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Deep cerebral lesions, involving basal ganglia, internal capsules, thalamus, were also found in 9 patients <7 d of onset. The distri-
butions of deep cerebral lesions (none/unilateral/bilateral) <7 d of onset showed significant correlations with neurological prognoses
(gross motor functions: p < 0.01; developmental or intellectual quotient scores: p <0.01).

Interpretation: Cortical lesions were main findings of DWI in NHSE in the early period. Bilateral deep cerebral lesions <7 d were

highly indicative of poor motor and cognitive outcomes.

© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Neonatal herpes simplex encephalitis (NHSE) is a
rapidly progressive, rare infectious disease (mortality
rate, approximately 50% in untreated newborns) [1,2].
Although antiviral therapy decreases mortality,
56-70% of survivors experience significant neurological
sequelae [1--5]. Early diagnosis is difficult because initial
symptoms are usually nonspecific. Herpes simplex virus
(HSV) DNA polymerase chain reaction is essential for
NHSE diagnosis [1-3]. However, due to the lack of rap-
idly available diagnostic results (i.e., within hours) and
the possibility of false-negative results [6], these viral
infections are difficult to correctly diagnose in a timely
manner; another method for the early diagnosis of
NHSE needs to be established [7].

Magnetic resonance imaging (MRI) of infants with
NHSE in acute and subacute stages reveals lesions in
the cerebral cortex, white matter, basal ganglia, brain-

sion-weighted imaging (DWI) show up more clearly
than lesions detected with conventional MRI [11,15].
Only 3 cases were reported wherein DWI were demon-
strated within 48 h of onset [14.15]. Kubota et al., using
DWI, reported a case with progression of lesions from
the cerebral cortex to subcortical white matter during
72 h of onset [14]. The correlations between early DWI
lesion patterns and time point of the scans have not been
reported.

DWTI has been applied to predict patient prognosis
in neonatal hypoxic ischemic injury [16]. DWI lesions
in bilateral posterior limbs of the internal capsule were
correlated with poor outcome of motor functions in
infants. For NHSE, the correlation between DWI
lesion patterns and patient prognosis has not been
established.

We analyzed DWI data and the time point of scan.
We hypothesize (1) DWI is most sensitive at the early
stage, (2) the lesion distribution changes over a period
of time, and (3) early DWI findings can correlate with
the outcome of motor and cognitive function. We
tested these hypotheses by conducting a retrospective,
multicenter study of DWI findings in patients with
NHSE.

2. Method
2.1. Patients and clinical data

The inclusion criteria were acute symptoms including
seizure, lethargy, and feeding impairment, which
appeared within 28 d of birth; HSV infection confirmed
by virological examinations, including antibody/poly-
merase chain reaction (PCR) in serum/cerebrospinal
fluid or viral culture; and MRI, including DWI, per-
formed within 7 d of onset. The study covered newborns
diagnosed with NHSE between September 2001 and
August 2011. A questionnaire was sent to 214 neonatal
intensive care units throughout Japan and, from the
responses, 13 patients who met the criteria (from 12 hos-
pitals) were identified. HSV type 1 infection was
detected in one patient (8%), and HSV type 2 infection
in 5 patients (38%). Seven patients were tested by anti-
body or PCR examinations without specifying the sub-
types. The ages at symptom onset ranged from 13 to
26 d of birth (mean: 17 d). The age at the last follow-
up ranged from 2 to 76 months (30 months).

A structured research questionnaire was used to col-
lect the following information regarding each identified
patient: gestational age at birth, birth weight, age at
onset and at the last follow-up visit, clinical signs and
symptoms, maternal genital lesions present at the time
of delivery, virological examinations, time course of
neuroimaging, treatment, and outcome. The symptom
onset was defined as the timing of initial manifestations
including seizures, lethargy, poor feeding, fever, skin or
mouth vesicles, conjunctivitis, keratitis, hepatopathy,
coagulopathy and pneumonia. The ethics committee of
Seirei-Hamamatsu General Hospital approved the
study.

2.2. MRI studies

The following 4 time points from symptom onset
were chosen for DWI and conventional MRI scans:

(1) Within 48 h of onset (<48 h).
(2) During 3-7 d after onset (during 3-7 d).
(3) During 8-28 d after onset (during 8-28 d).
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(4) At 29d or later (only for conventional MRI;
=29d).

Observed high-signal DWI abnormalities were classi-
fied as:

Type 1. Superficial cerebral lesions
la. Cortical lesions: Only cortical lesions, not
extending to the subcortical white matter
(Fig. 1A and B).
1b. Cortical lesions -+ subcortical white matter
lesions: Cortical lesions extending to the
subcortical white matter lesions (Fig. 1C).

Type 2. Deep cerebral lesions including basal ganglia,
internal capsule, and thalamus (Fig. 1D).

We analyzed a total of 32 DWI scans consisting of 9
scans in 7 patients <48 h, 11 scans in 9 patients during
3-7 d, and 12 scans in 10 patients during 8-28 d.

Apparent diffusion coefficient (ADC) maps were
applied for 24 MRI scans in 10 patients. The low
ADCs were available to confirm restricted diffusion
in DWI (Fig. 1E and F). Unless ADC mapping was
performed on the scans, we reviewed the possible
effect of T2 shine though effects using T2-weighted
and/or fluid-attenuated inversion recovery (FLAIR)
images.

Conventional MRI scans were also collected, includ-
ing T1-weighted, T2-weighted, and FLAIR images. We
analyzed 9 scans for 7 patients <48 h, 11 scans for 9
patients during 3-7 d, 12 scans for 10 patients during
8-28 d, and 11 scans for 10 patients >29 d. We reviewed

the abnormal signals in conventional MRI, including
gray/white matter differentiation and hemorrhage, as
well as atrophic and cystic changes. Conventional
MRI data were compared to the changes observed using
DWIL

We reviewed the location and size of the superficial
cerebral lesions and the location of the deep cerebral
lesion. We classified distributions of superficial cere-
bral lesions at <7 d of onset into unilateral or bilat-
eral lesions. We classified distributions of the deep
cerebral lesions at <7 d of onset into none, unilateral
or bilateral lesions. DWI and conventional MRI scans
were initially reviewed by one board certified pediatric
neurologist (T. Okanishi). Thereafter, three other
board certified pediatric neurologists (H. Yamamoto,
J. Takanashi, A. Okumura) reviewed the images,
and if necessary, they corrected the initial reports with
their consensus. The three authors were unaware of
the clinical information or scan time points of the
patients.

Because this study was undertaken retrospectively at
multiple institutions, the MRI protocols varied. The
MRI field strength was 1.5 T for all scans. For each neo-
nate, the acquisition parameters used with an FOV of
160-230 mm were as follows: DWI, TR =2440-
5200 ms and TE = 65-107 ms; Tl-weighted imaging,
TR =442-3110 ms and TE = 10-15 ms; T2-weighted
imaging, TR = 380043000 ms and TE = 85-115ms;
and FLAIR, TR =9000-43000 ms, TE 95-102 ms,
and TI = 200-2500 ms. The imaging matrix on DWI
was 90-128 x 128. The slice thickness of DWI was
3-6 mm. The b-value was 0 and 1000, or 0 and
1200 s/mm?.

Fig. 1. Lesions on diffusion-weighted imaging. (A) (patient #4) and (B) (#5), cortical lesions; (C) (#12), cortical lesions + subcortical white matter
lesions; (D) deep cerebral lesions (#10) in the internal capsules and thalamus. The distribution of high-signal lesions seen on (B) and (D)
corresponded to the Jow diffusion area in apparent diffusion coefficient (ADC) maps ((E) and (F), respectively).
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2.3. Clinical outcomes

Twelve patients were monitored for more than
6 months and we evaluated the motor and cognitive out-
comes. Gross motor function was evaluated and
described as: “normal,” if milestone of the highest func-
tions, including rolling (5 months old), sitting (7 months
old), crawling (8 months old) and walking (12 months
old), were >70% of those expected for the child’s chro-
nological age; “delayed,” if the milestone behaviors were
31-70% of those expected for their chronological age;
and as “severely delayed,” if the milestones were <30%
of those expected. Developmental quotient or intellec-
tual quotient (DQ/IQ) score was evaluated, and
described as follows: “normal,” if >70% of the expected
value for the child’s chronological age; “delayed,” if
31-70% of the expected value; and “severely delayed,”
if <30% of the expected value. The DQ or IQ was mea-
sured using the Tsumori-Inage Developmental Assess-
ment Test, Enjoji Analytical Development Test, Kyoto
Scale of Psychological Development, and Tanaka-Binet
Intelligence Scales according to the age of the patient
and preference of each hospital.

2.4. Statistical analyses

We analyzed the correlation between the incidence of
cortical lesions/cortical lesions + subcortical white mat-
ter lesions and the 3 time periods (<48 h, during 3-7 d,
and 8-28 d). We analyzed the correlations of the distri-
butions of the superficial cerebral lesions and the deep
cerebral lesions at <7 d of onset with the outcomes of
gross motor function and DQ/IQ score. In patients with
2 or more DWI scans at <7 d of onset, the most abnor-
mal results were used. We analyzed the correlations of
the timing of acyclovir therapy (<6 h, during 6-24 h,
and over 24 h) with the outcomes. For these analyses,
we used Spearman’s rank correlation test. A value of
p <0.05 was considered significant. The statistical anal-
yses were performed using Excel 2010 (Microsoft, Red-
mond, WA, USA) with a Statcel 3 add-in (OMS, Tokyo,
Japan).

3. Results
3.1. Patient and clinical data

We present the clinical data in Supplementary Table.
The records of 8 girls and 5 boys, born between October
2004 and June 2011, were reviewed. The patients had a
mean gestational age of 40 weeks (range, 36—41 weeks)
and a mean birth weight of 3216 g (2670-4196 g); and
a mean age at symptom onset of 17d (13-26 d).

The initial clinical symptoms included fever in 7
patients (54%), seizures in S5 (38%), lethargy in 3
(23%), and feeding impairment in 1 (8%). All patients

presented with isolated encephalitis. Patient #3 pre-
sented with skin vesicles.

Throughout the acute clinical phase of the disease, 11
patients had experienced seizures by day 4. The remain-
ing 2 patients had no seizure history. None of the
patients demonstrated asphyxia, shock, cardiac arrest,
or other serious complications.

HSYV infection was confirmed by cerebrospinal fluid
(CSF)-PCR in all patients, serum-PCR in 3 (14%),
CSF-antibody in 2 (15%), serum-antibody in 4 (31%),
and viral isolation from skin vesicles in 1 (8%). All the
patients were treated with intravenous acyclovir
(20-60 mg kg~ " day™").

3.2. Clinical outcomes

The ages range at the last follow-up ranged from 2 to
76 months (mean: 30 months). We excluded one patient
(#2) after 2 months follow-up from the outcome evalu-
ations. At the last follow-up assessment, motor function
was “normal” in 6 patients (#3-5, 9, 11, and 13),
“delayed” in 1 (#1), and “severely delayed” in 5
(#6-8, 10, and 12). DQ/IQ scores were “normal” in 3
patients (#4, 5 and 13), “delayed” in 5 (#1, 3, 8, 9,
and 11), and “severely delayed” in 4 (#6, 7, 10, and 12).

The timing of acyclovir therapy did not show any sig-
nificant correlations with motor functions (p = 0.11) or
DQ/IQ scores (p = 0.17).

3.3. DWI studies

Table 1 describes DWI findings in each scan time
point.

3.3.1. Superficial cerebral lesions

All scans obtained at <7 d showed superficial cere-
bral lesions. Cortical lesions were evident on 8 scans
(89%) of all 7 patients (#1-7) at <48 h, 3 scans (27%)
of 3 patients (#9, 11, and 13) during 3-7 d, and no scans
during 8-28 d. Cortical lesions + subcortical white mat-
ter lesions were evident on 1 scan (11%, #1) at <48 h, 8
scans (83%) of 6 patients (#3, 4, 7, 8, 10, and 12) during
3-7d, of 9 scans (75%) on 9 patients (#¥1-4, 7, and
10-13) during 8-28 d. Multiple cortical lesions, ranging
in size from <1 gyrus to >3 gyri, were scattered
throughout the cerebral cortices of both hemispheres
of the patients. Within 48 h of onset, the lesions were
distributed over 2-6 cerebral lobes The lesions were dis-
tributed unilaterally on 2 scans (22%) of 2 patients (#3
and 4) and bilaterally on 7 scans (78%) of 5 patients
(#1, 2, and 5-7). During 3-7 d of onset, the lesions were
distributed over 1-8 cerebral lobes. The lesions were dis-
tributed unilaterally of 2 scans (18%) in 2 patients (#9
and 11) and bilaterally on 9 scans (82%) of 7 patients
(#3,4, 7, 8,10, 12, and 13). The lesions were asymmet-
rically distributed and not related to the arterial
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Table 1
DWI findings within 7 d after onset.

< 48 hours of onset 3-7 d after onset
Patient Hours Types I\{;‘;};Zrnzf Laterality Locations Days Types I}I::;l:iz:]:f Laterality Details
7 ¢ - 3 Bl RFETLF. T
1,7 o b 3 Bil..R.IC; Bil. Thalami NA
5 40 C+WM: 300 Bil: R.ET;L.F o
) 3 Bil. R IC; Bil. Thalami
5 19 C 2 Bil’. Bil. F NA
D 1 Uni.  R. Thalamus
3 20 0 C 2  Uni LFT : 3 CtwM 3 . Bk RTLET
g D 1 Uni. L.IC. S ; D 1 sUnico LUIC
4 23 C 2 Uni. R.ET 5 C+WM 3 Bil. R.E,T;L.T
D 2 Uni. R. IC, Putamen D 2 Uni. R. IC, Putamen
526 ol 6 Bl  RFETPOLFO NN '
27 c 3 Bil. RFTLF
| 6 D 4 B?l. Bil. IC, Thalami NA
o 42 C 3 Bil. R.F,T;L.F
o D 4 Bil. Bil. IC, Thalami
C|> - 30 o 3 Bil. RFEGLT 6 C+HWwM 3 Bil. "R‘F,;T;L.VT
D 4 Bil.- - BIiL'IC, Thalami.- = D 4 Bil.:Bil IC, Thalami .
3 C+WM 7 Bil.  R.F:Bil T, P, O (MCA areas)
3 NA D 4 Bil. Bil. IC, Thalami
5 C+WM 7 Bil. R. F; Bil. T, P, O (MCA areas)
D 2 Bil.  Bil.IC
9 NA 4 c L1 Unk LT Lo
4 C+WM 6 Bil. Bil. F, P, O (parasagittal)
10 NA D 4 B%l, B?l. IC, Thalami '
6 C+WM 8 Bil. Bil. F, T, P, O (parasagittal)
D 4 Bil.  Bil. IC, Thalami
I COMERNAG T ey C 2 Un. RET
2 NA 4 C+WM 5 BfL R: F,T,P,0; L:O
D 4 Bil. Bil. IC, Thalami
13 ; , UNA , il C 3 ‘Bil. RTLFET

[§H-5TF (S107) L& nawdojaas p uig | v 12 {SumyQ L

C, cortical lesions; C + WM, cortical + subcortical white matter lesions; D, deep cerebral lesions; R., right; L., left; Bil, bilateral;
F, frontal lobe; T, temporal lobe; P, parietal lobe; O, occipital lobe; IC, internal capsule; NA, not available.
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territories (Fig. 1A and B). In 7 patients, we confirmed
consecutive changes of lesions extending from the cortex
into the subcortical white matter (Fig. 2A and B). Such
changes were found in 1 patient (#1) at <48 h, 3 patients
(#3, 4, 7) <74, 1 patient (#2) at <28 d, and 2 patients
(#11 and 13) during 3-28 d. The cortical lesions + sub-
cortical white matter lesions were also distributed asym-
metrically in most patients. Exceptional findings were
observed in 2 patients and consisted of symmetrical, dif-
fuse cortical and white matter lesions. The lesions were
distributed in the regions of the posterior middle cere-
bral arteries on 2 scans (#8), and in the parasagittal area
on 2 scans (#10). The signal intensities and the margins
of the superficial cerebral lesions at <7 d became fainter
and blurred during 8-28 d. Finally, the incidences of
cortical or cortical + subcortical lesions were signifi-
cantly correlated with the time point of DWI scans
(p <0.01). '

Table 2 presents the distributions of DWI lesions at
<7d. Eleven patients (#1-8, 10, 12, and 13) showed
bilateral superficial cerebral lesions. Two patients (#9
and 11) showed unilateral superficial cerebral lesions.
Six patients (#2, 5, 6, 9, 11, and 13) showed cortical
lesions at <7 d. Seven patients (#1, 3, 4, 7, 8§, 10, and
12) showed cortical lesions + subcortical white matter
lesions. The distributions of superficial cerebral lesions
(unilateral or bilateral) did not correlate with outcomes
of gross motor function or DQ/IQ scores.

3.3.2. Deep cerebral lesions
Deep cerebral lesions were found on 8 scans (89%) of
6 patients (#1-4, 6, and 7) at <48 h, in 8 scans (73%) of

6 patients (#3, 4, 7, 8, 10, and 12) during 3-7d, and on 5
scans (45%) of 5 patients (#1, 2, 7, 10, and 12) during
8-28 d. All deep cerebral lesions coincided with the
superficial cerebral lesions. Within 48 h of onset, the
deep cerebral lesions distributed over 0-4 locations.
The lesions were distributed unilaterally on 3 scans
(33%) of 3 patients (#2-4) and bilaterally on 5 scans
(56%) in 3 patients (#1, 6, and 7). During 3-7 d of onset,
the deep cerebral lesions were distributed over 04 loca-
tions during 3-7 d. The lesions were distributed unilater-
ally on 2 scans (18%) of 2 patients (#3 and 4) and
bilaterally on 6 scans (55%) of 4 patients (#7, 8, 10,
and 12). The deep cerebral lesions in the internal cap-
sules were found on 7 scans at <48 h, 8 scans during
3-74d, and 5 scans during 8-28 d. Lesions in the thala-
mus were found on 6 scans at <48 h, 5 scans during
3-7d, and in 5 scans during 8-28 d. Lesions in the puta-
men were found on 1 scan <48 h, 1 scan during 3-7 d,
and were not found during 8-28 d.

Seven (#1, 2, 6-8, 10, and 12) patients showed bilat-
eral deep cerebral lesions (Table 2). Two (#3 and 4)
patients showed unilateral deep cerebral lesions. Four
patients (#5, 9, 11, and 13) showed no deep cerebral
lesions. All the patients with severely delayed outcomes
of gross motor function and DQ/IQ scores displayed the
bilateral deep cerebral lesions. The distributions of deep
cerebral lesions (none, unilateral, bilateral) at <7 d were
significantly correlated with poor outcomes of gross
motor function (p < 0.01) and DQ/IQ scores (p <0.01;
Supplementary Figure). In this study, we found no
patients with DWI lesions in either the brainstem or
cerebellum.

Fig. 2. Diffusion-weighted imaging (A and B) and T1-weighted imaging (C) in patient #1. (A) Cortical lesion in the right front temporal lobe, 17 h
after onset; (B) extending to the subcortical white matter in the same area at 40 h after onset; (C) the lesion evolved into areas of encephalomalacia by
day 14. The distribution of high-signal lesions on (A) and (B) corresponded to the low diffusion area in apparent diffusion coefficient maps (ADC)

((D) and (E), respectively).
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Table 2

Distributions of diffusion-weighted imaging lesions within 7 d of onset relating with outcomes.

Patient Cortical, subcortical white matter lesions Deep lesions Follow-up months Gross motor function DQ/IQ scores
Bil./Uni. C/C+ WM Bil./Uni./None
1 Bil. C+WM Bil. 17 Delayed Delayed
2 Bil. C Bil. 2 NA NA
3 Bil. C+ WM L. 76 Normal Delayed
4 Bil. C+ WM R. 43 Normal Normal
5 Bil. C None 35 Normal Normal
6 Bil. C Bil. 15 Severely delayed Severely delayed
7 Bil. C+WM Bil. 13 Severely delayed Severely delayed
8 Bil. C+ WM Bil. 9 Severely delayed Delayed
9 L. C None 60 Normal Delayed
10 Bil. C+ WM Bil. 25 Severely delayed Severely delayed
11 R. C None 34 Normal Delayed
12 Bil. C+WM Bil. 38 Severely delayed Severely delayed
13 Bil. C None 26 Normal Normal

Bil., bilateral; Uni., unilateral; R., right; L., left; C, cortical lesions; C + WM, cortical lesions + subcortical white matter lesions; DQ/IQ, devel-

opmental quotient or intellectual quotient; NA, not applicable.

3.3.3. ADC maps

Restricted diffusions upon DWI was confirmed on all
24 scans as low signals on ADC maps (Figs. 1E, F and
2D, E). The remaining 8 DWI images were analyzed for
the presence of the T2 shine-through effect. Two scans of
patient #12 showed high-signal regions on T2-weighted
images corresponding to the DWI lesions. These lesions
were small and did not affect the result of the analyses in
this study.

3.3.4. Conventional MRI studies

T1- and T2-weighted images were obtained in all
scans. FLAIR images were obtained in 27 scans.

Among the 20 total scans obtained at <7 d, conven-
tional MRI scans showed signal changes in 11 patients:
loss of gray/white matter differentiation (5 scans [25%])
and high-intensity signals in the cerebral cortex (10
scans [50%]), white matter (4 scans [20%]), or thalamus
(1 study [5%]). These lesions were blurred or small com-
pared to those observed on DWI. Conventional MRI
did not detect any small (<1 gyrus) cortical lesions.

After 8 d of onset (=8 d), 23 total conventional MRI
scans from 11 patients were analyzed. In all cases, the
cortical lesions eventually evolved into encephalomala-
cia and/or atrophic changes (Fig. 2C). The thalamus
and putamen lesions, visible on DWI in 9 patients at
<7d, changed to atrophy with high-intensity signals
on Tl-weighted or FLAIR images. Apart from 1 scan
(#13, 14 d of onset), the lesions on conventional MRI
were more distinct than those of DWI at =8 d.

Five patients (#2, 6, 7, 10, and 12) showed diffuse (>1
lobe) encephalomalacia with atrophic changes in both
hemispheres at >8d. MRI showed focal (<3 gyri)
encephalomalacia in 1 hemisphere in 1 patient (#4)
and both hemispheres in 5 patients (#1, 3, 8, 11, and
13). One patient (#1) demonstrated growing cysts in
the left hemisphere at 3 months of age.

We did not find lesions in any of the patients at any
time point in either the cerebellum or brainstem.

4. Discussion

As the time from symptom onset increased, the corti-
cal lesions extended to subcortical white matter. The
lesion progressions strongly indicate herpes encephalitis
in newborns. Deep cerebral DWI lesions at <7d of
symptom onset in NHSE are prognostic factors for neu-
rological outcomes.

The cortical lesions were characteristically evident as
multiple, scattered lesions, asymmetrically distributed
and not related to the major arterial territories. This cor-
tical lesion pattern was previously reported in three
cases with the scan time points of 20 h to 5 d from onsets
[12,14,15]. Our study revealed that DWI is the most sen-
sitive brain imaging technique available to reveal corti-
cal lesion patterns in the early period (<48 h) of the
onset of NHSE.

The early DWI patterns of NHSE are different from
those of ischemia and other central nervous system
infections. The DWI patterns of thrombotic brain
infarction involved the cerebral cortex and correlated
with the territories of the large- or medium-sized arter-
ies, with the lesions being distinct in the white matter

brain infections show DWI patterns typical of
watershed or major arterial infarctions, or brain
abscesses in the white matter [15.20]. In 2 cases with par-
echovirus or coxsackie B2 virus, MRI showed symmet-
rical lesions in both cortices and white matter [21.22].
Depending on their size and distribution, the scattered
and asymmetrical cortical lesions can suggest an NHSE
diagnosis. Because virological examinations regularly
yield false-negative results and the results that are also
slow to obtain [6], brain DWI can facilitate a rapid

- 202 -



T. Okanishi et al. | Brain & Development 37 (2015) 423431

and early diagnosis of NHSE. Although early acyclovir
therapy did not show any correlation with the neurolog-
ical outcomes in this study, the presence of the cortical
lesions on brain DWI can strongly indicate starting or
continuing acyclovir therapy in neonates.

HSV has a high affinity for neurons and may initially
infect the cortical neurons of NHSE patients [23]. In
adult HSE, HSV initially disseminates to one or both
mesial temporal lobes by retrograde transmission via
the olfactory nerves [24]. The multiple and scattered cor-
tical abnormalities in DWI that appear to be associated
with NHSE are specific to newborns. Gutierrez et al.
hypothesized that in infants with isolated HSE, mater-
nally derived transplacental neutralizing antibodies in
the infants’ serum prevent hematogenous transmission;
thus, the retrograde transmission causes isolated
encephalitis [25]. The multiple scattered neocortical
lesions observed at <7 d in the present study suggest
that hematogenous transmission is the main route of
infection in NHSE.

Kubota et al. previously reported the progression of
lesions from cerebral cortex to subcortical white matter
in 1 (#3) of the current patients [14]. We confirmed this
phenomenon in 6 additional patients (#1, 2,4, 7, 11, and
13) within 4 weeks of symptom onset. HSV shows a spe-
cific cell-to-cell infection pattern via nectin binding on
cell surface {23]. This form of transmission may account
for the phenomenon of lesions spreading from the cor-
tex to the subcortical white matter.

The bilateral deep cerebral lesions at <7 d correlated
with poor neurological outcomes. The patients with
severely delayed development showed extended enceph-
alomalacia in the cerebrums. In newborns with hypoxic-
ischemic encephalopathy, DWI lesions in bilateral
posterior limb of the internal capsule predict poor
neurological outcomes [16]. Here, 5 of 6 patients with
NHSE had bilateral deep cerebral lesions including
the internal capsule lesions in our cases. Similar to
hypoxic-ischemic  encephalopathy, the damaged
posterior limb of the internal capsules by NHSE might
precipitate poor neurological outcomes.

This study has some limitations. The imaging tech-
niques varied in each hospital, and these differences
might have affected the sensitivity of DWL It is difficult
to differentiate between the cortex and white matter in
neonates has difficulties. Therefore the selected cortical
lesions are more likely to be located in the superficial
cortex. In 2 data, the high-signal DWI lesions might
actually be T2 shine through effect. The time point of
DWI scans depended on each physician’s decision.
Although there was one case report of cerebellar and
brainstem lesion [13] and fatal cases of disseminated her-
pes infection [11], we had no such cases in this study.
Early and consecutive changes in DWI of neonatal brain
infections other than HSV also have not been suffi-
ciently documented. Thus, DWI investigations of other

infections are necessary to evaluate the specificity of
the changes we found in the present study.
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Schinzel-Giedion syndrome is a rare congenital malformation syndrome. Recently, SETBP1 was identified
as the causative gene. Herein, we present a Japanese boy with Schinzel-Giedion syndrome resulting from
a novel mutation in SETBPI in order to establish the clinical features and serial MRI! findings associated
with the syndrome. On the third day of life, the boy was referred to our hospital because of facial ab-
normalities and feeding difficulty. Midfacial retraction, frontal bossing, deep groove under the eyes,
upturned nose, low-set ears, bilateral cryptorchidism, and generalized hypertrichosis were identified on
admission. At the age of 7 months, epileptic spasms in series occurred. Based on characteristic facial and
skeletal abnormalities and severe developmental delay, we clinically diagnosed him with Schinzel-
Giedion syndrome. Direct sequencing of the SETBP1 gene revealed a heterozygous mutation
(p.lle871Ser) in exon 4. Although neither cardiac defect nor choanal stenosis were present in our case,
the phenotype of our case was nearly identical to those of previously reported cases confirmed by ge-
netic analysis. Serial MRI from the age of 1 month—3 years revealed progressive brain atrophy, especially
in the white matter and basal ganglia. However, myelination was age-appropriate and no obvious
abnormal signals in the white matter were seen. Diffusion weighted imaging revealed no abnormal
findings. Accumulation of MRI data including diffusion weighted imaging from Schinzel-Giedion syn-
drome cases is needed to understand the mechanism underlying progressive brain atrophy in this
syndrome.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

with SGS die within the first two years of life due to various causes
such as epilepsy, respiratory failure, and infection (jones, 2013).

Schinzel-Giedion syndrome (SGS) (MIM #269150) is a rare
congenital malformation syndrome characterized by midfacial
retraction, frontal bossing, deep grooves under the eyes, severe
mental retardation, epilepsy, and multiple anomalies such as heart
defects, hydronephrosis, hypertrichosis, and radiographic skeletal
anomalies (Schinzel and Giedion, 1978). Almost half of all patients

* Corresponding author. Department of Neonatology, Okayama Medical Center,
National Hospital Organization, 1711-1 Tamasu, Kita-ku, Okayama, 701-1192, Japan.
E-mail address: gmd18025@s.okayama-u.acjp (A. Takeuchi).

http://dx.doi.org/10.1016/j.ejmg.2015.05.006
1769-7212/© 2015 Elsevier Masson SAS. All rights reserved.

Moreover, an increased prevalence of neuroepithelial tumors has
been reported in SGS (Lehman et al., 2008). Recently, Hoischen et al.
have revealed that heterozygous de novo mutations in the SET
binding protein 1 (SETBPI) gene are the genetic cause of SGS
(Hoischen et al., 2010). To date, seven different mutations in SETBP1
have been reported in 18 patients with SGS (Hoischen et al., 2010;
Ko et al, 2013; Suphapeetiporn et al, 2011; Carvalho et al,, 2015;
Lopez-Gonzalez et al,, 2015). Herein, we present a Japanese boy
with SGS resulting from a novel mutation in SETBP1 and report his
serial magnetic resonance imaging (MRI) findings including
diffusion-weighted imaging (DWI).

- 205 -



A. Takeuchi et al. / European Journal of Medical Genetics 58 (2015) 369—371

a b

c

Fig. 1. Serial Conventional MRIs. T1 weighted images are shown in the upper row and T2 weighted images in the lower row in chronological order. Only mild dilatation of the lateral
ventricles was seen at the age of 1 month (a). Marked progressive brain atrophy was evident at the age of 1 year 3 months (b) and at the age of 3 years 3 months (c).

2. Clinical report

A boy was referred to our hospital on his third day of life because
of facial abnormalities and feeding difficulty. He was born as the
first baby from non-consanguineous Japanese parents after an
uneventful full-term gestation. His birth weight was 3,388 g
(+0.5SD), birth height was 46.7 cm (—1.8SD), and head circumfer-
ence was 32.3 cm (- 1.1SD). The Apgar score was 9 at 1 min and 10
at 5 min. His parents had no significant past medical history or
family history. Facial dysmorphism was noted at birth, and feeding
difficulty became evident within two days after birth. He was
admitted to the neonatal intensive care unit in our hospital.

Midfacial retraction, frontal bossing, deep groove under the
eyes, upturned nose, low-set ears, bilateral cryptorchidism, and
generalized hypertrichosis were identified on admission.

Table 1
Clinical features of SGS cases with SETBPT mutations.

Ultrasonography revealed no congenital heart defect or hydro-
nephrosis. X-rays of extremities and trunk revealed widening of
distal femurs and broad ribs. Brain MRI at 1 month of age showed
only mild enlargement of the lateral ventricles. The auditory
brainstem response threshold was elevated (right side 60 dB nHL,-
left side 80 dB nHL). No significant abnormality was detected by
means of blood tests including complete blood cell count, blood gas
analysis, conventional biochemical test, thyroid function test,
amino acid analysis, and lysosomal enzyme activity analysis. The
results of urinary organic acid and uronic acid analyses were also
normal. A G-band chromosomal analysis revealed a 46, XY
karyotype.

After his admission, the proportion of oral feeding was gradually
increased until he could be fed orally with an adequate amount of
mother's milk. He was discharged from our hospital without a

Mutation sites® Present case Reported cases

pI871s pI871T (n = 5) pS867R(n=1) p.D86SN (n=5) p.D868A (n=1) p.G870D (n=1) p.G870S (n=4) p.G870C (n=1)

Gender® M M3 F2 F M3- F2 F M M3- F1 M
Neurodevelopmental delay + 4/4 171 5/5 11 1/1 4/4 171
Seizure + 4/5 11 5/5 111 11 4/4 1/1
Vision impairment unknown 3/4 1/1 3/3 11 unknown 1/3 unknown
Hearing impairment + 4/4 unknown 3/3 0/1 unknown 3/3 unknown
Typical craniofacial features + 5/5 11 5/5 11 11 4/4 n
Genital anomaly + 5/5 1/1 5/5 11 11 4/4 unknown
Hydronephrosis or VUR + 5/5 0/1 5/5 1/1 1/1 4/4 1/1
Cardiac defect - 2/5 0/1 3/4 1/1 0/1 1/3 0/1
Skeletal malformations + 4/4 0/1 3/3 1/1 1/1 4/4 11
Choanal stenosis - 2/5 unknown 2/4 0/1 0/1 0/4 unknown

2 I: Isoleucine, S: Serine, T: Threonine, R: Arginine, D: Aspartic acid, N: Asparagine, A: Alanine, G: Glycine, C: Cysteine.

b M: Male, F: Female.
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nasogastric tube at the age of 1 month. An electroencephalogram
(EEG) at 1 month of age revealed a few multifocal epileptiform
discharges. At the age of 7 months, his EEG showed typical hyp-
sarrhythmia and epileptic spasms in series occurred. His develop-
ment before the onset of infantile spasms was severely delayed; he
could not control his head and did not engage in visual tracking.
Based on his characteristic facial and skeletal abnormalities and
developmental delay, we clinically diagnosed him with SGS
(Lehman et al., 2008). Direct sequencing of his SETBP1 gene
revealed a novel heterozygous mutation (p.lle871Ser) in exon 4.
This mutation was de novo.

For treatment of his infantile spasms, considering the limited
effect of ACTH therapy for patients with SGS (Grosso et al., 2003),
we chose anti-epileptic drug therapy. He required tube feeding
after the onset of infantile spasms because his feeding difficulty
worsened. Gastrostomy was performed at the age of 2 years 1
month. Ultrasonography and abdominal MRI revealed bilateral
hydronephrosis. He is now 3 years 3 months old. He is bedridden
and cannot track objects with his eyes, control his head, or speak
meaningful words. His epileptic spasms have not been suppressed
by anti-epileptic drugs. Screening for tumors is performed every 6
months by abdominal ultrasonography, thoracic-abdominal MRI
and blood test including alpha feto-protein (AFP) and human
chorionic gonadotropin beta subunit, but no tumor development
has been detected to date.

Brain MRI was performed at the age of 1 month and again at 1
year 3 months, 2 years, 2 years 4 months, and 3 years 3 months. In
addition to conventional MR images, we obtained DWI at 2 years 4
months and at 3 years 3 months (Fig. 1). Although the patient’'s MRI
showed only mild dilatation of the lateral ventricles at the age of 1
month (Fig. 1a), follow-up MRI showed progressive brain atrophy
involving the white matter, basal ganglia, thalamus, brainstem, and
cerebellum (Fig. 1b, ¢). Myelination of his brain has developed to an
appropriate degree for his age, and no obvious abnormal signals in
the white matter have been seen in MRI to date (Fig. 1a—c). No
abnormalities of apparent diffusion coefficient (ADC) values in the
white matter were detected in DWI at the age of 2 years or at 2
years 4 months. Additionally, Periventricular heterotopia at right
anterior horn was revealed by conventional MRIs.

3. Discussion

Clinical features of the current patient and previously reported
SGS cases with SETBP1 mutations are shown in Table 1 (Hoischen
et al.,, 2010; Ko et al,, 2013; Suphapeetiporn et al., 2011; Carvalho
et al., 2015; Lopez-Gonzalez et al,, 2015). Although in the present
case hydronephrosis was not detected during the neonatal period,
it did become obvious after the age of 2 years. The phenotype of our
case is nearly identical to those of previously reported cases.

We found a novel mutation of SETBP1 in the present case
(p.lle871Cys). To date, seven other mutations of SETBPI
(p.Ser867Arg, p.Asp868Asn, p-Asp868Ala, p.Gly870Asp,
p.Gly870Ser, p.Gly870Cys, p.lle871Thr) have been reported in pa-
tients with SGS (Hoischen et al., 2010). The sites of these mutations,
including that in the present case (P.11e871Cys), are concentrated in
four sequences of five consecutive amino acids each on the SETBP1
protein (Ser867, Asp868, Gly870, le871).

In the present case, progressive marked brain atrophy was seen
in serial MRIs. However, no apparent abnormalities were detected
with regard to either myelination or the ADC value in white matter.
Little is known about the mechanism of progressive brain atrophy
in patients with SGS. Pathological examination of the brain of an

SGS patient who presented with progressive dilatation of the
lateral ventricles on serial ultrasonography and died nine weeks
after birth due to prolonged apnea revealed gliosis in the sub-
ependymal layer and no histological evidence of an infective or
inflammatory process (Maclennan et al.,, 1991). Previous study have
shown progressive brain atrophy in other patients with SGS (Shah
et al,, 1999). Considering that clinical features of the current patient
were identical to those of previously reported cases with other
SETBP1 mutations, progressive brain atrophy was thought to be not
specific for SETBP1 p.I871S mutation but a common SGS feature that
was just underdiagnosed.

In one report of a case clinically diagnosed as SGS, MRI showed
delayed myelination and decreased ADC values in the occipital and
temporal white matter, but it should be noted that the facial
characteristics in this case were different from those of typical SGS,
and genetic diagnosis was not performed (Watanabe et al,, 2012).

Accumulation of serial MRI data including DWI from SGS cases is
necessary to understand the mechanism underlying brain atrophy
in SGS.
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Atypical giant axonal neuropathy arising from
a homozygous mutation by uniparental

isodisomy

To the Editor:

Gigaxonin, encoded by GAN, is essential for neuronal
survival and mutations in GAN cause autosomal reces-
sive giant axonal neuropathy 1 (GAN1, MIM 256850),
which affects both the central and peripheral nervous sys-
tems (1, 2).

Uniparental disomy (UPD) is defined as inheritance
of a pair of chromosomes or segments from only one
parent, while duplication of a single parental allele
is designated as uniparental isodisomy (UPiD) (3).
UPiD harboring a homozygous mutation can be a
genetic cause of autosomal recessive disorders. Here,
we present a clinically undiagnosed patient with GAN1
caused by segmental maternal UPiD with a homozygous
splice-site mutation in GAN, which is readily detected
by whole-exome sequencing (WES).

An 18-year-old female was the first child of non-
consanguineous parents. Her mother had mild intellec-
tual disability. Her initial motor development was normal
until frequent falls at 4 years of age. At age 6, low body
height (101.2cm, —3 SD), weight (13.4kg, —2.3 SD),
and frizzy hair were noted (Fig. la). Brain magnetic
resonance imaging (MRI) and nerve conduction stud-
ies identified leukoencephalopathy and sensory-motor
neuropathy, respectively. Scoliosis appeared at age 7.
Her educational achievement at school started to decline
at age 8. Sural nerve biopsy at age 10 revealed marked
loss of large myelinated fibers (Fig. Sla,b, Supporting
Information). Psychomotor regression gradually pro-
gressed. At age 13, she lost ambulation. Brain MRI
showed a cystic lesion in the cerebellar white matter
with right-side predominance. At age 15, non-invasive
positive pressure ventilation was introduced for her
restrictive respiratory failure due to progressive scol-
iosis. At present, nystagmus, facial muscle weakness,
dysarthria, mild dysphagia, distal dominant muscle
atrophy and weakness, absent deep tendon reflexes,
negative Babinski sign, disturbances in superficial/deep
sensation, and ataxia are observed. She is currently
bed-bound, with mild intellectual disability and progres-
sive sensory-motor neuropathy (Table 1). Brain MRI
T2-weighted images show diffuse high signal intensities
in the cerebral/cerebellar white matter, basal ganglia,
and thalamus, but sparing the U-fibers and the corpus

Table 1. Nerve conduction studies of the patient?

DL (ms) Amp Velocity (m/s)
At age 13years
RmedianN MCS 555 2.79mV 39.6
SCS - Not evoked -
R ulnar N MCS  3.65 4.21mV 41.3
3SCs 4.4 1.5uvV 18.2
R tibial N MCS - Not evoked -
R peroneal N MCS - Not evoked -
R sural N SCS - Not evoked -
At age 18years
RmedianN  MCS 4.2 0.732mV 41.4
R ulnar N MCS 5.8 0.743mV 36.2

Amp, amplitude at wrist; DL, distal latency; MCS, motor conduc-
tion study; N, nerve; R, right; SCS, sensory conduction study.

a0nly action potentials of median and ulnar nerves were evoked.
Compound muscle action potentials (CMAPs) and sensory
nerve action potentials (SNAPs) in median and ulnar nerves
were severely reduced compared to the mild reduction in the
motor/sensory nerve conduction velocity, Distal latencies were
mildly prolonged. The reduction in CMAP progressed over time.

callosum. The cystic lesion in the cerebellar white matter
has progressed (Figs. 1b,c and Slc,d).

After obtaining the informed consent, WES was per-
formed in a proband and her parents, identifying a
novel homozygous splice-site mutation (c.1237-1G>A)
in GAN, which was validated by Sanger sequencing
(Fig. 1d). Reverse transcription polymerase chain reac-
tion (RT-PCR) identified skipping of GAN exon 8§,
leading to a frame-shift (p.Ile413ValfsX22) (Fig. le).
Interestingly, only the mother had the mutation as het-
erozygote. Using WES data, homozygosity mapping
and copy number analysis found loss of heterozygos-
ity at 16g23.1-qter (chr16:78790765-89944842) (includ-
ing GAN) and two copies of this interval, respectively,
suggesting UPiD (Figs. 1f and Sle). Two copies of
GAN were confirmed by quantitative real-time PCR
(Fig. S1f). WES genotyping suggested maternal isodi-
somy at 16q23.2-qter leading to unmasking of a reces-
sive splice-site mutation in GAN (Fig. 1g). Methods are
detailed in Appendix S1.
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Fig. 1. Clinical and genetic analyses of the patient with GAN1 (a) frizzy hair of the patient. (b, ¢) Brain MRI of the GANI patient at 18 years of
age. Axial T2-weighted images (b) demonstrate diffuse signal abnormalities in cerebral white matter, sparing the corpus callosum and U-fibers. The
posterior limb of the internal capsule and thalamus also shows high signal intensities. Axial FLAIR images (¢) demonstrate high signal intensities
in the cerebellar white matter, pyramidal tract, and medial lemniscus of the brain stem. The cystic lesion in the cerebellar hemisphere, with right-side
predominance (involving the dentate nucleus hilus) was progressively observed from 13 years of age (arrow). (d) Sanger sequencing of the GAN mutation
(c.1237-1G>A). The mutation was located within a canonical acceptor site of exon 8. Note that the father is wild-type, the mother heterozygote,
and the patient homozygote. (e) The ¢.1237-1G>A mutation causes skipping of exon 8 in GAN. A reverse transcription polymerase chain reaction
(RT-PCR) product spanning exons 7-9 was 137-bp shorter in the patient than a normal control. Sanger sequencing of the RT-PCR product from
the patient confirmed exon 8 skipping. (f) Left panel: Homozygosity mapping of whole-exome sequencing (WES) data on chromosome 16 using
HomozygosityMapper. x-axis shows the physical position on chromosome 16 and y-axis shows homozygosity scores. The interval indicated by red bars
(chr16:78790765-89944842) is the homozygous region. Right panel: Enlarged view of copy number analysis of WES data from the homozygous region
using eXome Hidden Markov Model (XHMM). x-axis shows the physical position on chromosome 16. y-axis shows Z scores for the depth of coverage
at each locus. There were no copy number changes in this region among the trio (patient, father, and mother). (g) Genotyping analysis of WES data
surrounding the GAN locus from the patient and her parents revealed maternal isodisomy at 16g23.2-qter in the patient.
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The diagnostic utility of WES has been increas-
ingly reported for patients with suspected genetic dis-
orders (4). As in this case, WES may identify genetic
causes for cases with a broader phenotypic spectrum.
The cystic lesion we identified by MRI has not been
previously reported in GANI1. T2-weighted images of
GAN1 demonstrate variable cerebral/cerebellar white
matter abnormalities with pathological astrocytic gliosis,
variable myelin loss, and scattered Rosenthal fibers (2,
5). Interestingly cystic degeneration can emerge in later
stages of Alexander’s disease (6), with brain MRI find-
ings and Rosenthal fiber deposition resembling those of
GANI1 (2)

Segmental UPiD16 observed here is possibly
explained by non-disjunction during meiosis I, preceded
by recombination at 16q23.2-gter and following loss of
paternal chromosome 16 (trisomy rescue) (Fig. S2), as
previously described (7). Intrauterine growth retardation
or congenital anomalies that may be associated with
UPD16 (7) was not observed.

In conclusion, WES data are useful for copy number,
loss of heterozygosity, and mutational analyses, and
will enable genetic diagnoses of clinically undiagnosed
cases.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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Abstract

L-2-Hydroxyglutaric aciduria (L-2-HGA) is a rare inborn error of metabolism. Mainly, patients with this disorder exhibit neu-
rological symptoms and characteristic neuroradiological findings, such as subcortical white matter abnormalities, which are believed
to be caused by the toxicity of the accumulation of L-2-hydroxyglutaric acid. A genotype-first approach of the whole exome
sequence was used to identify compound heterozygous mutations, ¢.584A>G (p.Y195C) and ¢.772T>C (p.C258R), in L2HGDH,
the gene responsible for this disorder, in an adult patient with intellectual disability and intractable epilepsy. A retrospective assay
confirmed the increased concentrations of 2-hydroxyglutaric acid in the urine. These results suggested that neuroradiological
findings of subcortical white matter abnormalities are characteristic of L-2-HGA and that clinical exome sequencing has sufficient
power to compensate for insufficient clinical evaluations.
© 2015 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: L-2-Hydroxyglutaric aciduria (L-2-HGA); L2HGDH; Subcortical white matter abnormalities; Genotype-first approach; Clinical exome
sequencing

1. Introduction

L-2-Hydroxyglutaric aciduria (L-2-HGA;
MIM#236792) is a rare inborn error of metabolism,
which involves defects in the metabolism of

L-2-hydroxyglutaric acid, which results in increased
levels of the acid in the urine. Since the first case was

* Corresponding author at: Tokyo Women’s Medical University
Institute for Integrated Medical Sciences, 8-1 Kawada-cho, Shinjuku-
ward, Tokyo 162-8666, Japan. Tel.: +81 3 3353 8112x24013; fax: +81 3
5269 7667.

E-mail address: yamamoto.toshiyuki@twmu.ac jp (T. Yamamoto).

hitp://idx.doi.org/10.1016/;.braindev.2015.04.012

described in 1980 [1], some cases have been reported in
Japan [2] and worldwide. The gene responsible for this
disorder, L2ZHGDH, which is located on chromosome
14g22.1, was identified in 2004 [1]. The pathogenesis of
the accumulation of L-2-hydroxyglutaric acid is unclear,
but it is probably toxic to the white matter through mye-
lin vacuolation [3]. Consequently, the neuroradiological
findings in these patients are unique, and the subcortical
white matter abnormalities can be visualized with brain
magnetic resonance imaging (MRI) [4].

Although the diagnosis of an inborn error of metabo-
lism can generally be made by screening of the metabolic

0387-7604/© 2015 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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substrate, such an error is often undiagnosed because of
phenotypic heterogeneity. Recent advancements in
molecular analysis equipment have overcome this
dilemma in clinical diagnosis. Some cases with inborn
error of metabolism have been diagnosed with
genotype-first approach and not by metabolism screen-
ing [5.6]. Here, we present a new patient with

L-2-HGA who exhibited white matter abnormalities
and who was diagnosed by clinical exome sequencing.

2. Patient report

A 33-year-old female patient was born with a birth
weight of 2500 g (mean), a length of 47.5cm (25th-
50th centile), and an occipitofrontal circumference
(OFC) of 32 cm (10th-20th centile). Her parents were
non-consanguineous and healthy. She has four siblings.
She started to show recurrent febrile seizures at
7 months. She began to walk with supports at 10 months
and to talk with meaningful words at 9 months. Her
neurodevelopment was within normal limits until
8 years of age. At that time, she exhibited nonfebrile sei-
zures. Because an electroencephalography showed
right-frontal dominant spike and wave discharges,
anti-epileptic drugs were prescribed. Subsequently, her
psychomotor development gradually delayed. Her gen-
eralized tonic seizures were intractable, and several
attacks were observed per year. Because her intellectual
capacity is at the approximate level of a 5-year-old, she
lives in a group home that is supported by welfare.

At 33 years of age, she suddenly showed status epilep-
ticus that was associated with drowsiness and without
any trigger. She was immediately transferred to the
hospital. Although she recovered consciousness after
treatment, a brain MRI revealed abnormal findings in
the white matter for the first time (Fig. 1).

At present, her height is 164 cm (90th-97th centile),
her weight is 85 kg (>97th centile), and her OFC is
54 ¢cm (10th centile), which indicates that she is obese
with a body mass index of 31.6. A physical examination
showed no abnormalities. A neurological examination
revealed mild ataxia and dystonic posture. After obtain-
ing the molecular diagnosis, combined bD-2- and
L-2-hydroxyglutaric acid levels in urine were measured
using urease-pretreatment of urine, trimethylsilylation,
and gas chromatography-mass spectrometry [7].
Although an increased concentration was detected,
D-2- and L-2-hydroxyglutaric acids cannot be separated
in this method.

3. Molecular analysis
The ethical committee of Tokyo Women’s Medical

University approved this study. After obtaining written
informed consent from the patient’s family, blood

Fig. 1. The results of the brain magnetic resonance imaging that was
performed on the patient at 33 years of age. (A) A T1-weighted sagittal
image shows remarkable folia of the cerebrum (arrow), indicating mild
atrophy. (B and C) T1-weighted axial images. (D-F) T2-weighted axial
images. Diffuse subcortical white matter abnormalities are noted in
axial images. Some of the subcortical regions (arrows) show cystic
changes (B and D). The involvement of the dentate nucleus (arrow) is
characteristic (D). Signal high intensity is shown in the anterior and
posterior limbs of internal capsule (F). Dilatations of the lateral
ventricles and extra-cerebral spaces indicate diffuse brain atrophy.

samples were obtained from the patient and her parents.
DNA was extracted from the blood samples using
QIAamp DNA extraction kit (QIAGEN GmbH,
Hilden, Germany). DNA from the patient and her
parents were analyzed with whole exome sequencing as
previously described {8].

We focused on de novo and recessive mutations.
Although there were no de novo mutations that have
functional relevance to neurological disorders, we iden-
tified the following compound heterozygous mutations
of L2HGDH: c¢.584A>G (p.Y195C) and c.772T>C
(p.C258R). These mutations were transmitted from her
father and mother, respectively. Sanger sequencing con-
firmed these findings (Fig. 2). The ¢.772T>C mutation is
registered in the dbSNP137 SNP database as
rs145390085, and it has a frequency of 0.007% in the
National Heart, Lung, and Blood Institute Exome
Sequencing Project (NHLBI-ESP) 6500 (http://evs.gs.
washington.edu/EVYS/). The ¢.584A>G mutation is not
registered in the dsSNP137 SNP database,
NHLBI-ESP 6500, Human Genetic Variation Browser
database (http://www.genome.med kyoto-u.ac.jp/
SnpDB/), or in any of our 575 in-house Japanese control
exome databases. The ¢.584A>G and ¢.772T>C muta-
tions were predicted to be damaging by SIFT (http://
sift.jevi.org/) scores of 0.00 for both, Polyphen-2
(http://genetics.bwh.harvard.edu/pph2/)  scores  of
0.986 and 1.000, respectively, and MutationTaster
(http://neurocore.charite.de/MutationTaster/) scores of
1.000 for both.
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Fig. 2. The results of the molecular analysis. (A) Sanger sequencing
confirms compound heterozygous mutations that are transmitted from
both parents. (B) The affected amino acids are conserved among
mammals.

4. Discussion

In this study, we identified compound heterozygous
variants of L2ZHGDH in an adult patient with epilepsy
and intellectual disability. The paternally transmitted
c.584A>G mutation was previously reported as a
disease-causing mutation by Sass et al. [9]. In compar-
ison, the maternally transmitted c.772T>C mutation
was registered in the dbSNP database. However, its fre-
quency was extremely low (0.007%), and the prediction
software suggested that the consequence of this variant
would be damaging. Therefore, we concluded that this
variant was pathogenic. Urine screening that was
performed after identification of the L2HGDH
mutations detected an increased concentration of
2-hydroxyglutaric acid in the urine, and a final diagnosis
of L-2-HGA was made in this patient.

Although this patient did not show developmental
delay in early infancy, she started to show epilepsy
and subsequent developmental deterioration at 8 years
of age. This clinical course is typical for patients with
L-2-HGA [10], but it is not specific and is also rather
frequently observed in the histories of patients with
intractable epilepsy. From the characteristic white mat-
ter abnormalities that were revealed by MRI, which the
patient first underwent at 33 years of age after her status
epilepticus, we suspected leukoencephalopathy, and we
performed genetic screening. Although a diagnosis of

L-2-HGA is generally made after findings of highly
increased levels of L-2-hydroxyglutaric acid in the urine,
a urine screening was never performed in this patient
before the exome sequencing results were obtained.
Therefore, a brain MRI examination and urine screen-
ing should have been performed in the early stages of
the disease in this patient. Furthermore, a candidate
diagnosis of 1-2-HGA might have possibly been
obtained' after careful evaluation of the characteristic
MRI findings [4]. Because there is a report of therapeu-
tic approach using riboflavin, early diagnosis of

L-2-HGA would be required [1].
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Abstract

Objective: Vanishing white matter disease (VWM) is a chronic, progressive leukoencephalopathy associated with episodes of
rapid deterioration following minor stress events such as head traumas or infectious disorders. The white matter of the patients with
VWM exhibits characteristic radiological findings.

Method: The genes encoding all five subunits of eukaryotic translation initiation factor 2B (EIF2B) were analyzed in patients,
who were tentatively diagnosed with VWM, by Sanger sequencing.

Results: Seven mutations were identified in the genes encoding the subunits 1, 2, 4, and 5 of EIF2B. Among them, one mutation
(p.V83E) in the subunit 2 (EIF2B2) was recurrently identified in three alleles, indicating the most common mutation in Japanese
patients with VWM. Two patients were homozygous, and the other four patients were compound heterozygous.

Conclusion: All patients showed white matter abnormalities with various degrees. One patient showed manifestations of end-
stage VWM disease. Some patients showed late onset and slow progression associated with brain magnetic resonance imaging dis-
playing T2 high intensity only in the deep white matter. There was clinical heterogeneity among patients with VWM.
© 2015 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Vanishing white matter disease (VWM); Eukaryotic translation initiation factor 2B (EIF2B); Leukoencephalopathy; Mutation
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1. Introduction

Childhood ataxia with central hypomyelination
(CACH) or leukoencephalopathy with vanishing white
matter (VWM; MIM #603896) is a chronic, progressive
leukoencephalopathy associated with episodes of rapid
deterioration following minor stress events such as head
trauma or infectious disorders [1-3]. Patients with
VWM show abnormal radiological findings in the brain;
i.e., the cerebral white matter appears progressively dif-
fuse and symmetrical abnormalities such as rarefaction
and cysts. VWM is an autosomal recessive disease
caused by mutations in any of the genes encoding the
subunits of eukaryotic translation initiation factor 2B
(EIF2B), which is a GTP exchange protein essential
for protein synthesis [4,5]. Until now, many disease-

In this study, we report on the results of our on-going
study to obtain genetic diagnosis for Japanese patients
with VWM.

2. Materials and methods
2.1. Patients and samples

This study was approved by the ethics committee at
the Tokyo Women’s Medical University. After obtaining
written informed consents from patients or their families,
blood samples were obtained from patients. Patients
were recruited under candidate diagnosis of VWM as
defined by previously proposed diagnostic criteria by
van der Knaap et al. [17]. In the early stages of VWM,
white matter involvements may not fulfill the criteria.
Therefore, patients who did not show full manifestations
but were tentatively diagnosed as VWM were also
included in this study. Genomic DNAs were extracted
from blood samples using the QIAamp DNA Mini Kit
(QIAGEN, Hamburg, Germany). Parental samples were
also obtained to confirm inheritance patterns.

2.2. Molecular analysis

All exons of the genes encoding the five subunits of
EIF2B (EIF2B1, EIF2B2, EIF2B3, EIF2B4, and
EIF2B5) were genotyped using standard Sanger sequenc-
ing. Information on the primers used for this study can be
obtained upon request. When heterozygous or homozy-
gous variations were identified in patients, inherited
patterns were analyzed using corresponding parental
samples. PCR products were subcloned into the
pGEM® T-vector (Promega, Madison, WI) to identify
the allelic locations of the mutation as described previ-
ously [18]. Subsequently, nucleotide sequences of inserted
fragments were analyzed in both directions. When a de
novo mutation was suspected, the biological relationship
between the patient and the corresponding parental

samples was confirmed by microsatellite marker analysis
using the Linkage Mapping Set (Life Technologies,
Foster City, CA) as described previously [19].

The identified non-synonymous variants were tested for
mutational effects using damaging predication scores
obtained from the SIFT [20] (http://sift.jcvi.org/),
PolyPhen-2 [21] (http://genetics.bwh.harvard.edu/pph2/),
and Combined Annotation-Dependent Depletion
(CADD) [22] (http://cadd.gs.washington.edu/info) in
accordance with methods reported -elsewhere [23]
Interspecies amino acids conservation was checked using
the UCSC Genome Bioinformatics Site (https://genome.
ucsc.edu/).

3. Results
3.1. Pathogenic mutations

We analyzed a total of 22 patients. Among them, we
identified mutations in the genes encoding the EIF2B
subunits in six patients including four unrelated individ-
uals and two siblings. All identified mutations were
missense mutations (Supplemental Figs. 1 and 2). The
results of the molecular analyses in accordance with
the clinical information of the patients are summarized
in Table 1. Patients 1 and 2 showed homozygous muta-
tions in EIF2BI and EIF2B2, respectively. Patient 2 was
homozygous for p.V83E in EIF2B2, and patient 3 had
compound heterozygous mutations associated with
p.V83E in EIF2B2. The other patients showed com-
pound heterozygous mutations in either of EIF2B2,
EIF2B4 and EIF2BS5. Parental origins of all mutations
other than p.M3051 were confirmed (Table 1).
Predicted scores for the deleterious effects of mutations
provided by SIFT, Polyphen-2, and CADD are included
in Table 1.

Both p.M3051 and p.I385T were identified in exon 7
of EIF2B5 in patient 6. To assess the allelic locations
of these two mutations, PCR products were subcloned
into the plasmid vector. At least 10 clones were isolated
and sequenced. Consequently, all clones showed one of
the mutations, indicating that the two mutations were
located on the independent alleles. Although p.I385T
was identified in the patient’s mother, p.M3051 was
not identified in both parents. We confirmed the biolog-
ical relationship between patient 6 and his parents by
linkage analysis (data not shown).

3.2. Patient reports

Patient 1 is a 61-year-old female, whose parents were
cousins. Initial neurological symptoms with gait distur-
bance were first observed at 29 years of age. At that
time, her intellectual quotient was evaluated to be 66.
Motor incoordination and spasticity were also noted.
Routine laboratory examinations of blood, urine, and
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Table 1
Summaries of the clinical information of the patients and the results of mutation analyses.
Patients Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6
Clinical information
Gender F F M M M M
Present age 6ly 8y 8m 22y 19y SySm
(y/m)
Onset age 29y 3y 8§m 13y 13y 13m
(y/m)
Provoking - Infection Infection (fever) Lack of sleep Head trauma Infection (fever)
event
Seizure + + + + - +
Disturbed + + + - + +
consciousness
Other Bedridden Bulbar Spasticity, Mild ataxia Mauscular weakness Gait disturbance
neurological paralysis developmental delay
findings
Consanguinity + - - - - -
Family history — — - The elder brother of Pt. The younger brother of -
5 Pt 4
Identified mutations
Genes EIF2B1 EIF2B2 EIF2B2 EIF2B4 EIF2B4 EIF2B5
Chromosomal 12q24.31 14g24.3 14q24.3 2p23.3 2p23.3 3g27.1
location
Inheritance Homozygous Homozygous Compound Compound Compound Compound
heterozygous heterozygous heterozygous heterozygous
Exon exon 8 exon 2 exon 2 exon 5 exon 6 exon 11 exon 6 exon 11 exon 7 exon 7
Nucleotide c.715T>G c.254T>A c.254T>A c.682A>G ¢.556T>A ¢.1070G>A  ¢.556T>A c.1070G>A  c.915G>A ¢.1154T>C
alteration
Amino-acid p-F239v p-V8SE p.V85E  p.R228G p.YI86N p.R357Q p.Y186N p.R357Q p-M3051  p.I385T
change
Novel/ Novel Recurrent Recurrent Novel Novel Recurrent  Novel Recurrent  Novel Novel
recurrent
Origin Not Both parents Paternal Maternal Maternal Paternal Maternal Paternal de novo Maternal
confirmed
dbSNP build - - - - - rs113994033 - rs113994033 -
138
Damaging prediction
SIFT score 0.12 0.00 0.00 0.00 0.25 0.15 0.25 0.15 0.13 0.00
SIFT T D D D T T T T T D
prediction
Polyphen2 0.715 0.995 0.995 0.999 0.979 0.637 0.979 0.637 0.196 0.95
HVAR score
Polyphen2 P D D D D P D P B D
HVAR
prediction
CADD score  5.436 5.264 5.264 3.760 4.290 5.227 4.290 5.227 3.735 4.732
(raw)
CADD score  35.0 33.0 33.0 19.1 22.4 33.0 22.4 33.0 19.0 26.4
(PHRED-like)
F, female; M, male; y, years; m, months; Pt., Patient; HVAR, HumVar-trained model autosomal recessive pattern; T, tolerate; D, damaging; B,
benign.
cerebrospinal fluid (CSF) showed normal results. Brain magnetic resonance imaging (MRI) performed

Enzyme activities including arylsulfatase A, B-hexosa-
minidase A, p-mannosidase, and a-fucosidase were
within the normal limits. The motor nerve conduction
velocity of the left peroneal nerve was 32 m/s, which
indicated a delay. Cranial computed tomography
showed diffusely distributed low-absorption in the white
matter (no more detailed information). Her neurological
deterioration progressed, and she is now bedridden.

at 60 years of age showed diffuse high intensity in the
T2-weighted images (Fig. 1).

Patient 2 is an 8-year-old girl. Language developmen-
tal delay was noted at 3 years of age. At 7 years, she was
admitted to the hospital due to drowsiness after an
infectious disease of mycoplasma pneumonia. Due to
frequent seizures and respiratory failure, intubation
was performed. Brain MRI showed diffuse T2 high
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