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Objective: While it is generally accepted that the thalamo-cortical loop
is abnormal in idiopathic generalized epilepsy (IGE), it is uncertain
whether this loop is similarly affected among different IGE syndromes.
We recently demonstrated reduced frontal lobe levels of N-acetyl
aspartate (NAA) in patients with juvenile myoclonic epilepsy (JME).
The present follow-up study investigates if similar or other types of
changes exist in subjects with pure primarily generalized tonic clonic
epilepsy (GTCS). Method: Twenty patients with GTCS, 26 patients with
JME, and 10 matched healthy controls were investigated with
quantitative single voxel MR spectroscopy (MRS) measurements of
NAA, choline (Cho), creatine (Cr), and myo-inositol (mI) at 1.5 T
scanner. The voxels were placed over the right cerebellum, right
thalamus, prefrontal, occipital cortex, and over a spherical phantom
above the subject’s head. Results: Patients with JME had reduced
frontal lobe NAA (mmol/l) in relation to controls (9.8 = 1.1 vs. 10.8 +
0.7, P=0.01), as well as GTCS patients (9.8 = 1.1 vs. 10.6 £ 0.7, P=
0.007), whose values were normal. Patients with GTCS, on the other
hand, showed significantly lower thalamic NAA than controls (9.7 +
1.0 vs. 10.8 = 0.9, P=0.002), and both groups of patients had reduced
thalamic Cho, and ml; [Cho: 2.0 £ 0.4 (control) vs. 1.61 + 0.3 (JME)
P =0.001, and vs. 1.57 = 0.3 (GTCS) P = 0.0005; MI: 4.8 + 1.5,
(control) vs. 3.3 £ 1.4 (JME) P=10.003, and vs. 3.2 = 1.5 (GTCS), P=
0.002]. No other regional changes were observed. Conclusion: The
present MRS data emphasize the involvement of thalamus in IGE.
They also show partly differentiated alterations within the thalamo-
cortical loop in JME vs. GTCS. The various clinical expressions of IGE
may, thus, be associated with more localized neuroanatomical
substrates than generally believed.
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Introduction

Idiopathic generalized epilepsy (IGE) is a common and complex
condition with a predominantly genetic etiology and variable
phenotypes (Commission on Classification and Terminology of
the International League Against Epilepsy, 1989). Clinically, IGE
can be divided into different syndromes. Juvenile myoclonic epi-
lepsy (JME), juvenile absence epilepsy (JAE), and epilepsy with
generalized tonic clonic seizures (GTCS) are three common syn-
dromes of IGE of adolescent onset included in the classification of
epilepsy syndromes of the International League Against Epilepsy
(Commission on Classification and Terminology of the International
League Against Epilepsy, 1989). These syndromes differ in their
predominant seizure types, but share some important clinical fea-
tures, such as infrequent occurrence of generalized tonic and clonic
seizures, absence of pathology on routine neuroradiology (CT scan
and MRI), and a relatively early age of seizure onset (Engel, 1989;
Gastaut, 1970; Janz, 1997). Furthermore, one IGE syndrome may
evolve out of another IGE syndrome, and even families with a single
gene defect can manifest more then one of these syndromes
(Andermann and Berkovic, 2001), thus giving rise to questions
about phenotypic overlap and purity, and the corresponding patho-
physiological mechanisms and neuroanatomical substrates.

Although electrophysiological data infer thalamo-cortical dys-
function as the major mechanism of IGE (Gloor, 1978), it is
generally believed that this dysfunction is not associated with
specific morphological or chemical changes in thalamus or cortex,
and that IGE is not associated with tissue pathology (Commission
on Classification and Terminology of the International League
Against Epilepsy, 1981). This concept is, however, contradicted by
an increasing number of studies: neuropathological data show
migrational disturbances in IGE (Meencke and Janz, 1984;
Meencke and Veith, 1992), cerebral and cerebellar distortions have
been reported when comparing patient and control MRIs with
computerized brain atlas (Savic et al., 1998), and widespread
structural changes have been revealed with tissue segmentation
programs (Woermann et al., 1998). Furthermore, it has been
reported that patients with JME have elevated binding to benzo-
diazepine receptors (Koepp et al., 1997), and increased gray matter
fraction in the inferior—medial frontal lobe (Woermann et al.,
1999). We recently offered additional arguments for a specific



Table 1

(A) Patient data, JME

Patient Age Duration EEG Seizure type Present seizure type and Medication Last seizure No of GM  Thalamus Frontal lobe
(years)  (years) frequency” seizures NAA (mM) NAA (nM)
in lifetime
JME 1 26 13 Bil spike-wave activity Myoclonies, gm Myoclonus (2—-3 per mo),  Valproate Myoclonus, 3 day 65 10.4 10.0
gm (5 per yr)
JME 2 27 12 Bil spike-wave activity Myoclonies, gm Myoclonus (3 per mo), Valproate Myoclonus, 3 wk 12 9.0 10.2
gm (1 per yr)
JME 3 40 27 Bil spike-wave activity Myoclonies, gm No seizures for 8 yr Valproate Gm, 8 yr 21 10.3 10.1
JME 4 35 24 Bil spike-wave activity =~ Myoclonies, gm No seizures for 6 yr Valproate, Gm, 5 yr 10 10.7 8.6
sporadic absences, Lamotrigin
JME 5 34 21 Bil spike-wave activity Myoclonies, gm Myoclonus (1 per mo), Valproate Myoclonus, 1 wk 21 9.8 8.1
Gm (0.2 per yr)
JME 6 29 17 Bil spike-wave activity Myoclonies, gm Myoclonus (1 per mo) Valproate Myoclonus, 1 mo 1 10.6 9.2
JME 7 31 19 Bil spike-wave activity Myoclonies, gm Myoclonus (1 per wk), Valproate Myoclonus, 1 mo 5 10.9 9.4
sporadic absences, ~ Gm 0.2 per yr
JME 8 32 19 Polyspike wave activity ~ Myoclonies, gm Myoclonus (1 per mo), Carbamaz-epine ~ Myoclonus, 1 wk 19 9.6 9.2
Gm (1 per yr)
JME 9 37 22 Bil spike-wave activity Myoclonies, gm Myoclonus (1 per mo), Valproate Myoclonus, 1 mo 22 9.8 9.6
Gm (1 per yr)
JME 10 27 16 Bil polyspike-wave Myoclonies, gm Myoclonus (1 per yr) No medication Myoclonus, 1 yr 6 9.4 8.6
activity
JME 11 42 29 Bil spike-wave activity Myoclonies, gm Myoclonus (2 per mo), Valproate Myoclonus, 1 mo 12 10.2 11.4
Gm (0.5 per yr),
JME 12 26 13 Bil spike-wave activity Myoclonies, gm No seizures for 6 yr Valproate Gm, 6 yr 10 10.8 11.3
JME 13 35 17 Bil spike-wave activity =~ Myoclonies, gm Myoclonus (1 per mo) Clonazepam Myoclonus, 2 mo 5 11.0 9.8
JME 14 28 14 Bil spike-wave activity Myoclonies, gm Myoclonus (1 per wk), Valproate Myoclonus, 1 wk 65 8.3 8.8
Gm (6 per yr)
JME 15 25 18 Bil spike-wave activity Myoclonies, gm Myoclonus (1 per mo) Valproate Myoclonus, 1 mo 10 b 8.5
JME 16 29 13 Bil spike-wave activity =~ Myoclonies, gm Myoclonus (1 per wk) Valproate Myoclonus, 1wk 7 10.8 10.6
JME 17 20 7 Bil spike-wave activity Myoclonies, gm Gm (1 per yr) Valproate Gm, 1 yr 7 10.6 9.2
JME 18 33 27 Bil spike-wave activity ~ Myoclonies, gm, Myoclonus (1 per mo), Valproate Myoclonus, 1 wk 10 10.2 9.0
sporadic absences  Absence 2 yr ago
JME 19 43 31 Bil spike-wave activity =~ Myoclonies, gm Myoclonus (1 per wk), Valproate Myoclonus, 1 day 10 ° 9.3
Gm (1 per yr)
JME 20 34 17 Bil spike-wave activity =~ Myoclonies, gm Myoclonus (1 per mo), Valproate Myoclonus, 1 mo 25 10.6 10.0
Gm (2 per yr)
JME 21 21 5 Bil polyspike-wave Myoclonies, gm, Myoclonus (2 per wk), Valproate, Myoclonus, 1 day 5 9.5 10.9
activity sporadic absences Gm (1 per yr) Lamotrigin
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JME 22 18 5 Bil spike-wave activity =~ Myoclonies, gm Myoclonus (1 per wk), Valproate Myoclonus, 1 wk 4 11.0 12.3
Gm (1 per yr)
JME 23 46 32 Bil polyspike-wave Myoclonies, gm Myoclonus 8 mo ago, Valproate Gm and myoclonus, 8§ mo 30 7.2 10.6
activity Gm (1 per yr)
JME 24 21 5 Bil polyspike-wave Myoclonies, gm Myoclonus (1 per wk), Valproate Myoclonus, 1 wk 3 12.0 9.1
activity Gm (0.5 per yr)
JME 25 19 6 Bil spike-wave activity =~ Myoclonies, gm Myoclonus (2 per mo), Valproate Myoclonus, 1 day 2 11.3 10.6
Gm (0.2 per yr)
(B) Patient data, GTCS
Patient Age Duration  EEG Seizure type Present seizure type Medication Last seizure No of GM  Thalamus Frontal lobe
(years)  (years) seizures in ~ NAA (mM) NAA (mM)
lifetime
GTCS 1 45 30 Bil spike-wave activity Gm Gm (0.5 per yr) Valproate Gm, 2 yr 23 8.3 10.1
GTCS 2 35 9 Bil spike-wave activity Gm Gm (0.5 per yr) Valproate Gm, 2 yr 3 10.3 10.6
GTCS 3 34 24 Bil spike-wave activity Gm No seizures for 11 yr Valproate Gm, 11 yr 15 9.9 12.2
GTCS 4 51 37 Bil spike-wave activity Gm No seizures for 6 yr Phenytoin Gm, 6 yr 55 10.3 °
GTCS 5 33 19 Bil spike-wave activity Gm Gm (0.3 per yr) No medication Gm, 3 yr 8 10.0 10.7
GTCS 6 35 16 Bil spike-wave activity ~ Gm, sporadic Gm (0.3 per yr) Valproate Absence, 5 8.9 10.3
absences Absence (1 yr) 3 mo
GTCS 7 19 2 Bil spike-wave activity Gm Gm (0.5 per yr) Valproate Gm, 2 yr 3 10.5 °
GTCS 8 21 7 Bil spike-wave activity Gm Gm (0.5 per yr) Valproate Gm, 1 mo 80 10.0 9.4
GTCS 9 38 25 Bil spike-wave activity ~ Gm Gm 3 mo ago Carbamzepine Gm, 3 mo 3 10.2 11.6
(first in 7 yr)
GTCS 10 50 32 Sharp wave and bil Gm Gm 3 yr ago Valproate Gm, 3 yr 20 9.0 11.1
spike-wave activity
GTCS 11 24 12 Bil spike activity Gm Gm (0.5 per yr) Valproate Gm, 2yr 25 10.0 10.8
GTCS 12 32 15 Bil spike-wave activity Gm Gm (5 per yr) Carbamazepine Gm, 1 mo 75 9.2 11.0
GTCS 13 32 20 Bil spike-wave activity ~ Gm No seizures for 8 yr Valproate Gm, 8 yr 8 10.7 11.1
GTCS 14 31 7 Bil sharp wave activity ~ Gm Gm (1 per yr) Valproate Gm, 1 yr 7 8.1 9.7
GTCS 15 35 12 Bil spike-wave activity Gm Gm (0.5 per yr) Carbamazepine Gm, 1 yr 6 7.6 10.0
GTCS 16 27 10 Bil spike-wave activity Gm Gm (0.5 per yr) Valproate Gm, 2 yr 3 10.3 11.4
GTCS 17 24 12 Normal Gm Gm (0.5 per yr) Valproate Gm, 2yr 15 10.0 10.8
GTCS 18 27 16 Bil spike-wave activity Gm Gm (0.2 per yr) Valproate Gm, 5 yr 10 9.5 10.8
GTCS 18 26 11 Bil spike activity Gm Gm (0.5 per yr) Valproate Gm, 2 yr 5 10.7 10.2
GTCS 19 51 39 Bil spike-wave activity Gm Gm (0.5 per yr) Valproate Gm, 2 yr 20 9.2 10.4
GTCS 20 29 14 Bil spike-wave activity Gm Gm (1 per yr) Valproate Gm, 0.5 yr 4 11.9 9.9

gm: generalized tonic clonic seizures, yr: year, mo: month, wk: week.
? Frequency of seizures (no/year) averaged over the last five years; nothing is indicated if the particular seizure type did not occur for the last 5 years.
® Excluded due to poor spectral quality.
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frontal lobe affection in JME by demonstrating reduced concen-
trations of N-acetyl aspartate (NAA) with MR spectroscopy (MRS)
(Savic et al., 2000).

While offering initial evidence for neurochemical and morpho-
logical substrate/s in IGE, these reports provide no information
about the possible IGE syndrome-related changes. Yet, such
information is of particular importance, as it may offer clues for
better treatment strategies. The present study was therefore under-
taken to specifically investigate whether possible syndrome-asso-
ciated metabolite changes can be detected by quantitative MRS,
which in our earlier study was capable of detecting frontal lobe
reductions in N-acetyl aspartate (NAA) in JME. Regional concen-
trations of NAA, cholines (Cho), creatine (Cr), and myo-inositol
(ml) were, therefore, specifically compared between patients with
GTCS and JME. These forms of IGE are clinically well defined,
comparable with respect to anticonvulsive therapy, and frequently
encountered in adult patients in whom MRS studies are easier to
motivate from an ethical perspective.

The following issues were particularly addressed:

® Does the preliminary observation of low frontal lobe NAA in
JME stand also when extending the number of patients?

® I[s frontal lobe NAA also reduced in patients with GTCS, or do
these patients have abnormalities in other regions along the
cerebello-thalamo-cortical loop?

Materials and methods
Patients

Forty-six long-term consecutive patients from the epilepsy
clinic at Huddinge University Hospital participated. All of them
were controlled at this hospital from the year of their seizure onset,
and were well known to the responsible neurologist (I.S.). Only
patients whose seizure phenomenology was reliably assessed with
the aid of close relatives were included in the study. The seizure
reports were thus deemed to be reliably correct. All the patients
were also investigated with high resolution MRI according to the
epilepsy protocol. All had normal findings.

The major clinical data are presented in Table 1. The diagnosis
of the respective syndrome was based on seizure history, seizure
semiology as described by relatives or recorded during hospitali-
zation, and results from scalp EEG recordings. Twenty-five
patients were diagnosed with JME. They had late childhood-or-
teenage onset of awakening myoclonic jerks, most often in the
upper, but sometimes also in the lower extremities. All had a
history of myoclonies as well as GTCS. Four of them also
experienced rare absences. None of these patients had a progres-
sive condition. Twenty other patients had primarily generalized
tonic clonic seizures only (one experienced occasional absences),
and no experience of myoclonic seizures. These patients were, as
recently suggested (Andermann and Berkovic, 2001; Reutens and
Berkovic, 1995; Unterberger et al., 2001), regarded as a separate
entity. They were classified as the group with ‘other idiopathic
generalized epilepsies’ (Commission on Classification and Termi-
nology of the International League Against Epilepsy, 1989), and
will here be denoted as patients with GTCS, as opposed to those
with JME. The majority of patients with GTCS reported seizures at
random, although some experienced them most frequently on
awakening.

One JME patient was diagnosed with diabetes, all the other
patients were healthy apart from having seizures. None had a
history of status epilepticus, drug intoxication, or drug-related
encephalopathy, and the computed tomography and routine mag-
netic resonance of the brain was normal in all the subjects.

The control group consisted of 10 unmedicated, right-handed,
healthy volunteers (28 + 7 years, six females) without family
history of neuropsychiatric disorders.

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 (VOIs)

MR examinations were carried out on a 1.5-T clinical MR
system (Signa Advantage, General Electric Medical Systems,
Milwaukee, WI) 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
orbito-meatal line as landmark. Incidence of possible seizures
during the scan was evaluated from patient reports and by
continuos supervision by an assistant. All the scans were
interictal.

The MRI protocol consisted of axial T2-weighted Fast Spin
Echo (FSE) images (effective TE = 56 ms, TR = 2500 ms, FOV =
24 cm, 23 slices of 3-mm thickness), and axial T1 weighted three-
dimensional spoiled GRASS images (SPGR, TE = 7 ms, TR = 23
ms, FOV = 24 cm, flip angle 50°, 124156 slice partitions of 1-
mm thickness, 2 NEX). In three cases, the latter sequence was not
carried out due to poor patient compliance. The volumes of
interest (VOIs) were adjusted to individual anatomy on FSE
images covering the right thalamus, right cerebellum, prefrontal
cortex, and occipital cortex (Fig. 1) as described previously (Savic
et al., 2000). Only one side was analyzed to reduce the scanning
time.

MRS measurement and data analysis

For single volume proton MRS, a stimulated echo sequence
(STEAM) was used with a short echo time (TE = 30 ms) and a
long repetition time (TR = 6 s) to reduce relaxation weighting.
Care was taken to correct for individual experimental variation.
The 64 acquisitions were individually phase corrected before
averaging to reduce motion effects (Helms and Piringer, 2001).
The signal was corrected for signal variations due to coil load and
heterogeneity of the radio-frequency field (Helms, 2000). The
prefrontal and occipital VOIs were corrected for the fractional
CSF volume using the difference in T2 of the localized water
signal for segmentation (Ernst et al., 1993; Helms, 2000). The
spectra were analyzed by fitting a linear combination of model
spectra and a smooth baseline using commercial software
(“LCModel”, S.W. Provencher Inc., Oakville, ON, Canada)
(Provencher, 1993) which fits a linear combination of model
spectra and a smooth baseline. Concentrations in absolute units of
mmol/l (mM) were estimated by calibration on a solution of
known concentration (Helms, 1999). Data acquisition and evalu-
ation was kept consistent with a previous study (Savic et al.,
2000).

Since motion was found to affect particularly the pre-frontral
regions, data from the controls and the JME patients who were
included in our previous study (Savic et al., 2000) were system-
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Fig. 1. Template with volumes of interest presented on a standard MR brain.

atically re-evaluated to correct for physiologic and subject motion
(Helms and Piringer, 2001). Spectra showing abnormal baseline
due to major artifact resonances (“nuisance peaks’’) or unrecover-
able excessive line width (altogether six spectra) were omitted
from the statistical analysis because this may affect the results of
the LCModel analysis in an uncontrollable manner.

Experimental parameters were checked for systematic differ-
ences to assess experimental confounds of the quantitative results
(Table 2). The ‘MR water content’ of tissue was determined from
the relaxation measurement performed for tissue or CSF segmen-
tation (Ernst et al., 1993). The spectral quality is reflected by the
line width (FWHM in parts-per-million of the proton frequency of
63.8 MHz) and the signal-to-noise ratio (SNR) provided by the
LCModel program. SNR depends on the tissue volume (Vijssue)
estimated by correcting the size of the VOI by its individual
percentage of CSF.

Neuropsychological tests

For a preliminary survey of possible cognitive and particularly
frontal lobe dysfunctions (Devinsky et al., 1997; Reitan, 1986;
Swartz et al., 1996), a minor battery of neuropsychological tests
was employed. It consisted of Trailmaking test, part A and B
(TMT-A and TMT-B), digit span, and word fluency tests (Devin-
sky et al., 1997; Reitan, 1986; Swartz et al., 1996). The neuropsy-
chological tests were carried out by an investigator who was
blinded to the clinical diagnosis.

Statistics
Regional differences in absolute concentrations of NAA, Cho,

Cr, and ml, respectively, were tested among the three groups of
subjects in four separate one-way ANOVAs using Fisher’s post hoc

Table 2
Various experimental parameters in patients and controls

MR water content (%) FWHM (ppm) Signal-to-noise ratio VOI size (cm®) V tissue (cm’) CSF (%)
Healthy controls
Frontal cortex 740 + 2.0 57 £ 12 73 + 1.6 87 £ 12 86 + 2.3 6.6 + 1.8
Cerebellum 69.0 + 3.7 53 + 05 6.7 £ 1.1 82 + 0.8 8.0 + 0.6 1.4 +£ 04
Thalamus 675 £ 3.2 50 + 1.0 3.8 £ 09 3.6 £ 1.0 35 £ 0.7 2.1 £ 1.0
Occipital cortex 68.0 + 23 43 + 04 102 = 1.5 81 £ 1.0 72 + 04 84 + 1.7
Patients with JME
Frontal cortex 683 + 3.0 59 + 12 73 + 23 9.6 + 23 89 £+ 2.1 75 + 24
Cerebellum 66.0 £ 24 58 £ 0.8 6.7 = 1.0 80 = 1.0 78 £ 1.0 25 + 22
Thalamus 644 + 22 6.0 £ 1.0%* 45 £ 1.7 43 £ 1.7 43 + 1.7 1.5 + 09
Occipital cortex 63.4 + 2.6 46 = 04 94 + 2.1 80 £ 1.2 74 + 12 8.0 + 23
Patients with GTCS
Frontal cortex 69.0 + 34 69 + 2.1 69 + 1.8 98 + 22 9.0 + 2.0 7.8 + 2.8
Cerebellum 68.7 £ 3.6 59 £ 09 57 £ 13 7.7 £ 1.1 7.7 £ 1.1 1.6 £ 13
Thalamus 655 + 2.7 6.0 £ 0.8%* 40 £ 0.9 44 £ 1.0 44 + 1.0 1.5 £ 05
Occipital cortex 64.6 + 3.1 48 £ 0.6 84 + 24 78 + 1.8 7.1 £ 1.6 82 + 25
Patients had significantly larger thalamus FWHM than controls ( P = 0.002 for GTCS and P = 0.003 for JME).
This increase was not accompanied by a shortening of water T2 (ctrl: 74.2 £ 3.6 ms; JME: 72.5 + 2.3 ms; GTCS: 72.2 £+ 2.7 ms).

Hence, changes in line width are likely due to slightly larger VOIs in patients.

P <0.0l.
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analysis. Given that concentrations of measured metabolites vary
among different regions (Helms, 1999; Savic et al., 2000), only
values from the same region (VOI) were compared between patients
and controls in the post hoc analysis. Bonferroni correction was
employed to account for the four separate ANOVAs (one per each
metabolite). The significance values after correction was P <0.013.
Regional group differences in the content of tissue water (TWC),
spectral line width (FWHM), and signal-to-noise ratio were tested
accordingly (P < 0.010 after Bonferroni correction for the five
tests, see also Table 2).

Patients were defined to have abnormal regional concentrations
of a given metabolite if the respective value was outside the 95%
confidence interval of corresponding normal values (P < 0.05).
Differences between the two groups of patients with respect to age,
age at seizure onset, duration of seizure history, the total number of
generalized tonic clonic seizures during lifetime as well as the
frequency of GTCS were tested with MANOVA (P < 0.05).

The concentrations of metabolites showing abnormal values
were related to the total number of GTCS seizures over lifetime, as
well as the frequency of GTCS and myoclonic seizures, using
Pearson’s correlation coefficient () (P < 0.05).

Results
Metabolic concentrations

A synopsis of metabolite concentrations (mean and standard
deviation, SD) in different groups and regions is given in Table 3.

JME patients showed significantly lower concentrations of
frontal lobe NAA than controls (9.8 + 1.1 vs. 10.8 + 0.7, P =
0.010), as well as patients with GTCS (10.6 = 0.7, p = 0.007)
(Fig. 2A). In contrast, the frontal lobe values in patients with GTCS
were not different from normal (Table 3). To test whether the

Table 3
Measured metabolites in patients and controls
NAA (mM)  Cho (mM) Cr (mM) MI (mM)
Healthy controls
Frontal cortex 10.8 + 0.7 1.6 + 03 69 + 0.6 57 £ 1.0
Cerebellum 9.7 £ 0.8 20 + 04 82 £ 0.7 53 £ 1.6
Thalamus 10.8 + 0.9 20 + 04 6.1 + 1.1 48 £ 1.5
Occipital 11.3 £ 0.7 09 + 0.2 65 + 0.6 46 £ 1.0
cortex
Patients with JME
Frontal cortex 9.8 + 1.1* 1.6 =+ 0.2 67 £ 09 43 £ 12
Cerebellum 99 £ 0.8 2.1 £ 05 85 + 1.1 49 + 15
Thalamus 102 £ 1.0 1.6l £ 03* 64 = 0.7 3.3 £ 1.4*
Occipital 11.0 = 0.7 09 + 0.1 6.7 + 0.7 43 £+ 0.8
cortex
Patients with GTCS
Frontal cortex 10.6 = 0.7 1.8 £ 03 70 £ 09 50 + 14
Cerebellum 10.1 = 0.6 2.1 £ 0.5 87 £ 0.8 58 £ 2.0
Thalamus 9.7 + 1.0* 157 £ 03** 59 + 06 32 + 1.5%
Occipital 11.1 = 1.4 1.0 £ 0.1 69 + 0.7 4.0 £ 0.7
cortex

The significance level with Bonferroni correction was P < 0.01.

*P < 0.01 indicates comparisons of the respective group of patients in
relation to controls.

**P < 0.001.

distribution of subjects with low concentrations of frontal lobe
NAA differed between the JME and the GTCS group, a post hoc
analysis with chi-square statistics and Fisher’s exact test was
applied (P < 0.05). The two types of IGE differed significantly
also with respect to the number of subjects with low frontal lobe
NAA (12 of 25 in the JME group, and 1 of 18 in the GTCS group,
P < 0.001) (Table 1). Notably, in the GTCS patient with low
frontal lobe NAA, this value was at the limit for normal.
Patients with GTCS, on the other hand, had significantly
reduced concentration of NAA in thalamus compared with controls
(9.7 £ 1.0vs.10.8 + 0.9, P=0.002) (Fig. 2B). The corresponding
value in patients with JME was also lower (10.2 £ 1.0), but the
difference did not reach the level of significance (P = 0.09). Both
patient groups had reduced thalamic concentrations in Cho and ml
(Table 3). They did not differ with respect to thalamic metabolites,
including the NAA (Table 3). The cerebellum occipital VOIs
showed normal values, independently of the specific metabolite.

Clinical parameters

None of the patients showed morphological abnormalities on
the routine MRI examination.

Patients with JME and GTCS did not differ with respect to age
at examination (30.6 + 7.7 vs. 33.8 £ 9.4 years, P = 0.22),
duration of epilepsy history (17.2 + 8.2 vs. 17.6 + 10.2 years,
P =0.78), or the total number of generalized tonic clonic seizures
over lifetime (16 + 17 vs. 19 + 23 seizures). The two groups
were also matched for antiepileptic medication. As expected, the
age at onset of epilepsy (defined as the age at the first seizure
(absence, myoclonic or GTCS)), was, however, lower in JME
patients (13.6 = 3.0 vs. 17.6 & 6.1 years, P = 0.006).

Neither the frequency of myoclonic nor the frequency of
generalized tonic clonic seizures or their number over lifetime
was correlated with frontal lobe NAA in JME patients. Further-
more, JME patients with low frontal lobe NAA did not differ from
those with normal NAA with respect to age at seizure onset,
duration of epilepsy, frequency, recency (time between the last
GTCS and the MRS scan), or the number of generalized tonic clonic
seizures over lifetime.

JME patients with low NAA showed, however, a poorer
performance in TMT-A and TMT-B tests than JME patients with
normal NAA, patients with GTCS, and the controls (Table 4). No
difference in neuropsychological tests was found among the three
latter groups, and no group differences were observed in the digit
span or word fluency tests (Table 4).

The thalamic concentration of NAA, Cho, and ml was not
correlated with the frequency of GTCS or the number of lifetime
GTCS. On the other hand, when classifying patients into a group
with high (>10) vs. low number of lifetime GTCS (<10), a
significantly lower thalamic NAA was found in patients with many
seizures (9.5 £ 0.7 vs. 10.2 £ 1.4, P=0.04). The cut off level was
arbitrarily chosen, but based on clinical experience that >10 GTC
seizures per year is regarded as a rather high frequency. No similar
difference was detected in Cho and ml. No difference was observed
in thalamus metabolites when arbitrarily classifying patients in a
group with long (>5 years) vs. short (< 5) duration of seizures.

Experimental parameters

The water content of tissues in the respective VOI did not differ
among any of the three groups. Neither did the percentage of CSF,
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JME,
prefrontal cortex

4.0 3836 3432302826 242220181614 1.2 1.00.8 0604
Chemical Shift (ppm)

Control,

prefrontal cortex

Chemical Shift (ppm)

4.0 3.8 36 3432302826 2422201816 1412 1.00.8 0.6 04

169

Fig. 2. Example of individual spectra. The noise is indicated. NAA at 2.0 ppm, Cr at 3.0 ppm, Cho at 3.2 ppm, and ml at 3.5 ppm. (A) Prefrontal spectrum in a
patient with JME. Prefrontal spectrum in a control subject. (B) Thalamus spectrum in a patient with GTCS. Thalamus spectrum in a control subject. Thalamus

spectrum from a patient with JME.

the tissue volume, nor the signal-to-noise ratio (Table 2). The line
width of thalamus spectra was larger in both patient groups than
age-matched controls (Table 2). However, when repeating group

comparisons using line width as covariate, the thalamic NAA
reductions in patients with GTCS (P = 0.01), as well as the Cho
and ml reductions in the both groups of patients, remained

Table 4

Results from neuropsychological tests

Patient group TMT-A (s) TMT-B (s) Digit span Digit span Word fluency
forward (no) backward (no) (no)

JME patients with reduced frontal lobe NAA (n = 12) 43 + 137 85 + 28° 64 + 1.0 47 + 1.5 33+ 9

JME patients with normal frontal lobe NAA (n = 14) 23 £ 6 60 £ 9 6.6 £ 0.5 53 £ 1.0 40 + 14

Patients with GTCS (n = 20) 27 £ 8 59 £ 13 6.7 £ 0.5 50 £ 0.9 43 + 13

Controls (n = 10) 28 + 8 66 + 6 7.0 £ 1.0 50 + 1.0 46 + 20

# TMT-A: JME patients with reduced NAA showed poorer performance than JME patients with normal NAA (P < 0.0001), patients with GTCS ( P < 0.0001),

and controls (p = 0.0009).

® TMT-B: JME patients with reduced NAA showed poorer performance than JME patients with normal NAA (p = 0.002), patients with GTCS (p = 0.0004),

and controls (p = 0.01).
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significant (P < 0.01 for both metabolites and patient groups).
This correction implied that the observed reductions in metabolites
were not due to differences in line width.

Discussion

The main observation in the present study was the significant
difference between patients with JME and patients with GTCS
with respect to the frontal lobe concentrations of NAA. Whereas
the NAA was normal in patients with GTCS, it was significantly
reduced in subjects with JME. These data suggest that the two
forms of IGE have, at least to a certain extent, different
pathophysiologies.

The second finding was the reduced thalamic concentration of
ml and Cho in JME as well as GTCS, and the additional reduction
in thalamic NAA in GTCS. Thus, the two groups of patients had
abnormal thalamic concentrations as a common feature, but were
dissimilar in their frontal lobe values. With respect to epilepsy, they
only differed in the age at seizure onset and the seizure type.

Methodological aspects

The applied method (single-volume MR spectroscopy using
stimulated echoes at short TE and long TR and LCModel evalu-
ation) has been applied in numerous studies, yielding reproducible
results, which were in accordance with in vitro data (Michaelis et
al., 1993; Tedeschi et al., 1995). The data were corrected for
subject movement (Helms and Piringer, 2001), which is particu-
larly important for the prefrontal cortex. When comparing with the
previously obtained data without scan-wise phase correction (Savic
et al., 2000), considerable differences were seen in some subjects
(see JME 1 in Table 1). They were probably due to subject
compliance during the acquisition. Both water content in cortical
grey matter and concentrations of measured metabolites corre-
spond well to previously published data (Ernst et al., 1993;
Michaelis et al., 1993; Pouwels and Frahm, 1998; Savic et al.,
2000; Tedeschi et al., 1995), including the thalamus. Choice of the
VOIs involved a compromise between defining the anatomical
structures and sufficient signal-to-noise ratio. The issue of “partial
volume effects” (McLean et al., 2000; Pouwels and Frahm, 1998)
of different tissues, like grey and white matter (Fig. 1), was not
specifically assessed. Metabolic differences between grey and
white matter have been found for tCr, ml, and to a minor degree
for tNAA by correlating voxel-based segmentation with MRS
imaging (Pouwels and Frahm, 1998). While the influence of
systematic partial volume changes cannot be ruled out conclusive-
ly, the present reduction of tNAA in the prefrontal cortex is too
large to be explained by an increased partial volume of white
matter. Furthermore, considering that the frontal lobe grey matter
fraction of patients with JME 1is reported to be significantly
increased, it seems highly unlikely that frontal lobe reductions in
our JME patients were due to elevated WM fraction on the VOlIs.
Moreover, the VOIs were positioned using identical approach in all
three populations. A partial inclusion of putatively unaffected
regions, like those around the lateral thalamic border (globus
pallidus and the internal capsule), could, thus, only have dimin-
ished but not enhanced the existing differences.

Only patients with a careful and complete documentation of
seizure phenomenology and frequency, and with continuous con-

trol at the Huddinge University Hospital’s Epilepsy Clinic were
included in the present study. Nevertheless, GTCS can sometimes
be difficult to differentiate from epilepsy with secondary general-
ized tonic and clonic seizures, which may be a potential method-
ological bias. Several circumstances make it, however, highly
improbable that the selected patients here had a secondarily
generalized epilepsy. First of all, the age of seizure onset was in
the teen ages or earlier in the majority of patients. Secondly, almost
all had bilateral synchronous spike and wave activity. Finally, all
had a normal MRI. Therefore, the classification of patient groups
(JME vs. GTCS) is regarded as a reliable basis for the discussion
about possible general differences in measured metabolites among
the respective syndromes.

Frontal lobe alterations in patients with JME

Our initial observation of reduced frontal lobe NAA in JME
(Savic et al., 2000) was confirmed when investigating a larger
cohort of patients. Furthermore, in the present study, we improved
the reliability of the detected low NAA by carefully employing
motion correction, which rendered the results more robust with
respect to individual compliance. The generated data are in
accordance with reports of increased prefrontal grey matter fraction
(Woermann et al., 1999) and reduced prefrontal glucose metabo-
lism (Swartz et al., 1996), as well as with the observation of
prefrontal electromagnetic current sources to the epileptogenic
activity in JME (Santiago-Rodriguez et al., 2002).

Frontal lobe reductions were not found in GTCS, and the two
groups differed significantly with respect to both the mean NAA
values and the number of affected patients. Certain overlaps can,
however, not be excluded.

The reduced NAA concentration could simply reflect neuronal
loss. This seems, however, less probable when considering that
neither increase in tissue water content nor decrease in other
metabolites was found. Alternatively, it could reflect neuronal
dysfunction associated with an impaired NAA-precursor pool, a
specific mitochondrial dysfunction, or a neuronal lesion leading to
release of N-acetyl-L-aspartate aminohydrolase resulting in a deg-
radation of NAA.

The 12 JME patients who had reduced frontal lobe NAA also
showed poor performance on trailmaking tests, of which at least
part B more specifically measures frontal lobe function (Reitan,
1986). This was not found in JME patients with normal frontal lobe
NAA (Table 4). The observed bimodal distribution in JME is in
accordance with the reports of Devinsky et al. (1997) and Woer-
mann et al. (1999), who found abnormalities in frontal lobe tests
and the frontal lobe grey matter fraction only in a portion of
investigated JME patients.

Thus, JME may be a nonuniform condition. This is of note
when taking into account that a candidate gene for JME has been
reported both on chromosome 6 and 15 (Delgado-Escueta et al.,
1999), and that a JME gene on chromosome 6 was recently found
to encode a brain specific lysosomal membrane protein (Suzuki et
al., 2002).

The thalamic reductions in JME and GTCS

Our knowledge about the pathophysiology of IGE is mainly
based on electrophysiological experiments, the results of which
have led to centrencephalic and corticoreticular theories (Gloor et
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al., 1982). The former attributes IGE to pathological changes in the
thalamic nuclei, whereas the latter postulates that ascending
impulses from the thalamus impinge upon a diffusely hyperexcit-
able cortex. Thus, in both theories, a neuroanatomical substrate is
hypothesized (thalamus, cerebral cortex), but no such substrate has
hitherto been shown. In this context, the observed thalamic
reductions deserve special attention, especially as they were found
in patients with both JME and GTCS.

The common feature for both groups was the occurrence of
generalized tonic clonic seizures (absences were experienced only
by four patients in the JME and one in the GTCS group). It is,
therefore, of interest that the total number of these seizures was
related to the thalamic concentration of NAA (even when each
group was evaluated separately). This relationship further empha-
sizes the association between GTCS and thalamus—Although it
does not explain whether the observed changes reflect a pathology
which makes thalamus generate GTCS as indicated by the early
ictal discharges in centromedian nucleus during IGE (Velasco et
al., 1989), or if they simply reflect a GTCS-associated necrosis in
thalamic relay neurons (Nevander et al., 1985).

The observed reduction in ml and Cho is congruent with these
alternatives. The choline signal is generally believed to reflect
membrane synthesis and degradation, and ml is an organic osmo-
lyte mainly present in glia. While NAA is predominantly located in
neurons, Cr (i.e., the sum of creatine and phosphocreatine) is
ubiquitous for several cell types due to its role in energy metab-
olism. The combined reduction in NAA, Cho, and ml has been
reported only in a few diseases—In glutamine intoxication, hepatic
encephalopathy (Ross et al., 1994), and dysplastic cerebellar
gangliocytoma (Klisch et al., 2001). In our patients, this reduction
could be an effect of cell loss (although less probable as the tissue
water concentration was normal), excitotoxicity (Nevander et al.,
1985), or both. One possibility is that dystopic thalamus neurons of
patients with IGE (Meencke and Janz, 1984) have a greater
vulnerability to seizures, leading to a more rapid age-dependent
decrease in neuronal density.

The present data do not allow further speculations about the
cause—effect issue. Nevertheless, they show the reliability of the
MRS method to detect thalamic changes in human epilepsy.
Follow-up MRS experiments comparing patients with primary
and secondary generalized tonic and clonic seizures are, therefore,
under development and will, hopefully, further elucidate whether
the thalamic changes are primary or secondary to the generalized
seizures.

Conclusions

The present results further substantiate the view that thalamo-
cortical circuits represent the seizure-associated network in several
subtypes of IGE. They suggest existence of both common and
syndrome related anatomical substrates. The thalamic affection,
repetitively shown in absence epilepsy (Bartenstein et al., 1993)
and now also in JME and GTCS, could, thus, be more widespread
among IGE. In contrast, the frontal lobe dysfunction seems to be
primarily associated with JME. This reasoning is in line with data
from genetic mapping of IGE, suggesting that different clinical
IGE syndromes may depend on specific modifying genes along
with shared IGE genotype (Durner et al., 2001). It is also congruent
with reports about several different candidate genes in JME,
potentially leading to different clinical expressions (Delgado-

Escueta et al., 1999). The bimodal distribution of frontal lobe
NAA in JME along with unimodal distribution of seizure frequen-
cy suggests that JME can have different forms, despite similar
seizure phenomenology. These forms may have different genetics
and pathophysiology, perhaps underlying the clinically observed
differences in prognosis, personality characteristics (Janz and
Christian, 1957), and frontal lobe dysfunctions (Reitan, 1986).
Combined imaging and neuropsychological and genetic studies of
human IGE are therefore highly encouraged.
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