes of 8.0 cm® were
used. Voxels were placed in the frontal and parieto-occipital
subcortical white matter bilaterally (Fig 1). Although voxels
were predominantly centered within subcortical white matter,
frontal lobe voxels did encompass cortex medially at the level of
the anterior interhemispheric fissure, and voxels placed within
parieto-occipital subcortical white matter encompassed cortex
of the medial occipital lobe and parietal lobe. Typical acquisi-
tion time was 5 minutes 4 seconds per spectral acquisition (20
minutes for all four). For each patient, two authors (CGF,
AMU) assessed whether the spectra were diagnostic. Short TE
proton MR spectroscopy was not performed for several rea-
sons: time constraints, as the single-voxel long TE spectra
added 20 minutes to the routine imaging; our own experience
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TABLE 1: MR spectroscopic results for the group aged 2 years or younger
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Patients with Developmental

Control Subjects

Ratio and Voxel Delay (n = 7) (n=06) P Value
NAA/Cr
Frontal subcortical white matter 2.11 £ 0.14 2.09 £ 0.45 NS
Parieto-occipital subcortical white matter 2.08 = 0.21 1.93 +£0.39 NS
Cho/Cr
Frontal subcortical white matter 1.73 = 0.16 1.84 = 0.27 NS
Parieto-occipital subcortical white matter 1.60 £ 0.21 1.76 = 0.23 NS

Note.—Data are the mean * standard deviation. NS indicates not statistically significant.

NAA NAA
Cho
Cho
Cr Cr
ppm ppm
A 4 3 2 1 0 B 4 3 2 1 0

Fic 2. Comparison of patient and control spectra in the group aged 2 years or younger.
A, Proton MR spectrum in left frontal white matter in a 1.5-year-old control subject demonstrates an NAA/Cr ratio of 2.12 and a Cho/Cr

ratio of 1.81.

B, Proton MR spectrum from a voxel placed in the subcortical white matter of the left frontal lobe in a 1.5-year-old patient with mild
developmental delay demonstrates a slightly higher Cho peak and higher Cho/Cr ratio of 2.01. This value, however, was not significantly
different than that in the 1.5-year-old control subject. Likewise, the NAA peak is slightly lower and the NAA/Cr ratio of 1.94 is less than

that in the control subject but not significantly different.

in having always used long TE MR spectroscopy in children,
which includes normative data collection, which we have not
obtained in children by using short TE proton MR spectros-
copy; and relative ease for lactate peak detection and its more
precise estimation without superimposed fat peaks (15).

The NAA/Cr and Cho/Cr ratios at MR spectroscopy were
analyzed without clinical knowledge regarding the participants.
The mean values of the NAA/Cr and Cho/Cr ratios in the
children with developmental delay were compared with the
values obtained in the control children by using a 2-tailed
Student ¢ test, assuming unequal variance, and using a P level
of less than .05 for significance.

Results

In the control children aged 2 years or younger, the
NAA/Cr ratios in the frontal and parieto-occipital
subcortical white matter were 2.09 £ .45 and 1.93 =
.39, respectively. Among children with neurodevelop-
mental delay in this age group, similar values were
recorded. The NAA/Cr ratio in the frontal subcortical
white matter was 2.11 = 0.14 and in the parieto-
occipital subcortical white matter was 2.08 = .21.
There were no statistically significant differences be-
tween these groups (Table 1, Fig 2).

Similarly, no statistically significant differences
were noted in the Cho/Cr ratios (Table 1, Fig 2). The

control children aged 2 years or younger had mean
Cho/Cr ratios of 1.84 = 0.27 in frontal subcortical
white matter and 1.76 = .23 in the parieto-occipital
white matter. Children with developmental delay in
this age group had similar values: 1.73 £ 0.16 in the
frontal white matter and 1.60 = .21 in the parieto-
occipital white matter.

Control children older than 2 years had MR spec-
tra resembling those of healthy adults, with NAA/Cr
values of 2.53 = 0.15 in the frontal subcortical white
matter and 2.44 * (.21 in the parieto-occipital sub-
cortical white matter. Compared with the control
spectra, the proton MR spectra of the children with
developmental delay in this age group were signifi-
cantly different, with much smaller NAA peaks and
decreased values of the NAA/Cr ratios in both the
frontal and parieto-occipital subcortical white matter
(Table 2, Fig 3). On average, the NAA/Cr ratio in the
frontal white matter was decreased to 2.14 = 0.10
(P < .001) compared with that of the control patients
and decreased to 2.06 = 0.29 (P < .017) in the
parieto-occipital white matter.

Similarly, a statistically significant difference was
noted in the Cho/Cr ratios between the children in
the older age group. Control children older than 2
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TABLE 2: MR Spectroscopic results for the group older than 2 years

Patients with Developmental Control Subjects

Ratio and Voxel Delay (n = 7) (n=06) P Value

NAA/Cr

Frontal subcortical white matter 2.14 £0.10 2.53 £0.15 <.001

Parieto-occipital subcortical white matter 2.06 = 0.29 244 +0.21 <.017
Cho/Cr

Frontal subcortical white matter 1.65 = 0.22 1.37 = 0.19 <.024

Parieto-occipital subcortical white matter 1.76 £ 0.23 1.36 £ 0.14 <.002

Note.—Data are the mean * standard deviation.
NAA NAA
Cho
Cr Cho
Cr
ppm ppm
A 4 3 2 1 0 B 4 3 2 1 0

Fic 3. Comparison of patient and control spectra in the frontal lobe subcortical white matter in the group aged older than 2 years.
A, Proton MR spectrum in a 5-year-old patient with mild developmental delay in language and coordination demonstrates marked
increase in the Cho/Cr ratio to 1.79. There is a decrease in the NAA/Cr ratio to 2.06, which resembles the MR spectrum of a much

younger child such as seen in the 1.5-year-old children in Fig 2.

B, Proton MR spectrum in a 5-year-old control patient demonstrates a pattern resembling that of an adult, with an NAA peak that is
2 times higher than the Cr peak and a Cho peak that is slightly elevated compared with the Cr peak. The NAA/Cr ratio of 2.50 and Cho/Cr

ratio of 1.42 are normal.

years had Cho/Cr ratios of 1.37 = .19 in the frontal
subcortical white matter and 1.36 * (.14 in the pari-
eto-occipital white matter. Children with develop-
mental delay in this age group had larger Cho peaks
and higher Cho/Cr ratios, specifically, mean Cho/Cr
ratios of 1.65 = 0.22 (P < .024) in the frontal subcor-
tical white matter and 1.76 = 0.23 (P < .002) in the
parieto-occipital white matter (Table 2, Fig 3).

Discussion

In this study, we specifically chose to investigate
children with mild developmental delay with no known
predisposing etiologic or pathophysiologic condition
and who had normal brain MR imaging examinations.
Approximately 15% of school-aged children are be-
lieved to have some form of mild neurodevelopmen-
tal delay (5, 7). In these cases of mild developmental
delay, a definite cause is rarely established, and these
cases may represent the lower portion of the normal
bell curve distribution of intellectual development
(4). The lack of neuroimaging findings can frustrate
clinicians and parents alike, especially when thera-
peutic intervention and long-term prognosis are con-
sidered.

We chose to study these patients with proton MR
spectroscopy because this emerging noninvasive MR
modality is now in more routine clinical use and
provides unique information regarding in vivo brain
metabolism and neuronal function. Investigators have
used proton MR spectroscopy to assess brain matu-
ration and white matter development in healthy chil-
dren (25, 29, 31, 32). After birth, the brain undergoes
major developmental changes including neuronal or-
ganization, proliferation and differentiation of glial
cells, and myelination (25). The infant brain has a
higher water content than does the adult brain, but
the water content rapidly decreases over the first few
months of life. Autopsy studies (37, 38) and quanti-
tative in vivo MR spectroscopic studies (29) have
documented this. As cerebral maturation proceeds,
NAA levels rise (29). The NAA/Cr ratio increases
rapidly from age 1 month to age 1 or 2 years (25, 30,
32). In infants, the Cho/Cr ratio is higher than that of
adults. The Cho/Cr ratio declines rapidly from ages 1
month to 1 year, then declines more slowly until age
2 years (25, 31, 32).

NAA, which is present in neuronal cells and made in
mitochondria, is considered to be a marker for neuronal
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development. It is the most sensitive central nervous
system metabolite, and neuronal damage or loss will
result in decreased NAA levels (11). In the current
study, all children older than 2 years with mild devel-
opmental delay had markedly abnormal proton MR
spectra compared with those of the control children.
The abnormal proton MR spectra resembled those of
healthy children much younger than 2 years (Fig 3).
All these children had statistically significant de-
creases in the NAA/Cr ratio (P < .001 in frontal white
matter and P < .017 in parieto-occipital white mat-
ter). We hypothesize that children with developmen-
tal delay and normal brain MR images may have
hypomyelination or decreased synaptic density as an
underlying cause, which was detected with proton
MR spectroscopy but missed with routine MR imag-
ing. If there is a decreased NAA/Cr ratio owing to
damaged myelin, loss of normal myelin, or decreased
numbers of normal neurons, this could be occult to
routine MR imaging and still detectable with proton
MR spectroscopy.

Cho, which is a membrane component, has been
used to infer information about myelination and cell
membrane turnover (11, 14, 15, 39). It has been
thought of as a membrane stability marker because
Cho is a structural component of all cell membranes,
including myelin (11, 12). Changes in Cho levels in
children with developmental delay have been attrib-
uted to the availability of precursor molecules needed
for myelination (10, 34). The decrease in the Cho/Cr
ratio that is normally observed in the first few months
of life is due to accelerated myelination, which incor-
porates Cho into macromolecules associated with my-
elin (29).

In the current study, all children with developmen-
tal delay who were older than 2 years had statistically
significant elevations in the Cho/Cr ratio (P < .024 in
frontal white matter and P < .002 in parieto-occipital
white matter). During the first 2 years of life, there
should be a rapid decline in the Cho/Cr ratio, and the
proton MR spectra of children older than 2 years
should begin to resemble that of healthy adults. The
observed increase in the Cho/Cr ratio, which we de-
tected in children with developmental delay who were
older than 2 years, may reflect an inability to properly
incorporate Cho-containing molecules into myelin,
which would not likely be detected on routine MR
images as a signal intensity abnormality. Other expla-
nations are possible including loss or disruption of
normal myelin, which would increase the availability
of such Cho-containing compounds, which has been
observed in dysmyelinating disorders (40) and the
acute stages of demyelinating disease (11).

Prior MR investigators have reported the normal
patterns of myelin maturation in children, which near
completion by the end of the 2nd year of development
(23-27). We chose to examine two groups of children
with developmental delay using that age as a cutoff
criterion. We examined children aged 2 years or
younger, when myelination is not complete, and com-
pared this group with age-matched healthy children.
We also examined children older than 2 years with
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developmental delay and compared these children
with age-matched control subjects.

To assess myelin maturation, voxels for the proton
MR spectroscopy were placed in the parieto-occipital
and frontal subcortical white matter bilaterally. We
chose a PRESS sequence with a long TE to have a
maximum signal-to-noise ratio. We were specifically
interested in assessment of NAA/Cr and Cho/Cr ra-
tios and were not interested in the detection of glu-
tamine or glutamate peaks. We wanted to exclude the
presence of lactate, which could indicate an underly-
ing metabolic disorder (ie, mitochondrial disease),
which is easier to detect with the long TE MR spec-
troscopic sequence.

Because ratios are given, it is theoretically possi-
ble that Cr levels could account for the observation
of decreased NAA/Cr and elevated Cho/Cr levels in
children with developmental delay. This seems un-
likely given that the major physiologic processes at
work during brain maturation are myelination de-
velopment and declining brain water content (25,
29, 31, 32).

We observed no statistically significant difference
in the NAA/Cr or Cho/Cr ratios in children aged 2
years or younger with developmental delay compared
with the control children in this age group, and the
spectra of these children looked similar (Fig 2). This
may be a reflection of small sample size. It may be
that a more formal quantitative determination of me-
tabolite concentrations could have yielded a differ-
ence. However, we specifically wanted to restrict our-
selves to the use of readily available, clinical proton
MR spectroscopic sequences, which generate ratios,
to assess their role in children with developmental
delay. In children older than 2 years who had devel-
opmental delay, statistically significant trends were
observed. The NAA/Cr ratio was decreased, whereas
the Cho/Cr ratio was elevated. A larger, longitudinal
study must be performed to determine whether these
ratios are persistently abnormal and whether these
ratios can serve as a diagnostic neuroimaging marker
of hypomyelination and developmental delay.

Regarding the values of NAA/Cr and Cho/Cr, we
did not observe significant differences in terms of
regional variation (parieto-occipital lobe vs frontal
lobe) or in terms of right hemisphere versus left
hemisphere. Any minor differences could be attribut-
able to differences in myelination, dendrite or syn-
apse development, or volume averaging gray cortex
with white matter in the regions of interest (voxels)
chosen for MR spectroscopy.

The diagnosis of developmental delay remains a
clinical one that is age-dependent. Before the devel-
opment of clinical proton MR spectroscopy, investi-
gators thought that serial MR imaging examinations
would be needed to differentiate arrested myelination
from slow but progressive development (24, 41). Like-
wise, serial proton MR spectroscopy may be needed
to make a similar assessment, particularly in children
aged 2 years or younger, which reaffirms the need for
a larger, longitudinal study. In this study, none of the
patients returned for a follow-up examination, but all
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spectra were compared with those of age-matched
healthy control subjects. Before the routine clinical
use of proton MR spectroscopy, normative data
should be acquired since the metabolites that are
detected in the brain parenchyma with proton MR
spectroscopy fall within narrow ranges depending on
age, and this age-dependent distribution of metabo-
lites in the brain is not necessarily uniform (29, 16, 22,
42, 43).

The neurometabolic alterations in the NAA/Cr and
Cho/Cr ratios that we observed in the parieto-occip-
ital and frontal subcortical white matter of children
with developmental delay may yield insight into the
pathophysiology of this process. The observed in-
crease in the Cho/Cr ratio may reflect an inability to
properly incorporate Cho-containing molecules into
myelin, which would not likely be detected on routine
MR images as a signal intensity abnormality. Other
explanations such as a loss or disruption of normal
myelin, which increases the availability of such Cho-
containing compounds, are plausible. The observed
decrease in the NAA/Cr ratio may be the result of
hypomyelination, decreased numbers of normal neu-
rons, or decreased synaptic density as an underlying
cause, which may be missed on routine MR images. If
there is damaged myelin or loss of normal myelin, this
may be occult to routine MR imaging and still detect-
able with proton MR spectroscopy.

Abnormalities detected with proton MR spectros-
copy in children with developmental delay who have
normal-appearing white matter on brain MR images
may be a relatively nonspecific finding at present. Thus,
these abnormalities should be interpreted in a prudent
manner, especially since NAA/Cr and Cho/Cr ratios
vary rapidly in early brain development. Although the
use of ratios is less sensitive and specific than direct
quantification of metabolites, their use is becoming
widespread in clinical practice. Information regarding
the magnitude and severity of observed changes in the
NAA/Cr or Cho/Cr ratio could be valuable in assess-
ing long-term functional outcome even though the
exact nature of these changes is not clear. Abnormal
proton MR spectra, if followed longitudinally, may
offer another diagnostic or objective quantifiable as-
sessment of neurodevelopment, especially as more
children with developmental delay are studied with
proton MR spectroscopy.

Conclusion

In children with developmental delay who are older
than 2 years, proton MR spectroscopy typically de-
tected abnormalities in the NAA/Cr and Cho/Cr ra-
tios in the frontal and parieto-occipital subcortical
white matter despite a normal-appearing brain MR
image. Proton MR spectroscopy should be performed
as part of the neuroimaging evaluation of children
who have developmental delay, particularly for chil-
dren older than 2 years, as it can suggest a diagnosis
of hypomyelination. Further longitudinal studies will
be needed to determine whether the abnormalities
detected at proton MR spectroscopy can be used as a
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diagnostic neuroimaging marker of developmental
delay and whether these abnormalities correlate with
long-term prognosis or functional outcome.
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