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ABSTRACT

BACKGROUND AND PURPOSE: West syndrome is a developmental and epileptic encephalopathy characterized by epileptic spasms,
neurodevelopmental regression, and a specific EEG pattern called hypsarrhythmia. Our aim was to investigate the brain activities related
to hypsarrhythmia at onset and focal epileptiform discharges in the remote period in children with West syndrome using simultaneous
electroencephalography and fMRI recordings.

MATERIALS AND METHODS: Fourteen children with West syndrome underwent simultaneous electroencephalography and fMRI at
the onset of West syndrome. Statistically significant blood oxygen level–dependent responses related to hypsarrhythmia were ana-
lyzed using an event-related design of 4 hemodynamic response functions with peaks at 3, 5, 7, and 9 seconds after the onset of
each event. Six of 14 children had focal epileptiform discharges after treatment and underwent simultaneous electroencephalogra-
phy and fMRI from 12 to 25months of age.

RESULTS: At onset, positive blood oxygen level–dependent responses were seen in the brainstem (14/14 patients), thalami (13/14),
basal ganglia (13/14), and hippocampi (13/14), in addition to multiple cerebral cortices. Group analysis using hemodynamic response
functions with peaks at 3, 5, and 7 seconds showed positive blood oxygen level–dependent responses in the brainstem, thalamus,
and hippocampus, while positive blood oxygen level–dependent responses in multiple cerebral cortices were seen using hemody-
namic response functions with peaks at 5 and 7 seconds. In the remote period, 3 of 6 children had focal epileptiform discharge–
related positive blood oxygen level–dependent responses in the thalamus, hippocampus, and brainstem.

CONCLUSIONS: Positive blood oxygen level–dependent responses with hypsarrhythmia appeared in the brainstem, thalamus, and
hippocampus on earlier hemodynamic response functions than the cerebral cortices, suggesting the propagation of epileptogenic
activities from the deep brain structures to the neocortices. Activation of the hippocampus, thalamus, and brainstem was still seen
in half of the patients with focal epileptiform discharges after adrenocorticotropic hormone therapy.

ABBREVIATIONS: ACTH ¼ adrenocorticotropic hormone; BOLD ¼ blood oxygen level–dependent; ED ¼ epileptiform discharge; EEG-fMRI ¼ simultaneous
recordings of electroencephalography and fMRI; HRF ¼ hemodynamic response function; MNI ¼ Montreal Neurological Institute; WS ¼ West syndrome

West syndrome (WS) is a developmental and epileptic ence-
phalopathy of infancy characterized by epileptic spasms,

neurodevelopmental regression, and a specific electroencephalog-
raphy (EEG) pattern called hypsarrhythmia.1 Hypsarrhythmia
consists of high-voltage slow waves and multifocal spikes without
interhemispheric and intrahemispheric synchrony.2,3 In the

concept of developmental and epileptic encephalopathy, the abun-
dant epileptiform activity interferes with psychomotor develop-
ment, resulting in cognitive slowing and regression.4 In that sense,
it is important to know which brain structures and networks are
involved in the form of hypsarrhythmia to understand the mecha-
nism ofWS leading to cognitive slowing and regression.

Previous neuroimaging studies have implied the involvement
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pathophysiology of WS. FDG-PET shows hypermetabolism of
the lenticular nuclei and brainstem.5,6 DTI has shown restricted
diffusion in the brainstem at the onset of WS.7 However, because
of the low temporal resolution of PET and DTI, it is difficult to
assess the relationship of hypermetabolism and restricted diffu-
sion with hypsarrhythmia directly.

Simultaneous recording of EEG and fMRI (EEG-fMRI) is a
technique for evaluating hemodynamic changes by blood oxygen-
ation level–dependent (BOLD) signals related to EEG activities. A
previous EEG-fMRI study of hypsarrhythmia in children with WS
showed a positive correlation between the D power of the occipital
slow wave and a positive BOLD response in the brainstem and
putamen.8 EEG-fMRI is a promising tool to identify the brain
structures involved in hypsarrhythmia and to clarify the role of
these structures in developmental and epileptic encephalopathies.

In the present study, EEG-fMRI was performed in patients
withWS to evaluate the brain structures related to hypsarrhythmia.
An event-related design of 4 hemodynamic response functions
(HRFs) that peak at 3, 5, 7, and 9 seconds after the onset of clusters
of the epileptiform discharge was used to assess the temporospatial
propagation of the epileptiform activities. Additionally, EEG-fMRI
was re-evaluated in the remote period after adrenocorticotropic
hormone (ACTH) therapy in patients who had remaining epilepti-
form discharges (EDs), and the results were compared with seizure
outcomes.

MATERIALS AND METHODS
Ethics Approval
The present study was approved by the research ethics commit-
tee of Nagoya University Graduate School of Medicine. Written,
informed consent was obtained from the children’s caregivers
before participation.

Patients and Clinical Data
Children with new-onset WS who were referred to Nagoya
University Hospital between January 2016 and December 2021 were
recruited. The diagnosis of WS was made from epileptic spasms in
clusters confirmed by video-EEG recording and interictal EEG find-
ings of hypsarrhythmia. The search for the etiology included labora-
tory tests and MR imaging, and the etiology of WS was regarded as
unknown in children without abnormal findings on these examina-
tions. Children were treated according to the following protocol:
First, oral antiepileptic drugs were administered for at least 1 week,
or ACTH was started. When spasms were not controlled by the oral
antiepileptic drug, ACTH therapy was initiated immediately.
Intramuscular injection of ACTH was administered for 2–4 weeks,
followed by alternate-day administration for 1 week. The effective-
ness was evaluated on the basis of the frequency of spasms and inter-
ictal EEG findings.

EEG-fMRI Acquisition
Patients underwent EEG-fMRI before the initiation of ACTH
therapy. In patients who had remaining focal EDs after ACTH
therapy, another EEG-fMRI scan was performed.

MR images were obtained using a Magnetom Verio (Siemens)
3T scanner with a 32-channel head coil using the same protocol as
in previous studies.9 fMRIs were recorded in a single, continuous

session for 15minutes using a T2-weighted gradient-echo echo-
planar imaging sequence with the following imaging parameters:
TR, 2.5 seconds; TE, 30ms; FOV, 192mm; matrix dimension,
64� 64; 39 transverse slices with a 0.5-mm interslice interval and
3-mm thickness; flip angle, 80°; and a total of 360 volumes. EEGs
and electrocardiograms were recorded simultaneously during
fMRI scans using an MR imaging–compatible system (GES 400
MR, Electrical Geodesics, EGI; https://www.egi.com/). A 32-chan-
nel EEG cap was worn by the child throughout the scan and was
connected to a combined digitizer-amplifier system. Data from
the amplifier sampled at 1 kHz were continuously retrieved.
Children were sedated in a drug-induced sleep condition with tri-
clofos sodium, 80mg/kg of body weight.

Image Preprocessing
Anatomic T1-weighted images and fMRIs were preprocessed using
SPM12 software (http://www.fil.ion.ucl.ac.uk/spm/software/spm12)
running on Matlab (MathWorks). For fMRI, the first 5 images were
discarded to remove signal inhomogeneity. The remaining 355
images were corrected for temporal differences in section acquisi-
tions, resampled relative to the middle image (20th of the 39 trans-
verse slices), and corrected for head motion. The fMRI images were
normalized to the Montreal Neurological Institute (MNI) space and
smoothed with an 8-mm full width at half maximum Gaussian
kernel.

EEG Preprocessing
Raw EEG data were preprocessed using EGI’s Net Station software
(https://www.egi.com/clinical-division/net-station). Gradient arti-
facts were removed using the template subtraction method, and
ballistocardiogram artifacts were also removed using principal
component analysis.10,11 The cleaned EEG was band-pass filtered
within the frequency range from 0.1 to 100Hz. Two epileptolo-
gists (Y.M. and Y.I.) independently marked the onset and end of
intermittent hypsarrhythmia bursts during sleep for EEGs at WS
onset and the onset of EDs for EEGs in the remote period. Each
hypsarrhythmia burst was regarded as an event with duration,
similar to that in a previous approach used in ictal EEG-fMRI
analysis in childhood absence epilepsy or Lennox-Gastaut syn-
drome.12,13 The events for which 2 epileptologists obtained con-
sensus were used for the subsequent analysis.

Individual-Level fMRI Analysis
fMRI data were analyzed using SPM12 software. Identified hypsar-
rhythmia bursts or ED onsets were used to generate a series of bursts
or spikes, which were then convolved with HRFs and used in the
statistical analyses of preprocessed fMRI data using an FSL General
Linear Model approach (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/GLM).
Four different HRFs that peaked at 3, 5, 7, and 9 seconds (P3, P5,
P7, and P9) after the onset of each event were used for the analyses,
as described previously.13 One-tailed t tests were applied to test hyp-
sarrhythmia bursts or ED-related BOLD signal changes. A signifi-
cant BOLD response was defined as at least 5 contiguous voxels
above a t value of 3.1, which is equivalent to a P value , .01.14 All
significant clusters obtained from 4 HRFs using this significance
level were also regarded as significant for total individual-level analy-
sis, and the results were superimposed on T1-weighted images of
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each child. To combine the images of multiple HRFs, we followed
the method that Gotman Lab described (https://www.mcgill.ca/
gotman-lab/research/combined-eeg-fmri-recordings/creating-
combined-hrf-tmap). A new image file was created using the
t-maps for the individual models as the template. Each voxel was in-
dependently examined, and the value of the t-map with the highest
absolute value was written into that voxel. Anatomic segmentation
was according to Automated Anatomical Labeling (https://www.gin.
cnrs.fr/en/tools/aal/).15

Group-Level fMRI Analysis
Group-level analysis was performed for individual results at the
onset of WS. Analysis was first performed for each HRF (P3, P5,
P7, and P9) using the SPM12 software. Age at scanning was used
as a covariate. The significance level was set at P, .01 for multi-
ple comparisons using family-wise error cluster-level correction
with a cluster-forming threshold of P= .001. All significant clus-
ters obtained from 4 HRFs using this significance level were also
regarded as significant for the total group-level analysis, similar
to findings in a previous EEG-fMRI study that used a time-shift
model of a single HRF.16 The results were superimposed on the
common T1-weighted image in MNI space.

RESULTS
Patient Demographics
Fourteen children with new-onset WS were included in the study
(Online Supplemental Data). The median age at the onset of WS
was 5months (range, 3–10months). Two children (patients 5
and 6) had tuberous sclerosis complex and focal motor seizures
before the onset of spasms. In the remaining 12 children, the eti-
ology of WS was unknown at the onset. Patient 7 had delayed
myelination and WM volume loss on MR imaging, but gene
panel exome sequencing of developmental and epileptic encepha-
lopathies did not show causative abnormalities.

In 5 patients, clonazepam, valproate, levetiracetam, topiramate,
or vigabatrin was administered before ACTH therapy. In other
patients, ACTH therapy was the first medication. After ACTH
therapy, patients 5, 7, and 12 had epileptic spasms and patients 5
and 7 received another course of ACTH therapy. In the other 11
patients, spasms and hypsarrhythmia were resolved by a single
course of ACTH therapy. Four patients (patients 1, 2, 3, and 5)
experienced focal seizures during the follow-up period. Patients 1
and 3 had focal seizures 12 and 42months after completing
ACTH therapy, respectively. Patients 2 and 5 had onset of focal
seizures within a month after completing ACTH therapy. Patient
2 underwent right temporal lobe resection at 23 months of age,
and pathology showed focal cortical dysplasia type IIa.

Of the 8 patients who did not have focal EDs after ACTH
therapy, 3 (patients 7, 12, and 14) had generalized EDs, relapse of
seizures, and mild-to-severe developmental delays. In the other 5
patients who did not have focal or generalized EDs, 4 had normal
psychomotor development and 1 (patient 10) had a mild delay of
language development.

On EEG during the follow-up period, 6 of 14 patients
(patients 1–6) had focal EDs after ACTH therapy. Patient 7 had
frequent diffuse sharp-slow waves on interictal EEG. Patient 12
had multifocal EDs on interictal EEG.

BOLD Responses Related to Hypsarrhythmia at Onset of
WS
The median interval between the onset of WS and the first EEG-
fMRI scan was 10.5 days (range 3–112 days). In the patient who
underwent EEG-fMRI 112days after the onset of WS, the family
did not recognize the spasms as epileptic seizures and the diagno-
sis of WS was delayed to 84days after onset. This patient had a se-
ries of epileptic spasms and typical hypsarrhythmia at diagnosis
and was included in the present study.

The median number of bursts of EDs in a 15-minute scan of
each patient was 55 (range, 11–129). BOLD responses related to
ED bursts of each patient are in seen in Fig 1A. In cerebral neocor-
tices, all children showed multiple positive BOLD responses in the
bilateral frontal, temporal, parietal, and occipital lobes, and the cin-
gulate gyri. Positive BOLD responses in the bilateral insulae were
also observed in all except 1 patient. Negative BOLD responses
were observed in the frontal (12/14 patients), temporal (10/14), pa-
rietal (12/14), and occipital lobes (12/14) of the cerebral cortices,
though the areas were smaller than those of positive BOLD
responses. Regarding subcortical structures and the hippocampus,
positive BOLD responses were observed in the brainstem (14/14
patients), thalami (13/14), and hippocampi (13/14). Positive BOLD
responses in the brainstem were observed in the pons in 13
patients. Positive BOLD responses in the thalami were observed
bilaterally in 12 patients and unilaterally in 1. Positive BOLD
responses in the hippocampi were observed bilaterally in 11
patients and unilaterally in 1. Positive BOLD responses in the basal
ganglia were observed in 8 patients. Negative BOLD responses
were observed in the brainstem in 2 patients, the thalami in 3, and
the hippocampi in 2. Negative BOLD responses in the basal ganglia
were observed in 12 of 14 patients. The BOLD responses with max-
imum t values were positive BOLD responses in all children and
were observed in the cerebral neocortex in 8 patients, in the pons
in 3, the hippocampus in 1, the pulvinar in 1, and the posterior cin-
gulate gyrus in 1.

The result of group-level analysis is shown in Fig 2. No clus-
ters with significant negative BOLD responses were identified.
Group analysis using a P3 HRF showed significant positive
BOLD responses in the dorsal pons, midbrain, bilateral hippo-
campus, bilateral thalami, and bilateral opercula, whereas positive
BOLD responses in the cerebral neocortex were scarce. P5 and P7
HRFs showed significant positive BOLD responses in the cerebral
neocortex, pons, midbrain, bilateral thalami, and left hippocam-
pus. The P9 HRF yielded scattered positive BOLD responses in
the cerebral neocortex and positive BOLD responses in the bilat-
eral thalami and hippocampi.

BOLD Responses Related to Focal EDs after ACTH Therapy
The median age at the second EEG-fMRI scan was 16months
(range, 12–25months) in 6 patients (patients 1–6) with focal EDs
after ACTH therapy. The median number of focal EDs during a
15-minute scan was 27 (range, 13–76). Four of the 6 patients with
focal EDs after ACTH therapy had focal seizures.

BOLD responses related to focal EDs are described in the
Online Supplemental Data and Fig 1B. Patients 1–3 showed pos-
itive BOLD responses in the brainstem, thalami, and hippo-
campi, in addition to the cerebral cortex; maximum t values
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were observed in the hippocampus or thalamus. Patient 4 showed
positive BOLD responses in the brainstem and right hippocampus.
Of patients with tuberous sclerosis complex, patient 5 showed posi-
tive BOLD responses only in the cerebral cortices, and patient 6
showed significant BOLD responses in the thalamus and hippo-
campus, as well as in the cerebral cortices. The areas with positive
BOLD responses in the cerebral cortices decreased in all except 1
patient (patient 2). The areas with positive BOLD responses in the
brainstem, thalami, hippocampi, and basal ganglia decreased in all
patients.

DISCUSSION
In the present study, individual and
group analyses of EEG-fMRI with hyp-
sarrhythmia showed activation of the
brainstem, hippocampus, and thalamus,
as well as the cerebral neocortices. In
the group-level analysis, positive BOLD
responses in the hippocampus, thala-
mus, and brainstem were obtained from
the earlier timing of multiple HRFs than
in the cerebral neocortex. On EEG-
fMRI of focal EDs during the follow-up
period after ACTH therapy, the hippo-
campus, thalamus, and brainstem were
still activated with focal EDs in 3 of 6
children.

Previous neuroimaging studies str-
essed the importance of the brainstem
in the pathophysiology of WS. An
FDG-PET study by Chugani et al5

showed glucose hypermetabolism in
the lenticular nuclei and brainstem in
patients with WS, and they hypothe-
sized that epileptic activity propagates
from the brainstem to the basal ganglia
and cerebral cortex. In a case report of
ictal SPECT, increased perfusion in the
brainstem was observed in a patient
with a defective left hemisphere and
symmetric epileptic spasms.17 Our DTI
study showed increased fractional ani-
sotropy and reduced mean diffusivity in
the dorsal brainstem at the onset of
WS.7 The finding of reduced diffusion
may suggest cytotoxic edema of the dor-
sal brainstem. The dorsal raphe area of
the brainstem has a large number of
serotonergic cell bodies, and it has been
hypothesized that raphe-cortical interac-
tions induce hypsarrythmia.6 The indi-
vidual and group-level results of the
present study support the involvement
of the brainstem in the epileptic brain
activities of WS. Furthermore, the results
of the group analysis in the present
study showing positive BOLD responses
in the brainstem obtained from a P3

HRF and positive BOLD responses in the cerebral cortex from P5
or P7 HRFs support the hypothesis about the propagation pattern
of epileptic activity in children with WS.6 Multiple HRF analyses
provide interesting information about the formation of epileptic
networks in WS, though the multiple HRF analyses were originally
developed to cover the variable hemodynamics with EDs, and the
difference in the HRF does not necessarily mean different timing
of epileptiform activities.

The present study found group-level significant positive BOLD
responses in the thalamus and hippocampus from P3, P5, and P7

FIG 1. EEG-fMRI findings of all patients with WS. A, Combined t-maps of 4 HRFs on EEG-fMRI of
all patients at the onset of WS. The first (leftmost) axial image of each patient shows the axial
slice with the maximum t value. All children showed significant BOLD response in the brainstem,
hippocampus, thalamus, and basal ganglia, as well as multiple cerebral neocortices. B, EEG-fMRI
findings of 6 children who had focal epileptiform discharges in the remote period after ACTH
therapy. Significant BOLD responses in the brainstem, thalamus, and hippocampus are shown by
arrows on sagittal, axial, and coronal sections of each patient. Positive BOLD responses are indi-
cated by yellow arrows, and negative BOLD responses are indicated by blue arrows. The MNI
coordinates of maximum t values are described in the Online Supplemental Data. In both A and
B, all significant BOLD responses from 4 HRFs are shown. Pt. indicates patient; t-max, time-to-
maximum.
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HRFs. The role of the thalamus and hippocampus in WS and hyp-
sarrhythmia is intriguing. It has been hypothesized that the thala-
mus and hippocampus form a limbic network with the role of
distribution and synchronization of hyperexcitability determined
from the results of animal model studies of temporal lobe epi-
lepsy.18 The role of the thalamus and hippocampus in epilepsy has
also been discussed in other types of focal and generalized epi-
lepsy.19,20 On the other hand, the roles of the hippocampus and
thalamus in WS are not fully understood. A previous study of
interictal SPECT showed decreased perfusion of the thalamus and
hippocampus in children with WS.21 The present EEG-fMRI study
suggests that epileptogenic activities during hypsarrhythmia are
associated with abnormal activities in the hippocampus and thala-
mus and lead to dysfunction of the limbic system. This hypothesis
supports the idea that early cessation of the hypsarrhythmia is im-
portant for cognitive outcomes inWS.

The present results also showed that the hippocampus, thala-
mus, and brainstem were still activated with focal EDs in 3 of 6
children during the follow-up period. All 3 patients with activa-
tion in the hippocampus, thalamus, and brainstem with focal EDs
had focal epilepsies and developmental delay. Previous EEG-fMRI
studies indicated the involvement of subcortical GM, especially
the thalamus, in patients with pharmacoresistant focal or multifo-
cal epilepsies.22-24 The present findings indicate that part of the
subcortical epileptic activities at the onset of WS remains in some
children with focal epilepsies, even after the disappearance of
hypsarrhythmia.

A previous EEG-fMRI study of 8 children with WS by
Siniatchkin et al8 showed a positive correlation between occi-
pital D power of the hypsarrhythmia and BOLD responses in

the brainstem, thalamus, and putamen. There are differences in
analysis methods between the study by Siniatchkin et al and the
present one. The method of the former study was capable of
assessing spike components and slow waves of hypsarrhythmia
separately. The present method included all spikes and slow
waves of each hypsarrhythmia burst in each event and has a weak
point in that it does not involve analyzing spike and slow-wave
components separately. Another difference is that Siniatchkin et
al used the canonical HRF, which has high amplitude with its
peak at approximately 5 seconds after an event, and the present
study used 4 HRFs with different temporal peaks and lower
amplitude. The present method could reduce the t values of
BOLD responses due to lower amplitude and could raise the sen-
sitivity of significant BOLD responses by covering the temporal
gap of the hemodynamic response among brain regions.
Although it is uncertain how the methodologic difference affected
the results, the present study confirmed the results of Siniatchkin
et al, showing activation in the brainstem, thalamus, and basal
ganglia, and it additionally found activation in the hippocampus
with hypsarrhythmia.

There were some limitations in the present study. First, the
number of patients was small. Second, the follow-up period was
relatively short, and seizure and long-term developmental out-
comes were not examined. Third, because EEG-fMRI is analyzed
by marking the EDs on EEG, it cannot be performed in patients
without EDs in the follow-up period. Therefore, it was not possi-
ble to evaluate the change of activity in the thalami, hippocampi,
and brainstem in patients without EDs after ACTH therapy.
Despite these limitations, the present results provide important
insight into the pathophysiology of WS.

FIG 2. The results of group-level analysis at the onset of WS. With the P3 HRF, significant positive BOLD responses were observed in the brainstem,
bilateral hippocampi, and bilateral thalami. Positive BOLD responses in the cerebral cortices were observed mainly with P5 and P7 HRFs, and these
HRFs also yielded positive BOLD responses in the pons, midbrain, bilateral thalami, and left hippocampus. No group-level significant negative BOLD
responses were observed.
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CONCLUSIONS
The present EEG-fMRI study showed the presence of subcortical
epileptic networks involving the brainstem, hippocampus, and
thalamus at the onset of WS. Activation of the hippocampus,
thalamus, and brainstem was still seen in half of the patients with
focal EDs after ACTH therapy.
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