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Juvenile myoclonic epilepsy (JME) has been classified as a syndrome of idiopathic generalized epilepsy 

and is characterized by a strong genetic basis, age-specific onset of seizures, specific types of seizures, 

generalized spike-wave discharges on electroencephalography, and a lack of focal abnormality on 

magnetic resonance imaging (MRI). Recently, a wide range of advanced neuroimaging techniques have 

been utilized to elucidate the neuroanatomical substrates and pathophysiological mechanisms 

underlying JME. Specifically, a number of quantitative MRI studies have reported focal or regional 

abnormalities of the subcortical and cortical grey matter, particularly the thalamus and frontal cortex, in 

JME patients. In addition, diffusion tensor imaging studies have pointed to disrupted microstructural 

integrity of the corpus callosum and multiple frontal white matter tracts as well as thalamofrontal 

dysconnectivity in JME patients. Converging evidence from neuroimaging studies strongly suggests that 

JME is a predominantly thalamofrontal network epilepsy, challenging the traditional concept of JME as a 

generalized epilepsy. There is also limited evidence indicating extrafrontal and extrathalamic 

involvement in JME. This systematic review outlines the main findings from currently available MRI 

studies focusing on grey and white matter alterations, and discusses their contributions to the etiology 

and pathophysiology of JME. The clinical utility, advantages, and drawbacks of each imaging modality 

are briefly described as well. (2017;7:77-88)
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Introduction

Juvenile myoclonic epilepsy (JME) is a well-defined and common 

syndrome of idiopathic generalized epilepsy (IGE), accounting for ap-

proximately 4-10% of all epilepsies with a high genetic predis-

position.1 It is clinically characterized by myoclonic jerks of the upper 

extremities on awakening, generalized tonic-clonic seizures, and less 

frequently by absence seizures. Disease onset peaks between the 

ages of 14 and 16 years, with a range of 8-26 years. Seizures com-

monly follow a circadian rhythm with preponderance upon awaken-

ing, and may be precipitated by a variety of stimuli such as sleep dep-

rivation, fatigue, alcohol intake, stress, or complex cognitive tasks. 

Typical interictal electroencephalography (EEG) features of JME con-

sist of 3-6 Hz generalized spike-wave or polyspike-wave discharges 

on a normal background, predominantly with frontocentral accen-

tuation.

Although the neuroanatomical basis underlying JME remains elu-

sive, cumulative evidence from experimental studies have suggested 

that the thalamus, along with an aberrant thalamocortical circuit, 

plays a pivotal role in the generation of generalized spike-wave dis-

charges, which is considered to be a fundamental pathophysiology of 

JME.2 Visual assessment of clinical magnetic resonance imaging 

(MRI) is, by definition, normal in JME patients.3 However, recent ad-

vances in computational analysis of structural MRI have contributed 

greatly to the understanding of structural alterations in JME 

patients.4,5 A number of quantitative MRI studies have revealed grey 

matter abnormalities of the thalamus and cortex-especially the fron-

tal cortex-in JME patients when compared to healthy controls, al-

though there is some debate across studies as to whether the cortical 

abnormality is associated with an increase or decrease in volume.4-6 

Recent studies using diffusion tensor imaging (DTI), an MRI method 

that is sensitive to white matter (WM) architecture,7 have also dis-

closed alterations in the microstructural integrity of the thalamocort-

ical network in JME patients.8-11 This review aims to comprehensively 
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Study Cohort MRI scanner Analytic tool Key findings in JME patients versus controls
Woermann et al.13 20 JME vs. 30 controls 1.5T (GE) SPM96 Increased GM concentration in mesiofrontal region

Betting et al.14 44 JME vs. 47 controls 2.0T (Elscint) SPM2 Increased GM concentration in frontobasal and superior 
mesiofrontal regions

Tae et al.15 19 JME vs. 19 controls 1.5T (GE) SPM2 Decreased GM concentration in prefrontal lobe

Kim et al.16 25 JME vs. 44 controls 1.5T (Siemens) SPM2 Increased GM volume in superior mesiofrontal regions 
and reduced thalamic GM volume

Lin et al.17 60 JME vs. 30 controls 1.5T (Siemens) SPM5 Increased GM volume in superior frontal, orbitofrontal, 
medial frontal regions and reduced GM volume in 
thalamus, insula, cerebellum

Roebling et al.18 19 JME vs. 20 controls 1.5T (Siemens) SPM2 No difference in cortical or subcortical GM volume

de Araújo Filho 
et al.19

54 JME vs. 30 controls 1.5T (Siemens) SPM5 Increased GM volume in superior frontal, medial frontal 
regions and reduced GM volume in thalamus, insula, 
cerebellum

Mory et al.20 21 JME vs. 20 controls 2.0T (GE) SPM5 Reduced GM volume in anterior thalamus

O'Muircheartaigh 
et al.21

28 JME vs. 55 controls 3.0T (GE) SPM8 Reduced GM volume in supplementary motor area and 
posterior cingulate cortex

Liu et al.22 15 JME vs. 25 controls 1.5T (Siemens) SPM8 Reduced GM volume in precentral, middle frontal, 
temporal, superior parietal regions

Kim et al.23 33 JME vs. 50 controls 3.0T (Siemens) SPM8 Reduced GM volume in anterior thalamus

Swartz et al.24 17 JME vs. 17 controls 1.5T (Philips) SPM5 No difference in cortical or subcortical GM volume
MRI, magnetic resonance imaging; JME, juvenile myoclonic epilepsy; GE, general electric; SPM, statistical parametric mapping; GM, grey 
matter.

Table 1. Voxel-based morphometry studies in juvenile myoclonic epilepsy

reflect upon the available evidence on cortical and subcortical grey 

matter (GM) alterations as well as WM abnormalities, and their po-

tential contributions to the pathophysiology of JME. 

Cortical grey matter volume changes: 
voxel-based morphometry

Voxel-based morphometry (VBM), one of the most widely used 

structural MRI analytic methods, is a fully automated, unbiased, op-

erator-independent technique that detects regionally specific differ-

ences in GM volume or concentration on a whole-brain voxel-wise 

comparison between groups of subjects.12 There are 12 VBM studies 

on JME available to date (Table 1).13-24 A pioneering study using an 

incipient model of VBM demonstrated an increase in mesiofrontal 

GM in JME patients relative to matched controls, suggesting the pos-

sibility that JME patients may have structural abnormalities of the 

frontal lobe.13 Subsequent studies investigating the same paradigm 

using more advanced VBM replicated the finding of increased GM 

concentration or volume in the frontal cortex, especially in the mesio-

frontal region, further supporting the premise of structural alteration 

of the frontal cortex in JME.14,16,17,19

It is, however, largely unknown whether the observed frontal GM 

abnormalities are a reflection of histopathological changes. A few 

postmortem studies have shown cortical dystopic neurons, other mi-

croscopic structural abnormalities (so-called ‘microdysgenesis’), and 

increased neuronal density in the frontal cortex in a small number of 

IGE (including JME) patients.25,26 Histological abnormalities such as 

microdysgenesis could lead to an increase in the volume of the GM 

ribbon, which may explain the morphological changes of the frontal 

cortex observed in VBM results.13 However, Lyon and Gastaut ex-

pressed some doubts with regard to the postmortem finding of mi-

crodysgenesis in IGE since such abnormalities could also be seen in 

neurologically normal controls.27 In addition, a controlled, blinded 

histological study did not replicate the findings of microdysgenesis 

and increased frontal neuronal density in IGE.28 Although frontal GM 

abnormalities found in VBM studies may not be firmly supported by 

the histopathological studies, a growing body of evidence from re-

cent functional neuroimaging studies provides a robust basis for the 

hypothesis of frontal dysfunction in the pathogenesis of JME. 

Specifically, a positron emission tomography study using fluorodeox-

yglucose showed a reduction in metabolism of the prefrontal and 

premotor cortex in JME patients.29 MR spectroscopy studies have re-
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peatedly demonstrated metabolic dysfunctions of the frontal cortex, 

particularly in the prefrontal region.30-34 Resting-state functional MRI 

studies have also shown a reduction in functional connectivity in the 

prefrontal and premotor cortex in JME patients.35,36 Moreover, a 

number of neurocognitive studies have pointed to frontal cognitive 

dysfunctions in JME patients,37-39 in line with functional abnormal-

ities of the frontal lobe revealed by functional neuroimaging 

studies.10,40-42 Taken together, ample evidence indicates a co-

incidence of frontal cognitive impairment and structural and func-

tional abnormalities of the frontal lobe in JME.

The finding of increased frontal GM volume has not been re-

plicated in other studies: three studies found a reduction in GM vol-

ume or concentration in the prefrontal cortex, precentral cortex, or 

supplementary motor area,15,21,22 whereas two studies failed to dis-

close any differences in frontal GM volume between patients and 

controls.18,24 These inconsistencies across the studies could not be 

properly accounted for but might, in part, be attributed to several 

factors, including differences in magnetic field strength, VBM meth-

odology, sample size of the cohort, and genetic heterogeneity. 

Another major reason for the discrepancy may lie in the use of differ-

ent statistical methods and thresholds for multiple comparison cor-

rection employed in each VBM study (i.e., false discovery rate correc-

tion vs. familywise error correction and voxel-level inference vs. clus-

ter-level inference vs. small volume correction).43 The VBM results 

could also be particularly affected by the sample size of the control 

group and selection of nuisance covariates such as total intracranial 

volume, age, or gender.44-46 Moreover, reporting bias in the literature 

due to selective analysis, and a trend of publication of only positive 

results should also be taken into consideration when interpreting and 

comparing the results of VBM studies. This bias is well documented 

in the studies on brain volume abnormalities in psychiatric 

disorders.47 Therefore, in order to overcome these shortcomings of 

VBM and to clearly determine whether JME is associated with struc-

tural abnormality of the frontal cortex, future studies should employ 

a larger sample size, selection of genetically homogenous patients, 

high magnetic field strength scanners, most updated VBM methods, 

rigorous statistical thresholds for multiple comparison correction, 

and inclusion of nuisance covariates that potentially affect the 

results.

A newly developed statistical technique, named signed differential 

mapping (http://www.sdmproject.com), has been increasingly used 

in the meta-analysis of neuroimaging studies, and its usefulness has 

been demonstrated on various neurological and psychiatric disorders 

such as Parkinson’s disease, amyotrophic lateral sclerosis, schizo-

phrenia, and obsessive-compulsive disorder.48 A recent study using 

this meta-analytic method of 7 published VBM studies with a total of 

211 JME patients and 241 healthy controls13,14,16-18,21,22 revealed in-

creased GM volume in the bilateral medial frontal gyrus and anterior 

cingulate cortex, and reduced GM volume in the bilateral thalamus in 

JME patients, supporting the notion of structural abnormality of the 

thalamofrontal circuitry in the pathogenesis underlying JME.49 

Another meta-analysis study using 7 VBM studies (which included 

studies not specified in the article) also found increased GM volume 

in the mesiofrontal region and reduced GM volume in the bilateral 

perisylvian regions in a JME cohort.6 

Cortical grey matter morphological changes: 
surface-based morphometry

An alternative approach to the quantification of morphometric 

GM changes is surface-based morphometry, a well-validated analytic 

procedure50,51 that measures cortical thickness, surface area, and 

folding curvature in addition to cortical volume. It provides comple-

mentary information to VBM for understanding the neuroanatomy of 

various brain disorders by allowing the regional distribution and 

quantification of cortical GM changes to be specifically examined in 

contrast to VBM, which often combines GM and WM within regional 

volumes.50 Although VBM does permit precise assessment of GM 

volumetric changes, it is limited by the fact that it provides a mixed 

measurement of GM, including surface area, cortical folding, and 

cortical thickness. Furthermore, VBM is considered to be less robust 

to noise and mis-segmentation, less accurate due to the limited reso-

lution of the voxel grid, and affected by partial volume effects at the 

boundaries of highly convoluted structures, such as deep sulci.52 In 

contrast, surface-based morphometry allows a more direct index of 

cortical morphology that is less susceptible to positional variance giv-

en that the extraction of the cortex follows the GM surface despite lo-

cal variations in its position, enabling a more sensitive measurement 

of cortical morphological changes.53

There are six published studies in the English literature that inves-

tigated cortical thickness alterations in this patient population (Table 

2).54-59 Similar to those of VBM studies, the results showed consid-

erable variance across the studies with regard to which cortical struc-

tures were affected and whether cortical GM alteration was related 

to an increase or a reduction in cortical thickness. The first study, by 

Tae et al.,54 reported a significant cortical thinning in bilateral superi-
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Study Cohort MRI scanner Analytic tool Key findings in JME patients versus controls
Tae et al.54 19 JME vs. 18 

controls
1.5T (GE) CIVET Cortical thinning in bilateral superior, middle, medial frontal 

gyri, and superior, middle, inferior temporal gyri

Ronan et al.55 24 JME vs. 40 
controls

1.5T (GE) FreeSurfer 4.1 No difference in cortical thickness
Reduced surface area in middle temporal gyrus, anterior 

cingulate gyrus, and increased surface area in occipital pole, 
fusiform gyrus, and precuneus

Reduced mean curvature in bilateral insular cortex

Alhusaini et al.56 24 JME vs. 40 
controls

1.5T (GE) FreeSurfer 4.5 Cortical thickening in bilateral orbitofrontal cortex, 
mesiofrontal cortex, right precuneus, inferior parietal cortex, 
and left temporal cortex

Lin et al.57 19 JME vs. 57 
controls

1.5T (GE) FreeSurfer 5.1 Prospectively increased cortical volume in bilateral 
frontoparietal and posterior temporal cortex

Prospectively increased cortical thickness in bilateral 
frontoparietal and posterior temporal cortex

Prospectively increased surface area in right superior parietal 
and inferior frontal cortex

Kim et al.58 18 JME vs. 22 
controls

1.5T (GE) CIVET Cortical thinning in left dorsolateral frontal, lateral temporal, 
medial occipital cortex, and right paracentral lobule, 
precuneus, dorsolateral parietal cortex, inferior temporal 
cortex

Park et al.59 21 JME vs. 13 
controls

3.0T (Philips) FreeSurfer 5.1 Cortical thinning in right postcentral, lingual, orbitofrontal, 
lateral occipital, and inferior temporal cortex

MRI, magnetic resonance imaging; JME, juvenile myoclonic epilepsy; GE, general electric.

Table 2. Surface-based morphometry studies in juvenile myoclonic epilepsy

or, middle, and medial frontal gyri, and the superior, middle, inferior 

temporal gyri in patients, suggesting an involvement of the temporal 

cortex beyond the frontal cortex in the neuroanatomical changes un-

derlying JME. Other studies also found widespread cortical thinning 

in the frontal, temporal, parietal, and occipital gyri, suggesting that 

not only the frontal cortex but also the extrafrontal cortex could be 

affected in JME.58,59 On the other hand, Ronan et al.55 found reduced 

surface area in the middle temporal gyrus and anterior cingulate gy-

rus, increased surface area in the occipital pole, fusiform gyrus, and 

precuneus, and reduced mean curvature in bilateral insular cortices in 

24 JME patients compared to 40 healthy controls. Another study per-

formed by the same group revealed multiple regions of cortical thick-

ening in bilateral orbitofrontal cortices, mesiofrontal cortex, right 

precuneus, inferior parietal cortex, and left temporal cortex,56 which 

seems contradictory to those of former studies exhibiting widespread 

cortical thinning in the patient group.54,58,59 As with the VBM find-

ings, this inconsistency between the studies could be ascribed to sev-

eral factors including differences in the algorithm for surface-based 

morphometry, sample size of the cohort, and statistical methods. A 

more recent, well-designed longitudinal study investigated pro-

spective changes in cortical morphometry in new-onset JME patients 

versus controls.57 Patients had greater cortical volume and greater 

cortical thickness in the bilateral frontoparietal and posterior tempo-

ral regions over the first two years following the diagnosis as com-

pared to typically developing children. The results clearly demon-

strated attenuation of the age-related decline in cortical volume and 

thickness of the higher-association frontoparietotemporal regions, 

indicating abnormal structural brain development in JME.57 While the 

majority of the VBM studies found cortical GM volume changes 

mainly localized to the frontal lobe, surface-based morphometry 

studies showed cortical thickness changes in the extrafrontal cortex 

in addition to the frontal cortex, suggesting that surface-based 

morphometry might be more sensitive to VBM in detecting cortical 

morphological changes in JME.

Subcortical grey matter changes

A growing body of evidence indicates that alterations of the thala-

mus and thalamocortical network play a key role in the pathophysiol-

ogy of JME. A number of quantitative MRI studies have attempted to 

explore structural changes of the thalamus in JME. Studies using 

manual volumetry or automated segmentation methods have re-

peatedly reported a decrease in whole thalamic volume in patients 

relative to controls, implicating a specific macrostructural alteration 
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Study Cohort MRI scanner Analytic tool Key findings in JME patients versus controls
Pulsipher et al.40 20 JME vs. 51 

controls
1.5T (GE) BRAINS2 Reduced volume of right whole thalamus

Kim et al.23 33 JME vs. 50 
controls

3.0T (Siemens) FSL-FIRST Reduced volume of bilateral whole thalamus
Regional atrophy in anteromedial and posterodorsal inferior 

thalamus

VBM Bilateral anteromedial thalamic atrophy

Keller et al.60 10 JME vs. 62 
controls

3.0T (Philips) Manual volumetry, 
FreeSurfer

Reduced volume of bilateral whole thalamus

Alhusaini et al.56 24 JME vs. 40 
controls

1.5T (GE) FreeSurfer 4.5 Reduced volume of bilateral whole thalamus

Saini et al.61 40 JME vs. 19 
controls

3.0T (Philips) FSL-FIRST Reduced volume of bilateral whole thalamus
Regional atrophy in anteromedial and lateral thalamus
Bilateral anteromedial thalamic atrophy

VBM

Kim et al.58 18 JME vs. 22 
controls

1.5T (GE) Manual volumetry Reduced volume of bilateral whole thalamus and hippocampus

Mory et al.20 21 JME vs. 20 
controls

2.0T (GE) VBM No difference in whole thalamic volume
Reduced GM volume in anterior thalamus

SPHARM Regional atrophy in anterior and inferior thalamus

Park et al.59 21 JME vs. 13 
controls

3.0T (Philips) FreeSurfer 5.1 No difference in whole thalamic volume

Swartz et al.24 17 JME vs. 17 
controls

1.5T (Philips) Manual volumetry Increased volume of bilateral whole thalamus

Kim et al.16 25 JME vs. 44 
controls

1.5T (Siemens) VBM Reduced GM volume in bilateral ventral lateral thalamus

Lin et al.17 60 JME vs. 30 
controls

1.5T (Siemens) VBM Reduced GM volume in bilateral mediodorsal thalamus

de Araújo Filho 
et al.19

54 JME vs. 30 
controls

1.5T (Siemens) VBM Reduced GM volume in bilateral pulvinar thalamus

Helms et al.62 23 JME vs. 38 
controls

1.5T (GE) Manual volumetry
VBM

Reduced volume of bilateral whole thalamus
Bilateral anteromedial thalamic atrophy

Roebling et al.18 19 JME vs. 20 
controls

1.5T (Siemens) SPM2 No difference in cortical or subcortical GM volume

Keller et al.9 10 JME vs. 59 
controls

3.0T (Philips) Manual volumetry Reduced volume of bilateral whole putamen

Ciumas et al.79 12 JME vs. 12 
controls

1.5T (GE) Manual volumetry Reduced volume of bilateral whole putamen

Lin et al.89 56 JME vs. 42 
controls

1.5T (Siemens) Manual volumetry Reduced volume of right whole hippocampus

Tae et al.15 19 JME vs. 19 
controls

1.5T (GE) Manual volumetry Reduced volume of left whole hippocampus

MRI, magnetic resonance imaging; JME, juvenile myoclonic epilepsy; GE, general electric; BRAINS2, Brain Research: Analysis of Images 
Networks and Systems; FSL-FIRST, FMRIB’s Integrated Registration and Segmentation Tool; VBM, voxel-based morphometry; SPHARM, spherical 
harmonics; SPM, statistical parametric mapping.

Table 3. Subcortical grey matter morphological changes in juvenile myoclonic epilepsy

of the thalamus in JME (Table 3).23,40,56,58,60-62 This finding could be 

supported by multiple lines of evidence from a variety of neuro-

imaging studies demonstrating functional abnormalities of the thala-

mus in JME. These abnormalities included thalamic metabolic dys-

function,32,33,63,64 increased thalamic blood oxygenation level-de-

pendent activity in relation to generalized spike-wave discharges,65-67 
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and thalamocortical functional dysconnectivity.36,41,68 However, the 

finding of thalamic volume reduction was not replicated in other 

studies: two studies using automated segmentation methods failed 

to find between-group differences in thalamic volume,20,59 and an-

other study using manual delineation found an increase in thalamic 

volume in patients compared with controls.24 Several factors, such as 

operator-dependent bias in manual segmentation and over-

estimation or underestimation of GM around the thalamic border by 

automated segmentation, could explain the incongruences between 

the studies.

A potential advantage of VBM over manual or automated seg-

mentation methods is that while the latter only provides the whole 

volume of a given structure, VBM allows for localization of volumetric 

alteration within a structure (e.g., thalamus). Whereas a few studies 

found no difference in thalamic volume,18,21 the majority of recent 

VBM studies have consistently shown regional volume reduction in 

the thalamus of JME patients. Of particular interest is that the atro-

phied regions within the thalamus are not unanimous across the 

studies and include the ventrolateral,16 mediodorsal,17 anterior,20 an-

teromedial,23,61,62 and pulvinar thalamus.19 The thalamic subregions 

of localized volume reduction seemed to specifically correspond to 

the anterior nucleus, ventral anterior nucleus, and mediodorsal nu-

cleus, in accordance with the previous studies showing a preferential 

involvement of the anterior-medial thalamus in the pathogenesis of 

both experimental and human models of IGE. Available electro-

physiological studies using relevant animal models of human IGE 

have shown a crucial role of the anterior nucleus69,70 and medi-

odorsal nucleus71 in the initiation and propagation of generalized 

seizures. Combined EEG-functional MRI studies have demonstrated 

an important implication of anterior or medial thalamic activation in 

the generation or maintenance of generalized spike-wave discharges 

in subjects with IGE.66,72-74 It is of note that the anteromedial thala-

mus, which includes the anterior nucleus, ventral anterior nucleus, 

and mediodorsal nucleus, has intense structural and functional con-

nectivity with the cingulate, premotor, and prefrontal cortices, as is 

well-documented in DTI and resting-state functional connectivity 

MRI studies.75-77 Given the strong connection between the ante-

romedial thalamus and frontal lobe, the rather consistent finding of 

anteromedial thalamic volume reduction is in line with those of VBM 

or surface-based morphometry studies showing frontal cortical ab-

normalities, further implicating the anteromedial thalamus in the 

pathophysiological hypothesis of thalamofrontal network abnormal-

ity in JME.

Complementary to VBM, vertex-based shape analysis is another 

fully automated method that provides useful information about the 

location and pattern of morphological changes of the subcortical GM 

structures.78 In contrast to VBM, which depends on locally averaged 

GM segmentations and is, therefore, sensitive to the inaccuracy of 

tissue-type classification and arbitrary smoothing procedures, ver-

tex-based shape analysis automatically segments each subcortical 

GM based on the shape and intensity variations of the respective 

structure. Since vertex analysis directly measures changes in geome-

try and does not require additional smoothing procedures, it might 

have the potential to more precisely detect regional alterations of the 

subcortical GM than VBM. Using this method, Mory et al.20 found re-

gional atrophy confined to the anterior and inferior portions of the 

thalamus in JME patients. Another study also found regional atrophy 

predominantly located in the anterior-medial and lateral aspects of 

the bilateral thalami.61 In a recent study investigating the same para-

digm, Kim et al.23 showed that patients had thalamic atrophy con-

fined to the anterior-medial as well as posterior-dorsal aspects. 

Collectively, the main findings from the surface analysis studies agree 

with those of VBM studies, corroborating that the anteromedial tha-

lamus is implicated in the pathophysiological concept of thalamo-

frontal network abnormality underlying JME.

The other subcortical GM structures have received less attention 

than the thalamus due to a robust finding of thalamic involvement in 

JME. A few MRI studies exhibited a reduction in putaminal volume in 

patients in comparison with healthy controls.9,79 A growing body of 

evidence suggests a possible role of the basal ganglia in the modu-

lation of generalized spike-waves or seizures in IGE.80,81 Specifically, 

an electrophysiological study on an animal genetic model of absence 

epilepsy demonstrated aberrant electrical events in the striatal out-

put neurons in the corticostriatal pathway during spontaneous gen-

eralized spike-waves, implicating the basal ganglia in the promotion 

or termination of absence seizures.82 Simultaneous EEG-functional 

MRI studies have revealed a reduction of blood oxygenation level-de-

pendent activity in the basal ganglia in association with generalized 

spike-waves in IGE patients.74,83,84 A resting-state functional MRI 

study also found enhanced functional connectivity within the basal 

ganglia network in IGE patients compared with controls, pointing to 

a modulatory role of the basal ganglia in IGE.85 It is generally ac-

cepted that the striatum modulates the activity of the output nuclei 

of the basal ganglia, which tonically inhibit their target nuclei in the 

thalamus and brainstem. Reduced activity in these output nuclei may 

cause a disinhibition of the thalamocortical projections, leading to a 
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Study Cohort MRI scanner Analytic tool Key findings in JME patients versus controls
Deppe et al.8 10 JME vs. 67 

controls
3.0T (Philips) SPM5 Reduced FA in WM regions associated with anterior thalamus and 

prefrontal cortex

Keller et al.9 10 JME vs. 59 
controls

3.0T (Philips) SPM5 Reduced FA in thalamocortical and frontal WM

Kim et al.10 25 JME vs. 30 
controls

3.0T (Siemens) TBSS Reduced FA and increased MD in bilateral anterior and superior 
corona radiata, genu and body of corpus callosum, and multiple 
frontal WM tracts

O'Muircheartaigh 
et al.21

28 JME vs. 38 
controls

3.0T (GE) TBSS Reduced FA in body and splenium of corpus callosum

Liu et al.22 15 JME vs. 25 
controls

1.5T (Siemens) ExploreDTI Reduced FA in fornix, corpus callosum, uncinate fasciculi, superior 
longitudinal fasciculus, anterior limb of internal capsule, and 
corticospinal tracts

O'Muircheartaigh 
et al.41

28 JME vs. 38 
controls

3.0T (GE) Probabilistic 
tractography

Reduced structural connectivity between anterior thalamus and 
SMA

Kim et al.58 18 JME vs. 22 
controls

1.5T (GE) TBSS Reduced FA in frontal WM, corpus callosum, centrum semiovale, 
and increased MD in posterior frontoparietal WM, corpus 
callosum, temporal WM

Vulliemoz et al.97 15 JME vs. 18 
controls

3.0T (GE) Probabilistic 
tractography

Reduced FA and increased MD in WM tracts connected to SMA

Focke et al.98 12 JME vs. 44 
controls

3.0T (Siemens) TBSS Reduced FA in corpus callosum, corticospinal tract, superior 
longitudinal fasciculus, multiple frontal WM tracts, and 
increased MD in forceps minor, anterior thalamic radiation, 
inferior frontooccipital fasciculus

Ekmekci et al.99 24 JME vs. 28 
controls

1.5T (Philips) ROI approach Reduced FA and increased MD in dorsolateral prefrontal cortex, 
SMA, thalamus, posterior cingulate cortex, corpus callosum, 
corona radiata, and middle frontal WM

MRI, magnetic resonance imaging; JME, juvenile myoclonic epilepsy; SPM, statistical parametric mapping; FA, fractional anisotropy; WM, white mat-
ter; TBSS, tract-based spatial statistics; MD, mean diffusivity; GE, general electric; SMA, supplementary motor area; ROI, region of interest.

Table 4. White matter changes in juvenile myoclonic epilepsy

subsequent enhancement in cortical excitability.86 It is therefore con-

ceivable that functional impairment in the striatum (e.g., putamen) 

may exaggerate thalamocortical activation and result in the promo-

tion of generalized spike-waves or seizures in IGE. In support of this 

premise, a recent positron emission tomography study demonstrated 

a reduction in dopamine receptor binding restricted to the bilateral 

posterior putamen in JME patients.87 Together, both structural and 

functional abnormalities of the putamen may also be involved in the 

pathophysiology of JME. Moreover, given the strong connections be-

tween the putamen and frontal lobe, concomitant structural and 

functional abnormalities of the putamen suggest preferential in-

volvement of striato-thalamofrontal networks in JME,32,34,74,79,88 and 

could account for the frontal executive dysfunctions in this patient 

population.

Several lines of evidence suggest that the hippocampus is involved 

in the epileptogenic network in JME. Specifically, a limited number of 

MRI studies have shown hippocampal volume reduction15,58,89 and 

metabolic dysfunction90 in JME patients relative to controls. In an 

electrophysiological study using source analysis of dense array scalp 

EEG, epileptiform discharges were localized not only to the orbito-

frontal/medial frontopolar cortex but also to the basal-medial tempo-

ral cortex.91 From the cognitive perspective, in addition to the 

well-demonstrated frontal executive dysfunctions,10,37,39,40 several 

neurocognitive studies have pointed to verbal and visual memory 

dysfunctions in this patient group.92,93 Given the close relationship 

between hippocampal atrophy and memory dysfunction, it is specu-

lated that JME patients with memory dysfunctions may have a hippo-

campal volume reduction.89 However, such a finding of hippocampal 

volume reduction was not replicated in other studies.61 Future study 

using a large sample size, higher magnetic field strength, and com-

prehensive neuropsychological assessments should elucidate the 

macrostructural change of the hippocampus and its neurocognitive 

correlates in JME patients.
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White matter changes

Among the functional neuroimaging modalities, DTI is an ad-

vanced and non-invasive MRI technique that is sensitive to the cere-

bral WM architecture of the human brain, providing valuable in-

formation about the integrity and fiber orientation of the WM tracts 

in vivo. The most widely used parameters derived from DTI are frac-

tional anisotropy (FA) and mean diffusivity (MD), both of which can 

provide complementary information on subtle abnormalities of the 

WM microstructure in diverse neurologic and psychiatric disorders.7 

Decreased FA reflects a reduced microstructural integrity within the 

WM tracts, and factors influencing FA include membrane and myelin 

integrity and fiber density.94 MD increases with microscopic barrier 

disruption and extracellular fluid accumulation; therefore, increased 

MD is encountered in various pathologic conditions that accompany 

tissue degeneration and edema.95 There is robust pathologic evi-

dence that FA and MD are directly affected by the myelin content of 

WM and, to a lesser degree, by axonal count in postmortem brains of 

multiple sclerosis.96 

There are 10 studies published in English that evaluated WM integrity 

in JME using diverse analytic methods of DTI (Table 4).8-10,21,22,41,58,97-99 

Using a whole-brain voxel-wise manner implemented in statistical para-

metric mapping (SPM; http://www.fil.ion.ucl.ac.uk/spm/), Deppe et al.8 

first reported significant FA reductions in WM regions associated with 

the anterior thalamus and prefrontal cortex in a patient group, in-

dicating that JME is associated with WM abnormalities of the thala-

mofrontal network. A subsequent study by the same group employed 

a region of interest approach and detected FA reductions in the thala-

mocortical and frontal WM tracts, corroborating their former findings.9 

Tract-based spatial statistics (TBSS; https://fsl.fmrib.ox.ac.uk/fsl/fslwi-

ki/TBSS) is a novel analytic tool of DTI datasets that provides an ob-

server-independent, automated whole-brain voxel-wise analysis of 

FA and MD without the need for restriction to a priori brain 

regions.100,101 It can circumvent the problems of cross-subject image 

registration and random selection of spatial smoothing factors in 

voxel-based DTI analysis incorporated into SPM by making use of the 

intrinsic anisotropic property of WM and projecting the FA values of 

the tracts onto a virtual skeleton that runs through the median part of 

the tract. TBSS, therefore, reliably improves sensitivity, objectivity, 

and interpretability of voxel-wise comparisons of the microstructural 

WM integrity between groups of subjects.100,101 Indeed, TBSS is more 

sensitive than the SPM method in detecting WM abnormalities in pa-

tients with mesial temporal lobe epilepsy.102 Combining VBM and 

TBSS, O'Muircheartaigh et al. showed GM volume reductions in the 

supplementary motor area and posterior cingulate cortex and FA re-

ductions in underlying WM of the corpus callosum in patient group, 

implicating focal cortical regions and their connecting WM tracts in 

JME.21 Another study using TBSS demonstrated FA reductions and 

MD increases in bilateral anterior and superior corona radiata, genu 

and body of the corpus callosum, and multiple frontal WM tracts as 

well as frontal executive dysfunctions, highlighting a pivotal role of 

frontal lobe WM abnormality in the pathogenesis and frontal cogni-

tive impairment of JME.10 Other DTI studies using either a region of 

interest or whole-brain voxel-wise approach replicated the findings 

of disrupted microstructural integrity (reduced FA and increased MD) 

of the WM tracts, particularly the corpus callosum and frontal WM 

tracts, emphasizing widespread WM abnormalities in the pathoge-

netic process that underlies JME.22,58,98,99

DTI probabilistic tractography is a valuable, non-invasive tool that 

can visualize and characterize the WM tracts and quantify the struc-

tural connectivity between the seed regions within the various brain 

networks.103 Using this probabilistic tractography, Vulliemoz et al. 

disclosed a reduction in the structural connectivity of the supple-

mentary motor area as revealed by reduced FA and increased MD in 

JME patients relative to controls and in patients with frontal lobe 

epilepsy.97 Another study found reduced structural connectivity be-

tween the supplementary motor area and anterior thalamus, provid-

ing convincing evidence for a specific thalamocortical network dys-

function in JME.41

Conclusions

Given the typical EEG features of generalized spike-wave dis-

charges and no visible focal lesions on clinical MR images, JME has 

been traditionally recognized as a form of generalized epilepsy. 

However, recent advances in sensitive neuroimaging techniques pro-

vide qualitative and quantitative methods of unveiling the underlying 

pathophysiological mechanisms involved in JME. Specifically, compu-

tational analyses of multimodal MRIs have disclosed focal or regional 

abnormalities of the brain, particularly in the thalamus and frontal 

cortex, and thalamocortical network abnormality in JME patients. 

Converging evidence from a large number of multimodal MRI studies 

has supported the notion that JME may not be a ‘generalized’ epi-

lepsy, but a ‘network’ epilepsy involving specific subcortical and cort-

ical regions, especially in the thalamofrontal network. This concept of 

thalamofrontal network epilepsy could provide an explanatory 
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framework for the specific neuroimaging findings, seizure type, and 

seizure-provoking mechanisms, and implicate personality disorders 

and frontal cognitive dysfunctions in JME. 
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