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Abstract

Purpose For selected children with medically intractable epilepsy, hemispherectomy can be an excellent treatment option and its
efficacy in achieving seizure freedom or reduction in seizure frequency has been shown in several studies, but patients’ selection
could not be straightforward and often it is taken on subjective basis. We described a multimodal approach to assess patient
eligible for hemispherectomy and possibly predicting post-surgical outcomes.

Methods We describe pre- and post-surgical clinical features along with neuroradiological results by magnetic resonance imag-
ing (MRI), functional magnetic resonance imaging (fMRI), MR-tractography (MRT), and neurophysiological study by single
and paired pulses transcranial magnetic stimulation (TMS) in a child with cerebral palsy with epileptic encephalopathy, eligible
for epilepsy surgery.

Results Presurgical TMS evaluation showed a lateralization of motor function on the left motor cortex for both arms, and results
were confirmed by MRI studies. Interestingly, after surgery, both epilepsy and motor performances improved and TMS showed
enhancement of intracortical inhibition and facilitation activity.

Conclusion Functional hemispherectomy is an effective treatment for drug-resistant epilepsy, and multimodal presurgical assess-
ment may be a useful approach to guide surgeons in selecting patients. Moreover, pre- and post-surgical evaluation of these

patients may enhance our understanding of brain plasticity phenomena.

Keywords fMRI - MR-tractography - Transcranial magnetic stimulation - Cerebral palsy - Medically intractable epilepsy

Introduction

Brain injury during gestation or early childhood that leads to
atypical brain development may have deep and long-lasting
effects on motor development, skill acquisition, and subse-
quent independence of a child. Cerebral palsy (CP) is the
name for a group of permanent disorders of the development
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of movement and posture, causing activity limitation, that are
attributed to non-progressive lesions that occurred in the de-
veloping fetal or infant brain [1]. CP is a well-recognized
neurodevelopmental condition beginning in early childhood;
incidence of CP varies across countries, but current incidence
is estimated 2.0-2.5 per 1000 live births in developed coun-
tries [2] with unilateral motor impairments evident in 30 to
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40% of patients [3]. The motor disorders of CP [4] are often
accompanied by disturbances of sensation, perception, cogni-
tion, communication, and behavior [5], and often, some of
these patients develop medically intractable epilepsies [6].
For selected children with medically intractable epilepsy,
hemispherectomy can be an excellent treatment option [7, §]
and its efficacy in achieving seizure freedom or reduction in
seizure frequency has been shown in several studies [9, 10],
but patients’ selection could not be straightforward and often it
is taken on subjective basis. A major concern about hemi-
spherectomy, in patients with residual motor function, is the
risk of losing or worsening motor function and the prediction
of post-operative functionality may be challenging [11].

Non-invasive neurophysiological tools such as transcranial
magnetic stimulation (TMS) and neuroradiological techniques
such as functional magnetic resonance imaging (fMRI) and
MR-tractography (MRT) allowed in vivo exploration of the
brain functional anatomy, facilitating the comprehension of
neuronal recovery mechanisms [12], and they may have a role
in predicting post-surgical neurological outcomes in the con-
text of medically intractable epilepsy [13].

Interestingly, motor-evoked potential (MEP) changes have
been found to be predictive of motor outcomes during the first
days following a stroke or even in chronic stages [14, 15].
Nonetheless, the detailed relationship between corticospinal
excitability measured by TMS and the potential for motor
recovery remains unclear [13, 16, 17].

We describe clinical features along with neuroradiological
and neurophysiological results in a child with CP and refrac-
tory epilepsy associated with epileptic encephalopathy [18],
eligible for epilepsy surgery. We report pre- and post-surgical
results of a multidisciplinary approach in a CP patient with
refractory epilepsy eligible for hemispherectomy that allowed
the forecasting of post-surgical results.

Case description

Patient was a 6-year-old female. Familial history was neg-
ative for seizures or other neurological diseases. Mother’s
pregnancy was uneventful until 34th gestational week
when prenatal ultrasounds scan showed a cerebral
ventriculomegaly. Delivery was at 37.5 gestational weeks
by cesarean section without perinatal distress. MRI performed
10 days after delivery showed changes compatible with pre-
vious Papile grade III germinative matrix hemorrhage in the
right hemisphere, characterized by ventriculomegaly and late-
stage periventricular leukomalacic tissue loss involving the
posterior internal capsule, centrum semiovale, and thalamus
(Fig. 1).

During the first months of life, neurological examination
revealed an asymmetry in spontaneous motility with best per-
formances in the right side. Electroencephalography (EEG)
study revealed a progressive increase of the paroxysmal
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activity with continuous spike-waves during slow sleep
(CSWS), involving up to 85% of slow sleep (Fig. 2a, b).
Despite antiepileptic multi-drug therapy, seizures and CSWS
persisted and a progressive deterioration of cognitive func-
tions and behavior was observed (Table 1). At the age of
6 years, neurological examination showed a mild left
hemiparesis, left-hand mirror movements, with functional
use of both hands, left hypoesthesia, homonymous
hemianopia, and behavioral disorders such as disinhibition,
emotional dependence, irritability, and attention deficit with
dramatic effects on school and daily activities. Because of
untreatable refractory epilepsy associated with epileptic en-
cephalopathy, epilepsy surgery was taken into consideration.

A presurgical multimodal assessment was performed by an
extensive neurological, neuroradiological, and neurophysio-
logical assessment in order to demonstrate a possible ipsilat-
eral motor function control of the left limbs that could prevent
a motor deterioration after functional hemispherectomy.

Neurophysiological study

Neurophysiological study was performed 6 months before and
6 months after surgery using standard TMS protocols by sin-
gle and paired pulses as previously described [13, 14], and the
scalp was mapped systematically to explore the cortical rep-
resentation of both FDI muscles, using a standard protocol
[19, 20].

Stimulation points eliciting contra- or ipsilateral motor
evoked potentials were searched in both hemispheres. To in-
vestigate the presence of contralateral and ipsilateral re-
sponses, we stimulated the optimal scalp position in the af-
fected and unaffected hemisphere using a figure-of-eight coil
at stimulus intensity of 100% of maximum stimulator output
(MSO) during tonic activation at about 20% of maximum
voluntary contraction (MVC) and at rest. We evaluated con-
tralateral resting motor threshold (cCRMT), contralateral active
motor threshold (cAMT), ipsilateral short-latency intracortical
inhibition (iSICI), contralateral short-latency intracortical in-
hibition (cSICI), ipsilateral intracortical facilitation (iICF), and
contralateral intracortical facilitation (cICF). Also, ipsilateral
cortical silent periods (iCSPs) and contralateral cortical silent
periods (cCSPs) were recorded. Intracortical inhibition and
facilitation was studied using the protocol of Kujirai et al.
[21]. Facilitatory interstimulus intervals of 10, 15, and 25 ms
were studied [22]. Amplitude of the conditioned MEPs was
expressed as percentage of the amplitude of the test MEPs. To
evaluate CSP, five stimuli at an intensity of 150% RMT were
delivered.

Neuroradiological study

A presurgical multimodal structural, functional, and micro-
structural evaluation of the sensori-motor cortical areas and
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Fig. 1 MRI examination obtained
10 days after delivery, showed
findings compatible with previous
Papile grade III germinal matrix
hemorrhage and periventricular
leukomalacia. Axial (A;) and
coronal (A,) T2-weighted turbo-
spin-eco images show dilated
lateral ventricles and malacic
changes of the right
periventricular (arrowheads),
posterior limb of internal capsule
(PLIC), and thalamus (arrow).
Post-hemorrhage hemosiderin
deposition is demonstrated by
T2*-weighted sequence (B) at the
level of the thalamo-caudate
groove (thin arrow), PLIC, and
ventricle walls (arrowheads). Tiny
methemoglobin deposits were
also present at the level of the
PLIC on T1-weighted (C) image
(thin arrow)

pathways was performed by using MRI. Data were acquired
on a 1.5-T scanner (Philips Medical Systems, Best,
The Netherlands) equipped with 8-channel head coil, during
deep sedation using Propofol. Structural images consisted of a
magnetization-prepared-rapid-acquisition-gradient-echo
(MPRAGE) T1-weighted sequence (matrix 256 x 256, FOV
256 mm, slice thickness 1 mm, in-plane voxel size 1 mm X
1 mm, flip angle 12°, TR =9.7 ms and TE =4 m:s).

The microstructural cortico-spinal tracts assessment
was performed using diffusion tensor imaging (DTI)
echo-planar spin-echo sequences with the following pa-
rameters: (TR/TE =13,200/63 ms, slice thickness =2 mm
with no gap; 32 diffusion-sensitive non-colinear gradient
directions). Data was preprocessed by using FDT, part of
FSL software library (version 4.1-http://www.fmrib.ox.ac.
uk/fsl) [23], by correcting for movement and eddy
current. Then, by using DTK and TrackVis version 0.5.2
(http://trackvis.org), parametric FA maps of the brain
fractional anisotropy were calculated, and the average
FA values within regions of interest (ROIs) placed at the
level of the posterior limb of the internal capsule (PLIC)
were calculated in order to obtain an estimate of the
cortico-spinal tracts microstructural integrity. Finally,

deterministic tractography of the cortico-spinal tracts
was performed for each side, by placing seeds on the
FA direction-encoded color map at the level of the cere-
bral peduncle and the posterior limb of the internal cap-
sule. A FA value of 0.18 with a maximum tensor recon-
struction angle of 45 degrees threshold were used for ten-
sor trajectory reconstruction. Localization of the cortical
regions for sensorimotor functions was achieved by ac-
quiring blood-oxygen-level-dependent (BOLD) fMRI ex-
aminations performed during (1) passive hands motor
movements (fingers flexion) and (2) hands tactile brush
stimulation [24]. The echo-planar BOLD T2* images pa-
rameters were TR =2000 ms, TE =60 ms, matrix size
64 x 64, FOV 256 mm, in-plane voxel size 4 mm X
4 mm, flip angle 90°, slice thickness 4 mm, and no gap.
Four task (30s each) and five rest periods (20s each)
block-paradigms were used for each passive motor and
tactile examination, separately for the left and right hand.
fMRI data analysis was performed with Brain Voyager
QX version 1.10.4 (Brain Innovation, Maastricht,
The Netherlands). After movement and slice timing cor-
rection, images were co-registered with the corresponding
anatomical scans and smoothed using an isotropic
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Fig. 2 Electroencephalograms before and after functional hemispherectomy. a, b Before surgery (at the age of 5 years and 6 months). a Awake; b sleep.
¢, d Six months after surgery. ¢ Awake; d sleep

Table 1 Cognitive evaluation before and after functional hemispherectomy

Age AED DQ/TIQ VIQ PIQ

15 months None 97.4 100 100

19 months None 100 100 97

33 months VPA 93 121 79

3 years and 10 months ~ VPA + CLB 101 126 73

(before CSWS)
4 years and 10 months ~ VPA + CLB + ETM 60 85 <50
5 years and 6 months VPA + CNZ + ETM + sulthiame (after ~ NP due to No deficit speech function but verbal NP due to
other AED associations) behavioral memory impairment behavioral
problems problems

6 months after FH VPA + ETS 69 76 67

AED, anti-epileptic drug; DQ, development quotient; 770, total intelligence quotient; VIQ, verbal intelligence quotient; PIQ, performance intelligence
quotient; CSWS, continuous spike-waves during slow sleep; FH, functional hemispherectomy; VPA, valproic acid; CLB, clobazam, ETS, ethosuximide;
LVT, levetiracetam; CNZ, clonazepam; LTG, lamotrigine; FBM, felbamate; ZNG, zonisamide; NP, not performed
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Gaussian kernel (4-mm FWHM). The general linear mod-
el (GLM) was used to detect clusters with significant cor-
relation between the BOLD signal and functional para-
digms course, for each volume cluster.

Surgery

The young girl underwent a right peri-insular hemispherectomy
at the age of 6 years. The operation was carried out under general
anesthesia with the patient lying in supine position and left tilting
of the head. The position of the ventricular cavities was assessed
by intraoperative ultrasounds. A further confirmation of the po-
sition of the anatomical landmarks during the main surgical steps
was obtained by intraoperative neuro-navigation (although the
neural structures showed a grossly normal anatomy and were
well recognizable). Accordingly, a small cortical incision was
performed in the suprasylvian region (frontal lobe) to enter the
body of the right lateral ventricle under magnification. The
callosotomy, the section of the fibers of the corona radiata, and
the commissurotomy were carried out from inside the lateral
ventricle to disconnect the frontal, posterior temporal and
parieto-occipital lobes. A second small corticectomy was real-
ized at level of the temporal lobe (between T1 and T2) to enter
the temporal horn of the right lateral ventricle (Fig. 3). This
approach was used to disconnect the remaining temporal lobe
and to perform the amigdalo-hippocampectomy.

Results
Post-operative clinical assessment

Few days after surgery, a full control of seizures with an imme-
diate disappearance of CSWS was observed, without motor
function worsening (Fig. 2c, d). Four months after surgery,
Melbourne assessment showed an improvement of upper limb
function (total score 72%), especially in finger dexterity, prona-
tion/supination, and grasping and a progressive and significant
improvement of cognitive functions was observed (Table 1).

Fig. 3 Post-operative MRI follow-
up demonstrates surgical right peri-
insular functional disconnection
changes. Asterisks in (a)—(c) indi-
cate peri-insular dissection with
superior and middle temporal gyri
resection. Arrow in (a) shows in-
ternal capsule transection until the
ventricular atrium. See main text
for more details regarding the sur-
gical procedure

Neurophysiological study

Stimulation at 100% of MSO of right motor cortex was not
able to evoke MEPs from left and right FDI muscles even at
intensity of 100% MSO at rest and during MVC. On the other
hand, after single pulse at 100% MSO of left motor cortex,
MEPs were recorded on both FDI. After, a single-pulse TMS
on left motor cortex MEPs elicited and recorded from both
FDI muscles had a similar latency (¢cMEPs: 20.5 vs. iMEPs:
21.2 ms). Neurophysiological results are shown in Fig. 4.

Neuroradiological findings

MRI examination showed findings compatible with previous
Papile grade IIl germinal matrix hemorrhage and
periventricular leukomalacia (Fig. 5A; and A,).

At the microstructural analysis, the average fractional an-
isotropy (FA) value at the level of the right (affected hemi-
sphere) posterior limb of the internal capsule (PLIC) was low-
er (0.40) than the contralateral (0.62), indicating abnormal
fibers organization/integrity. Consistently, the right
corticospinal tract (CST) representation on the color-encoded
FA maps was reduced as compared with the normal side
(Fig. 5 (By)). The CST tractography analysis demonstrated a
clear asymmetry characterized by severely reduced represen-
tation of the reconstructed right fibers, which failed to reach
the sensori-motor cortex (Fig. 5 (B,)).

At the functional examinations, both the right- and paretic
left-hand passive motor tasks elicited statistically significant
activations in the left precentral gyrus cortex only, at slightly
different locations (Fig. 5 (C)). As expected, the sensitive tac-
tile stimulation of the right hand elicited statistically significant
activations in the left post-central cortex; however, no statisti-
cally significant activations were obtained for the paretic left
hand. Remarkably, no significant activation was detected in the
right (affected) hemisphere by any of the motor and/or sensory
tasks. Altogether, the patient neuroradiological workup indi-
cated severe structural and microstructural damage to the right
sensory-motor pathways, with reorganization of the paretic left
hand motor function in the ipsilateral hemisphere.
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Fig.4 Histograms show pre- and post-surgical neurophysiological exam-
ination by single and paired TMS of left motor cortex and recordings
from both sides. Contralateral SICI (cSICI) and ipsilateral ICF (iICF)

Discussion

In our case, the indication to hemispherectomy was the pres-
ence of drug-resistant epilepsy but surgical decision was chal-
lenging because of a good functional residual motor activity of
the affected hand and because of a potential harmful effect on
the residual functionality.

TMS revealed that right motor cortex stimulation did not
evoke MEPs and along with DTI analyses demonstrated a
severe damage of the right CST. On the other hand,
presurgical evaluation revealed left motor cortex integrity
and bilateral representation of hand motor functions on the
left motor cortex. The passive motor fMRI study was able to
localize the sensory-motor function of the left (paretic) hand in
the ipsilateral hemisphere, and—most remarkably—revealed
no activation on the more affected right hemisphere. Non-
invasive presurgical studies suggested a bilateral control of
motor function by the unaffected hemisphere due to both
contra- and ipsilateral motor pathways, and it was confirmed
by motor assessment on post-surgical evaluation.

Taken together, above findings suggest that plasticity chang-
es after early extensive brain injury had occurred during subse-
quent development, and motor function of the left limbs had
most likely been entirely reorganized in the ipsilateral hemi-
sphere by preservation and reinforcement of ipsilateral descend-
ing fetal motor pathways [25]. On the other hand, a focal injury
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were increased after surgery. Both contra- and ipsilateral Cortical Silent
Periods (¢cCSP and iCSP) were reduced after surgery. *p < 0.05, level of
significance

early in life, in an otherwise healthy brain represents an ideal
model of human developmental motor plasticity and
intracortical reorganization [26]. Neurophysiological measures
seem to be useful biomarkers of brain plasticity during develop-
ment [27] and may provide insights in brain plasticity process.
Presurgical TMS evaluation showed no response after af-
fected hemisphere stimulation but showed bilateral activation
after left hemisphere stimulation and because MR-
tractography disclosed interruption of CSP on right hemi-
sphere, preoperative work-up indicated the left motor cortex
as the functioning cortex with bilateral representation.
Moreover, neurophysiological evaluation before and after sur-
gery revealed modification of intracortical connections. In
particular, motor threshold and MEP latencies were un-
changed while contralateral SICI and ipsilateral ICF were in-
creased after hemispherectomy. After surgery, patient showed
a better control of seizures. Because the level of SICI is related
to the level of intracortical GABA , activity [28], its increase
after surgery might explain the effects on seizure control. On
the other hand, ICF origin is more complex and probably it
may be influenced by multiple neurotransmitters systems [22].
Before surgery, patient showed an asymmetric hand motor
impairment (right > left) and after surgery motor performances
did not worsen but, interestingly, manual dexterity improved
and this long-lasting effect may be explained by a plastic
change of motor cortex [29]. It is conceivable that damaged
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ot

Right Hand

Fig. 5 Multimodal MRI assessment of patient’s sensori-motor structural
damage and functional reorganization. Axial T1-MPRAGE images (A,
and A,) show malacic changes of the right periventricular white matter,
extensively involving the pre- and post-central giri (arrowheads in A;), as
well as the posterior thalamus and PLIC (empty arrow in A,). At the
microstructural DTI analysis, there is poor visualization of the right
CST fibers (B, arrow on the FA color map at the level of the pons) with
respect to the contralateral unaffected side (same image, empty arrow).
The tractography reconstruction of the CSTs (B,) demonstrates clear
asymmetry due to reduced number and length of the right CST (red tract)

hemisphere might exert a negative effect on the functional
hemisphere. Early brain lesion causing maladaptive inter-
hemispheric interaction due to interhemispheric rivalry and
interhemispheric imbalance [30] may explain this effect. It is
confirmed by positive effects of functional hemispherectomy
on motor performances, and it is in accordance with previous
studies involving non-invasive brain stimulation techniques
[16]. Besides, improvements after functional hemispherecto-
my may suggest that stopping interhemispheric imbalance
may be beneficial both on seizures control and motor control.
Moreover, TMS evaluation demonstrated enhancement of
¢SICI and iICF that are effects of intracortical excitatory and
inhibitory phenomena [22, 28], and these long-lasting effects,
recorded 6 months after surgery, may be due to intracortical
plasticity phenomena induced by functional hemispherectomy
[13]. Several studies demonstrated that integrity of CST is
crucial for motor recovery [31, 32]. In our patient, DTI anal-
ysis and 3D fiber-tracking demonstrated extensive loss of the
right CST trajectories and FA reduction across the remaining

Ut 7AE

Passive Motor Sensory

| |
A

|
Left Hand

with respect to the left (blue tract). The functional assessment results
(p <0.05, Bonferroni-corrected) overlaid on the anatomical MPRAGE
images (C). The left central sulcus is indicated by dashed lines. The right
hand passive motor and sensory tasks elicited significant activations in
the left pre- and post-central gyri, respectively. The left-hand passive
motor task elicited activations ipsilaterally at the level of the left
precentral gyrus, while no significant activations were found for the sen-
sory task. Importantly, no significant activations were detected in the right
hemisphere by any task. Images are presented in radiological convention

pathways suggesting severe CST structural damage; this find-
ing may explain the unresponsiveness of LFDI to right motor
cortex stimulation by TMS. Moreover, several studies tried to
find reliable prognostic biomarkers [31, 32], but conclusive
results are lacking.

We are aware of the limit in drawing definite conclusions
due to single case description and usefulness of this approach
may be indicated only after a well-designed clinical study will
address this point confirming conclusions, but we deem that
above described paradigm, since involves non-invasive and
techniques commonly used in clinical context, may be imple-
mented in presurgical evaluation of patients eligible for epi-

lepsy surgery.

Conclusion

Functional hemispherectomy is an effective treatment for
drug-resistant epilepsy, but surgical outcome, in terms of
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residual motor functionality, may limit indications for this
treatment.

Multimodal presurgical assessment, by neuroradiological
and neurophysiological evaluation using fMRI, DTI, and
structural MRI along with TMS may help surgeons in
selecting patients for functional hemispherectomy in order to
avoid or reduce the risk of post-surgical motor impairment or
worsening, even if its usefulness in forecasting post-surgical
motor functionality should be proven in a wide clinical trial.
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