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Abstract
Forty-four TLE patients (25 left) and 40 healthy control participants performed a complex visual
scene-encoding fMRI task in a 4T Varian scanner. Healthy controls and left temporal lobe
epilepsy (LTLE) patients demonstrated symmetric activation during scene encoding. In contrast,
RTLE (RTLE) patients demonstrated left lateralization of scene encoding which differed
significantly from healthy controls and LTLE patients (all p ≤ .05). Lateralization of scene
encoding to the right hemisphere among LTLE patients was associated with inferior verbal
memory performance as measured by neuropsychological testing (WMS-III Logical Memory
Immediate, p=0.049; WMS-III Paired Associates Immediate, p=0.036; WMS-III Paired Associates
Delayed, p=0.047). In RTLE patients, left lateralization of scene encoding was associated with
lower visuospatial memory performance (BVRT, p=0.043) but improved verbal memory
performance (WMS-III Word List, p=0.049). These findings indicate that, despite the negative
effects of epilepsy, memory functioning is better supported by the affected hemisphere than the
hemisphere contralateral to seizure focus.
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The hippocampus and the related medial temporal lobe (MTL) structures are essential for
encoding episodic memories (1). Studies in patients with unilateral MTL lesions have
demonstrated dissociations between the functions of left hippocampus, mediating verbal
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memory, and the right hippocampus, facilitating visuospatial memory (2,3), although
material-specific memory deficits from right hemispheric lesions tend to be less robust than
those from left hemispheric lesions (4). Temporal lobe epilepsy (TLE), most commonly
characterized by seizures originating from medial temporal structures, is frequently
associated with memory impairments (5,6). In particular, LTLE is typically associated with
deficits in verbal memory functioning, whereas seizures originating from the right temporal
region may cause visuospatial memory impairments (7). These memory deficits are, in part,
the result of progressive seizure-related damage to MTL structures that are vital for the
acquisition, temporary storage, and retrieval of episodic memories (8).

Neural damage associated with chronic epilepsy is known in some individuals to lead to
functional reorganization of language and/or memory functions (9,10). For example,
atypical language lateralization is commonly observed in LTLE patients (11) and is most
prominent in patients with hippocampal sclerosis (12,13). A number of small- and medium-
scale fMRI studies have investigated functional reorganization of memory in epilepsy
patients. Overall, these studies have demonstrated increased lateralization of memory
encoding, as assessed through experimental tasks presented in the scanner, to the
hemisphere contralateral to the seizure focus (14-18). In particular, LTLE patients
demonstrate increased right lateralization of verbal memory, whereas left lateralization of
visuospatial memory has been observed among RTLE patients (19-21). These findings
support the notion that TLE may lead to epilepsy-related reorganization of memory
processing. However, the functional importance of this atypical lateralization for memory
performance on standardized psychometric measures has received little attention and the
literature has produced mixed findings. In a study by Richardson et al. (20), reorganization
of verbal memory to the right hemisphere was associated with superior verbal memory
performance in LTLE patients. However, more recently Powell et al. (19) demonstrated that
atypical (i.e., lateralized to the unaffected hemisphere) memory representation was
associated with inferior verbal and nonverbal (i.e., figure recall) memory performance.
Additionally, Vannest et al. (21) reported that left hemispheric epilepsy patients
demonstrated greater right medial temporal activation as well as inferior memory
performance when compared to right hemispheric epilepsy patients. The authors concluded
that reorganization of memory functioning in left hemispheric epilepsy patients may be
associated with impaired verbal memory performance (21).

Given the incongruous findings to date, the present fMRI study will use a large sample of
TLE patients and healthy controls in order to further examine whether lateralization of
seizure focus differentially affects lateralization of memory functioning. Additionally, the
relationship between lateralization of memory and memory performance on standardized
clinical measures will be investigated. Healthy controls will be used to establish activation
patterns elicited by the fMRI scene-encoding task employed in this study, which has
previously been known to elicit symmetric medial temporal activation in healthy controls
(10,22,23). This study will test two hypotheses which have been formulated based on the
existing literature:

Hypothesis 1: LTLE patients will demonstrate increased right lateralization of
scene encoding and RTLE patients will demonstrate increased left lateralization of
scene encoding (19-21).

Hypothesis 2: Lateralization of scene encoding to the contralateral (healthy)
hemisphere and the degree of lateralization will be negatively correlated with the
degree of memory functioning (20,24,25).

Previous studies have demonstrated that memory lateralization, particularly verbal memory
lateralization, may depend on lateralization of language functioning (26). Therefore,
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additional analyses will be completed by investigating the relationship between memory
lateralization and language lateralization as determined by the previously published
semantic decision/tone decision (SDTD) fMRI task (27). This and similar designed semantic
decision fMRI tasks are known to elicit lateralizing activation patterns for semantic
language functions (28,29), correlate with language intracarotid amobarbital procedure
(IAP) results (30) and predict post-operative naming abilities (31).

Methods
Participants

Temporal lobe epilepsy patients—Forty-four (32% female) TLE patients aged 19-66
(mean age = 39) were included in this study. Participants had a mean age at epilepsy onset
of 21 years and a mean duration of epilepsy of 17 years, both of which are typical for
patients undergoing evaluation for epilepsy surgery (32-34). Participants were recruited
prospectively as part of an ongoing study focusing on language and memory assessments in
patients with pharmacoresistant focal onset epilepsy (21,22,35,36). An additional 24 patients
were recruited into the parent study but were excluded from our analyses: 11 due to seizures
of extratemporal origin and 13 because they were administered a different version of the
scene encoding fMRI task (22). Twenty-five patients were determined to have LTLE and 19
RTLE (see Table 1 for demographic information). Data from the first 14 patients (LTLE =
8; RTLE = 6) were included in our previous publication (21). Diagnoses of all patients were
based on seizure semiology, neuroimaging results, and neurologists’ impressions from
prolonged video-EEG recordings. Final decisions regarding epilepsy type were made by at
least two epileptologists. All participants underwent fMRI within 1-3 months of their video-
EEG monitoring and neuropsychological testing.

Healthy controls—In order to establish activation patterns in healthy controls using this
fMRI scene-encoding paradigm, 40 healthy control participants (39% female) aged 19-59
(mean age = 33) with no history of neurological disorders or memory complaints were
recruited (10 of these participants were included in our previous study (21). This study was
approved by the Institutional Review Board at the University of Cincinnati, and all
participants provided written informed consent prior to enrollment.

Procedure
Neuropsychological testing—As in our previous studies, all epilepsy patients
underwent an extensive neuropsychological assessment as part of their presurgical clinical
evaluation (5,21,37,38). In this study, measures of verbal memory included the Logical
Memory, Paired Associates Learning, and Word List Learning subtests of the Wechsler
Memory Scale III (WMS-III; (39). The WMS-III auditory memory subtests are designed to
measure immediate and delayed recall of verbal information presented in an auditory
modality. The WMS-III Logical Memory subtest requires patients to recall verbal
information read to them in the context of a story. On the Paired Associates subtest,
participants are required to learn word pairs across multiple trials. For the Word List subtest,
patients are required to learn and recall a list of words presented to them auditorily. Each of
these subtests involves an immediate as well as a delayed recall component. The Benton
Visual Retention Test [BVRT, (40)] and Warrington’s Recognition Memory for Faces
[RMF, (41)] test were both included as assessments of non-verbal memory functioning. The
RMF is a facial recognition task on which participants view photos of 50 unfamiliar men,
and memory for these faces is tested immediately with a forced-choice (2 choices)
recognition test. The BVRT requires participants to view and immediately draw complex
visual forms. All statistical analyses were performed on standard scores corrected for age

Bigras et al. Page 3

Epilepsy Behav. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(and for some tests gender and education) based on published normative data.
Neuropsychological data was not gathered from healthy controls.

Functional MRI activation tasks
Scene-encoding task—A “box-car” design functional MRI scene-encoding task was
employed for the purposes of this study (10,21,23). As previously, participants were
presented with stimuli that represented a balanced mixture of indoor (50%) and outdoor
(50%) scenes that included both images of inanimate objects as well as pictures of people
and faces. Attention to the task was monitored by asking participants to indicate whether the
scene was indoor or outdoor on a button box held in the right hand; participants were
instructed to memorize all scenes for later memory testing. In the control condition,
participants viewed pairs of scrambled images and were asked to indicate with the use of the
button box whether both images in each pair were the same or different (50% were the
same). Use of the control condition allowed for subtraction of visuo-perceptual, decision-
making, and motor aspects of the task, with a goal of improved isolation of the memory
encoding aspect of the active condition.

The paradigm included seven blocks of 10 pictures (alternating between blocks of scrambled
pictures and blocks of scenes, for a total of 70 target pictures and 70 scrambled control
pairs) and lasted seven minutes and 15 seconds. Each image was presented for 2.5 seconds,
followed by 0.5 seconds of a white blank screen. Participants completed a practice run
before entering the scanner in order to ensure comprehension of the task. The practice items
included five indoor/outdoor scenes as well as five scrambled pictures. Participants did not
proceed to the scanner until they responded to all 10 images correctly. Within 10 minutes of
completing the scan, participants were administered a post-scan recognition test that
included 60 indoor/outdoor scenes, with a balanced content of target and foil pictures. Foil
pictures were chosen by matching contents and parameters of foil images to those presented
in the scanner. Participants indicated whether they remembered seeing the picture in the
scanner by pressing “Y” or “N” on a standard laptop keyboard.

Semantic decision task—Participants were also administered a Semantic Decision/Tone
Decision Task (SDTD) which consists of a semantic decision (active) condition and a tone
recognition (control) condition (27,42), similar to the SDTD task developed by Binder et al.
(30). In the active condition, participants were presented with eight names of animals, to
which they responded “1” on the button box if the animal was both a) “native to the United
States” and b) “commonly used by humans.” If the animal did not meet either or any of
these criteria, the participant responded by pressing “2” on the button box. For the tone
recognition task, participants were presented with tone sequences that consisted of four to
seven tones ranging from 500 Hz to 750 Hz. Participants were instructed to respond “1” on
the button box for any sequence with two 750 Hz tones, or “2” for a sequence with fewer
than two 750 Hz tones. The paradigm included seven blocks of eight names of animals
(alternating between animal names and tones; a total of 56 animal names and 28 tones) and
lasted seven minutes and 15 seconds.

MRI scans—Images were collected on a 4-Tesla Varian MRI scanner. Anatomical scans
were collected first and were used to delineate the non-normalized regions of interest (ROI)
which allowed for calculation of laterality indices (LI), maximum activation and
hippocampal volume. The protocol for anatomical scans was: TR = 13 ms, TE = 6 ms, FOV
= 25.6 × 19.2 × 15.0, flip angle array of 3: 22/90/180 with the voxel size of 1 × 1 × 1 mm.

Task stimuli were presented using PsycScope 1.1 (43) running on an Apple Macintosh G3
computer. Participants were equipped with a button box to record responses and to alert the
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MRI technologist to any problems if necessary. Head movement was minimized with the
use of foam padding and head restraints. Manual shimming was followed by echo planar
imaging (EPI) which was completed in thirty 4-mm thick contiguous planes sufficient to
encompass the apex of the cerebrum to the inferior aspect of the cerebellum in the adult
brain. The specific protocol for EPI scans was: TR/TE = 3000/25ms, FOV = 25.6 × 25.6 cm,
matrix = 64 × 64 pixels, slice thickness = 4 mm, flip angle array: 85/180/180/90.

Functional MRI data analysis—Image processing was performed with software
developed in the Imaging Research Center at Cincinnati Children’s Hospital Medical Center
[CCHIPS; (44)] in the IDL software environment (IDL 5.4; Research Systems Inc., Boulder,
CO, USA). Individual participant data were analyzed using a general linear model (GLM) to
identify voxels activated in the encoding task (45). Following Talairach transformation
(spatial transformation with the brain rotated to AC-PC coordinate frame followed by linear
scaling into Talairach reference frame), areas of significant group activation for healthy
controls were determined using random-effects analysis. Group activation maps were
generated using a threshold of z ≥ 1.96. This nominal z score combined with a cluster size of
at least 30 resulted in a corrected p value of at least 0.05 for all images, as determined by
Monte-Carlo simulation (46). The group activation map for healthy controls was used to
generate functional ROIs for lateralization calculations, which were then applied to the
healthy controls and epilepsy patients.

Regions of interest (ROI)—Region of interest (ROI) analyses have been employed in a
number of memory encoding studies (14,15,19,21,47). As in our previous study (21), we
used a functional ROI as well as anatomical ROIs in order to provide guidelines for
quantitative evaluation of lateralization of brain activity during the scene-encoding
paradigm.

Scene encoding ROI—Seven regions of interest (ROIs) were defined for the purposes of
the scene encoding analyses. First, a functional ROI (FROI) was defined based on
hippocampal activation in the healthy control group. Activation on the left and right side
were mirrored onto the contralateral side to generate the functional map; Talairach
coordinates of all pixels within these regions were stored. Only voxels rostral to the coronal
-50 mm Talairach space boundary were included in the analysis which represents the
approximate location between the hippocampal formation and the lingual gyrus (10,22).
Masks of the hippocampal (HROI), parahippocampal (PROI) and combined hippocampal/
parahippocampal (HPROI) ROIs were created with the use of the automated anatomical
labeling atlas (48) in AFNI (49). In addition, three non-normalized ROIs based on each
individual’s neuroanatomy were delineated by hand in CCHIPS. These included individual
hippocampal (IHROI), parahippocampal (IPROI), and combined hippocampal/
parahippocampal ROIs (IHPROI). Individual ROIs were included in the analysis because
normalized ROIs have been shown to inadvertently exclude portions of relevant anatomical
structures as well as brain activation in epilepsy patients (50). Additionally, normalized
ROIs have been shown to result in differential laterality indices (LI) in epilepsy patients
when compared to use of non-normalized, individual ROIs (50). Functional analyses (i.e., LI
calculation) were completed with all seven ROIs. The IHROI was used to calculate
maximum activation and for structural hippocampal volume analyses.

Language ROI—Language ROIs were defined based on functional activation in the
control group in the lateral frontal regions (corresponding to Broca’s area) as well as the left
lateral/posterior temporal region (corresponding to Wernicke’s area). As in previous studies,
a functional map was generated by mirroring activation on the left and right sides onto the
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contralateral side to create symmetric ROIs (27). Talairach coordinates of all active voxels
were stored.

Lateralization index calculation—In each ROI, the median z value of all activated
voxels was calculated and applied as a threshold for lateralization index (LI) calculation
(51,52). Within a given ROI, voxels with z higher or equal to the median z value were
counted for each participant, and the LI was defined as the difference in number of activated
voxels between the left and right ROIs, divided by the sum of active voxels in the left and
right ROIs. This approach yields LIs ranging from -1 (strong right lateralization) to 1 (strong
left lateralization). This data-driven approach to thresholding has been shown to minimize
the effects of outliers with high statistical values and to result in LI calculations with the
least amount of variability (51,52).

Maximum activation—The maximum z value across all activated voxels was calculated
for the right and left IHROI for each participant. Maximum z values were stored for later
analysis.

Hippocampal volume—The mean number of voxels in the left and right IHROI was
calculated for each participant and was used as an indicator of hippocampal volume. For
each participant, analysis comparing the mean volume of the left versus right hippocampus
was completed in order to determine structural symmetry of the hippocampi. Participants
were considered to be structurally symmetric when the volume of the left IHROI
approximated the volume of the right IHROI. Paired samples t-tests were used to investigate
individual differences in the volume of the left versus the right hippocampus. Participants
demonstrating a significant (p≤0.05) difference in the left and right hippocampal volumes
were considered to be structurally asymmetric.

Intracarotid amobarbital procedure—An intracarotid amobarbital procedure (IAP)
was performed in 33/44 (75%) of the TLE patients (80% of LTLE patients, 68% of RTLE
patients) as part of a presurgical clinical evaluation (team performing fMRI was blinded to
the results of IAP until after the fMRI procedure). Laterality as determined by IAP was used
to compare laterality as determined by the fMRI scene-encoding task. IAP was performed
by first injecting sodium amobarbital into the affected cerebral hemisphere, followed by
injection into the contralateral hemisphere using previously described methods (22,27).
Typically, 125 mg of sodium amobarbital were injected first followed by a second
hemisphere injection of 100 mg. Language testing was performed during recovery from the
effects of anesthesia, and memory testing was performed approximately 10 minutes
following completion of language testing. Memory was assessed by presenting patients with
pictures that can be encoded with the use of verbal, nonverbal, or a combination of both
verbal and nonverbal strategies, which they were later asked to recognize among pictures of
targets and foils (10,22). IAP memory lateralization indices were calculated with methods
previously described by Rausch et al., (53).

Statistical analyses—Statistical analyses were carried out in SPSS (SPSS Inc., Chicago,
IL., USA). Structural, functional, and LI differences between LTLE and RTLE patients and
healthy controls were investigated with the use of one-way and multivariate ANOVA and
Mann-Whitney U when appropriate. Pearson and Spearman correlation analyses were used
to investigate the relationship between lateralization and performance. Non-parametric
analyses (i.e., Mann-Whitney U and Spearman correlation analyses) were completed when
data did not meet the assumption of normality (tested with the use of Q-Q plots).
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Results
Background Analyses

The following analyses were completed in order to provide descriptive information about
hippocampal volume, maximum activation, fMRI task performance and performance on
standardized neuropsychological measures.

Structural data and maximum activation—A 3 (group: LTLE, RTLE, healthy) × 2
(hippocampal volumes) mixed ANOVA was completed in order to investigate structural
hippocampal symmetry. Results indicated that there was no significant main effect of group,
F(2, 81) = 0.18, p = 0.837, or hippocampal volume, F(1, 81) = 2.04, p = .157. Results did
unveil a significant interaction between hippocampal volume and group, F(2, 81) = 6.20, p
= .003. Simple effects analyses demonstrated structural symmetry of hippocampi among
healthy controls (Mleft = 2.07, SDleft = .27 cm3; Mright= 2.16, SDright = 0.42 cm3), t(39) =
−1.47, p = .150. LTLE patients demonstrated significantly larger right (M = 2.24, SD = .65
cm3) compared to left (M = 1.92, SD = .78 cm3) hippocampi, t(24) = -−2.71, p = .012.
Although qualitatively RTLE patients demonstrated larger left hippocampi the differences
between left (M = 2.13, SD = .42 cm3) and right (M = 1.95, SD = .47 cm3) hippocampal
volumes were not significantly different, t(18) = 1.73, p = .100. See Table 2 for structural
LI.

Pearson correlation analyses were then conducted to investigate the relationship between
structural hippocampal volumes and maximum hippocampal activation. Results indicated
that among LTLE patients, left hippocampal volume was positively associated with
maximum activation of the left hippocampal region, r(23) = .44, p = .031. In addition, there
was a positive relationship between right hippocampal volume and right hippocampal
maximum activation among RTLE patients, r(17) = .52, p = .023.

In addition, Pearson correlation analyses were completed in order to investigate the
relationship between hippocampal volume and variables considered to indicate seizure
chronicity, namely epilepsy duration and age at seizure onset. Bonferroni correction for
multiple (four) comparisons was applied to the analyses below, resulting is an alpha level of
0.012. Among LTLE patients, results demonstrated a nonsignificant negative trend toward
significance between left hippocampal volume and epilepsy duration, r(23) = −.43, p = .033.
In addition, left hippocampal volume among LTLE patients was positively correlated with
age at epilepsy onset, r(23) = .59, p = .002. Similar findings were also observed among
RTLE patients. In particular, right hippocampal volume was found to be negatively
associated with epilepsy duration, r(17) = −.57, p = .011 (i.e., longer epilepsy duration was
associated with smaller hippocampus), and positively associated with age at seizure onset,
r(17) = .65, p = .002 (i.e., later seizure onset was associated with larger hippocampus).

Performance data
Functional MRI tasks
Scene- encoding task: Group differences on task performance were investigated in the
epilepsy patients with the use of a 2 (condition) × 3 (group) mixed-factor ANOVA, with the
unit of measurement being the mean percent of scenes answered correctly (i.e., for the active
condition indoor vs. outdoor; for the control condition same vs. different). Results
demonstrated a significant main effect of condition with participants performing
significantly better in the active condition (M = 88.01, SD = 7.88) compared to the control
condition (M = 86.52, SD = 13.52), F(1, 79) = 4.73, p = .033. Additionally, results
demonstrated a significant main effect of group, F(2, 79) = 12.04, p < .001. Post-hoc
analyses using Tukey’s HSD test indicated that healthy controls performed significantly
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better (M = 92.05, SD = 1.37), than left (M = 83.22, SD = 1.73) and right (M = 81.97, SD =
2.10) TLE patients overall, both p < .001. However, no significant differences on task
performance were observed between left and right TLE patients, p = .890.

There was also a significant interaction between task and group, F(2, 79) = 6.59, p = .002.
Simple effects analyses demonstrated that healthy controls, and left and right TLE patients
differed significantly on task performance for both conditions [active: F(2, 81) = 6.40, p = .
003); control:(F(2, 81) = 12.37, p < .001)]. In particular, healthy controls answered
significantly more trials correctly on the active condition (Mactive = 90.86, SDactive = 3.00),
compared to RTLE (Mactive = 83.76, SDactive = 10.71, p = .004) and LTLE (Mactive = 86.36,
SDactive = 9.39, p = .050) patients. Healthy controls also demonstrated superior performance
on the control condition (Mcontrol = 93.25, SDcontrol = 4.10) compared to LTLE (Mcontrol =
80.08, SDcontrol = 17.92, p < .001) and RTLE (Mcontrol = 80.18, SDcontrol = 13.50, p = .001)
patients. No significant differences were observed between left and right TLE patients on
the active (p = .506) or control conditions (p = 1.00). Further analyses also demonstrated
that healthy controls performed significantly better on the control condition (Mcontrol =
93.25, SDcontrol = 4.10) than the active condition (Mactive = 90.86, SDactive = 3.00), t(39) =
−3.23, p = .003. However, LTLE patients performed significantly better on the active
condition (Mactive = 86.36, SDactive = 9.39) compared to the control condition (Mcontrol =
80.08, SDcontrol = 17.92), t(24) = 2.08, p = .048. No significant differences were unveiled
for RTLE patients’ performance on the active (Mactive = 83.76, SDactive = 10.71) versus the
control (Mcontrol = 80.18, SDcontrol = 13.50) condition, t(16) = 1.71, p = .107.

One-way ANOVA results indicated that healthy controls performed significantly better on
the post-scan recognition test (M = 86.33, SD = 5.83 percent correct) than both left (M =
76.08, SD = 9.36 percent correct), F(1, 64) = 29.24, p < .001, and right (M = 74.38, SD =
8.01 percent correct), F(1, 56) = 39.58, p < .001, TLE patients. No significant differences
were observed between left and right TLE patients on the post-scan recognition testing, p = .
538. See Table 2 for group performance.

Language task: One-way ANOVA demonstrated significant differences between groups in
performance on the semantic decision task, F(2, 75) = 10.68, p < .001. Post-hoc analyses
demonstrated that healthy controls performed significantly better on the semantic decision
task (M = 78.02, SD = 8.62 percent correct) when compared to right (M = 66.36, SD = 10.17
percent correct, p < .001), and left (M = 69.62, SD = 10.21 percent correct, p = .003), TLE
patients. However, no significant differences were observed between left and right TLE
patients on the semantic decision portion of the language task, p = .916. Results indicated
that healthy controls (M = 95.05, SD = 4.77 percent correct) also outperformed both left (M
= 80.12, SD = 12.19 percent correct) as well as right (M = 67.00, SD = 15.82 percent
correct) TLE patients on the tone decision task, F(2, 75) = 46.07, p < .001. Additionally,
LTLE patients performed significantly better than RTLE patients on the tone decision task,
p = .001. These results are in concordance with previous work from our group (42,54) as
well as findings by Springer et al. (9) which demonstrated that healthy controls outperform
epilepsy patients on both the active (semantic decision) and control (tone decision)
conditions of this fMRI SDTD paradigm.

Neuropsychological performance: Due to the non-Gaussian distribution of
neuropsychological performance data, a Mann-Whitney U analysis was completed in order
to determine the differences in performance on neuropsychological measures between left
and right TLE patients. Results revealed that RTLE patients demonstrated superior
performance on the WMS-III Word List Delayed Recall when compared to LTLE patients,
U = 110.00, p = .028. No significant differences were observed between right and LTLE
patients on the WMS-III Logical Memory (Immediate, p = .762; Delayed, p = .450) or
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Paired Associates (Immediate, p = .551; Delayed, p = .871) subtests, the RMF (p = .988), or
the BVRT (Correct, p = .806; Errors, p = .916. Although these comparisons did not reach
statistical significance, qualitative inspection of the data indicated that overall LTLE patients
demonstrated lower verbal memory performance when compared to RTLE patients. In
addition, RTLE patients demonstrated comparatively lower visuospatial memory
performance (as measured by the BVRT).

Results: Hypothesis 1
fMRI lateralization indices for memory—Qualitatively, healthy controls demonstrated
symmetric activation of all ROIs (see Table 2 for mean lateralization indices for each
group). A series of one-way ANOVAs was conducted to compare LIs for scene encoding
between healthy controls and left and right TLE patients. Levene’s test for equality of
variance indicated a lack of homoscedasticity for HROI, and as such post-hoc analyses for
group differences in LI of HROI were completed using Games-Howell’s test. All other post-
hoc analyses were completed using Tukey’s HSD test.

Results indicated a significant difference between groups in lateralization of the
hippocampal ROI (HROI), F(2, 81) = 3.61, p = .031; combined hippocampal/
parahippocampal ROI (HPROI), F(2, 81) = 5.84, p = .004; and the functional ROI (FROI),
F(2, 81) = 6.22, p = .003. Post-hoc analyses indicated that compared to the control group,
RTLE patients appeared significantly more left lateralized for HROI, p = .027, HPROI, p = .
009, and FROI, p = .008. RTLE patients also appeared significantly more left lateralized for
HPROI, p = .007, and FROI, p = .005 when compared to LTLE patients. No significant
differences were observed in lateralization of HROI between left and right TLE patients, p
= .136.

Although not significant, the data also demonstrated a trend for group differences in
lateralization of parahippocampal ROI (PROI), F(2, 81) = 2.77, p = .068, and the non-
normalized hippocampal ROI (IHROI), F(2, 81) = 2.79, p = .067. Post-hoc analyses
indicated that RTLE patients trended towards comparatively greater left lateralization of
PROI, p = .060, and IHROI, p = .057 when compared to LTLE patients. However, no
significant differences were observed between RTLE patients and healthy controls on
lateralization of PROI, p = .173, or IHROI, p = .193.

No significant differences were discovered between groups on non-normalized
parahippocampal (IPROI) and hippocampal/parahippocampal (IHPROI) ROIs: IPROI: F(2,
81) = .21, p = .807; IHPROI: F(2, 81) = 1.06, p = .351. LTLE demonstrated qualitatively
symmetric activation of all ROIs (MHROI = .00, MHROI = .24; MPROI = −.05, SDPROI = .29;
MHPROI = −.01, SDHPROI = .19; MFROI = −.03, SDFROI = .19), which did not differ
significantly from the symmetric activation observed among healthy control participants
(HROI, p=1.000; PROI, p = .717; HPROI, p = .924; FROI, p = .855). Figure 1 illustrates the
mean activation patterns in healthy controls and epilepsy patients.

In order to investigate the relationship between language lateralization and memory
representation among LTLE patients, two-tailed Pearson correlation analysis was completed.
Results indicated no significant relationship between lateralization of FROI and language
lateralization as determined by the SDTD fMRI paradigm, t(23) = .10, p = .623.

Results: Hypothesis 2
Scene encoding lateralization and performance—Due to the non-Gaussian
distribution of the neuropsychological performance data, two-tailed Spearman correlation
analyses were conducted in order to investigate the relationship between LI and memory

Bigras et al. Page 9

Epilepsy Behav. Author manuscript; available in PMC 2014 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



performance. Results indicated that LTLE patients with less right lateralization of IHPROI
performed better on the WMS-III Logical Memory Immediate, r(21)=0.42, p=0.049, and
Paired Associates Delayed subtests, r(19)= 0.46, p=0.036 (refer to Table 3 for correlations
between LI and performance on neuropsychological measures). In addition, improved
performance on the WMS-III Paired Associated Delayed subtest was observed among LTLE
patients with less right lateralization of IHROI, r(19) = .44, p = .047. Figure 2 shows the
relationship between lateralization and neuropsychological performance for LTLE patients.

As can be seen in Table 4, RTLE patients with greater left lateralization of HROI
demonstrated fewer interference errors on the WMS-III Word List subtest, r(15) = .52, p = .
031. RTLE patients who demonstrated symmetric lateralization of FROI also performed
better on the WMS-III Word List subtest, r(15) = −.48, p = .049. Additionally, RTLE in
whom the PROI was more left lateralized demonstrated a greater number of errors on the
BVRT recall, r(12) = −.55, p = .043. Figure 3 shows the relationship between lateralization
and neuropsychological performance for RTLE patients.

Post-hoc analyses
Given our unexpected findings that LTLE patients demonstrated symmetric lateralization of
memory encoding during the fMRI scene encoding paradigm, the following analyses were
completed in order to examine lateralization as it is determined by IAP and the relationship
between IAP and fMRI lateralization.

Intracarotid amobarbital procedure—A post-hoc analysis was completed in order to
investigate differences in memory lateralization among left and right TLE patients as
measured by IAP and by the scene encoding fMRI task. A 2 (method) by 2 (memory
lateralization) mixed-factor ANOVA was completed for this analysis. In order to complete
these analyses, fMRI memory lateralization indices were multiplied by 100 to ensure to that
both scales represented the same unit of measurement. For results presented below memory
lateralization ranges from - 100 (strong right) to 100 (strong left). Results demonstrated that
the main effect of method (i.e., IAP vs. fMRI) trended towards significance, F(1, 31) = 3.96,
p = .055, with IAP demonstrating greater left lateralization of memory encoding (M = 13.51,
SD = 31.37) overall when compared to lateralization as determined by fMRI (M = 2.64, SD
= 19.54). Results also demonstrated a significant main effect of memory lateralization, F(1,
31) = 7.89, p = .009, with RTLE patients demonstrating significantly greater left
lateralization of memory encoding overall (M = 19.43, SD = 5.23) compared to LTLE
patients (M = .69, SD = 4.22). However, no significant interaction was discovered between
method of LI determination and seizure lateralization, F(1, 31) = .19, p = .666

In order to investigate the relationship between memory lateralization as assessed by IAP
and the fMRI scene-encoding paradigm employed in this study, Pearson correlation analysis
was completed. Although the two methods were mildly correlated (r(31) = .29), results did
not reach significance (p = .099). When considering the association between the measures of
memory lateralization among left and RTLE patients (fMRI and IAP), results indicated a
significant positive association between the measures among LTLE patients, r(18) = .499, p
= .025; however, the two methods were not significantly correlated among RTLE patients,
r(12) = −.081 , p = .793. Figure 4 shows the relationship between memory lateralization as
assessed by IAP and fMRI.

Discussion
This study investigated the effects of epilepsy on memory lateralization and performance in
a sample of patients with pharmacoresistant, video-EEG confirmed temporal lobe epilepsy,
using an fMRI scene-encoding task previously shown to elicit symmetric hippocampal
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activation in healthy populations (10,21,23). Our results from healthy controls are in
agreement with findings from these previous studies. This finding suggests that this complex
visual scene-encoding task stimulates both visuospatial and verbal memory encoding
strategies; however, this inference cannot be determined with certainty as participants were
not questioned about the encoding strategies used during this task which is a limitation of
the current study.

Our findings demonstrated structural hippocampal symmetry among healthy controls. As
expected, the TLE patients had relatively smaller hippocampi in the affected than the
unaffected hemisphere, consistent with the hippocampal sclerosis that is common in this
population (55). Decreased hippocampal volume in the hemisphere ipsilateral to the seizure
focus was associated with lower maximum activation in this region, which suggests that
hippocampal sclerosis is associated not only with volume loss but also with a reduction in
functional tissue. In addition, our results indicated that the degree of tissue loss is associated
with chronicity (i.e., epilepsy duration and age at seizure onset) of epilepsy, indicating
possible progressive seizure related damage to temporal areas.

Our findings are also in partial agreement with neuropsychological literature demonstrating
the presence of material-specific memory impairments among epilepsy patients
(5,6,37,56,57). In particular, LTLE patients demonstrated inferior verbal learning and verbal
memory retrieval when compared to RTLE patients. This finding is consistent with literature
suggesting the presence of verbal memory deficits among LTLE patients (7). We did not
identify material-specific memory deficits in the RTLE group, as both left and right TLE
patients were equivalently and only mildly impaired (relative to normative data collected by
the test publisher) on the BVRT, and the mean scores in both patient groups were well
within the normal range on the RMT. These results are consistent with findings which
indicate that neuropsychological measures are more sensitive to left- compared to right-
sided dysfunction (4).

In terms of fMRI-derived memory lateralization, our results revealed that RTLE patients
demonstrate significantly greater left lateralization of activation during scene encoding than
healthy controls and LTLE patients. This result is in agreement with the results of previous
studies by Bellgowan et al. (17) and Powell et al. (19), who demonstrated increased left
lateralization of verbal memory encoding among RTLE patients, and extends their findings
to stimuli that are known to be processed in healthy individuals in both cerebral
hemispheres. The present findings may not be entirely specific to patients with mesial
temporal involvement as Vannest et al. (21) also reported a trend for a mixed group of
patients with right temporal (6 of which were included in the current study) and
extratemporal lobe epilepsy to demonstrate increased left lateralization of memory encoding
during a scene-encoding task.

Our results diverge from findings presented by Mechanic-Hamilton et al. (15) who reported
that RTLE patients did not demonstrate increased left lateralization of memory encoding.
Although the latter study also employed a scene-encoding task, it was a small scale study
involving only eight RTLE patients (as reported in Table 1 of Mechanic-Hamilton et al.,
2009). Thus, the differences between our study and the one completed by Mechanic
Hamilton et al. (15) are likely associated with the small number of participants included in
the latter study and the relatedly low power to detect significant group differences. Taken
together these findings provide support for the presence of lateralization of memory
encoding to the hemisphere contralateral to seizure focus in RTLE patients.

LTLE patients demonstrated symmetric activation for all ROIs during the scene-encoding
task, which was a somewhat unexpected finding. One potential explanation for this negative
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result is the possibility that, given that reorganization of language functioning has been
demonstrated among LTLE patients (11-13), language lateralization may be acting as a
confounding factor in these analyses. This hypothesis was in agreement with findings by
Vannest et al. (21) which indicated that of left hemispheric epilepsy patients in their study
who demonstrated right language dominance, 83% also demonstrated right lateralization of
memory encoding during a complex scene-encoding task. Thus, further analyses were
completed to investigate the relationship between memory lateralization and language
lateralization in LTLE patients which did not reveal a significant association between
lateralization of memory encoding and language lateralization as determined by the SDTD
task. This suggests that the variance in lateralization of memory encoding among LTLE
patients cannot be accounted for by atypical language lateralization.

A possible explanation for the symmetric activation observed among LTLE patients is that
the left hemisphere verbal memory strategies used for this scene-encoding task are not
substantially affected by epilepsy as previously thought (10,15,21) and thus, dominant
lateralization in the unaffected hemisphere is not observed. This notion is supported by the
results of previous studies which demonstrate postsurgical verbal memory deficits among
LTLE patients who have undergone resective epilepsy surgery (47,58-62). Thus, our results
suggest that LTLE patients, like healthy controls, may use both verbal and visuospatial
strategies when encoding complex visual scenes and this predisposes them to a higher
chance of post-resection deficits. Novel fMRI tasks assessing temporal lobe contribution to
language and verbal memory functions are now being investigated for their application to
presurgical prediction of postsurgical deficits (63).

Our results disagree with some of the findings from a number of small-scale studies that
demonstrated increased right lateralization of memory encoding among left hemispheric
epilepsy patients (10,15,21). Although these studies also employed complex scene-encoding
tasks, our study is the first larger scale fMRI study (LTLE N=25) investigating memory
lateralization among epilepsy patients. Thus, it is possible that this discrepancy is accounted
for by our larger sample size which possibly offers a more representative account of
memory encoding strategies elicited by LTLE patients with the use of a complex scene-
encoding task. This interpretation of the results is supported by our IAP results
demonstrating a slight left lateralization of memory functioning among the included LTLE
patients. This is consistent with our fMRI results, which demonstrate that LTLE patients
continue to rely on the left (in addition to the right) hemisphere during scene encoding.
Similarly, our findings also demonstrated that increased left lateralization among LTLE
patients was associated with superior verbal memory performance.

We have also demonstrated that memory lateralization towards the unaffected hemisphere
was associated with inferior memory performance. In particular, our results indicate that
RTLE patients with greater left lateralization of scene encoding demonstrate inferior
visuospatial recall. In addition, improved verbal memory performance was observed among
LTLE patients who demonstrated less right lateralization of memory encoding during this
scene-encoding task. These results are consistent with the study by Powell et al. (19) who
demonstrated improved verbal and visuospatial memory performance among TLE patients
in whom memory was lateralized towards the affected hemisphere. These results are also
supported by Vannest et al. (21) who demonstrated better verbal memory performance
among LTLE patients who maintained left lateralization of memory encoding. These
findings are also in agreement with findings by Guedj et al. (64) who, with the use of PET,
demonstrated a positive association between metabolism of the entorhinal/perihrinal cortex
ipsilateral to the side of seizure focus and recognition performance (64). Furthermore, with
the use of this task we did not observe fMRI activations outside of the medial temporal and
occipital (due to visual presentation of the task) regions that could suggest the use of
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compensatory strategies for memory performance observed, for example, for recognition
memory in patients with epilepsy (65).

Our findings suggest that the hemisphere contralateral to seizure focus may not adequately
support memory functioning, which directly contests a hypothesis of functional reserve
which has been proposed to explain memory decrements following temporal lobectomy
(66). This hypothesis suggests that postsurgical memory functioning depends on the
functional reserve (i.e., memory capacity) of the contralateral temporal lobe in TLE patients
undergoing unilateral temporal lobectomy. However, our results indicate instead that
memory functioning is better supported by the hemisphere ipsilateral to seizure focus. This
finding provides support for a hypothesis of functional adequacy, which suggests that
postsurgical memory deficits depend on the functional adequacy of the resected tissue (66).

The functional adequacy hypothesis is further supported by studies investigating the risk of
postoperative memory decline following anterior temporal lobectomy (ATL) in TLE
patients. In particular, studies indicate that good preoperative verbal memory performance
(67-69) and increased left lateralization of preoperative verbal memory encoding
(16,47,60,62,70,71) predict greater postoperative decline among LTLE patients who
undergo left temporal lobectomy for epilepsy management. In addition, recent findings by
Bonelli et al. (60) demonstrated that increased preoperative activation in the left anterior
MTL was associated with postoperative verbal memory decline but preoperative activation
in the left posterior MTL was associated with superior postoperative verbal memory (60).
Given that the posterior MTL is frequently spared during ATL surgery, the authors
interpreted this result as an indication of intrahemispheric compensation of verbal memory
functioning among LTLE patients (60). These findings are congruent with our findings
demonstrating superior memory performance among TLE patients who maintain traditional
memory representation.

As with all studies, this study has a number of limitations. One limitation is the failure to
investigate group differences in anterior and posterior MTL activation. As indicated above,
previous studies have demonstrated the importance of investigating anterior versus posterior
activation (60,72). In particular, Banks et al. (72) investigated group differences in
lateralization of verbal and visual memory and demonstrated differential lateralization
specific to posterior and anterior portions of the MTL (72). Additionally, preoperative
anterior MTL activation has been shown to be the strongest predictor of postoperative verbal
and visual memory decline in patients undergoing ATL, demonstrating greater predictive
value than preoperative learning scores, hippocampal volume, and language lateralization
(60). However, as mentioned above, preoperative activation in the posterior MTL has been
shown to be associated with improved postoperative verbal and visual memory performance
(60). Another limitation of this study is the possible effects of antiepileptic medication
(AED) on the cognitive functioning as well as fMRI activation patterns of TLE patients. In
particular, 13 (LTLE = 7; RTLE = 6) of the TLE patients included in this study were
prescribed topiramate (TPM) which is an antiepileptic medication known to have negative
effects on cognitive functioning (73,74). Furthermore, patients prescribed TPM have also
been shown to elicit differential activation patterns in response to a semantic decision fMRI
paradigm when compared to patients taking other antiepileptic medications (42). Given
these findings, it is possible that the use of TPM by almost 30% of our epilepsy sample may
have been a confounding factor in the findings of this study.

Another possible limitation of this study is the use of an fMRI memory encoding paradigm
which is assumed to elicit both verbal and nonverbal encoding strategies. It was decided to
use this paradigm in order to minimize the time that participants spent in scanner; however,
the use of specific and distinct verbal and non-verbal paradigms would have allowed for
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more specific conclusions about lateralization of material-specific memory encoding.
Another limitation of this study is that a second rater was not used when delineating the non-
normalized ROIs, which made assessments of inter-rater reliability impossible. Although all
non-normalized ROIs were delineated by hand by the same investigator (C.P.B.) using
consistent anatomical guidelines, the use of a second rater would have allowed for an added
assessment of consistency.

Conclusion
Overall, our study demonstrated organization of memory encoding to the contralateral
medial temporal regions among RTLE patients. However, LTLE patients demonstrated
symmetric lateralization of memory encoding, similar to that observed among healthy
controls (but different from RTLE patients). In addition our findings indicate that memory
functioning is better supported by the affected hemisphere than the hemisphere contralateral
to seizure focus.
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Highlights

• Healthy controls and LTLE patients demonstrated symmetric activation

• RTLE patients demonstrated comparatively greater left activation

• Poor verbal memory was related to right lateralization of scene encoding in
LTLE

• Poor visuospatial memory was related to left lateralization of encoding in RTLE

• Right lateralization of encoding was associated with better verbal memory in
RTLE
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Figure 1.
Differences in functional MRI activation patterns between active and control conditions for
the fMRI scene-encoding task in A) healthy controls (N = 40), B) LTLE patients (N = 25),
C) RTLE patients (N = 19). All images are presented in radiological convention (i.e., left
hemisphere is represented on right side of image). Coronal images are presented with y =
−16 for the left upper image and y = −30 for the right lower image of each panel.
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Figure 2.
Correlation between A) lateralization of IHPROI and performance on WMS-III Logical
Memory Immediate subtest, B) lateralization of IHPROI and performance on WMS-III
Paired Associates Delayed subtest, and C) lateralization of IPROI and performance on
WMS-III Paired Associates Delayed subtest for LTLE patients.
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Figure 3.
Correlation between A) lateralization of HROI and number of interference errors on the
WMS-III Word List subtest, B) lateralization of FROI and performance on WMS-III Word
List subtest, and C) lateralization of PROI and number of errors on the BVRT for RTLE
patients.
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Figure 4.
The relationship between memory lateralization as determined by IAP and by fMRI memory
encoding task for A) LTLE patients and B) RTLE patients.
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Table 1

Demographic data for healthy controls and left and right TLE patients

Healthy Controls LTLE RTLE

N 40 25 19

Age (M (SD)) 33.32 (12.37) 35.88 (10.23) 42.26 (12.34)*

Sex (% female) 42% 40% 21%

Education (M (SD) years) 15.77 (2.74) 14.08 (2.78) 13.47 (2.22)

Dominant Handedness

  Right 31 22 17

  Left 4 2 2

  Both 5 1 0

Age at onset (M (SD) 17.70 (13.91) 25.47 (16.82)

Seizure duration (M (SD) years) 18.16 (13.37) 16.42 (12.20)

Memory Lateralization with IAP

  Left 11 10

  Right 8 2

  Symmetric 1 1

  Total 20 13

Language Lateralization with IAP

  Left 17 12

  Right 4 1

  Total 21 13

*
Note. p < 0.05 when compared to healthy controls
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Table 2

Lateralization and performance data for healthy controls, and left and right TLE patients.

Healthy Controls LTLE RTLE

Hippocampal Volume (M(SD) cm3)

Left 2.07 (.27) 1.92 (.78)β 2.13 (.42)

Right 2.16 (.42) 2.24 (.65)β 1.95 (.47)

Maximum Activation

Left 64.30 (13.25) 62.44 (18.51) 59.84 (11.04)

Right 65.40 (16.77) 63.28 (8.93) 60.89 (9.58)

Mean fMRI LI± [M(SD)]

HROI .00 (.12) .00 (.24) .12 (.18) *

PROI .00 (.20) −.05 (.29) .11 (.24)

HPROI .00 (.09) −.01 (.19) α .13 (.16)*

FROI .00 (.15) −.03 (.19) α .14 (.19)*

fMRI Memory Task Performance
(M (SD) % correct)

Indoor/Outdoor 90.85 (3.00) 86.36 (9.39)* 83.76 (10.71)*

Scrambled Pictures 93.25 (4.10) 80.06 (17.92)* 80.18 (13.50)*

Recognition Test 86.33 (5.83) 76.08 (9.36)* 75.35 (8.01)*

fMRI SDTD Task Performance
(M(SD) % correct)

Semantic Decision 78.02 (8.62) 69.62 (10.21)* 66.36 (10.17)*

Tones 95.05 (4.77) 80.12 (12.19) α* 67.00 (15.82) *

Performance on Neuropsychological

Measures (M (SD) Scaled Score)

Verbal Memory: WMS-III

Logical Memory Immediate 8.91 (3.54) 9.35 (3.48)

Logical Memory Delayed 8.74 (3.58) 9.53 (3.47)

Paired Associates Immediate 8.86 (4.19) 8.67 (3.20)

Paired Associates Delayed 8.95 (4.14) 9.33 (2.47)

Word List Immediate 7.86 (3.37) 10.23 (3.33)

Word List Delayed 8.45 (3.19) α 10.65 (2.96)

Word List Interference Score 7.32 (3.73) 9.00 (2.89)

Visuospatial Memory: Benton Visual

Retention Test (M(SD) Z-score)

Correct −.88 (1.21) −.95 (1.05)

Errors .84 (1.31) .83 (1.08)

Visuospatial Memory: Warrington
Recognition Memory for Faces 9.74 (3.30) 9.50 (3.98)

*
Note. ±LI = (L-R/L+R). p < .05 when compared to healthy controls.

α
p < .05 between left and right TLE.
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β
p < .05 between left and right hippocampi.
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