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ABSTRACT

BACKGROUND AND PURPOSE: Despite the development of neuroimaging, identification of focal cortical dysplasia remains challenging.
The purpose of this study was to show the longitudinal changes of MR imaging and FDG-PET in patients with West syndrome and subtle
focal cortical dysplasia.

MATERIALS AND METHODS: Among 52 consecutive patients with West syndrome, 4 were diagnosed with subtle focal cortical dysplasia
on 3T MR imaging. MR imaging and PET findings were evaluated longitudinally at onset and at 12 and 24 months of age.

RESULTS: At the onset of West syndrome, MR imaging demonstrated focal signal abnormalities of the subcortical white matter in 2
patients. In the other 2 patients, focal subcortical high-intensity signals became visible on follow-up T2WI as myelination progressed. PET
at onset showed focal cortical hypometabolism in 3 patients, with 1 of these patients also having focal hypermetabolism and 1 having
normal findings. On PET at 24 months, hypometabolism persisted in 2 patients and disappeared in 1, and hypermetabolism disappeared in
1. In 1 patient with normal MR imaging and PET findings at onset, focal hyperintensity and hypometabolism first appeared at 24 months of
age. The findings on MR imaging and PET in these patients evolved differently with brain maturation and the clinical course.

CONCLUSIONS: Subtle focal cortical dysplasia can be undetectable on MR imaging at the onset of West syndrome and is not always
accompanied by hypometabolism or hypermetabolism on PET. Longitudinal MR imaging and PET studies may be useful for detecting such
lesions. Even in West syndrome with a congenital structural abnormality, PET findings evolve differently with brain maturation and the

clinical condition.

ABBREVIATIONS: EEG = electroencephalography; FCD = focal cortical dysplasia; WS = West syndrome

est syndrome (WS) is an age-dependent epileptic enceph-
Walopathy characterized by a triad of epileptic spasms, hyp-
sarrhythmia on electroencephalography (EEG), and neurodevel-
opmental regression. WS is attributed to various etiologies, but
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the cause is undetermined in 20% of patients." The presumed
etiology in such cases includes genetic abnormalities and focal
cortical dysplasia (FCD).

Despite recent developments in neuroimaging techniques,
identification of FCD remains challenging. Subtle FCD can be
missed on MR imaging at the onset of WS.> It has also been re-
ported that MR imaging findings of subtle FCD can disappear
with white matter maturation.” FDG-PET may suggest FCD even
if initial MR imaging findings are normal.* However, the findings
of PET at onset evolve along with the patient’s epilepsy.” On
MR imaging evaluation of infants, the status of myelination
affects the findings, and MR imaging findings of FCD cannot
be detected or differ from those in older patients.” Thus, lon-
gitudinal MR imaging and PET studies may be useful to diag-
nose FCD accurately.

We hypothesized that serial evaluation of MR imaging and
PET from the onset to 2 years of age shows the evolution of
subtle FCD findings and leads to the accurate diagnosis and
location of the lesions in patients with WS. To verify this hy-
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pothesis, we reviewed our series of patients with WS in whom
MR imaging and PET were longitudinally performed during
2007 and 2013.

MATERIALS AND METHODS

This study was approved by the Research Ethics Committee at
Nagoya University Graduate School of Medicine. Informed con-
sent was obtained from patients who participated in clinical
investigations.

Patient Selection

Between 2007 and 2013, fifty-two children admitted to Nagoya
University Hospital were newly diagnosed as having WS. In a
systematic review of these 52 patients, 23 were diagnosed as hav-
ing an unknown etiology at the onset of WS, meeting the follow-
ing criteria (previously termed “cryptogenic”): 1) normal birth
and absence of any etiologic factors related to WS; 2) normal
development before onset and absence of neurologic abnormali-
ties at onset; 3) the occurrence of clusters of spasms without any
other types of seizures before the onset of spasms; and 4) normal
laboratory and MR imaging findings at onset. Among the 23 pa-
tients with an unknown etiology at onset, 2 patients were later
diagnosed as having FCD on MR imaging. In the remaining 29
patients with genetic, structural, or metabolic etiologies, 2 pa-
tients had subtle focal abnormalities of FCD on 3T MR imaging at
onset. Two other patients had diffuse or bilateral FCD that was
clearly recognized on MR imaging. These 2 patients were not in-
cluded in this study because the focus was on patients with focal,
subtle lesions that can be missed on conventional MR imaging.
Thus, the present study included 4 patients in whom subtle FCD
was seen at onset or during the follow-up period.

Neuroimaging Protocol

MR Imaging. MR imaging was performed longitudinally at the
diagnosis of WS before adrenocorticotropic hormone therapy
and at 12 and 24 months of age. Additional MR imaging was
performed according to clinical need. MR imaging was performed
using a 3T scanner (Magnetom Trio, a Tim System; Siemens,
Erlangen, Germany) with a 32-channel phased array head coil. All
patients were sedated with oral chloral hydrate (80 mg/kg) before
the examination. When patients did not appear sufficiently se-
dated after chloral hydrate intake, intravenous midazolam or ket-
amine was administered. We acquired the following images: axial
T1IWI (TR/TE, 400/11 or 700/6.8 ms; slice thickness, 5 mm);
T2WI (TR/TE, 5210/72 or 5200/131 ms; slice thickness, 5 mm);
FLAIR images (TR/TE, 9000/139 ms; TI, 2500 ms; slice thickness,
5 mm); sagittal TIWI (TR/TE, 500/6.8 ms; slice thickness, 5 mm);
coronal T2WI (TR/TE, 5210/72 or 5210/131 ms; slice thickness,
5mm); and T1-weighted sagittal MPRAGE (TR/TE, 1570/2.2 ms;
slice thickness, 1 mm) with reconstructed axial and coronal
images.

FDG-PET. FDG-PET was performed as part of the clinical routine
to search for underlying pathologies using a Headtome V scanner
(Shimadzu, Kyoto, Japan). All patients were sedated with a chloral
hydrate suppository (50 mg/kg) before the PET examination.
When patients did not appear sufficiently sedated after chloral
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hydrate, intravenous midazolam or ketamine was administered
45 minutes after the FDG injection. Patients were scanned for 60
minutes after intravenous administration of FDG. EEGs were not
monitored during the PET scans. Instead, pediatric neurologists
observed all patients throughout the scan and confirmed that
there were no seizure manifestations during the examination.
Thirty-four axial images (4-mm-thick) were obtained, and the
images from 45 to 60 minutes after FDG injection were used for
the evaluation.

Assessment of MR Imaging and PET Findings

MR imaging and PET findings were assessed with visual inspec-
tion by 3 pediatric neurologists (J.N., Y.S., and H. Kidokoro) and
2 radiologists (T. Nakane for MR imaging and K.K. for PET). One
of the radiologists was a pediatric neuroradiologist (T. Nakane)
regularly involved in the MR imaging evaluation of patients with
epilepsy. Another radiologist (K.K.) specialized in nuclear medi-
cine and evaluating PET findings of patients with epilepsy. MR
imaging was independently evaluated by 3 pediatric neurologists
(J.N.,Y.S., and H. Kidokoro) and 1 neuroradiologist (T. Nakane).
PET was evaluated independently by 3 pediatric neurologists
(J.N., Y.S., and H. Kidokoro) and 1 radiologist specialized in nu-
clear medicine (K.K.). Four reviewers agreed on the presence or
absence of abnormal findings on MR imaging or PET, and they
decided on the distribution of the abnormalities by discussion.
On MR imaging, whether there were structural abnormalities,
abnormal high or low intensity signals, and delayed myelination
was evaluated. On PET, focal hypometabolism or hypermetabo-
lism was defined as a regional decrease or increase, respectively, in
FDG accumulation in =2 gyri on =2 slices. To assess localization
of PET abnormalities, we performed an MR imaging—PET coreg-
istration technique using SPM12b software (http://www.fil.ion.
ucl.ac.uk/spm/software/spm12) and the image visualization soft-
ware Register (Brain Imaging Center, Montreal Neurological In-
stitute, Montreal, Quebec, Canada).

Clinical Data

Other clinical variables were collected from medical records. EEG
recordings were performed at onset, during adrenocorticotropic
hormone therapy, and at least at 12 and 24 months of age. The
EEG records were assessed by 3 pediatric neurologists (J.N., Y.S.,
and H. Kidokoro). All patients with WS were followed by pediat-
ric neurologists at our outpatient clinics until 5-7 years of age.
The developmental quotient or intelligence quotient was as-
sessed at the last follow-up using the Kinder Infant Develop-
ment Scale, a developmental test standardized in Japan in
1989.'% If the patient was older than 7 years of age, the
Wechsler Intelligence Scale for Children, Fourth Edition, was
administered because the Kinder Infant Development Scale
was appropriate for children younger than 7 years of age. De-
velopmental status was considered as follows: 1) normal, when
patients had a developmental quotient of =80; 2) borderline,
when patients had a developmental quotient between 70 and
79; 3) mild delay, when patients had a developmental quotient
between 50 and 69; and 4) severe delay, when patients had a
developmental quotient of <50.
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FIGURE. MR imaging and PET findings of 4 patients. Longitudinal findings of T2-weighted MR imaging and PET of patient 1 (upper row, A—E),
patient 2 (second row, F-I), patient 3 (third row, ]-N), and patient 4 (lower row, O-S). Patient 1: note a focal hyperintense lesion in the subcortical
white matter of the left frontal lobe on axial MR imaging at onset (arrow, A). PET hypometabolism is seen in the left frontotemporal lobe at 1
months of age (arrows, B), in the right frontotemporal lobe at 24 months of age (arrows, C), and in the left frontal lobe at 36 months of age
(arrow, D). PET at 24 months of age also shows possible hypermetabolism in the left temporal lobe (arrowheads, C). A coregistered coronal
image of PET on MRimaging at 36 months of age shows hypometabolism in the left orbitofrontal area that corresponds to the MR imaging lesion
(arrow, E). Patient 2: a hyperintense area in the subcortical white matter of the left frontal lobe on axial MR imaging at onset (arrow, F). Multifocal
hypometabolism in the frontal and temporal lobes is seen on PET at onset (arrows, G) that disappears at 24 months of age (H). No PET
hypometabolism at 24 months of age (H) is seen. Hypometabolism in the left frontal lobe corresponds to the MR imaging lesion on a coronal MR
imaging—PET coregistration image (arrows, I). Patient 3: normal MR imaging findings at onset (/). Hyperintense subcortical white matter is seen in
theright precentral area on MR imaging at 12 months of age (arrow, K). Left parietotemporal hypometabolism and right frontal hypermetabolism
on PET is seen at onset (arrow, L). Right frontal hypermetabolism disappears at 12 months of age (M). Left temporal hypometabolism is seen on
PET at 24 months of age, whereas MR imaging shows no abnormality (arrow, N). Patient 4: both MR imaging (O) and PET (Q) findings are normal
at onset. A hyperintense area in the right orbitofrontal white matter is seen on axial MR imaging at 24 months of age (arrow, P). Hypometabolism
in the right orbitofrontal lobe corresponds to the MR imaging lesion (arrow, R and S) and is seen in the left temporal lobe on PET (arrows, R).

RESULTS

The profiles of the 4 patients are summarized in On-line Table 1.
The age at onset of spasms ranged from 2 to 18 months. The age at
diagnosis of WS ranged from 4 to 19 months. All patients had
normal development before the onset of spasms and normal neu-
rologic examination findings at onset. All patients received adre-
nocorticotropic hormone therapy. After adrenocorticotropic
hormone therapy, 3 patients were free of seizures. Another one
(patient 1) had a relapse of spasms at 17 months of age, and oral
antiepileptic drugs were administered. The patient became free of
seizures from 2 years of age. The developmental quotient or intel-
ligence quotient at the last follow-up was normal in 3 patients and
mildly delayed in 1 patient.

MR Imaging and PET Findings
MR imaging, PET, and EEG findings are summarized in On-line
Table 2. The initial PET scans at the onset of WS showed focal

cortical hypometabolism in 3 patients, and one of them (patient
3) also had focal hypermetabolism. The longitudinal findings in
each patient are detailed below (Figure and On-line Figs 1-4).

Patient 1. This patient began having epileptic spasms at 7 months
of age. Her initial MR imaging at 11 months of age showed a focal
hyperintense lesion on both TIWI and T2WT in the left frontal
white matter at the level of the foramen of Monro (Fig 1A). She
underwent gadolinium-enhanced MR imaging and methionine
PET to rule out a brain tumor, and both had negative findings.
FDG-PET at onset showed hypometabolism in the left frontotem-
poral area (Fig 1B), which was more widespread than the lesion on
MR imaging. At 24 months of age, PET showed hypometabolism
in the right frontotemporal lobe (arrows) contralateral to the MR
imaging lesion and possible hypermetabolism in the left temporal
lobe (arrowheads) (Fig 1C). At 36 months of age, the area of
hypometabolism was localized to the left frontal lobe overlying
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the MR imaging lesion (Fig 1D, -E). The EEG at 24 months of age
showed repetitive focal spikes, polyspikes, and slow waves in the
left frontal area, concordant with the MR imaging lesion. The
paroxysmal epileptic discharges were less frequent at 36 months
of age. At the last follow-up at 5 years of age, the patient was
free of seizures with antiepileptic drugs (levetiracetam and
topiramate). She had mild a developmental delay. Her devel-
opmental quotient by the Kinder Infant Development Scale at
5 years of age was 57.

Patient 2. The patient had late-onset spasms at 18 months of age,
with otherwise no previous medical history of neurological ab-
normalities. T2ZWT at onset showed slight hyperintensity in the left
frontal white matter (Fig 1F). PET at onset showed multifocal
hypometabolism in the left frontal, left temporal, and right frontal
areas (Fig 1G, -I). At 24 months of age, PET showed no abnor-
mality, even at the site of the MR imaging lesion (Fig 1H). EEG
at 24 months of age showed sporadic spikes, polyspikes, and
sharp waves in the left frontal area, concordant with the MR
imaging lesion. At the last follow-up at 5 years of age, the
patient was free of seizures without antiepileptic drugs, except
for febrile seizures. Her psychomotor development was nor-
mal. Her developmental quotient by the Kinder Infant Devel-
opment Scale at 5 years of age was 95.

Patient 3. The patient had onset of spasms at 2 months of age. MR
imaging findings at onset were normal (Fig 1]), but MR imaging
at 12 months of age showed a hyperintense area in the right frontal
subcortical white matter (Fig 1K). The hyperintense lesion was
more clearly recognized at 24 months of age with progress of
myelination in the surrounding white matter. PET at 4 months of
age showed left parietotemporal hypometabolism and right fron-
tal hypermetabolism (Fig 1L). At 12 and 24 months of age, hyper-
metabolism in the right frontal lobe disappeared (Fig 1M), while
PET showed left temporal hypometabolism and MR imaging
showed no abnormality (Fig 1N). The EEG at 24 months of age
showed sporadic polyspikes in the left temporal lobe that were
concordant with PET hypometabolism. At the last follow-up at 7
years of age, the patient was free of seizures without antiepileptic
drugs. His intelligence quotient by the Wechsler Intelligence Scale
for Children, Fourth Edition, was 84. His intelligence level was
within normal limits, but he had an attention deficit/hyperactivity
disorder.

Patient 4. The patient began having spasms at 3 months of age.
She had no abnormalities on both MR imaging and PET at 4 and
12 months of age (Fig 10, -Q). The right orbitofrontal MR imag-
ing lesion and hypometabolism became evident at 24 months of
age (Fig 1P, -R, -S). PET at 24 months of age showed hypometab-
olism in the left temporal lobe at a different site from the MR
imaging lesion (Fig 1R). EEG at 24 months of age showed sharp
waves in the right frontal and left temporal areas that were con-
cordant with 2 areas of PET hypometabolism. At the last fol-
low-up at 5 years of age, the patient was free of seizures without
antiepileptic drugs. She had normal psychomotor development.
Her developmental quotient by the Kinder Infant Development
Scale was 91 at 5 years of age.
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DISCUSSION

Recent developments in neuroimaging technology have made it
possible to understand the causes of WS, such as FCD. However,
it is still difficult to accurately diagnose microscopic lesions.

In the present study, longitudinal MR imaging and PET find-
ings of patients with WS and subtle MR imaging lesions of FCD
are presented. In 2 cases (patients 3 and 4), no MR imaging ab-
normality was visible in the early infantile period, but an MR
imaging abnormality became visible later with progress of myeli-
nation in the surrounding white matter. PET showed additional
regional hypometabolism remote from the MR imaging lesions.
In patient 3, PET at the onset of WS also showed hypermetabo-
lism in the MR imaging lesion that was visible later at 12 months
of age.

Two of the 4 patients had negative MR imaging findings in the
early infantile period, and they were regarded as having WS of
unknown etiology at onset. Abnormal white matter hyperinten-
sity became visible on the T2-weighted follow-up MR imaging.
Signal change of the white matter on MR imaging occurs during
the first 2 years of life as a result of myelination. Myelination is
recognized as a high signal on TIWTI and a low signal on T2WI. In
general, myelination progresses from caudal to cephalad and
from dorsal to ventral.'' Therefore, the subcortical white matter
matured last (other than the in calcarine and Rolandic areas),
proceeding from the occipital region anteriorly to the anterior
frontal and temporal lobes. Changes of myelination on T2WT ap-
pear at 14—18 months of age in the midfrontal subcortical white
matter and at 24-30 months of age in the anterior frontal subcor-
tical white matter."" In the present study, the lesion in the precen-
tral area (patient 3) became visible at 12 months of age, and the
lesion in the orbitofrontal area (patient 4) became visible at 24
months of age. The age at detection of the lesion on MR imaging
matched the period of myelination. Before the maturational
change of subcortical white matter, it is difficult to detect the
characteristic findings of FCD, such as blurring of the gray-white
matter junction and signal changes in subcortical white mat-
ter.'®"? Thus, all patients with WS of unknown etiology at diag-
nosis should be re-evaluated by MR imaging at 18—24 months of
age.

Concerning FDG-PET findings, it has been reported that mat-
urational change occurs in regional cerebral glucose metabolism,
especially during the infantile period.'*'® During this period, the
cerebral glucose uptake pattern progresses from the subcortical
gray matter to the cortex and from posterior-to-anterior cortical
areas.'®'® In early infancy, PET shows lower uptake in the frontal
and temporal lobes than in the parietal and occipital lobes, and
frontotemporal pathologic hypometabolism can be missed in this
period. In the present study, the frontal hypometabolism at onset
in patient 4 was unclear, possibly due to the nature of the glucose
metabolism pattern in the infantile period.

FDG-PET is useful for detecting FCD in WS. A previous study
showed that PET was more sensitive than MR imaging for patients
with a mild degree of cortical dysplasia, though MR imaging was
performed using a 1.5T scanner.'® More recent reports with 1.5T
or 3T MR imaging scanners have also shown the usefulness of PET
in patients with MR imaging negative for FCD, especially with
PET/MR imaging coregistration.'” Chugani et al'® showed that



PET hypometabolism was consistent with EEG localization of ep-
ileptogenic foci in patients with MR imaging negative for WS.
Asano et al'” also reported that the ictal electrocorticographic
findings associated with spasm originated within a PET hypo-
metabolic region. In the present study, PET showed hypometab-
olism or hypermetabolism that corresponded to the MR imaging
lesions, but also hypometabolism in areas remote from the MR
imaging lesions. In 2 patients (patients 3 and 4), the remote hy-
pometabolic areas were accompanied by focal independent epi-
leptiform discharges on the interictal EEG. The remote hypo-
metabolic areas with focal epileptiform discharges may indicate
latent dysplastic lesions or secondary epileptogenic foci.

Even in the region of structural abnormalities such as FCD,
PET findings evolve with time from hypometabolism to normal,
hypermetabolism to normal, or normal to hypometabolism dur-
ing the first years of life. Previous studies have demonstrated that
FDG-PET showed hypometabolism in the region of FCD, usually
corresponding to, but somewhat more extensive than, the MR
imaging lesion.”® In contrast, cases with FCD lesions showing
hypermetabolism have also been reported.”’ While subclinical
seizures during the scan possibly cause hypermetabolism on PET,
it has been reported that hypermetabolism can be seen in regions
with frequent epileptiform discharges, even in the interictal state,
especially with FCD.?*> While several studies have shown that PET
has an advantage for detecting subtle FCD, Sankar et al” reported
that PET was not as sensitive as follow-up MR imaging in patients
with WS. The present observation of normal PET findings at the
site of FCD at some points is consistent with the results of Sankar
et al. Conversely, this serial PET study showed hypometabolism
or hypermetabolism at the site of FCD on PET scans at least at 1
point in all patients. Evaluation of serial PET with follow-up MR
imaging has a complementary effect in detecting subtle lesions.

Generally, patients with WS with FCD have poor seizure con-
trol by antiepileptic drugs and are candidates for resective sur-
gery.”>** However, all patients in the present study had favorable
seizure outcomes without surgery, atleast until preschool age, and
the developmental outcome was also favorable in 3 patients. This
difference may be explained by the different characteristics of the
MR imaging and PET findings of FCD in the present cases. Typ-
ical MR imaging findings of FCD are a focal area of cortical thick-
ness and blurring of the gray-white matter junction, with or with-
out signal change in subcortical white matter on T2WI and
FLAIR.*® All patients in the present study, however, showed only
a hyperintense signal on T2WT in the subcortical white matter,
without cortical thickness or blurring of the gray-white matter
junction. Additionally, PET hypometabolism was not persistently
observed at the MR imaging lesion of FCD. The different neuro-
imaging characteristics and, probably, prompt initiation of adre-
nocorticotropic hormone with a short treatment lag after onset
might be associated with the favorable outcomes in the present
study.

The present study has some limitations. First, the diagnosis of
FCD was not confirmed pathologically because the patients
showed favorable seizure outcomes. The differential diagnosis of
the MR imaging lesion may include benign tumor and polymi-
crogyria. However, none of the patients showed less cortical
thickening and intravenous contrast enhancement than observed

in brain tumors>® or an abnormal gyral pattern, increased cortical
thickness, or irregularity of the cortical-white matter junction as
seen in polymicrogyria.””>*® It has been reported that FCD has a
variety of features on MR imaging studies and does not always
show the characteristic signs, such as cortical thickening, blurring
of the gray-to-white matter surface, and signal changes in the
underlying white matter.”” From these observations, the MR im-
aging findings in the present study suggest FCD even without
confirmation by histopathology. Second, a strong limitation of
the present study is that the sample size was very small. Studies
with alarge number of patients are needed to draw conclusions on
the usefulness of MR imaging and PET. Third, MR imaging and
PET were assessed by visual inspection without using quantitative
or statistical techniques (such as volumetric MR imaging analysis
or quantification of glucose metabolism). Using these techniques
may increase sensitivity and objectivity.

CONCLUSIONS

A case series of patients with WS with FCD who showed subtle or
unrecognized MR imaging abnormalities at diagnosis was pre-
sented. The findings on MR imaging and PET in these patients
evolved differently with brain maturation and the clinical course
of WS. Their seizure outcomes were consistently favorable com-
pared with previous reports. Serial MR imaging and PET studies
may be useful to accurately diagnose the etiology and make the
appropriate prediction of seizure outcomes in WS.
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