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Summary: Purpose; Neuropsychological studies suggest 
frontal lobe dysfunctions in patients with juvenile myoclonic 
epilepsy (JME). In this study we investigated whether an un- 
derlying mechanism could be a regional neuronal damage not 
visible with structural magnetic resonatice (MR), but detectable 
with magnetic resonance spectroscopy (MRS). 

Methods: The study included 15 patients with JME and 10 
matched healthy controls. Quantitative single voxel MRS was 
conducted at 1.5 Tesla by using a STEAM sequence (TR/TE/ 
TM = 6,000/30/13.7 ms). The voxels were placed over the 
right cerebellum, right thalamus, and the prefrontal and occipi- 
tal cortex. The quantitation included fitting of transmitter gain, 
and correction for partial volume of cerebrovascular fluid. LC- 

Model was used for estimation of the absolute concentrations 
of total N-acetyl aspartate (NAA), cholines, total creatine, and 
myoinosi tol. 

Results: Patients with JME had significantly reduced pre- 
frontal concentrations of NAA in relation to controls (9.1 + 1 .O 
vs. 10.2 0.8 mM; p = 0.031 after Bonferroni correction). The 
other regions showed normal NAA values, as did the other 
metabolites. 

Conclusions: The observed reduction in NAA levels suggests 
a prefrontal neuronal lesion in patients with JME. Key Words: 
Magnetic resonance spectroscopy-Juvenile myoclonic epi- 
lepsy-N-acetyl aspartate-Frontal lobe-Magnetic resonance 
imaging. 

Patients with primarily generalized epilepsy (PGE) 
usually show normal findings in routine clinical neuro- 
imaging, and according to the criteria of International 
League Against Epilepsies, a precondition for the diag- 
nosis of primarily generalized epilepsy is absence of 
structural brain abnormalities ( I  , 2 ) .  This concept is, 
however, contradicted by neuropathologic studies show- 
ing migrational disturbances in PGE ( 3 - 3 ,  and positron 
emission tomography (PET) studies suggesting that the 
benzodiazepine (BDZ) receptor density is reduced in the 
thalamus and increased in the deep cerebellar nuclei in 
generalized tonic-clonic epilepsy (6), and that the frontal 
lobe binding to BDZ receptors could be elevated in pa- 
tients with juvenile myoclonic epilepsy (JME) (7). Fur- 
thermore, specific cerebral and cerebellar distortions 
have been detected in PGE when combining conven- 
tional magnetic resonance (MR) with computerized ana- 
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tomic brain atlas (8), and widespread structural changes 
when using a specific tissue segmentation program (9). 

Taken together, these observations raise the question 
whether the view that anatomic substrate is lacking in 
PGE merely reflects a lack of appropriate tools to detect 
pathology. A further question is whether a possible pa- 
thology varies with the specific type of generalized epi- 
lepsy. 

JME is a hereditary epilepsy syndrome that comprises 
5-1 1% of patients with epilepsy (1 0). It is characterized 
by myoclonic jerks and generalized tonic-clonic sei- 
zures. The electroencephalogram (EEG) in JME typi- 
cally shows generalized 4- to 6-Hz spike-wave, or poly- 
spike and wave activity with a maximum in frontocentral 
regions. JME is associated with normal intelligence and 
lack of pathology on the MR and computed tomography 
(CT) scans. Recent neuropsychological studies, however, 
suggested that subjects with JME have a deficient per- 
formance in several tests measuring frontal lobe func- 
tions (11,12). Furthermore, in a PET study with 18- 
fluorodeoxyglucose ( I  8-F FDG), Swartz et al. (1 3) found 
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inability to activate the dorsolateral prefrontal, premotor, 
and basal frontal cortex during visual match to sample 
tasks. Unlike the control subjects, patients with JME, 
instead, activated the medial temporal structures. These 
observations suggest that JME may be associated with 
frontal lobe abnormalities, perhaps affecting the epilep- 
togenic potential, as well as the cognitive functioning. 

N-acetyl aspartate (NAA) is produced in neuronal mi- 
tochondria via N-acetyl aspartase, and degraded by mem- 
brane-bound aminohydrolase, which is released in the 
event of cellular disruption ( I  4). A reduced level of NAA 
can therefore reflect neuronal damage or a mitochondria1 
dysfunction. NAA can be detected by proton magnetic 
resonance spectroscopy (MRS) (13, and MRS measure- 
ments of NAA have proved useful for identification of 
neuronal lesions when structural MR fails in detecting 
morphologic correlates to regional dysfunctions (1 6-1 8). 

Based on previous electrophysiologic data in PGE and 
the referred current information about JME, we hypoth- 
esized that patients with JME may have tissue abnor- 
malities within the cerebellothalamocortical loop (1 9), 
and that these abnormalities could be reflected by abnor- 
mal concentrations of NAA, even when the conventional 
structural MR is normal. 

MATERIALS AND METHODS 

Patients 
Fifteen right-handed patients with JME were exam- 

ined. Their major clinical data are presented in Table 1. 
The JME diagnosis was based on seizure history, seizure 
semiology as described by relatives or recorded during 
hospitalization, and results from scalp EEG recordings. 
All patients had late childhoodtteenage onset of awaken- 
ing myoclonic jerks, most often in the upper, but some- 
times also in the lower extremities. None of the patients 
had a progressive cerebral disease, other neurologic 
symptoms, or a history of somatic or psychiatric disor- 
der. Five patients reported lack of seizures during the last 
year, four had currently only myoclonic jerks, whereas 
the remaining six still experienced both myoclonies and 
sporadic generalized tonic-clonic seizures without signs 

~ of focal onset or termination. 
All patients had normal CT of the head. Patients with 

a history of phenytoin (PHT) treatment were excluded 
because of the toxic effect of this drug on Purkinje cells 
(20), which could affect the cerebellar concentrations of 
NAA. 

The control group consisted of 10 unmedicated right- 
handed healthy volunteers (28 f 7 years; six female sub- 
jects) without family history of neuropsychiatric disor- 
ders. 

The study was approved by the local human subject 
protection committee, and informed written consent was 
obtained from each subject. 

MRI protocol and choice of volumes of interest 
MR examinations were carried out on a 1.5-Tesla 

clinical MR system (Signa Advantage; General Electric 
Medical Systems, Milwaukee, WI, U.S.A.) by using the 
standard quadrature birdcage head coil. To minimize 
variation in positioning of the head, the subjects were 
positioned by the same investigator, using the orbitome- 
atal line as landmark. Incidence of possible seizures dur- 
ing the scan was evaluated from patient reports and by 
continuous supervision by an assistant. 

The MRI protocol consisted of axial T,-weighted fast 
spin echo (FSE) images (effective TE = 56 ms, TR = 
2,500 ms, FOV = 24 cm, 23 slices of 3-mm thickness) 
and axial TI-weighted 3-D spoiled GRASS (SPGR; TE 
= 7 ms, TR = 23 ms, FOV = 24 cm, flip angle, 50”; 
60 slice partitions of 2.5-mm thickness, 1 NEX). Four 
volumes of interest (VOIs) were selected by using the 
3-D SPGR images in the following regions: right thala- 
mus, right cerebellum, prefrontal cortex, and occipital 
cortex. The occipital VOI served as the presumably un- 
affected reference region. 

The thalamus VOI covered all thalamic nuclei. The 
cerebellar VOI was located lateral to dentate nuclei (Fig. 
1). These regions were examined on only one side be- 
cause of the measuring time constraints. This restriction 
was justified because all the subjects were right-handed 
and investigated with an identical protocol. The prefron- 
tal VOI was placed anterior to the corpus callosum by 
using the plane of anterior and posterior cerebral com- 
missure as the caudal border, and including the cranio- 
lateral portion of the frontal lobe. The caudomesial por- 
tion of the frontal lobe was avoided to reduce distortions 
of the spectra due to susceptibility artifacts in the vicinity 
of bone and air (21). 

The occipital VOI covered the Brodmann area 17 and 
18 (Fig. 1). Each of the studied regions was easy to 
identify, and the position of VOIs, therefore, were repro- 
ducible from one subject to another. VOI size and frac- 
tion of cerebrospinal fluid (CSF) is presented in Table 3. 

MR spectroscopy 
The standard STEAM sequence (“steamcsi”) was used 

for localization of the MR signal. Sixty-four water- 
suppressed scans were acquired with short echo time (TE 
= 30 ms) and long repetition time (TR = 6,000 ms) to 
reduce the influence of relaxation times (22), which may 
be altered in pathologic tissue. Each single acquisition 
was stored separately. Shimming on the localized water 
signal and adjustment of the water suppression was done 
manually to improve the spectral quality. The residual 
water signal was not inverted and provided a reference 
for the correction of arbitrary frequency shift and zero- 
order phase. 

As in (23), the averaged data was analyzed in the time 
domain by using the LCModel program (24) (distributed 
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TABLE 1. Patient data 

Patient 

1 
~ 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Age 

- 

26 

27 

40 

35 

34 

29 

31 

32 

37 

27 

42 

26 

38 

35 

28 

Duration 
(Yr) 

13 

12 

27 

24 

21 

17 

19 

19 

22 

6 

29 

13 

23 

17 

14 

Heredity 

First pedigree 

No 

First pedigree 

No 

First pedigree 

No 

No 

No 

No 

No 

Second 
pedigree 

No 

No 

First pedigree 

No 

Seizure 
EEG type 

Bil spike- Myoclonies, 
wave gm 
activity 

wave gm 
activity 

spike-wave 
activity 

spike-wave myoclonies, 
activity gm 

Bil spike- Myoclonies, 

Bil Myoclonies 

Bil Absences, 

Bil M yaclonies 
spike-wave 
activity 

Bil 
spike-wave 
activity 

spike-wave 
activity 

spike-wave 
activity 

spike-wave 
activity 

spike-wave 
activity 

spike-wave 
activity 

spike-wave 
activity 

spikewave 
activity 

spike-wave 
activity 

spike-wave 
activity 

Bil 

Poly 

Bil 

Poly 

Bil 

Bil 

Bil 

Bil 

Bil 

Myoclonies, 
gm 

Absences, 
myoclonies 

Myoclonies, 
gm 

Myoclonies, 
gm 

M yoclonies, 
gm 

Myoclonies, 
gn' 

Myoclonies, 
gm 

Myoclonies, 
gm 

M yoclonies, 
gm 

Myoclonies, 
gm 

Present 
seizure type 

(2-3/mo), 
Myocionus 

gm WYr) 
Myoclonus 

(31rno). gm 
Wyr) 

No seizures 
for 8 yr 

No seizures 
for 5 yr 

Myoclonus 
(l/mo), gm 
(1 every 5 
Yr) 

Myoclonus 
(l/mo) 

Myoclonus 
(l/wk), gm 
5 yr ago 

Myoclonus 
(Urno), gm 
( W )  

Myoclonus 
(l/mo), gm 
Wyr) 

No seizures 
for 1 yr 

Gm (0.5/yr), 
m yoclonus 
(2/mo) 

No seizures 
for 6 yr 

Myoclonies 
W a y )  

Myoclonus 
(l/mo) 

Myoclonus 
(Uwk), gin 
(6/Yd 

Medication 

Valproate 

Valproate 

Valproate 

Valproate, 
lamictal 

Valproate 

Valprcate 

Valproate 

Last seizure 

Myoclonus, 3 
day 

Myoclonus, 3 
wk 

Gm, 8 yr 

Gm, 5 yr 

Myoclonus, 1 
wk 

Myoclonus, 1 
Y' 

Myoclonus, I 
mo 

Carbamazepine Myoclonus I 
wk, gm 3 
mo 

Valproate Myoclonus, 1 
mo 

No medication Myoclonus 1 
yr, gm 5 yr 

Valproate Myoclonus, 1 
mo 

Valproate Gm, 6 yr 

Lamictal, Gm, 1 mo; 
clonazepam myoclonus, 

Clonazepam Myoclonus, 2 
I day 

mo 

Valproate Gm, 14 day; 
myoclonus, 
1 wk 

Frontal lobe 
NAA (mM) 

7.8 

1.2 

9.9 

8.2 

8.2 

9.1 

8.3 

9.3 

9.4 

9.7 

10.7 

10.7 

11.5 

8.4 

7.8 

gm, generalized tonic-clonic seizures 

by S. Provencher, Gottingen, Germany), which fits a set 
of single metabolite spectra under the constraints of a 
common arbitrary lineshape and a common baseline. 
Thus the whole spectral information of the metabolites 
was used in the analyzed spectral interval. Absolute 
concentrations of metabolites were estimated from a cali- 
bration experiment by using a solution of known con- 
centrations, as described elsewhere (25). In addition to 
total NAA (representing the sum of NAA and NAA- 
glutamate), total creatine (Cr), cholines (Cho), and myo- 
inositol (mI) also were evaluated. 

The variable fraction of CSF in the VOIs was deter- 
mined from 10 single acquisitions of the water signal, 
where the TE of the STEAM sequence was increased 

from 30 to 2,000 ms. The amplitudes of the echo signal 
were fitted biexponentially, separating the long T, com- 
ponent, which has been identified as the CSF signal, and 
the short T, component, representing the tissue water 
signal (26). The T,-corrected amplitudes PCsF and Ptissue 
were expressed in percentage of the T,-corrected water 
signal obtained from the calibration experiment, which 
served as a reference for 100% water in the VOI. 

Because the macromolecular constituents are minimal 
in CSF, 100% visibility of the CSF signal was assumed. 
Because the total volume of the VOI (VVoI) corresponds 
to 100% signal, the percent CSF signal PCsF is identical 
to the CSF volume fraction. The volume of the tissue in 
the VOI (Vtissue) is then calculated as 
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FIG. 1. Placement of the volumes of interest 
(VOIS). 

293 

V t ~ \ \ u e  = ( l  - PCSF/lOO%) VVOI (1) 

The Vt,5\ue was then used to calculate average tissue 
concentrations of metabolites (rather than average VOI 
concentration of metabolites), and the percentage tissue 
water content (TWC): 

TWC = ( l  - PCSF) P~IMUC. (2) 

Spectral acquistion, quantification and analysis were per- 
formed by one investigator (I.S.). The evaluation was 
cross-checked by an spectroscopist (G.H.). The quality 
of the spectral analysis may be judged from the param- 
eters linewidth (FWHM), signal-to-noise ratio (SNR), 
and the relative SD of each metabolite provided by the 
LCModel analysis. When a spectrum appeared affected 
by motion, visible as poor linewidth due to frequency 
shifts during the MRS measurement, the single acquisi- 
tions were added coherently to improve the spectral qual- 
ity. This was accomplished by extracting the residual 
in-phase water signal of each acquisition by low-pass 
filtering, determining frequency and phase, and correct- 
ing the whole scan to zero phase and a consistent fre- 
quency shift. Spectra with poor quality (altogether four 
of 100 spectra) were omitted from the statistical analysis. 

Statistics 
Absolute concentrations of NAA, Cho, Cr, and mI 

were tested for regional differences between patients and 
controls with one-way analysis of variance (ANOVA) 
and Fisher's post hoc analysis. The separate regions in 
each population of subjects were used as the parameters 
of variance. Given that concentrations of measured me- 
tabolites vary between different regions (21-23), only 
the values from same region (VOI) were compared be- 
tween patients and controls in the post hoc analysis. A 
value of p < 0.05 was chosen as level of significance 
after Bonferroni correction for the multiple analyses (one 
for each metabolite). 

Possible abnormalities in individual patients were 

evaluated with the 95% confidence interval of corre- 
sponding normal values for the respective metabolite and 
VOI. Correlations between the metabolic concentrations, 
seizure frequency, duration of epilepsy, and time (days) 
between the MRS measurement and the preceding sei- 
zure were tested with Pearson's correlation coefficient 
( r ) .  Differences between patients and controls in the con- 
tent of tissue water (TWC) within different VOIs, as well 
as differences in spectral linewidth, and signal-to-noise 
ratio were tested with unpaired Student t tests (p < 0.05 
after Bonferroni correction for the separate analyses). 

RESULTS 

All the scans were interictal. The MR images showed 
pineal cyst in one patient, enlargement of the lateral ven- 
tricle on the right side in another, and small white matter 
lesions without particular regional distribution in a third 
patient. All the other patients had normal MRI findings 
as diagnosed by an neuroradiologist (D.G.). No signs of 
cortical dysplasia were observed on the T, -weighted 3-D 
SPGR images, which were inspected in axial, coronal, 
and sagittal views. The absolute concentration of NAA 
was significantly lower in the frontal lobe of patients 
compared with controls (9.1 k 1.0 vs. 10.2 k 0.8 M; p 
= 0.0078 before Bonferroni's correction), whereas the 
corresponding values in other VOIs were within the nor- 
mal range (Table 2, Fig. 2). No significant difference in 
regional concentrations of Cr, Cho, and mI were found 
between patients and controls (Table 2). 

Three patients (patients 1 ,  2, and 15 in Table 1 )  
showed abnormally low NAA concentrations (below the 
95% confidence interval) in the frontal lobe. Patients 2 
and 15 also had reduced concentrations of Cho in the 
thalamus. No correlation was observed between the sei- 
zure frequency, duration of seizures, time between the 
MRS scan and the preceding seizure, and the frontal 
concentration of NAA. 

Epilepsia, Vol. 41, No. 3, 2000 



294 I. SAVIC ET AL. 

TABLE 2. Measured metabolites in patients and controls 

NAA Cho Cr Mi 
(mM) (mM) (mM) (mW 

Healthy controls 
Frontal cortex 
Cerebellum 
Thalamus 
Occipital cortex 

Patients with JME 
Frontal cortex 
Cerebellum 
Thalamus 
Occipital cortex 

10.2r0.8 1.6+0.3 6.920.9 4.2r0.8 
9.720.8 1.9t0.3 8.2t0.9 5.2t1.3 

10.5&0.7 1.720.2 6.520.6 3.9k1.6 
10.7k0.9 0.8rO.1 6.4tO.S 4.Lr0.5 

9.1+1.0" 1.4k0.2 6.1+1.1 4.2k1.0 
10.1kO.7 1.7t0.4 7.720.9 4.Sr1.1 
9.7t0.7 1.420.3 6.550.6 3.9k1.6 

10.7r0.6 0.8rO.1 6 . 4 t 0 8  4.1t0.6 

Values are given as mean r SD. 
p = 0.031 after Bonferroni correction. 

This study included subjects with frequent (more than 
one per month, n = 6), as well as rare seizures (one per 
month or less, n = 9). The frontal lobe values in NAA 
tended to be lower in patients with frequent seizures (8.9 
+- 1.7 vs. 9.3 f 0.8, respectively, NS). 

The TWC did not differ between patients and controls 

A l l  1 

I JHE prefr. cottex I 7.43 ml 

in any of the VOIs, nor did the linewidth, fraction of 
CSF, tissue volume, or the signal-to-noise ratio (Table 
3). Consequently, as shown in Table 3, the spectral qual- 
ity was similar in the two investigated populations. 

Post hoc comparisons were conducted for the NAN 
Cr, NAA/Cho, and NAA/ml ratios from the frontal lobe 
spectra. None of the ratios showed significant differences 
between patients and controls: NAA/Cr, 1.5 r 0.2 vs. I .5 
f 0.2; NAAICho, 6.2 f 0.9 vs. 6.4 f 0.9; NAA/mI. 2.4 f 
0.8 vs. 2.7 rt_ 0.3 [NAAimI was, however, significant (p 
= 0.04) if one outlaying value was excluded]. 

DISCUSSION 

This study was carried out with the hypothesis that 
the frontal lobe dysfunctions in patients wtih JME 
(1 2,13) may be associated with localized neurochemical 
changes. The finding of reduced prefrontal concentra- 
tions of NAA supports this hypothesis. This finding may 
reflect general neuronal dysfunction (associated with an 

I -  

JME occ. cortex 
7.75 mi I 

Control occ cortex 

Chemlcal Shlft (pprn) Chemical Shift (ppm) 
4 

FIG. 2. Example of regional spectra; the upper curve indicates noise. A: The prefrontal spectrum in patient 11 (top) and a normal control 
(bottom). B: The occipital lobe spectrum in patient 11 (top) and a normal control (bottom). The main peaks of measured metabolites 
are indicated (NAA at 2.0 ppm, Cr at 3.0 ppm, Cho at 3.2 ppm, and ml at 3.5 ppm). 
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TABLE 3. Various spectral parameters in patients and controls 

Total water (%) FWHM (mm) Signal-to-noise ratio VOI size (cc) V tissue (cc) CSF (%) 

Healthy controls 
Frontal cortex 74.0 f 2.0 
Cerebellum 69.0 f 3.7 
Thaiamiis 67.5 i 3.2 
Occipital cortex 68.0 k 2.3 

Patients with JME 
Frontal cortex 74.5 * 2. I 
Cerebellum 68.0 f 3.0 
Thalamus 64.8 i 2.2 
Occipital cortex 69.0 k 2.1 

Values are given as mean k SD. 
FWHM, full width at half maximum of the 

5.9 f 1 .0 
5.4 f 0.5 
5.1 i0 .9  
4.4 f 0.4 

6.0 k 1.0 
6.1 f 1.1 
6.2 i 1.1 
4.8 r 0.4 

7.0 f 1.4 8.7 i I .2 8.6 f 2.3 6.6 i 1.8 
6.9 t 1.1 8.2 f 0.8 8.0 f 0.6 1.4 f 0.4 
3.3 i 1.1 3.6 i 1.0 3.5 i 0.7 2.1 i 1.0 
9.3 f 1.6 8.1 2 1.0 7.2 i 0.4 n .4 i  1.7 

6.7 r 2.5 9.3 r 2.4 8.7 f 1.4 6.4 k 1.3 
6.7 f 2.3 8.0 * 0.9 7.7 f 0.5 2.7f 1.8 
3.3 t 1 . 1  3.5 k 1.4 3.5 i 1.3 1.3 f 0.4 
8.7 r 1.3 7.8 f 0.8 7.2 r 0.8 7.2 f 1 .5 

spectral linewidth. 

impaired NAA-precursor pool), specific mitochondria1 
dysfunction, neuronal lesion leading to release of N- 
acetyl-L-aspartate aminohydrolase and degradation of 
NAA, or a neuronal loss. 

Another possibility, although incongruent with the 
lack of difference in frontal lobe TWC, is tissue atrophy. 
A condition that could be associated with each of these 
four alternatives is cortical dysplasia: although some- 
times elevated, the neuronal density can also be reduced 
in cortical dysplasia (27-29). Further, a reduced concen- 
tration of NAA has been found even when the cell den- 
sity is normal or elevated (27-29). Finally, the metabolic 
processes in dysplastic tissue may be dysfunctional, 
which would be compatible with our finding of reduced 
absolute concentration of NAA along with a normal 
NAA/Cr ratio. Cortical dysplasia is a condition compat- 
ible with our findings, as well as with the reported el- 
evation of frontal lobe uptake of "C flumazenil, the 
frontal lobe hypometabolism, and an impaired activation 
of frontal lobes (7,12,13,30). However, the 3-D T,- 
weighted images showed no visible signs of dysplasia, 
and the possibility of such changes in JME ought, there- 
fore, to be further investigated. 

The method applied has been used in several other 
studies, yielding reproducible results, in accordance with 
in vitro data (22-24). Although the obtained NAA dif- 
ference between patients and controls was at the border- 
line of current proton MRS sensitivity, it was clearly 
significant. Seven of 15 patients showed NAA concen- 
trations below the 95% confidence interval of the control 
group, indicating a shift in distribution. These concen- 
trations of measured metabolites correspond well to the 
previously published data (22,26,3 1,32), which supports 
the reliability of findings in the JME patients. 

For signal-to-noise reasons, the thalamus VOIs had to 
be sufficiently large. A partial inclusion of areas outside 
the lateral thalamic border (globus pallidus and the in- 
ternal capsule) could, therefore not be avoided (Fig. 1). 
Thus although these data suggest a lack of pronounced 
thalamic abnormalities, minor alterations may have been 
missed. 

Because a single voxel MRS was used, no information 
is given about the spatial extension or homogeneity of 
the observed NAA reductions, Changes in NAA can be 
even more pronounced in other parts of the frontal lobe. 
Therefore follow-up studies with MRS imaging would 
be necessary to visualize the exact distribution of NAA 
abnormalities. Another consequence of the single-voxel 
acquistion is the variation in the proportion of white and 
gray matter in the individual VOIs. However, because 
the TWC [which is higher by about 25% in gray matter 
(26)], did not differ between patients and controls in any 
of the VOIs analyzed, the probability is low for a sys- 
tematic difference in the proportion of gray and white 
matter. Furthermore, at short TE, the difference in con- 
centration of NAA differs between white and gray matter 

In conclusion, this study offers support for the view 
that prefrontal cerebral changes exist in JME. These 
changes are of neuronal origin. Their etiology is uncer- 
tain, but one working hypothesis is that they may be 
associated with regional cortical dysplasia. 

by -5% (22). 
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