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ABSTRACT

Objectives: Juvenile myoclonic epilepsy (JME) is characterized by myoclonic jerks of the upper
limbs, often triggered by cognitive stressors. Here we aim to reconcile this particular seizure
phenotype with the known frontal lobe type neuropsychological profile, photosensitivity, hyperex-
citable motor cortex, and recent advanced imaging studies that identified abnormal functional
connectivity of the motor cortex and supplementary motor area (SMA).

Methods: We acquired fMRI and diffusion tensor imaging (DTI) in a cohort of 29 patients with JME
and 28 healthy control subjects. We used fMRI to determine functional connectivity and DTI-
based region parcellation and voxel-wise comparison of probabilistic tractography data to assess
the structural connectivity profiles of the mesial frontal lobe.

Results: Patients with JME showed alterations of mesial frontal connectivity with increased struc-
tural connectivity between the prefrontal cognitive cortex and motor cortex. We found a positive
correlation between DTI and fMRI-based measures of structural and functional connectivity: the
greater the structural connectivity between these 2 regions, the greater the observed functional
connectivity of corresponding areas. Furthermore, connectivity was reduced between prefrontal
and frontopolar regions and increased between the occipital cortex and the SMA.

Conclusion: The observed alterations in microstructural connectivity of the mesial frontal region
may represent the anatomic basis for cognitive triggering of motor seizures in JME. Changes in
the mesial frontal connectivity profile provide an explanatory framework for several other clinical
observations in JME and may be the link between seizure semiology, neurophysiology, neuropsy-
chology, and imaging findings in JME. Neurology® 2012;78:1555–1559

GLOSSARY
DTI � diffusion tensor imaging; FA � fractional anisotropy; JME � juvenile myoclonic epilepsy; MNI � Montreal Neurological
Institute; SMA � supplementary motor area.

Juvenile myoclonic epilepsy (JME) is the most common idiopathic generalized epilepsy syn-
drome in adults, characterized by myoclonic jerks of the arms and generalized tonic-clonic
seizures.1 Seizures are typically provoked by sleep deprivation, but also by reading, writing, or
other cognitive activities.2

We recently described increased motor cortex activation in JME with increasing cognitive
effort and increased functional connectivity to prefrontal cognitive networks.3 Impaired task-
related deactivation of the supplementary motor area (SMA) suggested a role of the SMA as a
relay, facilitating increased functional connectivity between prefrontal cognitive areas and the
motor system.3 These findings link the motor cortex hyperexcitability hypothesis4 to neuropsy-
chological activation studies, showing increased spike frequency in the central region during
demanding cognitive activities.5
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Subtle morphometric abnormalities of medial
frontal gray matter have been repeatedly described
in patients with JME6,7 and interpreted as micro-
dysgenesis or regional neuronal loss. We recently
reported reduced fractional anisotropy (FA) sug-
gestive of regional neuronal loss that correlated
with specific neuropsychological deficits.7

How can this finding of reduced FA be rec-
onciled with the observation of increased
functional connectivity in the same group of
patients? Our objective was to analyze the mi-
crostructural connectivity of the medial fron-
tal lobes in JME, using diffusion tensor
imaging (DTI)�based regional parcellation
and tractography, and to clarify the rela-
tionship between structural and functional
connectivity of the motor system with pre-
frontal cognitive networks.

METHODS Standard protocol approvals, registra-
tion, and patient consent. This study was approved by the
UCL Hospital Research Ethics Committee. Written informed

consent was obtained from all patients and volunteers participat-

ing in this study.

We acquired brain fMRI and DTI data for 29 patients with

JME (table e-1 on the Neurology® Web site at www.neurology.

org) and 28 healthy control subjects, on a General Electric Excite

HDx 3-T scanner. Details of the inclusion/exclusion criteria,

fMRI acquisitions and analyses have been recently reported else-

where.3 DTI data were acquired using a cardiac-gated echo-

planar imaging sequence, as described previously8 and processed

with FSL 4.1.5 software (http://www.fmrib.ox.ac.uk/fsl), using a

two-fiber model accounting for crossing fibers.

Imaging analysis of the medial frontal region presents

challenges, because of the ill-defined anatomic boundaries of

the SMA. To overcome this, we have applied DTI-based

voxel-wise connectivity profiling and clustering, which allows

the delineation of the SMA (part of the motor system), and its

separation from the pre-SMA (part of the frontal lobe cogni-

tive network).9

A left medial frontal seed region was defined in Montreal

Neurological Institute (MNI) space (figure 1A) and back-

normalized into each subject’s individual DTI data space using

SPM5 software (figure 1B). Probabilistic tractography was per-

formed from every voxel within this seed region (figure 1C),

and the metric of connectivity to a downsampled (5 mm)

whole-brain mask was determined for every seed voxel. Fol-

lowing the method of Johansen-Berg et al.,9 the resulting con-

Figure 1 Image processing pipeline

A region of interest (ROI) was defined in the left medial frontal lobe in Montreal Neurological Institute (MNI) space (A) and back-normalized to each
subject’s individual diffusion tensor imaging (DTI) data space (B). Probabilistic tracking was performed, seeding from every voxel of the ROI (C). A
voxel-wise connectivity map was created (D), representing the probability of every seed voxel (y axis) to be connected to a certain region of the whole
brain (x axis), a representative selection from matrix is shown (total matrix size: �1,800 � 9,000). This connectivity matrix was reordered, using k
means and spectral clustering techniques constrained to identify 2 clusters. The reordered matrix (E) shows 2 distinct clusters of seed voxels,
representing the supplementary motor area (SMA) (orange) and pre-SMA regions (blue), separated solely by their DTI connectivity profile. Tracking
was repeated from these 2 clusters (F), with the resulting tracts for the SMA cluster (G) and pre-SMA cluster (H) normalized to MNI space for
voxel-wise group comparison (I).

1556 Neurology 78 May 15, 2012

www.neurology.org
www.neurology.org
http://www.fmrib.ox.ac.uk/fsl


nectivity matrices (figure 1D) were reordered with spectral
clustering (figure 1E) to parcellate the seed region in 2 dis-
tinct clusters: the SMA and the pre-SMA (figure 1F), based
solely on their DTI connectivity profile. Tractography was
repeated, seeded separately from the SMA and from the pre-
SMA clusters, providing connectivity maps for both regions
for every subject (figure 1, G and H). The connectivity maps
show, for every brain voxel, how many samples are passing
through it from the seed cluster. Individual connectivity maps
were normalized to MNI space in 1-mm resolution for voxel-
wise group comparison (figure 1I) using a 2-sample t test.

RESULTS DTI seed region parcellation into SMA
and pre-SMA was similar for patients with JME and
control subjects with regard to cluster size, position,
and cluster membership probability. We found dif-
ferences for the voxel-wise comparison of both con-
nectivity maps (figure 2A, table 1): in patients with
JME compared with control subjects, the pre-SMA
cluster showed reduced connectivity to the prefrontal
and frontopolar areas (figure 2B) and increased con-
nectivity to the central region (figure 2C) and de-
scending motor pathways (figure 2D). The SMA
cluster showed decreased connectivity to the primary
motor cortex (figure 2E) and increased connectivity
to the occipital lobe (figure 2F) and lateral temporal
neocortex (figure 2G).

After correction for multiple comparisons (false
discovery rate), the peak voxels of all group differ-
ences were significant, at p � 0.05 (2-tailed t test).

In JME, the structural connectivity measure from
the pre-SMA cluster to the medial central region cor-
related positively with the functional connectivity
between the adjacent dorsolateral prefrontal cortex
and the medial central region, as shown by fMRI
(Pearson’s correlation coefficient R � 0.47, p �
0.01) (figure 2H).

The shorter the interval since the last seizure, the
higher the connectivity found between pre-SMA and
central region correlation coefficient R � �0.56,
p � 0.001) (figure 2I). There was no correlation be-
tween connectivity measures and cognitive perfor-
mance. In patients with photosensitivity,
connectivity between the SMA and the occipital cor-
tex was stronger (n � 5, not statistically significant),
and this subgroup alone did not show increased con-
nectivity of the pre-SMA.

DISCUSSION We showed an increased measure of
microstructural connectivity between the prefrontal
cognitive network (pre-SMA), and the motor system
in JME, and this correlated positively with functional
connectivity between these 2 systems, which was de-
scribed recently.3 These findings suggest that struc-
tural alterations in the medial frontal region underlie
the functional hyperconnectivity and might be cru-
cial in the pathophysiology of JME. Although our

patient numbers were too small for detailed sub-
group analyses, this structural-functional connectiv-
ity profile of the medial frontal region provides a
framework to explain several characteristic features of
JME:
1. Increased connectivity between prefrontal cortex

and the central region enables cognitive activity to
elicit epileptiform discharges in the central re-
gion5 and trigger myoclonic jerks.2 The increased
connectivity between temporal neocortex and
SMA provides an additional pathway for cogni-
tive effects on the motor system.

2. Reduced connectivity between the pre-SMA re-
gion and the frontopolar cortex may be the ana-
tomic basis for impairment of frontal lobe
function in JME.10 The absence of a linear corre-
lation in our cohort may be a limitation of the
relatively good performing patient group and
could be more accessible in a population with a
broader range of cognitive performance.

3. Increased connectivity between SMA and occipi-
tal cortex, which was stronger in photosensitive
patients, may explain the provocative effect of
photic stimulation to elicit frontocentral dis-
charges and seizures.

DTI provides detailed information about degree
and directionality of water diffusivity in white mat-
ter, in which the anatomy of axonal bundles restricts
free water diffusivity across fibers. This can be sum-
marized in condensed measures such as mean diffu-
sivity or FA, but these measures do not fully use the
available information within a DTI dataset. Voxel-
wise diffusion tensor tractography and connectivity-
based fingerprinting of brain regions are advanced
DTI analysis techniques, which provide much more
detailed information about the microstructural anat-
omy of brain regions. Furthermore, we can now ex-
plain our previous finding of reduced FA within the
context of increased functional connectivity. Reduc-
tions in FA are usually interpreted as a loss of fiber
density or integrity, representing neuronal loss or
neuronal damage. However, FA is also reduced in
areas in which intersecting neuronal bundles allow
diffusion of water in multiple directions. In the
SMA, the main afferent and efferent fibers run in a
superior-inferior direction descending to motor
pathways. Here we showed that patients with JME
have a higher proportion of fibers traveling in an
anterior-posterior direction from the pre-SMA to the
central region, thereby crossing the descending fibers
from the SMA. Such an increased proportion of
crossing fibers in JME provides an explanation for
reduced FA, even if all fibers are structurally and
functionally intact and the number of fibers remains
unchanged.
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Figure 2 Alterations of structural connectivity in juvenile myoclonic epilepsy (JME)

(A) Summary of findings in JME patients. The anterior pre-supplementary motor area (SMA) cluster showed reduced con-
nectivity to anterior frontopolar regions (B) and increased connectivity to the medial central region (C) and descending
motor pathways (D). The posterior SMA cluster showed reduced connectivity to the central region (E) but increased connec-
tivity to the temporal neocortex (F) and occipital cortex (G). (H) Functional connectivity between the prefrontal cortex and
SMA found with fMRI, correlated significantly with the structural connectivity shown with diffusion tensor imaging (DTI). (I)
Connectivity of the SMA also correlated with disease activity.
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This finding links several clinical observations in
JME, particularly the triggering of motor seizures
through cognitive effort. Similar findings may come
to light in other diseases as well, in which the truth
behind reduced FA may be more complex than just
neuronal loss.
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Table 1 DTI connectivity results

Seed region
Connectivity
changes in JME Target region

Peak z
score x, mm y, mm z, mm

Cluster size,
voxels/mm3 p Valuea Figure

Pre-SMA Decrease Mesial frontopolar
white matter

2.82 �20 37 2 1,589 0.02 2B

Increase Postcentral gyrus 2.77 �17 �34 61 5,193 0.04 2C

Increase Internal capsule 3.69 �25 �21 8 12,395 0.01 2D

SMA Decrease Precentral gyrus 3.10 �32 �12 59 5,386 0.04 2E

Increase Superior temporal
gyrus

3.8 �51 �8 �2 2,774 0.02 2F

Increase Occipital white
matter

2.56 �36 �72 9 8,777 0.02 2G

Correlation
with fMRIb

NA Postcentral gyrus NA �17 �34 61 5,193 0.01 2H

Correlation
with seizuresc

NA Precentral gyrus NA �16 �18 63 5,070 0.01 2I

Abbreviations: DTI � diffusion tensor imaging; NA � not applicable; SMA � supplementary motor area.
a All group comparisons are 2-sample t tests.
b Correlation with fMRI: correlation of DTI connectivity between central region and pre-SMA with functional connectivity of
adjacent areas in fMRI.
c Correlation with seizures: correlation of SMA connectivity measures with time from last seizure.
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