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Biphasic Clinical Course and Early White Matter
Abnormalities may be Indicators of Neurological
Sequelae after Status Epilepticus in Children

Abstract Key words

Status epilepticus - children - diffusion-weighted images - ADC
Clinical course and serial neuroimaging findings are not fully maps - white matter - biphasic clinical course
described in children who have had neurological sequelae fol-
lowing status epilepticus. We found four patients who had neu-
rological sequelae out of 42 children with status epilepticus in
2004. MRl studies were reviewed with specific attention to diffu- Abbreviations
sion-weighted images (DW1) and the apparent diffusion coeffi-

cient (ADC). Proinflammatory cytokines, including tumor ne- ADC apparent diffusion coefficient
crosis factor-o and interleukin-6, were measured in the cerebro- CSF cerebrospinal fluid

spinal fluid (CSF) (3 patients). The clinical course showed biphas- DWI diffusion-weighted image

ic; initial status epilepticus and neurological exacerbation along EEG electroencephalogram

with seizure recurrence four to five days after onset. Within FLAIR fluid-attenuated inversion recovery
three days after initial status epilepticus, CT (all patients) and  IL-6 interleukin-6

MRI (2 patients) did not show any abnormalities. From four to IV intravenous

ten days after onset, MRI demonstrated diffuse hyperintensity ~ SE spin-echo

in the cerebral white matter on DWI and hypointensity on ADC TE echo time

maps in all patients. Diffuse brain atrophy progressed thereafter. T,WI T;-weighted image

Tumor necrosis factor-o or interleukin-6 was elevated in all pa- T,WI T,-weighted image

tients. A biphasic clinical course may be a specific feature for TNF-o tumor necrosis factor-alpha
neurological sequelae. The preferential white matter involve- TR repetition time

ment on MRI and elevated CSF cytokines indicate that glial dys-
function may play an important role in the pathophysiology of
status epilepticus-associated cerebral damage.
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Introduction

Status epilepticus is a common emergency in infants and chil-
dren and poses a risk for status epilepticus-associated neurolog-
ical sequelae. Neurological sequelae following status epilepticus
have reached 10-20% in recent pediatric series [17,25].
Although there have been many imaging studies dealing with
cerebral abnormalities during or following status epilepticus,
these were mostly evaluated by conventional CT or MR}, includ-
ing T;-weighted images (T;W1), T,-weighted images (T,WI), and
fluid-attenuated inversion recovery (FLAIR) images. Cerebral ab-
normalities associated with status epilepticus usually show hy-
pointensity on CT, hyperintensity on T,WI and FLAIR image, indi-
cating cerebral edema. A recent advantage of neuroimaging re-
vealed that diffusion-weighted images (DWI) and the apparent
diffusion coefficient (ADC) are more sensitive in identifying
ischemic cerebral lesions than conventional MRL. DWI and ADC
reflect changes in water diffusion and appear useful in distin-
guishing between cytotoxic edema and vasogenic edema. In the
acute stage of ischemic cerebral lesion, hyperintensity on DWI
and hypointensity on the ADC map means cytotoxic edema,
which is usually followed by cerebral atrophy. Instead, isointen-
sity on DWI despite hyperintensity on T,WI and FLAIR image
means vasogenic edema, which is usually reversible. Therefore,
DWI and ADC are superior in identifying cerebral abnormalities
and evaluating the pathophysiology of cerebral abnormalities
than the conventional neuroimaging. DWI and ADC have been
applied in patients with status epilepticus [1,3,4,6,7,9,10,12 -
15,27]. Researchers have successfully demonstrated cerebral ab-
normalities similar to ischemia: hyperintensity on DWI and hy-
pointensity on ADC maps were also shown in the epileptogenic
area. MRI abnormalities were predominantly located in the gray
matter and were mostly transient and reversible [6,12,14,15,27].
Therefore, the gray matter is considered to be more vulnerable to
status epilepticus. We report four patients who suffered status
epilepticus and developed neurological sequelae, and showed
prominent white matter abnormalities on DWI and ADC maps
several days after status epilepticus.

Patients and Methods

Study population and design

Tottori University Hospital, Tottori Prefectural Central Hospital,
Tottori Prefectural Kousei Hospital, and Matsue Red Cross Hospi-
tal serve the whole area of Tottori Prefecture and the eastern part
of Shimane Prefecture. All emergency cases of infants and chil-
dren in this area are referred to these four hospitals. We re-
viewed the medical records of infants and children aged 1 month
to 16 years who were referred to any of these hospitals due to
status epilepticus from January to December in 2004. Status epi-
lepticus was defined as any seizure lasting more than 30 minutes
or recurrent seizures lasting a total of more than 30 minutes
without complete recovery of consciousness. We excluded pa-
tients who had status epilepticus due to an acute symptomatic
cause such as meningitis, encephalitis, head trauma, cerebrovas-
cular disease, and systemic and metabolic disease. We also ex-
cluded patients with specific encephalopathy such as Reye’s syn-
drome, acute necrotizing encephalopathy, and hemorrhagic
shock and encephalopathy. The reason is that pathophysiological

changes other than status epilepticus strongly affect cerebral in-
jury in these diseases. To identify the possible causes of status
epilepticus, a routine laboratory examination including a com-
plete blood count, blood chemistry, serum glucose, urinalysis,
cerebrospinal fluid (CSF), cranial CT or MR, and EEG was per-
formed for each patient. Further metabolic analysis including
plasma and urine amino acids, urine organic acids, and blood
and CSF lactic acids was performed in patients who showed any
neurological sequelae after status epilepticus.

Data acquisition

CT and MRI were reviewed by neuroradiologists {SF, TO). MRI
was performed on a 3-T system (Signa Horizon; GE Medical Sys-
tems, Milwaukee, WI, USA) or 1.5-T systems (EXCELART, Toshiba,
Tokyo, Japan and Signa, GE Medical Systems, Milwaukee, Wi,
USA). T;WIs were obtained by the spin-echo (SE) technique with
a repetition time (TR) of 450 - 460 msec and an echo time (TE) of
11-12 msec (450-465/11-12) on the 1.5-T systems. On the 3-T,
T, WIs were obtained by 3D RF-spoiled gradient echo (SPGR) with
9/2/18 (TR/TE/flip angle). T,WIs were obtained by using a fast SE
technique with 4000-4200/83.5~101 (TR/TE). FLAIR images
were obtained with 8002 -10002/110-120/1800 - 2500 (TR/TE/
inversion time). Single-shot DWI was performed in the axial pro-
Jection with 5999 - 7000/84 - 110 (TR/TE), low-strength gradient
(b: 0 sec/mm?), and high-strength diffusion gradient (b: 1000 sec
/mm?). The low b value images served as a baseline for compari-
son with the high b value images. These images were obtained by
varying diffusion gradient strength along each of three orthogo-
nal directions. Diffusion trace maps were computed from the iso-
tropic diffusion image. ADC maps were calculated on the basis of
these b0 and b1000 images.

Cytokine assay

Interleukin-6 (IL-6} and tumor necrosis factor~alpha (TNF-o)
were measured in CSF using the human chemiluminescent im-
munoassay kits by R&D systems (Minneapolis, MN, USA). CSF
samples were collected from three patients (Patients 1, 2, and 4)
after the elimination of initial status epilepticus. A CSF sample
was also taken on the fourth day of onset in Patient 1. The normal
range of CSF TNF-a was less than 6.2 pg/mL and that of IL-6 was
less than 9.7 pg/mL [11].

Resiults

Fifty status epilepticus episodes in 42 children met the inclusion
criteria for the present study. Diagnosis was febrile convulsion
for 23 episodes in 23 children, and epileptic seizure for 27 epi-
sodes in 19 children. We found four patients who suffered status
epilepticus followed by neurological sequelae out of 23 patients
with febrile convulsion.

Case reports

Patient 1

A 19-month-old boy was born by Cesarean section due to Chiari
malformation. Myelomeningocele and hydrocephalus were rec-
ognized and surgical repair was performed early after birth. He
required placement of a ventriculoperitoneal shunt at two
months of age. His mental and motor development were mildly
delayed at 18 months. He had no previous seizures. The patient
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was referred to the hospital due to pyrexia for three days and
then presented with generalized clonic convulsions. His seizure
continued for 25 minutes despite rectal and intravenous {1V} ad-
ministration of diazepam and IV midazolam. It was ameliorated
with IV thiopental but recurred soon. Clinical seizure was then
stopped with repeated use of thiopental, while ictal EEG dis-
charges continued in the right occipital region. EEG seizure activ-
ity was eventually stopped with rectal administration of pheno-
barbital. The observed seizure duration including clinical and
EEG seizures was 180 minutes.

On admission he was unresponsive with a body temperature of
39.7°C. Physical examination was unremarkable except for respi-
ratory distress. He showed no meningeal signs. Routine labora-
tory tests revealed a leukocyte count of 12900/uL and serum
CRP levels of 4.0 mg/dL. Other routine laboratory findings were
unremarkable. CSF examination was normal. Viral and bacterial
cultures were negative in CSE. Metabolic analysis was unremark-
able. CT findings were unchanged compared to the previous
studies. Sleep EEG showed continuous slow waves in the occipi-
tal region. Rectal administration of phenobarbital was main-
tained to prevent recurrence of seizure. When he became afe-
brile on the third day of seizure onset, he was still in a semicoma,
but sometimes opened his eyes and followed his parent’s move-
ments with his eyes. He showed severe hypotonia. A few series of
apnea were found. Routine laboratory tests, CSF examination and
EEG were repeated and were all unremarkable.

Brief but frequent partial seizures recurred on the fifth day of on-
set. The seizure was not controllable only with IV thiopental but
stopped with continuous IV infusion of midazolam. After the
seizure recurrence, he went into a coma and developed choreo-
athetoid movements bilaterally. Ayear later, the patient was able
to control his head, but was not able to sit without support or
speak.

Patient 2

A 13-month-old boy was referred to the hospital due to status
epilepticus. He had no previous seizures or neurological illness.
His birth was uneventful and his development was normal. His
father had febrile convulsions in childhood. He had febrile illness
and generalized tonic-clonic convulsions occurred on the same
day. When he reached the hospital, his seizure continued for
120 minutes despite a rectal administration of diazepam. 1V di-
azepam and midazolam failed to stop the seizure but it was
eventually controlled with IV thiamylal. The clinically observed
seizure duration was 150 minutes. On admission, he was unre-
sponsive with a body temperature of 40.6°C. Physical examina-
tion was unremarkable except for respiratory distress. He
showed no meningeal signs. Routine laboratory findings were
all unremarkable. CSF examination was also normal. Viral and
bacterial cultures were negative in CSF. Metabolic analysis was
unremarkable. Cranial CT and MRI were unremarkable. Sleep
EEG was also unremarkable on the second day. A continuous IV
of midazolam and rectal administration of phenobarbital were
maintained to prevent recurrence of seizure. On the second day
of onset, he was in a semicoma, but sometimes opened his eyes
and followed his parent’s movements with his eyes. Status epi-
lepticus recurred on the fourth day of onset. The seizure was not
controllable only with IV diazepam and midazolam but stopped
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with continuous IV infusion of thiamylal. After the second status
epilepticus, he went into a deep coma. Sleep EEG showed gener-
alized slow waves. When he became afebrile on the sixth day of
onset, a small skin rash appeared. Human herpes virus-6 DNA
was isolated from the blood by PCR, but not from the CSF. There-
fore he was diagnosed with exanthema subitum. The patient
then developed choreoathetoid movements bilaterally. A year
later, he was able to sit without assistance and follow an object
with his eyes, but was not able to walk or reach an object with
his hands. He had subtle but daily seizures.

Patient 3

An 18-month-old girl was referred to the hospital due to status
epilepticus. She had no previous seizures or neurological illness.
Her birth was uneventful and her development was normal. Her
uncle had febrile convuisions in childhood. She had febrile ill-
ness and right hemi-convulsion on the same day. When she
reached the hospital, her seizure continued for 60 minutes de-
spite rectal administration of diazepam. Her seizure was amelio-
rated with 1V diazepam but recurred soon, and was eventually
controlled with 1V midazolam. The clinically observed seizure
duration was 90 minutes. On admission she was unresponsive
with a body temperature of 39.3°C. Physical examination was
unremarkable except for respiratory distress. She had motor
palsy in the right upper and lower extremities. She showed no
meningeal signs. Routine laboratory findings were all unremark-
able. CSF examination was also normal. Viral and bacterial cul-
tures were negative in CSF. Metabolic analysis was unremark-
able. Cranial CT was unremarkable. IV midazolam and rectal ad-
ministration of phenobarbital were maintained to prevent recur-
rence of seizure. On the second day of onset, she was in a semi-
coma, but sometimes she opened her eyes and followed her par-
ent’s movements with her eyes. She showed hemiparesis and
hemianopsia on the right side. On the fourth day of onset, she
went into a deep coma and MRI abnormalities were evident. Re-
petitive clonic convulsions of the right side of the body recurred
on the fifth day of onset. The seizure was not controllable with IV
midazolam and phenytoin but was stopped with continuous IV
infusion of thiamylal. She then developed transient tremorous
movements bilaterally. A year later, she was severely mentally
retarded with right hemiparesis and right hemianopsia, and in-
tractable epilepsy. She was able to sit without assistance and fol-
low an object with her eyes, but was not able to walk or reach an
object with her hands.

Patient 4

A 12 month-old boy was referred to the hospital due to status ep-
ilepticus. He had no previous seizures or neurological illness. His
birth was uneventful and his development was normal. He had
febrile illness and generalized tonic-clonic convulsion occurred
on the next day. When he reached the hospital, his seizure con-
tinued for 120 minutes despite 1V administration of diazepam.
The seizure was eventually controlled with the additional usage
of diazepam and phenobarbital. The seizure duration ultimately
reached 150 minutes. On admission he was unresponsive with a
body temperature of 39°C. He showed no meningeal signs. Rou-
tine laboratory findings were all unremarkable. CSF leukocyte
count was 16/mm? (33% polynuclear leukocytes and 67 % mono-
nuclear leukocytes) and normalized on the next day. Viral and
bacterial cultures were sterile in CSF. Metabolic analysis was un-
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Table 1 Summary of CT and MRI findings

Hyperacute Acute (days 4-10) Subacute (days 11-30) Chronic (day 31 onwards)
{days 1-3)
Clinical state semicoma deep coma, seizure recurrence improving improving, mental
retardation
Global CT/MRI unremarkable (4/4) mild brain swelling (4/4) diffuse brain atrophy (4/4) progressive atrophy (3/3)
findings
@) unremarkable (4/4) loss of gray-white junction (3/3), loss of gray-white junction (2/3),
diffuse low density (2/3) diffuse low density (2/3)
T,WI/FLAIR unremarkable (2/2) linear hyperintensity in the gray-white  — resolved(3/3); diffuse cortical
junction (3/4) diffuse cortical hyperintensity (2/3)  hyperintensity (1/2)
Diffuse cortical hyperintensity (2/4) localized hyperintensity (3/3) localized cortical
(gray matter 1, white matter 2) hyperintensity(1/2)
Restricted none (2/2) white matter (4/4, diffuse 2, — resolved (3/3), none (2/2)
diffusion on DWI subcortical 2) gray matter (localized, 1/3)
and ADC maps

remarkable. CT showed no abnormal findings. EEG demonstrated
generalized slow waves. Rectal administration of phenobarbital
was maintained to prevent recurrence of seizure. On the second
day of onset, he was in a semicoma, but sometimes opened his
eyes and followed his parent’s movements with his eyes. The pa-
tient went into a coma on the fourth day of onset and the seizure
recurred on the fifth day of onset. The generalized or focal clonic
seizures repeated despite initiation of phenytoin and carbamaze-
pine and eventually stopped on the next day. Six months later,
when he was 18 months old, he was able to sit alone, but was
not able to walk or speak. His developmental quotient was 46.

Imaging findings

CTand MRI were analyzed at different stages following status ep-
ilepticus. The hyperacute stage was within three days after the
onset of status epilepticus. All patients gradually improved fol-
lowing status epilepticus but were still in a semicoma in this
stage. CT was performed just after cessation of status epilepticus
in all patients. MRI was performed in two patients. The acute
stage was from the fourth to the tenth day of onset. All patients
went into a deep coma and had a recurrence of seizures in this
stage. MRI was performed on all patients. The subacute stage
was from the 11th to the 30th day of onset. All patients started
to improve after exacerbation in this stage. The chronic stage
was after the 30h day of onset. All patients were still improving
but neurological sequelae were evident in this stage. The chang-
es of ADC values were examined in Patient 1. Table 1 shows a
summary of the neuroimaging findings.

Patient 1

Hyperacute stage (Fig.1A): Neither brain swelling nor abnormal
signal suggesting status epilepticus was found on CT (day 1) and
MRI (day 3).

Acute stage (Fig. 1B): CT (day 5) showed loss of gray-white junc-
tion diffusely in the cerebrum. MRI (day 7) showed gyral swel-
ling and subtle linear hyperintensity in the gray-white junction
on T,WI and FLAIR image. DWI revealed symmetrical hyperin-
tensities in the cerebral white matter, whereas such abnormal-

ities were not conspicuous on T,WI and FLAIR images. ADC maps
showed restricted diffusion in the cerebral white matter.

Subacute stage (Fig.1C): Enlargement of the lateral ventricle and
widening of the cortical sulci suggesting diffuse brain atrophy
were present. Diffuse white matter hyperintensities disappeared
on DWI (day 22). Hyperintensities in the bilateral occipital white
matter became conspicuous on FLAIR images. Their adjacent
gray matter appeared mildly hyperintense on DWI. The ADC
maps showed restricted diffusion in the corresponding occipital
gray matter.

Chronic stage: On the 2-month follow-up CT, progressive brain
atrophy was clear as compared with images of the subacute
stage.

Changes of ADC values {x 10-* mm?/s). The ADC values of the
frontal gray matter at the hyperacute, acute, and subacute stages
were 1.13, 1.05, and 1.23, respectively. Those of the frontal white
matter were 0.80, 0.31, and 0.81, respectively. The ADC values of
the occipital gray matter were 1.06, 0.83, and 0.74, respectively.
Therefore, the decrease of the ADC values was 61% in the frontal
white matter at the acute stage and 30% in the occipital gray
matter at the subacute stage.

Patient 2

Hyperacute stage (Fig. 2A): CT (days 1 and 3) showed no abnor-
mal findings. Neither brain swelling nor abnormal signal inten-
sity was found in any MR image (day 2).

Acute stage (Fig. 2B): T,WI and FLAIR image (day 6) showed blur-
ring of the gray-white junction in the cerebral hemisphere, espe-
cially in the frontal lobe. Extensive gyral hyperintensity and
subtle linear hyperintensity in the gray-white junction were also
observed. DWI clearly revealed symmetrical hyperintensities in
the periventricular and subcortical white matter. The ADC maps
showed restricted diffusion in these areas. Gyral swelling was
not found.
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FLAIR

Fig.1 Fluid-attenuated inversion recovery (FLAIR) images, diffusion-
weighted images (DWI), and apparent diffusion coefficient (ADC)
maps of Patient 1 at the hyperacute (A), acute (B), and subacute
stages (C) following status epilepticus. Significant dilatation of lateral
ventricles due to Chiari malformation can be seen on all MRIs. (A) Nei-
ther brain swelling nor abnormal signal intensity is found in the hyper-
acute stage. (B) Cerebral white matter shows symmetrical hyperinten-

Subacute stage (Fig. 2C): MRI (day 15) showed mild diffuse brain
atrophy. Diffuse white matter hyperintensities disappeared on
DWI. DWI also showed mild hyperintensity in the left temporo-
occipital region. However, restricted diffusion was not apparent
in this area on the ADC maps.

Chronic stage (Fig. 2D): T,W! and FLAIR images showed progres-
sion of marked brain atrophy and localized periventricular hy-
perintensity on the 1-month follow-up MRI. FLAIR image and
DWI showed mild hyperintensity of the cerebral cortices.

Patient 3
Hyperacute stage: CT (day 1) showed no abnormal findings.

Acute stage (Fig. 3A): MR images (day 4) showed diffuse swelling
of the left cerebral hemisphere. Subtle linear hyperintensity was

also seen in the gray-white junction on T,WI and FLAIR images.

Okamoto R et al. Biphasic Clinical Course... Neuropediatrics 2006; 37: 32-41

DW I

ADC map

sities on DWI and hypointensities on ADC maps in the acute stage. (C)
White matter hyperintensities disappeared on DWi and diffuse brain
atrophy progressed in the subacute stage. Bilateral occipital gray mat-
ter shows mild hyperintensities on DW! and hypointensities on ADC
map (arrow). A shunt valve artifact is seen in the left frontoparietal re-
gion (arrowhead).

While mild hyperintensities in the periventricular and subcorti-
cal white matter were recognized on T,WI and FLAIR images,
these abnormalities were more conspicuous on DWI The ADC
maps showed restricted diffusion in these areas.

Subacute stage (Fig. 3B): MR images (day 26) showed moderate
diffuse brain atrophy and residual hyperintensities in the sub-
cortical and periventricular white matter of the left temporal, pa-
rietal, and occipital lobes on the T,WI and the DWI. The ADC
maps also showed hyperintensities in the corresponding areas.
Hyperintensity on DWI in these areas was due to T, shine-
through.

Chronic stage: MR and CT images were not available.
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Patient 4
Hyperacute stage: CT (days 1 and 3) showed no abnormal find-
ings.

Acute stage (Fig.4A): CT (days 5 and 6) demonstrated loss of
gray-white junction in the cerebrum. DWI (day 6) revealed sym-
metrical hyperintensities in the centrum semiovale, whereas no
definite abnormalities were detected on T,W! and FLAIR images.
The ADC map showed restricted diffusion in the centrum semi-
ovale.

Fig.2 Fluid-attenuated in-
version recovery (FLAIR) im-
ages, diffusion-weighted im-
ages (DW1), and apparent
diffusion coefficient (ADC)
maps of Patient 2 at the hy-
peracute (A), acute (B), sub-
acute (C), and chronic stages
(D) following status epilepti-
cus. (A) Neither brain swel-
ling nor abnormal signal in-
tensity is found in the hyper-
acute stage. (B) Cerebral
white matter shows sym-
metrical hyperintensities on
DWI and hypointensities on
ADC map in the acute stage.
(C) White matter hyper-
intensities disappeared on
DWI in the subacute stage.
The left temporo-occipital
region shows mild hyper-
intensity on FLAIR image and
DWI (arrowhead). The ADC
map shows no abnormal
signals in the corresponding
areas. (D) Diffuse brain atro-
phy progressed in the
chronic stage.

ADC map

Subacute stage: Enlargement of the lateral ventricle and widen-
ing of the cortical sulci, suggesting diffuse brain atrophy was
present on CT (day 15).

Chronic stage (Fig. 4B): The 2-month follow-up MRI showed dis-
appearance of white matter abnormalities and progression of
brain atrophy with diffuse widening of cortical sulci.

CSF cytokines (Table 2)

IL-6 or TNF-0. was elevated in each patient. [L-6 was elevated in
all patients and TNF-o was elevated in Patients 1 and 2.
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Fig.3 Fluid-attenuated inversion recovery (FLAIR) images, diffusion-
weighted images (DWI), and apparent diffusion coefficient (ADC)
maps of Patient 3 at the acute (A) and subacute stages (B) following
status epilepticus. (A) Cerebral white matter of the left hemisphere
shows hyperintensities on DWI and hypointensities on ADC map in

Other children who had no neurological sequelae

after status epilepticus

Seizure duration ranged from 30 to 180 minutes {(mean: 52.0,
standard deviation: 21.8). In patients with febrile convulsion,
seizure duration ranged from 30 to 60 minutes (mean: 424,
standard deviation: 13.1): seizure duration was significantly lon-
ger in the four patients with neurological sequelae than in pa-
tients without neurological sequelae (p =0.002, Wilcoxon test).
None of the children showed neurological exacerbation or sei-
zure recurrence several days after initial status epilepticus.

Discussion

The most striking neuroimaging findings observed early after
status epilepticus in the present patients were hyperintensity
on DWI and hypointensity on ADC maps in the white matter. In
most previously reported cases, DWI hyperintensity and ADC hy-
pointensity were located dominantly in the restricted gray mat-
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ADC map

the acute stage. (B) MR images show moderate diffuse brain atrophy
and residual hyperintensities in the white matter of the left temporal,
parietal, and occipital lobes on the FLAIR image and DWI (arrowhead).
The ADC map also shows hyperintensities in the corresponding areas
(arrowhead).

ter during or early after status epilepticus [4,6,12,14,1527].
White matter abnormalities on DWI were reported in a few cases
[1,7,9,13,14]. Because we experienced four patients who had
neurological sequelae out of 42 children with status epilepticus
in our hospitals and they all showed pronounced white matter
abnormalities on MRI, preferential white matter abnormalities
after seizures may not be rare. DWI and ADC maps clearly dem-
onstrated white matter abnormalities while other conventional
imaging techniques including FLAIR images failed to detect these
findings. As evaluation by DWI and ADC maps has not been rou-
tinely performed until a few years ago in Japan, white matter ab-
normalities could have previously been missed. Moreover, the
DWI and ADC abnormalities were only recognized in the re-
stricted periods following status epilepticus (from four to ten
days after onset). Hence, white matter abnormalities would be
common findings soon after status epilepticus, when cerebral
damage permanently occurs.
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Fig.4 Fluid-attenuated inversion recovery (FLAIR) images, diffusion-
weighted images (DWI), and apparent diffusion coefficient (ADC)
maps of Patient 4 at the acute (A) and chronic stages (B) following sta-
tus epilepticus. (A) DWI shows symmetrical hyperintensities in the sub-

The preferential white matter involvement on MRI similar to the
present patients has been reported in anoxic-ischemic encephal-
opathy [2]. Chalela et al. reported seven cases with prominent
white matter abnormalities seen on DWI within 7 days after an-
oxic-ischemic events. High DWI and low ADC were symmetri-
cally and diffusely found in the white matter. In the rat model,
oligodendrocyte and astrocyte injury preceded neural injury fol-
lowing ischemia [22]. Medelcu et al. reported biphasic edema
after hypoxic-ischemic injury in neonatal rats [21]. The early
edema reflected neuronal death and the second edema was asso-
ciated with glial damage. Severe hypoxemia which directly in-
duced cerebral injury was not present in our patients, indicating
that white matter injury can also occur early after status epilep-
ticus. In the pathological study of the human brain of influenza
encephalopathy, clinically characterized by prolonged seizure
and consciousness disturbance followed by significant brain
edema. Nakai et al. found that microglial activation was observed
in the gray and white matter and astroglial activation was seen in
the white matter [20]. The elevated CSF cytokine levels found in
the present patients indicate an activation of glial function. In the
rat brain, glial activation and swelling were shown early after
status epilepticus [5,23,24]. Glial fibrillary acidic protein levels
were elevated in the CSF from patients with status epilepticus
[8]. Therefore, prolonged seizure activity can induce glial activa-

DW I

ADC map

cortical white matter and centrum semiovale in the acute stage. The
ADC map shows hypointensities in the corresponding region. (B)
White matter hyperintensities disappeared on DW! and diffuse brain
atrophy progressed in the chronic stage.

tion similar to global hypoxia. Glial hyperfunction or hypofunc-
tion may lead to the induction of proinflammatory cytokines or
nitric oxide, release of excitatory amino acids, or blood-brain bar-
rier breakdown, resulting in both glial and neural injury.

Another possibility for the white matter diffusion abnormality is
acute axonal injury due to diffuse cortical damage [18,26]. Wata-
nabe et al. studied axonal function in patients with brain death
using anisotropic DWI [26]. They reported that diffusion aniso-
tropy started to decrease 1 to 12 hours and reached isotropy 24
to 44 hours after the onset of brain death. Therefore, restricted
diffusion in the white matter may reflect delayed axonal dys-
function secondary to diffuse cortical injury.

One might expect that the white matter abnormalities seen in
the acute stage were caused by second seizures four to five days
after onset. But this is unlikely, because CT and MRI abnormal-
ities preceded seizure recurrence in Patients 3 and 4. White mat-
ter abnormalities could primarily be a consequence of the first
status epilepticus. Such delayed imaging findings following sta-
tus epilepticus were reported in a few cases without seizure re-
currence [9,19]. Nevertheless, seizure recurrence might affect
further cerebral injury.
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Table 2 Clinical characteristics, CSF findings, and prognosis

Age Prior Initial seizure Second seizure CSF {days of collection) Prognosis
(months) neurological duration (min)
[sex disorder
Days of Duration Celle{Pro- L-6¢ TNF-o¢
onset (h) tein®/Sugar<
Patient  19/M Chiari ll 180 (lasting) 5 26 0/3.1/86 2.3(1), 68.4 (1), severe MR
1 malformation (repetitive) (1), 1/1.4/ 10.8 (4) 56.6 (4)
hydrocephalus, 79 (4)
mild develop-
mental delay
Patient  13/M none 150 (lasting) 4 1 0/23/134 12.5(1) 1041.8 (1) severe MR
2 (lasting) (1)
Patient  18fF none 90 (lasting) 5 50 0/20/130 NE NE severe MR,
3 (repetitive) ) right
hemiparesis
Patient  12|M none 150 (lasting) 5 24 16/15.4/ 70.9 (1) ND (1) moderate
4 (repetitive) 190 (1) MR

#fmm?; ®mg/dL: “mg/dL; pg/mL; F = female; M = male; MR = mental retardation; ND = not detectable: NE = not examined: h = hour; min = minutes

In the subacute and chronic stages, the DW1 hyperintensity seen
in the white matter at the acute stage resolved, and ADC hypoin-
tensity became isointense and then hyperintense. At the same
time, T, and FLAIR hyperintensity became apparent in both
white and gray matter, and diffuse brain atrophy progressed.
These signal changes possibly reflect cell damage and gliosis. At
the subacute stage in Patient 1, DWI hyperintensity and ADC
hypointensity were seen in the occipital cortex, while they were
isointense in the hyperacute and acute stages. This highly de-
layed cytotoxic edema is peculiar and may be secondary to white
matter injury.

The clinical course early after status epilepticus has not been well
described previously. Other than the present patients, a detailed
clinical course was described in a few patients with hemiconvul-
sion-hemiplegia syndrome [9,13,19]. Their clinical course and
imaging findings were quite similar: initial seizures were pro-
longed and neurological findings were exacerbated along with
seizure recurrence several days later. MRI abnormalities were
evident at the time of neurological exacerbation. The present pa-
tients also showed a biphasic clinical course. Other children in
the present study who had no neurological sequelae after status
epilepticus showed no biphasic clinical course. Therefore, a bi-
phasic clinical course may be a specific feature and could be a
hallmark for neurological sequelae.

The prognosis of status epilepticus varies widely in each patient.
We cannot explain why cerebral damage occurs in some but not
all patients after status epilepticus. In the present study, patients
who had neurological sequelae were all febrile and their initial
seizures were significantly prolonged. Pyrexia and seizure dura-
tion would be important factors for status epilepticus-associated
cerebral injury [16].

To identify the pathophysiology of status epilepticus-associated
cerebral injury and protect against cerebral damage, a prospec-
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tive and systemic study that includes serial imaging and an anal-
ysis of CSF cytokines and other cytotoxic substances is essential.
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