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Abstract

Background: Functional magnetic resonance imaging (fMRI), a non‑invasive technique with high spatial resolution and blood 
oxygen level dependent (BOLD) contrast, has been applied to localize and map cognitive functions in the clinical condition of chronic 
intractable epilepsy� Purpose: fMRI was used to map the language and memory network in patients of chronic intractable epilepsy 
pre‑ and post‑surgery� Materials and Methods: After obtaining approval from the institutional ethics committee, six patients with 
intractable epilepsy with an equal number of age‑matched controls were recruited in the study� A 1�5 T MR scanner with 12‑channel 
head coil, integrated with audio‑visual fMRI accessories was used� Echo planar imaging sequence was used for BOLD studies� 
There were two sessions in TLE (pre‑ and post‑surgery)� Results: In TLE patients, BOLD activation increased post‑surgery in 
comparison of pre‑surgery in inferior frontal gyrus (IFG), middle frontal gyrus (MFG), and superior temporal gyrus (STG), during 
semantic lexical, judgment, comprehension, and semantic memory tasks� Conclusion: Functional MRI is useful to study the basic 
concepts related to language and memory lateralization in TLE and guide surgeons for preservation of important brain areas during 
ATLR� This will help in understanding future directions for the diagnosis and treatment of such disease�
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Introduction

Epilepsy is a widely prevalent neurological disorder affecting 
an estimated 50 million people worldwide.[1] Estimates on the 
incidence of epilepsy also suggest that at least 5000 persons 
with epilepsy would go on to have medical intractability 
each year.[2] In a developing country like India, the burden of 
epilepsy occurs in 1‑5% of the population and about 20‑30% 
of these are medically refractory.[3] Intractable epilepsy occurs 
with an approximate incidence of 6/100,000/year and with a 
prevalence of 2‑3 per 1000 (>1 episode/year). A comprehensive 

meta‑analysis of all published and unpublished studies on the 
Indian prevalence of epilepsy reveals an overall prevalence rate 
of epilepsy in India at 5.59/1000.[3] Prevalence rates of epilepsy 
based on zone‑ and community‑based surveys in India have 
revealed (per 1000 population) an incidence of 2.5 in Kashmir, 
3.6 among the Parsis of Bombay, 4.4 in Bangalore, and 4.9 
in Kerala.[4] Epilepsy is a non‑communicable neurological 
condition characterized by recurrent seizures. Seizures occur 
due to erratic neuronal electrical activity (which may remain 
localized or spread) and lead to involuntary movements of the 
whole body (generalized) or some part of the body (partial).

However, hippocampal sclerosis (HS) is a unique pathological 
condition characterized by specific neuropathological 
features and is the most common cause of temporal lobe 
epilepsy (TLE). The minimal criteria for the diagnosis of 
HS are summarized in the International League against 
Epilepsy (ILAE) commission report and include selective 
neuronal cell loss and gliosis in CA1 and endfolium.[5] Other 
alterations in HS include dispersion of the granule cell layer 
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of the dentate gyrus (DG), neurogenesis of granule cells, and 
synaptic reorganization of the mossy fibers (mossy fiber 
sprouting).[6] Intractable TLE is treated by a variety of surgical 
techniques including tailored anterior temporal lobectomy 
guided by intraoperative electrocorticography (ECoG), 
standardized anterior temporal lobectomy with or without 
ECoG, and amygdalohippocampectomy with sparing 
of the lateral temporal neocortex.[7] All these approaches 
provide for an extensive resection of the mesial temporal 
lobe structures, particularly the hippocampus. For 
amygdalohippocampectomies, the extent of hippocampal 
resection varies among surgeons, most of whom believe 
that maximizing the extent of hippocampal removal will 
improve seizure outcome. Although epileptic seizures can 
be extratemporal or outside the temporal lobe, originating 
in the frontal, parietal, or occipital lobes, they may still 
affect some of the language and memory components, but 
the extent of damage to the cognitive capability differs from 
patient to patient.[8]

The most widely studied clinical application of functional 
magnetic resonance imaging (fMRI) in intractable 
epilepsy has been in pre‑surgical language and memory 
lateralization, providing results comparable to intracarotid 
amobarbital testing.[9] fMRI has surpassed the status of 
being a novice and has come a long way since it was first 
demonstrated by Seigi Ogawa.[10] Also, a comparatively 
competent spatial resolution has warranted its longevity 
as a globally accepted investigative tool. fMRI enables 
efficient quantification of neural activity of different regions 
of the brain. Blood‑oxygenation level dependent (BOLD) 
imaging uses the endogenous MRI contrast, based upon 
the paramagnetic property of de‑oxyhemoglobin, wherein 
the activity resultant change in oxygen utilization acts as 
the source of BOLD contrast that is detected by fMRI.[11] 
During language task, the nondominant hemisphere could 
play a dominant role in language function in patients with 
epilepsy, though it depends on localization of the lesion, 
than it does in neurologically intact subjects.[12] However, 
epilepsy patients exhibited left hemispheric dominance for 
language, though significantly lower than that in healthy 
subjects, indicating atypical lateralization of language.[13]

We explore the possibility that neural changes as observed 
with functional imaging in TLE may contribute toward 
refining the diagnostic or surgical management. The 
objective of the discussion is to corroborate the findings 
of the study performed by us and to understand the 
role of fMRI in evaluating the brain function in pre‑ and 
post‑surgery chronic intractable epilepsy.

Materials and Methods

Subjects’ recruitment details
The study was approved by the institutional ethics 
committee. Six consecutive adult patients (3 males and 

3 females, n = 6, mean age: ±22.16 years, SD: 4.2) with 
medically intractable epilepsy, who could read, understand, 
and comprehend Hindi and were cleared for epilepsy 
surgery following Epilepsy Surgery Case Conference (unit 1 
Neurology) were recruited from our neurology clinics, 
after obtaining their informed consent. Five out of 
six patients had left mesial temporal sclerosis (MTS; 
demonstrated by MRI) and the other one had left temporal 
gliosis lesion [Demographic data, Table 1]. Six healthy 
controls (5 males and 1 female, n = 6; mean age: ±31.4 years, 
SD: 3.80) with no history of neurological disorder and who 
were relatives of the patients were recruited after getting 
their informed consent. The Edinburgh Handedness 
Inventory[14] was used to assess the dominance in hand 
activities. All patients and controls were right handed, 
and standard diagnostic inclusion and exclusion criteria 
were followed. Patients with metallic implant or any other 
contraindications for MRI and suffering from any disease 
other than epilepsy were excluded from the study. All 
subjects underwent a comprehensive epilepsy presurgery 
work‑up, including video‑EEG (VEEG), MRI, single‑photon 
emission computed tomography (SPECT), positron 
emission tomography (PET), and neuropsychological and 
psychiatric evaluations. The location of the epileptogenic 
zone was determined by VEEG and SPECT.

Paradigm and MR acquisition
The experiment was carried out using 1.5 T MR 
scanner (Magnetom Avanto; M/s. Siemens, Erlangen, 
Germany) with a 12‑channel head coil. Three‑dimensional 
magnetization prepared rapid acquisition gradient echo (3D 
MPRAGE) was used to rule out anatomical deficits and 
for overlaying BOLD results. Single‑shot echo planar 
imaging (EPI) sequence was used for the BOLD studies, 
with the parameters listed in Table 2.

The language task consisted of lexical reading, semantic 
judgment, semantic reading, and comprehension 
syntactic–semantic components, and the visual cues were 
presented using MR‑compatible binocular goggles (Nordic 
Neuro Lab, Bergen, Norway). Subjects were instructed to 
read simple semantic words and sentences during the 
task. For semantic judgment task, they were instructed 
to choose the correct synonym or antonym of the noun 
among the four options provided, using a four‑button 
response pad (Lumina LP 400; Cedrus Inc., San Pedro, CA, 
USA). During comprehension syntactic–semantic task, 
subjects were requested to correct the syntax of sentences 
and read out. Each patient underwent fMRI scan twice, 
on recruitment (pre‑surgery) and 6 months post‑surgery. 
Before entering into the MRI, the subjects were instructed 
and trained to execute the tasks by using visual cues. 
For the semantic memory task, a standardized story in 
Hindi[15] using SuperLab presentation software (Cedrus 
Inc., San Pedro, CA, USA) was provided to the subjects 
using MR‑compatible auditory interface system (Nordic 
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Neuro Lab, Bergen, Norway). After the story, patients 
were instructed to verbally answer the questions 
corresponding to the semantic memory task during fMRI 
scan (recorded using MR‑compatible microphone).

Statistical analysis
The fMRI data were analyzed by Statistical Parametric 
Mapping (SPM) software (Wellcome trust, London, UK; 
version SPM 8) using Matlab (Mathworks Inc., Natick, 
MA, USA). BOLD whole‑brain series for each subject was 
corrected for motion during the study to the first obtained 
EPI volume using 3D rigid body transformation. Paired 
t‑test was used for group pre‑ and post‑surgery data 
analysis (P < 0.005, cluster threshold 5, Z score >5, one voxel 
is 2 × 2 × 2 mm3). One‑way analysis of variance (ANOVA) 
test was performed for the control group. Brain activation 
pattern was overlaid onto the whole brain T1‑weighted 
normalized MPRAGE images. Coordinates of local maxima 
of threshold (P value uncorrected: 0.005) SPM maps 
were converted from MNI frame to standard Talairach 
coordinates using an automated procedure of assigning an 
anatomic label to these coordinates by searching for the label 
associated with the nearest gray matter coordinate (Research 
Imaging Institute, University of Texas, San Antonio, Texas, 
USA, www.brainmap.org).

Results

BOLD activation during language and memory task
Patients with left TLE (n = 6; mean age: ±22.16 years, SD: 4.2) 
and healthy controls (n = 6; mean age: ±31.4 years, SD: 3.80) 
were recruited for fMRI language and memory task. All the 
six subjects complied with the instructions, and language 
and memory tasks were carried out pre‑ and post‑surgery in 
all of them. During lexical reading task [Figure 1A‑C], BOLD 
activation was observed in bilateral superior temporal 
gyrus (STG) and left middle temporal gyrus (MTG) in the 
controls [Figure 1A] and in post‑surgery patients compared 
to the pre‑surgery patient group. During semantic judgment 
task, bilateral precentral gyrus and left MTG were activated 
in post‑surgery patients in comparison to the pre‑surgery 
group [Figure 1 D‑F]. In controls, the task invoked activation 
in the right hemispheric inferior frontal gyrus (IFG), middle 
frontal gyrus (MFG), superior frontal gyrus (SFG), and left 
hemispheric supramarginal gyrus. During semantic reading 
task [Figure 1G‑I], left cerebral post central gyrus, fusiform 
gyrus, and MTG brain areas were activated post‑surgery 
in comparison to pre‑surgery. In the control group, BOLD 
activation was observed in the left hemispheric MTG, 
post central gyrus, and bilateral STG. In semantic syntax 
task [Figure 1J‑L], BOLD activation was invoked in bilateral 
precentral gyrus, left cerebral STG, MTG, and lingual gyrus 
in the post‑surgery patients, whereas the control group 
showed activation in left hemispheric SFG, precuneus, 
IFG, MTG, and STG. During memory task [Figure 2], 
activation was observed in left MFG, right cerebral STG, 
bilateral insula, and right cerebral parahippocampal gyrus 
in post‑surgery patient group in comparison to pre‑surgery 
group. In controls, important BOLD activation was observed 
in bilateral MFG, right STG, right hemispheric MFG, and 
bilateral insula [Figure 2A].

Discussion

Neuroimaging methods, such as fMRI, have the ability 
to map, identify, and assist in preservation of important 
brain areas involved in corresponding task during 
presurgical evaluation. Functional recovery is attributed 
to reorganization processes in the damaged brain. 
When damage to a functional system is partial, the 
recovery process can be self‑regulated by within‑system 
reorganization.[16] The neurons would find a way to 
communicate with each other even after any injury; 
they do this to compensate for the lost function and it 
can be very well ascertained using fMRI. The cortical 
reorganization in epileptics can efficiently be mapped 
with fMRI, further strengthening the status of fMRI as a 
potent tool in neuroscience research. In left temporal lobe 
epilepsy (LTLE) patient group, absence of left temporal lobe 
activation suggests a deficit in these patients during simple 
semantic reading task, and may be the result of left temporal 
lobe abnormality due to intractable seizure discharges 

Table 1: Demographic and clinical details of temporal lobe epilepsy 
patients

Patient 
ID

Age 
(years)/

sex

Handedness Epilepsy 
onset 

(years)

MRI and 
pathological 
diagnosis

Clinical 
and 
EEG

Surgical 
procedure

1 30/M R 26 Left HS Left TLE LATLR

2 23/M R 21 Left HS Left TLE LATLR

3 22/F R 14 Left HS Left TLE LATLR

4 20/F R 15 Left HS Left TLE LATLR

5 20/M R 12 Left HS Left TLE LATLR

6 18/F R 9 Left temporal 
gliosis

Left TLE LATLR

R: Right, HS: Hippocampal sclerosis, TLE: Temporal lobe epilepsy, LATLR: Left anterior 
temporal lobe resection

Table 2: MRI parameters used during BOLD image acquisition in 
the study
Slice thickness (mm) 4.5

No. of slices 29

Repetition time (TR) in ms 2000

Echo time (TE) in ms 24

Field of view in mm 230

Resolution 64×64

No. of measurements (dynamics) 251 (language task)
72 (memory task)

Echo train length or EPI factor 63

Number of averages 1
BOLD: Blood oxygen level dependent, MRI: Magnetic resonance imaging, EPI: Echo planar 
imaging
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and pathological disturbances. However, recruitment 
of left STG during simple semantic task after anterior 
temporal lobe resection (ATLR) suggests a reorganization 
of language areas in LTLE patients [Figure 1]. Increasing 

language complexity invoked activation in the left 
temporal cortex, indicating that Wernicke’s area along 
with left hemispheric post central gyrus, superior parietal 
lobule, and insula, right hemispheric fusiform gyrus, 

Figure 2 (A-C): BOLD activation during verbal memory task in (A) healthy control (B) pre-surgery TLE, and (C) post-surgery TLE (STG: Superior 
temporal gyrus, MTG: Middle temporal gyrus, IFG: Inferior frontal gyrus, MFG: Middle frontal gyrus)

A B C

Figure 1 (A-L): The BOLD activation on group analysis in controls (A, D, G, J), pre-surgery TLE group (B, E, H, K), and post-surgery TLE group 
(C, F, I, L) during (i) semantic lexical reading (A,B,C); (ii) semantic judgment task (D,E,F); (iii) semantic reading (simple sentence) task (G, H, I); 
and (iv) semantic syntactic reading (jumbled sentences) task (J, K, L). (LH: Left hemisphere, RH: Right hemisphere, STG: Superior temporal 
gyrus, MTG: Middle temporal gyrus, IFG: Inferior frontal gyrus, PoCG: Post central gyrus, PrCG: Precentral gyrus)

A B C

D E F

G H I

LKJ
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and middle frontal gyrus may still be intact for higher 
language functions after ATLR [Table 3].[17] This may 
suggest that after ATLR, reorganization may involve 
multiple components of language function.[18] However, 
similar studies have reported involvement of STG and the 
frontal operculum brain areas interlinked with syntactic 
processing and subserved by the ventral pathway, whereas 
complex grammatical structures involve the Wernicke’s 
and Broca’s areas, that are connected via the dorsal 
pathway.[19,20] We observed activation in IFG during all 
tasks suggesting its involvement in the search for and 
retrieval of semantic information. Closed activation of this 
area might thus indicate that weak performing patients 
have a greater demand for such search‑and‑retrieval 
operations.[21,22] These findings suggest that epilepsy affects 
the cortical language networks in TLE patients. During 
comprehension syntactic task, BOLD‑activated clusters 

were found in lesser amount in post‑surgery LTLE group 
in comparison to the control group. In semantic judgment 
comprehension, processing of language is involved and 
semantic reading task engages motor speech area. In the 
present study, activation was mainly observed in the IFG 
and temporal lobes at the level of superior and middle 
temporal gyri, a region identified as Wernicke’s area 
seems reconnected strongly in the post‑surgery follow‑up 
cases. It suggests the processing of neurons in IFG and 
STG were not precisely interlinked at cellular level due 
to dysfunction of seizure mechanism in presurgical 
session which is in agreement with previous functional 
neuroimaging studies.[23‑26] BOLD activation in MTG and 
STG is involved in integration of semantic and syntactic 
information and is particularly responsive to meaningful 
sentences during semantic reading task.[27,28,22] Patients 
with left hippocampal sclerosis usually showed atypical 
language lateralization, which may suggest hippocampal 
involvement in semantic and lexical information during 
targeted word retrieval.[29] LTLE patients showed decreased 
BOLD activation in the left hemisphere during language 
task (naming, verb generation, and fluency) compared to 
healthy controls, similar to earlier reports.[22,30]

In memory task, deactivation of left insular cortex in the 
LTLE group (with respect to the control group) suggests that 
cognitive processing is affected in LTLE patients. Medial 
temporal abnormality may affect semantic memory network 
in LTLE subjects. The BOLD activation in bilateral fusiform 
gyrus suggests extra effort in decision making during the 
semantic memory task in LTLE patients group [Figure 2]. 
Poorer performance in verbal memory tasks has been 
associated with left insular damage, suggesting that the 
insula may be part of a functional network that mediates 
verbal memory, switching between networks, conscious 
awareness, etc.[26,31]

These observations indicate the undoubted contextual 
relevance of fMRI in assessing the extent of reorganization, 
restoration, and regeneration of neural functions in 
chronic intractable epilepsy.[30,31] These findings support 
our hypothesis that the cortical organization of language 
and memory processing is affected in TLE subjects in 
comparison to healthy brain, and may be restored after 
ATLR.

Combining two or  more modali t ies  l ike EEG/
magnetoencephalography (MEG) or EEG/fMRI signals 
would give a more comprehensive diagnostic and scientific 
knowledge about epilepsy and cognitive function with 
an understanding of the basic structure and dynamics of 
neuronal networks.[31] Though we had acquired SPECT, 
PET, and VEEG data, we could not correlate the same in 
this study. The subjects were unwilling to participate in the 
study post‑surgery, limiting the sample size (to six), since 
relevance of the fMRI study is yet to be established.

Table 3: Comparison of BOLD activation (number of voxels) in 
temporal lobe epilepsy patients post-surgery with respect to 
pre-surgery and controls for different tasks

Task BOLD-activated brain 
region

Number of BOLD clusters 
activated corresponding to 

the task

Post- 
surgery vs. 
pre-surgery

Post- 
surgery 

vs. control 
group

Hemisphere LH RH LH RH
Lexical 
reading

Middle frontal gyrus 33 0 0 0

Inferior frontal gyrus 0 0 0 0

Middle temporal gyrus 7 24 35

Superior temporal gyrus 116 6 0 0

Supramarginal gyrus-
inferior parietal lobe

0 13 0 0

Visual cortex 0 6 0 0

Semantic 
judgment task

Middle frontal gyrus 0 0 14 0

Inferior frontal gyrus 0 0 0 0

Middle temporal gyrus 0 0 19 0

Superior temporal gyrus 0 0 0 0

Supramarginal gyrus (IPL) 0 0 14 0

Visual cortex 0 0 0 0

Semantic 
reading task

Middle frontal gyrus 0 16 0 0

Inferior frontal gyrus 0 0 0 17

Middle temporal gyrus 0 0 27 0

Superior temporal gyrus 0 0 0 10

Supramarginal gyrus (IPL) 73 0 282 7

Visual cortex 0 0 271 15

Comprehension 
task

Middle frontal gyrus 34 0 23 0

Inferior frontal gyrus 0 0 0 0

Middle temporal gyrus 0 0 0 0

Superior temporal gyrus 0 6 15 8

Supramarginal gyrus (IPL) 7 0 0 0

Visual cortex 0 0 0 0
LH: Left hemisphere, RH: Right hemisphere, 1 voxel: 2×2×2 mm3, IPL: Supramarginal 
gyrus/Inferior parietal lobule, BOLD: Blood oxygen level dependent
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Conclusion

The fMRI is an important neuroscience tool capable of 
investigating brain functions and helps in understanding 
the basic concepts related to brain remodeling and 
reorganization in chronic intractable epilepsy patients. 
Various fMRI language tasks (lexical reading, semantic 
decision, semantic–syntactic processing) can cover important 
language components and guide surgeons for preservation 
of important functional brain areas during ATLR.
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