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Abstract

Purpose The purpose of this study was to explore brain ab-
normalities in nonketotic hyperglycinemia (NKH) using
diffusion-weighted imaging (DWI) and when feasible, diffu-
sion tensor imaging (DTI) and tractography.

Methods Seven patients with confirmed diagnosis of NKH
(8 days—2 years) underwent brain MRI. Conventional T1
and T2WI were acquired in all patients, DWI in six and DTI
and tractography in two (4 months and 2 years).
Measurements of fractional anisotropy (FA), radial diffusivity
(RD), axial diffusivity (AD) and Trace from eight white matter
regions were compared between the two patients and age-
matched controls. Tractography of corpus callosum, superior
longitudinal fasciculus and corticospinal tracts was performed
with extraction of their FA and diffusivity indices.

Results MRI showed nonspecific brain atrophy in three chil-
dren. Corpus callosum atrophy was found as a part of these
atrophic changes. Cerebellar vermian hypoplasia and
supratentorial hydrocephalus were seen in one patient. The
topographic distribution of diffusion restriction was different
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among patients. The affected white matter regions were not
predominantly following the expected areas of myelination
according to patients’ age. Deep grey matter nuclei were af-
fected in one patient. DTI revealed lower FA with higher RD
in most of the measured white matter regions and tracts. These
changes were more appreciated in the 2-year-old patient.
However, Trace was higher in the 2-year-old patient and lower
in the 4-month-old one. The extracted tracts were decreased in
volume.

Conclusion DWI, DTI and tractography with FA and diffu-
sivity measurements can give insights into white matter mi-
crostructural alterations that can occur in NKH.

Keywords Vacuolating myelinopathy - Diffusion-weighted
image (DWI) - Diffusion tensor imaging (DTI) - Fractional
anisotropy - Corpus callosum

Introduction

Nonketotic hyperglycinemia (NKH) is a rare neurometabolic
disease with an autosomal recessive inheritance. It results
from a defect of glycine cleavage system resulting in accumu-
lation of the neurotoxic glycine in the brain and body fluids.
Neonatal form is the most common clinical phenotype. It
manifests with encephalopathy and breathing difficulties with
multifocal myoclonic seizures. Death mostly occurs in the first
year of life, and those who survive display severe
neurodevelopmental delay with intractable seizures [1].
Neuroimaging features of NKH in neonatal period are pre-
viously described in a few reports focusing on abnormal white
matter signal in dorsal pons and midbrain and posterior limb
of internal capsule with extreme thinning of the corpus
callosum [2—4]. Identification of abnormalities in the early
phase of injuries is important for early diagnosis and for
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understanding the pathogenesis. Routinely used neonatal ul-
trasound and conventional MR pulse sequences could have
poor sensitivity to significant abnormalities in neonatal brains.
However, diffusion-weighted MR imaging provides informa-
tion that is not apparent on conventional sequences. White
matter abnormalities are related to myelin vacuolation that
results in diffusion restriction in the affected regions [4].

To our knowledge, few reports in the literature describing
white matter abnormalities on diffusion-weighted images in
NKH exist [4-10]. Moreover, to the best of our knowledge,
only two reports documenting the diffusion tensor imaging
findings in NKH [9, 11] without any data about the white
matter tracts or measurements of anisotropy and diffusivity
indices that can reflect white matter microstructural alter-
ations. The aim of this study was to explore brain abnormal-
ities and white matter alterations that can occur in nonketotic
hyperglycinemia (NKH) using diffusion-weighted imaging
(DWI), and when feasible, diffusion tensor imaging (DTI)
and tractography.

Material and methods
Patients

After ethical committee approval, a cross-sectional study was
conducted on children with NKH (diagnosed at medical ge-
netics unit Ain-Shams University) from Jan 2015 to Jan 2016.
Eight children were initially included. One of them died be-
fore MRI imaging; therefore, seven children were enrolled
(three girls and four boys). Their age range is 8 days to 2 years.
The diagnosis was confirmed with elevated CSF glycine and
CSF/serum glycine ratio. To avoid misdiagnosis of ketotic
hyperglycinemia, organic acid urine analysis was performed
and it was unremarkable. Enzymatic assay on liver biopsy was
not performed. Six patients underwent MRI at our hospital;
the last patient was referred after having MRI performed at
another institute.

MRI examination

All patients were scanned with a 1.5-T scanner (Achieva,
Philips Healthcare, Best, The Netherlands) using eight-
channel SENSE head coil (SENSE acceleration factor of 8).
The following MRI sequences were included in the MRI brain
protocol used in our department: axial and sagittal TIWI (TR/
TE: 542/15), axial fast spin-echo double echo sequence (neo-
nate to 3 months TR/TE: 3000/40,120; 3—6 months
3000/30,100; > 6 months 2500/30,100 ms) and T1-WIR
(TR/TE/TT: 2000/15/750 ms). Diffusion-weighted images
were performed in six patients as the last patient who was
referred after MRI had been performed at another institute.
Single-shot spin-echo echo-planar imaging (TR/TE
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3000/100) was with diffusion sensitivities b0 and 1000 s/
mm?. Three sets of axial DWI were generated following the
application of diffusion gradients in three orthogonal planes.
A composite isotropic Trace image and apparent diffusion
coefficient map (ADC) were then made and used for analysis.

Owing to the prolonged imaging time and unavailability of
control subjects in this very young age, DTI was performed
only in the first two children enrolled in the study, along with
two age-matched control subjects complaining of fits with no
evidence of structural brain aberrations or signal intensity ab-
normality on conventional and diffusion-weighted images.
The DTI data were acquired using single shot echo-planar
sequence. In addition to baseline b0 image, diffusion-
weighted images were acquired in 16 noncollinear direction.
Sixty axial slices with 2 mm slice thickness were positioned
parallel to the anterior-posterior commissure line. The field of
view was 224 mm x 224 mm and in-plain

resolution = 1.75 x 1.75 mm>.

MRI analysis

Brain MRI examinations were analyzed for any structural ab-
normalities. Myelination was assessed by revising the white
matter signal intensity on T1 and T2WI. Pattern of insufficient
myelination was documented if there was lack of the myelin
signal intensity on T1WI and T2WI in structures that are ex-
pected to be myelinated according to the patients’ age.

Fig. 1 Regions of interest displayed on fractional anisotropy map. a
Middle cerebellar peduncles. b Posterior limb of internal capsule. ¢
Frontal white matter, corona radiata and parietal white matter from
anterior to posterior. d Genu, body and splenium of corpus callosum
(from anterior to posterior)
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Table1 Spectrum of the imaging
findings Gender  Age at Grey matter White Diffusion restriction ~ Other findings
MRI abnormality matter
abnormality
on T1 and
T2WI
m 2 years Caudate, thalamus, No Negative Ventricular
lentiform atrophy abnormal dilatation
without abnormal signal ex-vacuo
signal
22 f 8 days None PLIC SCP, PLIC, centrum  None
semiovale
3 m 8 days None CTT and Pyramidal tracts in None
PLIC pons, ICP, MCP,
SCP, CTT,
cerebellar white
matter, PLIC, CR
£ m 4 months  Caudate, lentiform MCP, PLIC,  Pyramidal tracts in Vermian
atrophy without centrum pons, CTT, MCP, hypoplasia,
abnormal signal semiovale ALIC, PLIC, communicat-
periventricular ing
white matter, hydrocepha-
centrum lus
semiovale
5% m 5 months  None ALIC, PLIC  MCP, transverse Ventricular
pontine fibres, dilatation
ALIC, PLIC, CC, ex-vacuo
diffuse cerebral
white matter
signal
abnormality
6" f 7 months  Dentate, thalamus, CTT, ICP, Dentate, thalamus, Ventricular
globus pallidus, cerebral globus pallidus dilatation
red nucleus and peduncles  CTT, ICP, red ex-vacuo
substantia nigra as nucleus and
part of diffuse substantia nigra
cerebral peduncle as part of diffuse
involvement cerebral peduncle
involvement
7 f 6 months  Globus pallidus PLIC, Not performed None
splenium
of corpus
callosum

Italicized entries indicate patients who underwent DTI

ALIC anterior limb of internal capsule, CC corpus callosum, CR corona radiata, C77 central tegmental tract, f
female, /CP inferior cerebellar peduncles, m male, MCP middle cerebellar peduncles, PLIC posterior limb of
internal capsule, SCP superior cerebellar peduncles

#MRI scans were performed at our institution

Diffusion restriction was documented if the bright signal on
Trace DWI was accompanied by low signal on ADC map.

DTI data set was analyzed by using DTI Studio software
produced by this laboratory (H. Jiang and S. Mori, Johns
Hopkins University and Kennedy Krieger institute, http:/
godzilla.kennedykrieger.org or http://lbam.med.jhmi.edu)
[12]. The raw diffusion-weighted images were co-registered
to b0 images and then corrected for small subject motion using
automatic image registration. FA and its colour map, radial
diffusivity (RD), axial diffusivity (AD) and Trace were calcu-
lated in the native space.

Tractography of three major white matter tracts was then
performed according to Fibre Assignment by Continuous
Tracking (FACT) method [13] described by Wakana et al.
(corpus callosum as a largest commissural tract, corticospinal
tract as a projection tract and superior longitudinal fasciculus
as an association tract). FA, RD, AD and Trace were calculat-
ed for each tract on both hemispheres and then averaged.

We applied the region of interest (ROI) approach to study
different white matter regions (corona radiata, CR; frontal
white matter, FWM; parietal white matter, PWM; middle cer-
ebellar peduncles, MCP; posterior limb of internal capsule,
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PLIC; genu, body and splenium of corpus callosum). ROIs are
manually drawn on brain images in the native space by using
ROI Editor Software (Li X, Jiang H, and Mori S: Johns
Hopkins University; www. MriStudio.org) (Fig. 1). We tried
to draw ROIs of consistent size and at consistent locations
between subjects. The ROIs of CR, FWM and PWM were
drawn at the same axial slice at the level of the body of the
corpus callosum and MCP at the level of the mid pons.
Another ROI was drawn at midportion of the PLIC at the level
where fornix was identified as single intense structure. Corpus
callosum ROIs were evaluated in mid sagittal images in the
genu, body and splenium at their midportions. The average of
each ROI for both hemispheres was used for analysis with
calculation of the percentage of increase or reduction of the
patients’ ROI values in relation to controls’.

Results

The study included seven children with confirmed diagnosis
of neonatal form of NKH. Consanguineous parents were pres-
ent in five patients and positive history of previous sibling
death was present in four, ranging from one to four sibling
deaths. The main presenting symptoms were poor suckling
and lethargy that were progressed to convulsions and coma.
The first symptom started at the age ranged from 1 to 14 days.
CSF glycine ranged from 105 to 230.4 pmol/L (reference
range 2—40 umol/L); CSF/serum glycine ratio ranged from
0.26 to 0.65 (reference range 0.012—0.04) at the time of diag-
nosis. All patients were under treatment by sodium benzoate
(500 mg/kg/day). One patient died at the age of 4 months, and
those who survived developed severe global developmental
delay.

MRI features are summarized in Table 1. MRI showed non-
specific brain atrophy in three children; corpus callosum atrophy
was found as a part of these atrophic changes. Additional cere-
bellar vermian hypoplasia and supratentorial hydrocephalus
were seen in one patient. Subtle abnormal signal on T1 WI
and T2WI was seen in six patients indicating deficiency of nor-
mal myelination with white matter oedema in sites expected to
have normal myelin according to the myelination time table.
White matter abnormalities were better depicted on diffusion-
weighted images (Fig. 2) which were available in six patients.
Diffusion restriction was observed in infratentorial and
supratentorial structures in five patients. Variable degrees of
supratentorial white matter diffusion restriction were seen rang-
ing from subtle centrum semiovale and corona radiata abnor-
mality in the two 8-day-old patients (Fig. 3) to periventricular
and even subcortical white matter involvement in 4- and 5-
month-old patients, respectively (Fig. 4). PLIC was affected in
four patients; central tegmental tracts and MCP in three; superior
cerebellar peduncles and pyramidal tracts at the pons in two; and
cerebral peduncles, inferior cerebellar peduncles and cerebellar
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Fig.2 MRI brain of 5-month-old boy (patient 5). a Axial T1WI showing
faint hyperintense signal of myelin in the posterior limb of internal
capsule (arrow). b Axial T2WI shows limited ability of the T2WI to
demonstrate the extent of white matter abnormality. ¢ DWI and d ADC
show extensive white matter diffusion restriction extending to the
subcortical white matter. White matter exhibits hyperintense signal on
DWI and hypointense signal on ADC

white matter in only one patient. Grey matter diffusion restric-
tion was seen in the 7-month-old patient (patient 6) diffusely
involving the thalamus, globus pallidus and dentate with in-
volvement of the red nucleus and substantia nigra as part of
diffuse cerebral peduncles abnormal signal. This was associated
with involvement of the inferior cerebellar peduncles and central
tegmental tracts (Fig. 5) with no hemispheric white matter in-
volvement. Atrophy of the basal ganglia without abnormal sig-
nal was seen in the 2-year- and 4-month-old patients (patients
land 4).

DTI was performed in two patients (patient 1and 4; 2 years
and 4 months, respectively). Tractography of the corpus
callosum, superior longitudinal fasciculus (SLF) and
corticospinal tract (CST) was performed in patient 1. In patient
4, the SLF could not be traced because of his young age; the
corpus callosum also could not be traced as it was markedly
thinned and stretched by the effect of hydrocephalic changes.
DTI revealed decreased signal intensity on FA maps with
decreased colour hue on colour FA maps in the 2-year-old
patient (patient 1) (Fig. 6) and to lesser degree the 4-month-
old patient (patient 4) (Fig. 7), reflecting decreased white mat-
ter anisotropy. Most of the white matter regions and tracts
demonstrated lower FA showing 9.2 to 57.14% reduction in
the 2-year-old patient (Fig. 8) and 2.17 to 34.55% reduction in
the 4-month-old patient compared to age-matched controls.
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Fig. 3 Sequential axial DWI
demonstrating different
distributions of diffusion
restriction in two different
patients 8 days old. Upper row
(patient 2) demonstrates diffusion
restriction in the superior
cerebellar peduncles (arrow, a),
posterior limb of internal capsule
(arrow, b) and centrum semiovale
(arrow, ¢). Lower row (patient 3)
demonstrates diffusion restriction
in the dorsal and ventral brain
stem tracts (white arrows, d),
middle cerebellar peduncles
(black arrow, d), superior
cerebellar peduncles (white
arrow, e), cerebellar white matter
(black arrow, e) and corona
radiata (arrow, f)

On the contrary, RD was higher in the two patients. It showed
8.15 to 147% increase in the 2-year-old patient (Fig. 8) and
0.74 to 2.9% increase in the 4-month-old patient. On the other
hand, most of the white matter regions in the 2-year-old pa-
tient demonstrated higher Trace values (0.79 to 47.53% in-
crease), while the 4-month-old patient (patient 4) demonstrat-
ed lower Trace values (0.69 to 38.3% reduction). Minimal
changes of AD were detected in both patients (supplementary
Tables e-1 and e-2). In addition to the measured anisotropy

Fig. 4 Sequential axial DWI
demonstrating different
distributions of diffusion
restriction in two different
patients 4 and 5 months old.
Upper row (patient 4)
demonstrates faint diffusion
restriction in the middle cerebellar
peduncles (black arrow, a) and
dorsal and ventral brain stem
tracts (white arrows, a) with dark
signal on ADC (not shown),
cerebral peduncles (arrow, b) and
periventricular white matter
(arrows, ¢). Lower row (patient 5)
demonstrates diffusion restriction
in the middle cerebellar peduncles
(arrow, d), cerebral peduncles
(arrow, e) and hemispheric white
matter extending to the
subcortical regions (arrows, f)
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and diffusivity indices, we found that extracted tracts showed
decrease in their volume (Fig. 9).

Discussion
Metabolic disorders are considered one of the important

causes of encephalopathy in the neonatal period [14, 15].
MRI can provide diagnostic information that is crucial for
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Fig. 5 Axial T2WI (upper row) and DWI (lower row) of 7-month-old
girl (patient 6). The dentate (asterisk, a, e) and inferior cerebellar peduncle
(arrow, e) exhibit abnormal signal as well as central tegmental tracts

Fig. 6 Axial T2WI (a, b), axial
T1WI (¢), colour FA map (d, e),
FA map (f) of 2-year-old boy with
NKH and colour map and FA
map of age-matched control (g—i),
demonstrating nonspecific brain
atrophy with no abnormal signal
on conventional T1 and T2WI.
However, there is decreased
colour hue (d, e) and anisotropy
(f) compared to the control
subject
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(arrows, b, f); the whole midbrain including cerebral peduncles (arrow,
¢, g) signifying substantia nigra and red nucleus affection; globus pallidus
(arrow, d, h) and thalamus (asterisk, d, h)
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Fig.7 Axial T2WI (a, b), sagittal
T2WI (¢), colour FA map (d, e),
FA map (f) of 4-month-old boy
with NKH and colour map and
FA map of age-matched control
(g—i), demonstrating abnormal T2
signal is seen in the middle
cerebellar peduncles (white
asterisk), posterior limb of
internal capsule (arrow)
associated with hydrocephalic
changes, vermian hypoplasia
(black asterisk). There is
decreased colour hue (d, e) and
anisotropy (f) compared to the
control subject

differential diagnosis and, consequently, optimal treatment
strategy. It is well known that diffusion-weighted images can
depict abnormalities earlier than conventional sequences es-
pecially in neonates and young infants whose brain normally
has higher water content (predominantly high signal on T2WI
and low signal on TIWI) [14]. MRI features of NKH have
been described in a few case reports mostly presenting pa-
tients in neonatal period [3-5]. In our series, we described
MRI findings of patients in neonatal period and early infancy
focusing on brain diffusion characteristics.

Fractional anisotropy

0.8
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w
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. g\é\ Q$® N E T C

& &

——patient —— control

Fig. 8 Fractional anisotropy and radial diffusivity values for various
white matter regions of 2-year-old boy with NKH and age-matched
control. CR, corona radiata; FWM, frontal white matter; PWM, parietal
white matter; MCP, middle cerebellar peduncle; PLIC, posterior limb of

NKH is one of the metabolic diseases that induce
vacuolating myelinopathy [14, 15]. Due to the young age of
most of our patients (below 1 year of age), conventional MR
sequences (T1 and T2WI) had limited ability to properly de-
fine the extent of white matter abnormality [2]. Although it
was reported that the abnormal signal on T2WI and DWI was
confined to white matter regions that were normally expected
to be myelinated at a given age (the dorsal brain stem, PLIC
and corona radiata) [4-6, 10, 11, 15], we have found diffusion
restriction in other regions not necessarily following expected

Radial diffusivity
X10-4mm2s-1
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o N b O ®
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internal capsule; GCC, Genu of the corpus callosum; BCC, body of the
corpus callosum; SCC, splenium of the corpus callosum; CST,
corticospinal tract; SLF, superior longitudinal fasciculus; CC, corpus
callosum
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Fig. 9 Tractography of the
2-year-old patient (a—c) and
age-matched control (d—f). The
reconstructed tracts appear to be
reduced in size in the patient
compared to control subject. a, d
Corpus callosum. b, e Superior
longitudinal fasciculus. ¢, f
Corticospinal tract

areas of myelination. The two neonates (8 days) in this study
had different distributions of diffusion restriction despite sim-
ilar clinical condition and laboratory profile. We have found
diffusion restriction not only in the dorsal brainstem tracts but
also ventrally in agreement with few case reports that illustrat-
ed diffusion restriction in the ventral tracts of the brain stem
[4, 7]. Moreover, the diffusion restriction was seen extending
to the subcortical white matter in the 5-month-old boy, the
region which was not expected to be myelinated at this age.
In addition, the 7-month-old girl had limited white matter
diffusion restriction confined to infratentorial locations with
no supratentorial white matter involvement. It was document-
ed that diffusion restriction in the cerebral white matter disap-
pears at 17-months of age [11]. Disappearance of white matter
diffusion restriction was explained by coalescence of myelin
vacuoles with advanced age [3]. We could suggest that this
process could occur earlier than previously speculated.

DTI can give new insights of white matter microstructural
alterations that can occur secondary to inherited white matter
diseases [10, 16]. FA (the index of the amount of anisotropy)
is the quantitative biomarker of white matter integrity. FA can
be related to several histological characteristics, such as axo-
nal density and diameter, as well as degree of myelination, and
the increase of FA is related to the increase in the connectivity
of white matter bundles. It was documented that FA in NKH
patients was preserved at the neonatal period and at the age of
3 months and decreased by the age of 17 months [9, 11]. We
have found that anisotropy was diminished on FA map with
decreased colour hue on colour map in the 2-year-old patient
and to a lesser extent in the 4-month-old patient compared to
controls. RD expresses diffusivity perpendicular to the direc-
tion of fibre orientation. RD and Trace measurements reflect
myelin changes [17, 18]. We found that the higher RD in
patients compared to controls was more appreciated in the
older patient (2 years old). These observed changes in FA,
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RD and Trace could reflect more myelin deficiency with pro-
gressive decrease in white matter integrity with advancing
age. On the contrary, Trace was lower in the 4-month-old
boy than the control reflecting diffusion restriction within
the myelin vacuoles early in the disease process. In addition,
we have found minimal AD changes in the two patients indi-
cating limited axonal changes compared to the obvious chang-
es in myelin. This indicates that the main changes in anisot-
ropy are related to myelin rather than axonal changes.
Interestingly, in spite of the obvious changes at FA and colour
map in the 2-year-old patient (patient 1), no detectable signal
abnormality was seen on T2WI or DWI, emphasizing the role
of DTI in detection of white matter alterations. To our knowl-
edge, the findings of changes of diffusivity indices in NKH
have not been described previously.

Basal ganglia abnormality was documented in a few case
reports focusing on globus pallidus [4] and dentate nucleus
abnormal signal on DWI [9, 10]. Diffusion restriction in the
lateral thalami was also documented in neonatal period [4, 5].
To the extent of our knowledge, our findings of diffusion
restriction and T2 abnormalities diffusely involving the thala-
mus with involvement of red nucleus and substantia nigra (as
part of diffuse cerebral peduncles abnormality) at the age of
7 month have not been previously described. Moreover, atro-
phy of the basal ganglia without abnormal signal which was
seen in the 4-month- and 2-year-old patients as a part of whole
brain atrophic changes has not been previously documented.

The glycine cleavage system is crucial for the develop-
ing neuroepithelium. With increased glycine levels, the ac-
tion of glycine on glycine and N-methyl-D-aspartate recep-
tors could be excitotoxic leading to deleterious effects [19,
20]. Gyral abnormalities, cerebellar vermian hypoplasia
and hydrocephalus have been previously published in asso-
ciation with NKH [21-23]. The only child in our series with
hydrocephalus died at the age of 4 months, and this agrees
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with previous studies that documented poorer outcome with
the presence of hydrocephalus [1]. Corpus callosum hypo-
plasia has been described as one of the neuroimaging find-
ings of NKH [4]. We found that corpus callosum atrophy
was seen only in patients who developed brain atrophy, and
by using tractography, we found that not only the corpus
callosum but also the SLF and CST were reduced in size.
The decrease in the volume of the extracted tracts reflects
the decrease in white matter volume that was visualized in
conventional images. Consequently, the corpus callosum
abnormality could represent part of the decrease in global
white matter volume rather than an isolated finding.

The study was limited by relatively small number of pa-
tients of this quite rare neurometabolic disease. This was also a
cross-sectional study examining MRI of patients of different
ages. Longitudinal study with more number of patients will
give more detailed comprehension of sequence of white mat-
ter aberrations that could occur with advancing age.

To summarize, the topographic distribution of diffusion
restriction was different among patients with NKH, which
was not exclusively confined to sites of expected myelination
at a given age. In addition, basal ganglia including globus
pallidus, the thalamus, substantia nigra, red nucleus and den-
tate can be affected. The FA, RD and Trace changes visualized
in patients with NKH reflect myelin abnormalities observed in
those patients.
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