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Abstract
This study examined the utility of structural and functional MRI at 1.5 and 3 Tesla (T) in the pre-
surgical evaluation and prediction of post-surgical cognitive outcome in temporal lobe epilepsy
(TLE). Forty-nine patients undergoing presurgical evaluation for temporal lobe (TL) resection and
twenty-five control subjects were studied. Patients completed standard pre-surgical evaluations
including, intracarotid amobarbital test (IAT) and neuropsychological testing. During functional
imaging, subjects performed a complex visual scene-encoding task. High-resolution structural MRI
scans were used to quantify hippocampal volumes. Both structural and functional imaging
successfully lateralized the seizure focus and correlated with IAT memory lateralization, with
improvement for functional imaging at 3T as compared to 1.5T. Ipsilateral structural and functional
MRI data was related to cognitive outcome and greater functional asymmetry was related to earlier
age of onset. These findings support continued investigation of the utility of MRI and fMRI in the
presurgical evaluation of TLE.
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Introduction
Approximately 30 to 40 percent of patients with mesial temporal lobe epilepsy (TLE) continue
to have disabling seizures despite treatment with antiepileptic medicines. Anterior temporal
lobe resective surgery dramatically improves seizure control in these medically refractory
patients, with 60–70 percent of patients becoming seizure free, with the exception of simple
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partial seizures [1]. However, a frequent complication of the resection is memory deficit [2,
3]. Accordingly, to try to optimize the risks and benefits of temporal lobectomy, a variety of
techniques are used during the presurgical evaluation to confirm seizure lateralization and
attempt to predict cognitive sequelae (i.e. language and memory outcome) of the procedure.
Intracarotid Amobarbital Testing (IAT), neuropsychological testing, structural MRI and more
recently functional MRI all contribute to the pre-surgical evaluation, lateralization of cognitive
functions, and counseling of the patient as to the expected cognitive outcome with respect to
language and memory.

Several studies have shown that hippocampal volumetric asymmetry in TLE corresponds to
the side of seizure origin, and that hippocampal volume is reduced compared to normal controls
[4–7]. Some authors have suggested that hippocampal volume also predicts functional
outcomes [8–10]. Neuropsychological deficits have been well-defined in the literature for both
pre-surgical [11,12] and post-surgical cognitive functioning [13–16] revealing subgroups that
exhibit increases and decreases (more so in left TLE patients) in verbal memory, which are
frequently independent of post-surgical seizure control.

Neuropsychological functioning before and after surgery is also affected by the developmental
stage during which the seizures began. Earlier onset has been associated with lower scores on
retrograde memory measures [17] and generalized compromise of cognitive functioning [18]
in the TLE population, while later onset has been associated with post-surgical naming
difficulty [19], but also good post-surgical seizure control [20]. Early onset may be associated
with neural reorganization which can result in use of brain areas that are not optimized for
certain cognitive functions, but may also contribute to the better post-surgical outcome due to
reduced risk of removing functioning brain tissue. Likewise, later onset may be associated with
less reorganization with resulting better pre-surgical performance, but also a greater post-
surgical decline due to resection of functional brain regions [18,21,22]. Establishing a
relationship between these presurgical variables and structural and functional imaging
measures would help to establish the role imaging can play in contributing to the pre-surgical
evaluation.

IAT lateralization is widely accepted as the “gold-standard” for pre-surgical lateralization of
language and memory functioning. This procedure has a number of limitations, including risk
of medical complications, cost and personnel requirements, inability to retest, somnolence,
limited time for testing, a small stimulus set, and inter-site procedural differences [For a review
see: 23]. Additionally, IAT memory measures have been shown to be less reliable than IAT
language measures [24]. For these reasons, there is an increasing interest in supplementing or
replacing the IAT with a test that is safer, more valid and more reliable. A growing number of
epilepsy centers are now investigating the possible replacement of the IAT with non-invasive
imaging [25]. In the investigation of language, fMRI has been demonstrated to successfully
lateralize function, correlate with IAT [26], and provide good predictive power [26–28] and
reliability [29]. However, assessing lateralization of memory functions and predicting post-
surgical memory outcome has been less successful.

Prior studies have demonstrated activation in the TL (posterior hippocampus,
parahippocampus, and fusiform gyrus) of healthy controls during explicit memory encoding
of novel complex scenes during fMRI at 1.5 Tesla (1.5T) [30] and at 3 Tesla (3T) [31]. Studies
in nonclinical populations have revealed differing activation patterns in the anterior and
posterior aspects of the hippocampus, relational processing (associative, conceptual or
semantic tasks) eliciting more anterior and novelty eliciting more posterior activation [32]. In
the TLE patient population, TL activation during memory tasks has been shown to contribute
to the prediction of seizure outcome [33] and several measures of memory outcome, including
scene memory [34], navigation memory [35] and verbal memory [36,37]. Additionally, several
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studies have shown concordance between TL activation and IAT memory testing [38–40] and
have begun to optimize procedures for obtaining more reliable TL fMRI activation and tailoring
analyses to patient factors [41].

The overwhelming majority of memory fMRI studies in TLE to date have been completed
using 1.5T MRI scanners. However, over the past several years clinical MRI at 3T has become
widely available. Only one published study has examined TLE patients (nine total; six with
post-surgical data) at 3T, showing good concordance between IAT and memory asymmetry in
50% of subjects [42]. The three main objectives of this study are: 1) to examine the relationship
between commonly used pre-surgical clinical data (seizure laterality, age of onset,
neuropsychological functioning, IAT) and fMRI memory data, 2) to use a large patient cohort
to determine whether structural and functional asymmetries provide predictive value for
memory outcome following temporal lobectomy and 3) to assess the value of increased
sensitivity and increased spatial resolution of MRI at a 3T as compared to 1.5T.

Methods
Subjects

Patients with refractory nonlesional or lesional TLE undergoing presurgical evaluation for
temporal lobectomy were recruited from the Penn Epilepsy Center at the Hospital of the
University of Pennsylvania and the Comprehensive Epilepsy Center at Thomas Jefferson
University. A combination of clinical MRI findings, EEG, IAT, and neuropsychological testing
was used to lateralize the side of seizure. Patients with brain tumors, traumatic brain injuries,
vascular lesions involving the temporal lobe, extratemporal epilepsy, prior temporal
lobectomy, or contraindications to MRI were excluded. Patients with severe mental retardation
who were likely to be unable to cooperate with the MRI examination were also excluded.

Twenty patients completed the study at 3T and twenty-nine patients at 1.5T. Side of seizure,
age, gender and handedness are summarized in table 1. The subjects with bitemporal TLE did
not undergo surgery and were excluded from the analysis. The 1.5T cohort was limited to those
participants from a previous study who had structural images with spatial resolution suitable
for hippocampal volumetry [34]. Thirty-five patients repeated the scene-encoding paradigm
behavioral task approximately six to twelve months after surgery.

Twenty-five control subjects (10 scanned at 1.5T and 15 scanned at 3T) were recruited from
the University of Pennsylvania community. Subjects with a history of neurologic illness,
psychiatric disorders or contraindications to MRI were excluded. All subjects provided written
informed consent for the study procedures in accordance with the guidelines of the Institutional
Review Board at the University of Pennsylvania.

fMRI Data Acquisition
All scanning protocols involved a brief localizer scan, high-resolution T1-weighted 3D
anatomical imaging, and gradient-echo echo-planar imaging for BOLD contrast fMRI.
Adjustable pads were used to restrict head motion during MRI scanning. Imaging was
conducted on a 3T Siemens Trio MRI scanner (Siemens, Germany) or a 1.5T GE Signa MRI
scanner (General Electric, USA), both using a product T/R head coil. High-resolution
anatomical MRI scans (3T: 0.98×0.98×1mm; 1.5T: 0.94×0.94×1.5mm) were collected both
for volumetric measurement and for localization of functional data. Functional data were
collected using a standard BOLD imaging sequence. At 3T, TR = 3000ms, TE = 30 ms, 40
axial slices and 3 mm isotropic voxels (27 mm3 voxel volume). At 1.5T, TR = 2000ms, TE =
50ms, 20 axial slices 3.75× 3.75×5.0 mm voxels (70.3 mm3 voxel volume).
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fMRI Memory Task
Memory for complex scenes was assessed using a block-design experiment, with seven blocks
of visual scenes alternating with seven blocks of a repeated control scene. Scenes were selected
from a Photodisc® (PhotoDisc, Inc, Seattle WA) thumbnail archive to be difficult to encode
using an exclusively verbal strategy. A single randomly retiled scene was shown during the
control condition. Novel visual scenes were presented for 3600ms, with a 400ms interstimulus
interval, for 9 scenes per 36-second block, for a total of 63 images. At 1.5T, 6 blocks of novel
visual scenes (alternating with 6 control blocks) were presented for 3500ms, with a 500ms
interstimulus interval, for 10 scenes per 40-second block, for a total of 60 images [34]. Minor
changes in timing between the task used in the 1.5T and 3T scanner were implemented to match
the stimulus presentation time with the image acquisition timing. Stimulus presentation was
performed during BOLD scanning and the recognition test was performed in the scanner (but
without concurrent image acquisition) at 3T or outside the scanner at 1.5T. The behavioral task
paradigm was implemented in E-prime (Psychology Software Tools, Pittsburgh, PA) running
on a PC laptop. In scanner responses were made using a fiberoptic response system (FORP,
Current Designs, Philadelphia PA). Images were back-projected onto a Mylar screen that the
subject views through a mirror mounted on the head coil.

Subjects were instructed to remember the novel scenes for a subsequent recognition test, and
to passively view the scrambled scene. Subjects performed a self-paced forced-choice
recognition task after stimulus presentation, indicating whether or not they had previously
viewed the target scene. Memory function was calculated using a discrimination score for the
scene recognition task, which was defined by the Two-High Threshold Theory: [(# correct/
total possible correct) − (# false positives/total possible false positives)] [43]. Thirty-five
subjects returned post-surgery to complete the scene memory task and recognition test. The
post-surgical testing included an alternative version of the complex scene-encoding stimulus
in order to avoid practice effects. Change in discrimination score from pre to post-surgery (post
– pre) was calculated as an index of memory outcome.

MRI Data Analysis
Hippocampal Volumetry—The hippocampal head, body, and tail were segmented
manually in ITK-SNAP [44]. Hippocampal volumes were manually determined from structural
MRI by two authors (DMH and JP) with training provided by a neuroradiologist and an
epileptologist (RW and SG, respectively). Anatomical boundaries were determined using
published guidelines [45,46]. Neuroanatomical atlases were used to verify boundaries during
segmentation [47,48]. Volumetric asymmetry ratios (ARs) were calculated with the following
formula: [(contralateral volume−ipsilateral volume)/(contralateral volume+ipsilateral
volume)].

Hippocampal Segmentation Reliability—Inter-rater reliability for the hippocampal
segmentations was calculated using the Dice Similarity Coefficient and was comparable to
previously reported reliability for hippocampal segmentation [49,50]. In subjects with TLE,
the Dice Similarity Coefficient was 81% for ipsilateral hippocampal volumes and 81% for
contralateral hippocampal volumes. The Dice Similarity Coefficient for the normal control
subjects was an average of 83% for the right hippocampus and 84% for the left hippocampus.

Functional Activation—fMRI data were analyzed using VoxBo (www.voxbo.org),
according to the methods outlined in previously published data [31,34]. A simple boxcar
function was used to perform the cognitive subtraction analysis (task condition - control
condition). Statistical parametric maps of activation associated with complex scene encoding
were generated for each patient using a general linear model. Because both the absolute fMRI
signal change and the t-score for task-correlated activity may be highly variable across subjects,
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we used the suprathreshold volume of activation for t>0 within each ROI as the primary
measure of BOLD activation. Parallel analyses performed by weighting each activated voxel
by its t-value [51] did not alter the findings.

Region of interest (ROI) analysis based on a published regional atlas in Talairach space [52]
was used to quantify fMRI activation in individual subjects. Two ROIs were used: the
hippocampus alone (H), and the hippocampus as well as the parahippocampal gyrus and
fusiform gyrus (HPF). A paired samples t-test examining contralateral-ipsilateral functional
asymmetry scores obtained with hand-drawn hippocampal masks (M=0.13, SD=0.22) and
template hippocampal masks (M=0.10, SD=0.14) revealed no significant differences [t(14)
=1.05, p=0.31].

For each ROI two asymmetry ratios were then calculated. First, the ROI activation in the
hemisphere ipsilateral to seizure focus was subtracted from that of the hemisphere contralateral
to the seizure focus, and then divided by the sum of both values [(contralateral − ipsilateral)/
(contralateral + ipsilateral)]. Second, a left-right AR [(left hemisphere − right hemisphere)/(left
hemisphere + right hemisphere)] was calculated for comparison of patient fMRI asymmetry
with both control fMRI asymmetry and patient IAT lateralization.

Finally, based on our prior experience comparing fMRI results to clinical indices [34], we also
examined absolute fMRI signal in the ipsilateral and contralateral hippocampal and HPF ROIs
separately. A fractional activation ratio was calculated for the ipsilateral and contralateral
hippocampi and HPF region. This was calculated by dividing the number of voxels with a
positive activation by the number of voxels with activation data within the ROI.

The extent of coverage and the presence of a positive signal at each field strength was compared
at 1.5T and 3T. The percentage of the area within the ROI (hippocampal and HPF) with
detectable BOLD activation was greater in the hippocampal ROI at 1.5T than at 3T [ipsilateral,
t(12)=3.1, p=0.009; contralateral, t(12)=3.1, p=0.009, equal variance not assumed], but
equivalent within the HPF ROI. Despite this, there were more voxels with positive activation
in the contralateral HPF region [t(34)=−2.6, p=0.025] at 3T.

Neuropsychological Testing
Neuropsychological testing was carried out before and after surgery, in many cases as part of
the patient’s routine clinical evaluation. The neuropsychological testing data set was limited
by different clinical practice standards across sites. For this reason all subjects did not receive
the same pre and post-surgical tests, effectively reducing the number of subjects included in
the analysis.

The memory tests included in this battery assessed a broad range of material-specific memory
domains. Visuospatial memory functioning was examined using pre- to post-surgical change
scores from the immediate and delayed Faces and Visual Reproduction subtests of the Wechsler
Memory Scale III (WMS-III). Verbal memory functioning was examined using pre to post-
surgical change scores from the immediate and delayed Logical Memory subtest of the WMS-
III and the total learning and long delay of the California Verbal Learning Test-Version II
(CVLT-II). Change scores were calculated by subtracting pre- from post-surgical performance.
These tests were chosen from a database of neuropsychological tests in order to represent verbal
and visual memory functioning. Additionally, these tests were completed on the highest
percentage of included subjects, 20–30 out of a total of the 36, depending on the measure.

Reliable change indices (RCI) for subtests of the WMS-III (LMI, LMII, Faces I, Faces II) and
the CVLT-II, were used to assess global change in memory [53,54]. Each score was designated
as −1 (decrease), 0 (no change), or 1 (increase) according to published RCIs. An RCI ratio was
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created for each subject who had at least five cognitive change scores. This ratio ranged from
−1 (a decrease on all cognitive measures) to 1 (an increase on all cognitive measures).

To study the effect of age of onset on pre and post-surgical cognition and imaging variables,
patients were divided into two groups. The early onset group (EO) was defined by onset of
continuous seizures at or before age nine and the late onset group (LO) was defined by onset
of continuous seizures after age nine, in accordance with the use of this variable in the epilepsy
literature [21].

Statistical Analysis
Statistical analyses comparing structural and functional ROI data to other indices were carried
out in SPSS (SPSS, Inc., Chicago, IL, USA). For functional data, the suprathreshold voxel
counts and asymmetry scores for hippocampal and HPF ROIs were entered into the analyses.
Independent samples t-tests were used to examine group differences on the scene memory test,
structural and functional variables and demographic data. A one-way ANOVA was performed
to compare structural and functional ARs for right and left-sided seizure subjects and controls.
Paired t-tests compared pre to post-surgical change on the neuropsychological measures.
Linear regression was used to examine the prediction of cognitive change with pre-surgical
neuropsychological measures and pre-surgical imaging variables. Correlations were computed
to compare structural and functional ARs and absolute activation measures with IAT laterality
(Spearman’s rank) and measures of cognitive change.

Results
Scene Memory and Neuropsychological data

Behavioral performance on the scene memory task was examined in patients and controls.
Comparisons of means revealed that patients performed worse than controls at both the pre-
surgical [t(68)=−2.96, p=0.004] and post-surgical [t(57)=−4.32, p<0.001, equal variances not
assumed] time points. Comparisons between patients with right-sided and left-sided seizures
did not show differences on pre-surgical, post-surgical or change scores for the scene memory
test.

Patients with left-sided seizure had a mean decline after left anterior temporal lobectomy on
the four measures of verbal memory, WMS-III Logical Memory immediate (LM-I) and delayed
(LM-II) and the CVLT long delay (CVLT-LD) and CVLT total learning (CVLT-TOT),
although the group differences only reached significance for LM-I [t(23)=2.17, p=0.04] and
CVLT-TOT [t(20)=2.26, p=0.036, equal variances not assumed]. Patients with right-sided
seizure had a mean decline on the four measures of visual memory, WMS-III Visual
Reproduction immediate (VR-I) and delay (VR-II) and Facial recognition immediate (Faces
I) and delay (Faces II), although the group differences only reached significance on Faces II
[t(18)=−2.09, p=0.05] (see Table 2).

Linear regression models were calculated for each of the eight cognitive measures. The pre-
surgical score was entered as the predictor variable and the change score was entered as the
dependent variable. The models for LM-I [F(1,24)=6.25, p=0.02], LM-II [F(1,26)=6.13,
p=0.02], VR-I [F(1,25)=23.3, p<0.001] and VR-II [F(1,24)=7.43, p=0.012], all showed a
significant prediction of cognitive change, with higher presurgical scores predicting greater
post-surgical decline (see figure 1). The R2 adj values ranged from 17% to 47%. The model for
the CVLT-LD only explained 7% of the variance in the change score [F(1,29)=3.09, p=0.09].
The model for Faces I and II, as well as CVLT-TOT, did not explain variance in the change
score.
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Structural and Functional Data
Unless otherwise noted, data is reported for the 1.5T and 3T patients, combined. When a
separate comparison at each field strength revealed a different and significant result compared
to the combined group, the results are presented. The patients scanned at 1.5T and 3T did not
differ significantly by age [t(44)= −1.47, p=0.15], years of education [t(24)=1.28, p=0.213],
age of onset [t(39)=−0.076, p=0.94], years with seizures [t(39)=−0.55, p=0.55] or gender
[x2(2)=1.48, p=0.48].

Comparing patient and control data—Patients had significantly more asymmetric
hippocampi than control subjects [F(2,66)=27.4, p<0.001], see table 3 and figure 2. Ipsilateral
hippocampi were smaller than contralateral hippocampi in the patient group [t(38)=−5.0
p<0.001]. Additionally, both hippocampi were smaller in the patient groups when compared
to a control hippocampus [right: F(2,63)=30.9, p<0.001; left: F(2,63)=46.4, p=<0.001].

Hippocampal and HPF function was not more asymmetric in patients than controls for the
combined group [H: F(2,67)=0.82, p=0.45; HPF: F(2,69)=3.1, p=0.052], but was significantly
more asymmetric in patients than controls for the 3T group [H: F(2,27)=8.1, p=0.002; HPF: F
(2,27)=14.8, p<0.001], see table 3. In this group, Bonferroni post hoc tests revealed a significant
difference between the right and left-side seizure groups [CI95= 0.04 (lower) 0.36 (upper)
p=0.01] and between the left-side seizure group and controls [CI95= −0.31 (lower) −0.06
(upper) p=0.003] for hippocampal function. There was also a difference between right and left-
sided seizure groups [CI95= 0.07 (lower) 0.33 (upper) p=0.002] and between the left-side
seizure group and controls [CI95=0.12 (lower) 0.31 (upper) p<0.001] for HPF function.

Comparing imaging to standard pre-surgical data—When compared to IAT laterality,
hippocampal structural AR and hippocampal functional AR showed medium sized correlations
without reaching significance (r=0.33, p=0.075; r=0.36, p=0.06), while HPF AR showed a high
correlation (r=0.59, p=0.001), see figure 3. Examining the 1.5T and 3T groups separately
revealed higher correlation values in the 3T group on all measures (H structure: r=0.64, p=0.04;
H function: r=0.69, p=0.04; HPF: r=0.78, p=0.01). The 1.5T group had lower correlations and
higher p-values on all measures (H structure: r=0.1, p=0.69; H function: r=0.2, p=0.50; HPF:
r=0.46, p=0.04).

Comparing groups with early and late age-of-onset of seizure, differences in both structure and
function are evident (table 4). Patients with onset before age nine had a smaller ipsilateral
hippocampus than those with later onset [t(34.9)= −2.89, p=0.007, equal variances not
assumed]. In the early onset group, functional activation was lower within the ipsilateral
hippocampus [t(36)= −2.40, p=0.022] and HPF region [t(36)= −2.14, p=0.039] and there was
a greater asymmetry ratio in both the hippocampus [t(36)=3.37, p=0.002] and the HPF region
[t(36)=2.13, p=0.04].

Pre-surgical imaging and post-surgical cognitive outcome—Comparisons were
only made for the combined 1.5T and 3T group since structural measures were comparable
and the combined group maintained a larger sample size.

The change in discrimination score on the scene memory task was correlated with the
hippocampal and HPF function on the left in patients with left-sided seizures (figure 4). As
hippocampal and HPF function increased on the left, there was a greater decrease in the scene
memory score post-surgically [left H function: r=−0.62, p=0.01; left HPF: r=−0.60, p=0.01].
There was no relationship between the imaging variables and change in scene memory for the
patients with right-sided seizure.
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For subjects with left-sided seizure, the larger the ipsilateral hippocampal volume, the greater
the post-surgical decline on all three measures of verbal memory (LM-I: r=−0.66, p=0.01; LM-
II: r=−0.84, p<0.001; CVLT-LD: r=−0.57, p=0.04). For subjects with right-sided seizure, the
larger the ipsilateral hippocampal volume, the less post-surgical decline on one measure of
visual memory, Faces-I (r=0.87, p=0.01). Neither right or left-sided seizure patients showed a
relationship between functional activation ipsilateral or contralateral to the seizure focus and
changes in neuropsychological measures. Regression models that entered pre-surgical
neuropsychological measures followed by structural or functional variables did not improve
the level of prediction of neuropsychological outcome beyond the models that only included
the pre-surgical neuropsychological measure.

The RCI ratio, a global measure of cognitive change, was significantly correlated with the
structural AR and the ipsilateral hippocampal volume, indicating that greater asymmetry
(r=0.55, p=0.02) and a larger ipsilateral hippocampus (r= −0.56, p=0.02) was associated with
decline in post-surgical cognition. The functional ARs did not correlate with the RCI ratio.

Discussion
This study examined hippocampal structure and function obtained using MRI and
neuropsychological functioning in TLE patients who were subsequently treated with surgical
resection of the affected mesial temporal lobe. As expected, hippocampal structural asymmetry
was more pronounced for TLE patients than for control subjects and TLE patients as a group
had significantly smaller hippocampi ipsilateral to the seizure focus. These findings are
consistent with the literature [4,5] and support the use of quantitative hippocampal volumetry
for lateralization of the seizure focus in mesial temporal lobe epilepsy at either field strength.
Although the correlations between structural asymmetry and seizure lateralization were
roughly comparable in 1.5T and 3T data, supporting prior work [55], group differentiation
using functional asymmetry and concordance between imaging data and IAT memory
lateralization were improved for the higher resolution 3T data.

Cognitive functioning in our sample was comparable to previous reports of right and left-sided
TLE patients [2]. Left-sided seizure patients had a significant post-surgical decline on measures
of verbal memory, while right-sided TLE patients had significant post-surgical decline on
measures of visual memory. Material specificity of the cognitive change was evident in many
cases although RCIs revealed individuals who had both verbal and visual memory decline or
had memory decline that is not typically linked to the lateralization of their seizure focus.
Additionally, regardless of the side of seizure, pre-surgical scores on almost all
neuropsychological measures were significant predictors of post-surgical neuropsychological
change, again supporting the use of this sample as representative of the TLE population [56].

Functional asymmetry of the hippocampus and HPF region in the TLE population was
significantly different from the control group at 3T, but not at 1.5T. This relationship between
group and asymmetry was significant even though there were fewer subjects at 3T than at 1.5T.
Although several differences existed for data acquisition parameters at 1.5T and 3T, these
findings suggest that 3T is superior to 1.5T for fMRI of memory encoding in TLE. The
increased sensitivity for memory fMRI at 3T suggests that functional asymmetry may
contribute to seizure lateralization, as has previously been demonstrated for PET imaging
[57] and IAT [58].

Functional asymmetries can also reveal differences in neural organization within different
populations of TLE patients. We found greater functional asymmetries within the hippocampus
and HPF region in TLE patients with an early age of onset, possibly due to greater
reorganization of function in this group compared with patients with later onset. Similar
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reorganization patterns have been reported for language lateralization with fMRI, which has
shown more right-sided and bilateral language representation in patients with TLE, particularly
in those who began having seizures early in childhood [59].

IAT remains the accepted “gold standard” for lateralization of language and memory. In our
cohort, IAT laterality was significantly correlated with hippocampal structural asymmetry at
3T, but not at 1.5T. IAT laterality was also either significantly correlated with HPF functional
asymmetry at 1.5T and 3T and hippocampal functional asymmetry at 3T, with higher
correlation values for the 3T group. IAT and fMRI are fundamentally different measures. fMRI
measures endogenous activation with both hemispheres functioning normally, while IAT
measures residual function after the injected hemisphere is deafferented. Accordingly, the
correlations between IAT and fMRI for memory lateralization may be expected to be less than
perfect and it may be most useful to consider IAT and fMRI as complementary approaches for
memory lateralization. Further studies with larger cohorts will examine the contribution of
each measure to pre-surgical evaluation in the individual patient and determine when a
combined approach or single diagnostic measure would be more useful in the initial evaluation
and prediction of outcome.

Post-surgical cognitive change was examined using the scene memory task, standard
neuropsychological measures, and a global composite score to account for change on multiple
tests across domains (RCI ratio). We found the strongest relationships between ipsilateral
hippocampal structure and hippocampal and HPF function for patients with left sided seizures,
such that a larger and more active left hippocampus or left HPF region was associated with
post-surgical cognitive decline. Decline on multiple measures, using RCIs, was associated with
a larger ipsilateral hippocampus and greater volumetric asymmetry between hippocampi for
all TLE patients. These results support the importance of assessing ipsilateral hippocampal
volume and hippocampal and HPF function to assist in predicting post-surgical changes in
memory functioning.

The literature on post-surgical memory outcome refers to relationships between both the side
ipsilateral and the side contralateral to the seizure focus and neuropsychological outcomes,
suggesting that the integrity of both sides contribute to the prediction of post-surgical memory
outcome. These relationships were addressed by Chelune [60] and labeled the functional
reserve and hippocampal adequacy models. The functional reserve model associates intact
contralateral hippocampal function with good post-surgical memory outcome and the
hippocampal adequacy model associates the integrity of ipsilateral hippocampal function with
a decline in post-surgical memory outcome. There is support for both the functional reserve
model [61,62] and the hippocampal adequacy models in the literature [41,63]. Our results
provide additional support for the hippocampal adequacy model.

The significant correlations found between functional activation in the HPF region and change
in memory support earlier work implicating the contribution of extra-hippocampal structures
to both memory encoding [30,64] and memory outcome following surgical intervention [65,
66]. The importance of including these extra-hippocampal regions is also underscored by
reports of entorhinal and perirhinal damage and involvement in the pathophysiology of TLE
[4,67,68]. Additionally, hippocampal-sparing temporal lobe resections have resulted in verbal
memory deficits when the perirhinal and entorhinal cortices were included in the resection
[69]. Taken together, these findings suggest a complementary future role for structural and
functional MRI in planning tailored resections to maximize seizure control while minimizing
neuropsychological deficits.

Based on our findings of higher correlations between imaging measurements, lateralization of
seizures and IAT at 3T, improvements in the sensitivity of memory fMRI at 3T may allow for
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more stringent thresholding, a greater range of asymmetries, and more robust correlations with
clinical indices. Several opportunities exist for further methodological improvements in both
data acquisition and analysis. BOLD fMRI signal loss due to static susceptibility gradients can
be reduced with smaller voxel sizes [42], though the optimal voxel size has yet to be determined.
Use of perfusion fMRI with arterial spin labeling can also reduce sensitivity to static
susceptibility gradients [70,71] and a recent comparison between ASL and BOLD fMRI during
scene encoding showed that ASL provides better sensitivity for TL activation than BOLD using
3mm isotropic voxels, as were used in this data set [72]. These data were also collected using
a standard volume coil whereas improved sensitivity may be obtained in future studies using
a multicoil array. Better data analysis techniques that rely on spatial correspondence based
analysis of the hippocampus may improve sensitivity and allow for more accurate investigation
of pre-surgical hippocampal integrity [73].

In comparing 1.5T to 3T fMRI, a higher signal-to-noise ratio at 3T is typically expected to
translate into an improved quality of functional data [74,75]. While we also conclude that 3T
offers advantages over 1.5T data, there are several variables that complicate a direct
comparison and make it difficult to attribute the gain at 3T to a single factor. BOLD fMRI
sensitivity is primarily dependent on temporal SNR rather than static SNR, and temporal SNR
can be compromised by an increase in physiological noise as field strength increases, resulting
in some attenuation of the potential gain in SNR at 3T [76,77]. Our 3T fMRI data was also
obtained using a smaller voxel size than our 1.5T data, which can reduce both intravoxel
dephasing due to susceptibility gradients and partial volume effects. The latter is of particular
interest in small anatomic structures such as the hippocampus, and our finding of increased
hippocampal activation at 3T despite reduced hippocampal signal coverage suggests that this
was the primary benefit of reduced voxel sizes in our 3T data. It is therefore likely that an
interaction of increased BOLD sensitivity and decreased voxel size leads to improved data
quality.

The current study has several limitations. First, three different neuropsychologists, using
different stimuli and testing procedures, completed the IAT procedures. Controlling these
variables for the IAT procedure would allow for more reliable comparisons. Additionally, not
all patients received the same neuropsychological testing before and after surgery, reducing
the sample size in these analyses. A more standardized neuropsychological battery might allow
for more extensive and detailed correlations between imaging results and cognitive outcome.
Second, different scanning platforms were used to acquire the 1.5T (prior generation GE Signa)
and 3T (current generation Siemens Trio) data. Thus, while field strength is probably the most
significant difference between the 1.5T and 3T datasets, some platform- or generation-specific
effects cannot be excluded. Third, although this study offers data on the largest cohort of TLE
patients imaged at 3T, increasing the patient cohort would allow for greater statistical power
and increased predictive ability. At the present time, a variety of tasks and paradigms are used
for fMRI of memory. However, as evidence accumulates demonstrating the utility of fMRI of
memory in TLE, and the relative benefits of specific fMRI approaches, support for multi-site
clinical trials to demonstrate its efficacy in much larger series of patients should follow. Finally,
effective use of memory fMRI in clinical practice will require robust procedures that provide
reliable results in individual patients for use in clinical decision-making and perhaps ultimately
surgical planning.

The results of this study support our prior results [34] demonstrating the feasibility of
presurgical memory lateralization using fMRI for lateralizing seizure focus and predicting
memory outcome at the group level. While structural asymmetries were comparable between
1.5T and 3T data, functional asymmetries showed improved lateralization with seizure focus
in the 3T cohort. Significant correlations observed between fMRI and both IAT and changes
in neuropsychological performance lend further support to the use of fMRI as a complementary
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presurgical memory assessment tool in TLE. Additionally, relatively greater reorganization of
memory function was observed in patients with an early age of seizure onset. Finally, the
observed contributions of ipsilateral TL function to predicting memory outcome provides
additional support to the hippocampal adequacy model. These findings add to the literature on
pre-surgical evaluation and organization of memory function in TLE.
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Figure 1.
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Figure 2.
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Figure 3.
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Figure 4.
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Table 4
Age of Onset: Differences on Imaging Variables

≤ 9 years of age > 9 years of age

Mean S.D. Mean S.D.

Ipsilateral
hippocampal volume

1142 * 345 1559 534

Contralateral
hippocampal volume

1720 348 1793 366

Hippocampal
structural AR

0.317 0.33 −0.066 0.34

Ipsilateral
hippocampal function

0.477 * 0.29 0.719 0.30

Contralateral
hippocampal function

0.753 0.30 0.666 0.35

Hippocampal
functional AR

0.328 * 0.33 −0.063 0.35

Ipsilateral HPF
function

0.518 * 0.23 0.702 0.26

Contralateral HPF
function

0.711 0.23 0.707 0.27

HPF functional AR 0.150 * 0.21 −0.016 0.24

*
Significant difference between age of onset groups, p<0.05.
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