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Abstract
Purpose—Verbal memory decline is a frequent complication of left anterior temporal lobectomy
(L-ATL). The goal of this study was to determine whether preoperative language mapping using
functional magnetic resonance imaging (fMRI) is useful for predicting which patients are likely to
experience verbal memory decline after L-ATL.

Methods—Sixty L-ATL patients underwent preoperative language mapping with fMRI,
preoperative intracarotid amobarbital (Wada) testing for language and memory lateralization, and
pre- and postoperative neuropsychological testing. Demographic, historical, neuropsychological, and
imaging variables were examined for their ability to predict pre- to postoperative memory change.

Results—Verbal memory decline occurred in over 30% of patients. Good preoperative
performance, late age at onset of epilepsy, left dominance on fMRI, and left dominance on the Wada
test were each predictive of memory decline. Preoperative performance and age at onset together
accounted for roughly 50% of the variance in memory outcome (p < .001), and fMRI explained an
additional 10% of this variance (p ≤ .003). Neither Wada memory asymmetry nor Wada language
asymmetry added additional predictive power beyond these noninvasive measures.

Discussion—Preoperative fMRI is useful for identifying patients at high risk for verbal memory
decline prior to L-ATL surgery. Lateralization of language is correlated with lateralization of verbal
memory, whereas Wada memory testing is either insufficiently reliable or insufficiently material-
specific to accurately localize verbal memory processes.
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Introduction
Brain surgery is an effective treatment for individuals who suffer from medically intractable
epilepsy (Wiebe et al., 2001; Tellez-Zenteno et al., 2005). One common surgical procedure for
epilepsy is anterior temporal lobectomy (ATL), which produces long-term cure rates of
approximately 60–80% (McIntosh et al., 2001; Tellez-Zenteno et al., 2005). Common
complications of ATL include upper quadrant visual field defects (Hughes et al., 1999; Barton
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et al., 2005), impairments on naming and other language tasks (Hermann et al., 1994; Langfitt
& Rausch, 1996; Bell et al., 2000b; Sabsevitz et al., 2003), and declarative memory deficits.
ATL typically involves removal of much of the anterior medial temporal lobe (MTL), including
portions of the hippocampus and parahippocampus, which are known to be critical for encoding
and retrieval of long-term episodic memories (Squire, 1992). Verbal memory decline after left
ATL is a consistent finding in group studies (Chelune et al., 1991; Hermann et al., 1995;
Kneebone et al., 1995; Loring et al., 1995b; Helmstaedter & Elger, 1996; Martin et al., 1998;
Chiaravalloti & Glosser, 2001; Sabsevitz et al., 2001; Lee et al., 2002; Stroup et al., 2003;
Baxendale et al., 2006; Lineweaver et al., 2006) and is much more frequent than non-verbal
memory decline after right ATL (Lee et al., 2002). Studies using longitudinal
neuropsychological methods that sensitively measure memory encoding processes show that
significant verbal memory decline occurs in 30–60% of patients who undergo left ATL
(Chelune et al., 1993; Martin et al., 1998; Sabsevitz et al., 2001; Stroup et al., 2003; Gleissner
et al., 2004; Baxendale et al., 2006; Lineweaver et al., 2006). One principal goal of the
preoperative evaluation in ATL candidates is, therefore, to estimate the risk of verbal memory
decline.

Functional memory asymmetry during the intracarotid amobarbital, or Wada, test is predictive
of verbal memory decline from left ATL, in that patients who show memory functions
lateralized to the side of surgery are more likely to decline (Kneebone et al., 1995; Loring et
al., 1995b; Bell et al., 2000a; Chiaravalloti & Glosser, 2001; Sabsevitz et al., 2001). Other
studies have not found this test to be strongly predictive, however (Chelune & Najm, 2000;
Stroup et al., 2003; Lacruz et al., 2004; Kirsch et al., 2005; Lineweaver et al., 2006), and many
authors have raised concerns about its specificity and test-retest reliability (Novelly &
Williamson, 1989; Loring et al., 1990; Lee et al., 1995; Kubu et al., 2000; Simkins-Bullock,
2000; Martin & Grote, 2002; Loddenkemper et al., 2007). Other presurgical tests of MTL
functional or anatomical asymmetry are also modestly predictive of memory outcome,
including structural MRI of the hippocampus (Trenerry et al., 1993; Chelune & Najm, 2000;
Wendel et al., 2001; Stroup et al., 2003; Cohen-Gadol et al., 2004; Lineweaver et al., 2006)
and inter-ictal positron emission tomography (Griffith et al., 2000). Preoperative
neuropsychological testing also has predictive value, in that patients with good memory
abilities prior to surgery are more likely to decline than patients with poor preoperative memory
(Chelune et al., 1991; Hermann et al., 1995; Helmstaedter & Elger, 1996; Jokeit et al., 1997;
Davies et al., 1998; Stroup et al., 2003; Gleissner et al., 2004; Baxendale et al., 2006;
Lineweaver et al., 2006; Baxendale et al., 2007).

Our aim in the present study was to determine the value of preoperative functional magnetic
resonance imaging (fMRI) for predicting verbal memory decline from left ATL. A previously
published fMRI study demonstrated promising results in a small patient sample (Richardson
et al., 2006). This prior study and two that examined nonverbal memory decline (Rabin et al.,
2004; Janszky et al., 2005) focused on activation in the hippocampus and surrounding medial
temporal lobe. Given the relative difficulty of measuring robust activation signals in the
hippocampus with fMRI, we explored the possibility that a language lateralization test might
provide information concerning verbal memory lateralization. The fMRI protocol we used
provides a language lateralization measure that is strongly correlated with Wada language
asymmetry (Binder et al., 1996) and predicts language outcome after left ATL (Sabsevitz et
al., 2003). Here we assess the ability of this test to predict verbal memory decline after left
ATL, and we compare its predictive power to other standard tests used for this purpose,
including the Wada memory test.
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Methods
Participants

Participants were 60 consecutively encountered patients with intractable left temporal lobe
epilepsy, who were treated with left ATL (L-ATL) at the Medical College of Wisconsin
Comprehensive Epilepsy Program between 1995 and 2006, and who met the following criteria:
(a) preoperative fMRI language mapping performed, (b) preoperative and 6-month-
postoperative neuropsychological evaluation performed, and (c) full scale IQ > 70. Three other
L-ATL patients who otherwise met criteria were excluded because fMRI showed very low
levels of activation. Wada data were not available for 4 of the 60 L-ATL patients included in
the sample. Three of these patients were judged to have had either an invalid Wada memory
test (2 patients) or an invalid Wada language test (1 patient), mainly due to excessive
obtundation during anesthetization. Wada testing in the fourth patient was aborted because of
a left hemisphere ischemic event. The patient was given intra-arterial tPA and had full recovery
within 24 hours, with no infarction observed on MRI. Repeat neuropsychological testing in
this patient prior to surgery showed no change from before the attempted Wada. These 4
patients were included in all of the fMRI analyses but excluded from all univariate and
multivariate analyses involving the Wada asymmetry scores. Sixty-two consecutively
encountered patients who underwent right ATL (R-ATL) with pre- and post-operative
neuropsychological testing served as a comparison group to evaluate verbal memory changes
in the L-ATL patients. One prior study showed that RATL patients are as likely to experience
a verbal memory decline as they are a verbal memory improvement (Martin et al., 1998).

All patients underwent a standard ATL resection removing the anterior 3 to 4 cm of the temporal
lobe, including lateral (middle temporal gyrus, inferior temporal gyrus, polar superior temporal
gyrus) and medial (fusiform gyrus, parahippocampus, amygdala, anterior hippocampus)
structures. The posterior extent of resection was tailored using electrocorticography in all
patients and intra- or extraoperative stimulation mapping of language cortex when the
language-dominant temporal lobe was resected. The same epilepsy surgeon performed all
operations. FMRI data were collected for research purposes only and were not available to the
surgeon before or after surgery. Informed consent was obtained from all patients prior to fMRI
using a protocol approved by the Institutional Review Board of the Medical College of
Wisconsin.

Patient demographic information is summarized in Table 1. The L-ATL and R-ATL groups
did not differ on age, sex, years of education, handedness, age at onset of epilepsy (defined as
the age at onset of recurring seizures), epilepsy duration, or measures of intelligence (all P
values > 0.1).

Neuropsychological Measures
All patients were administered a comprehensive neuropsychological examination both before
and 6 months following ATL surgery. Testing at more time points was not considered practical
given the other extensive testing requested of the patients. Existing data suggest that memory
deficits measured in the first few months after left ATL surgery remain relatively stable at 1
year (Gleissner et al., 2004). Left ATL patients in one large study showed continued decline
in verbal memory between 6 months and 2 years after surgery (Alpherts et al., 2006), a delayed
effect that may or may not be attributable to the surgery. We thus selected the 6-month time
point as the best index of performance change likely to be related to the surgery.

The 6-trial Selective Reminding Test (SRT) was used to assess verbal episodic memory
(Buschke & Fuld, 1974). The SRT is a word list learning test with six recall trials. Patients are
first presented with the full list of 12 words, and then receive “selective reminding” prior to
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each subsequent recall trial, consisting of presentation of only the items that were not recalled
on the preceding trial. Multiple measures are computed during this learning phase of the test,
including Long-Term Storage (LTS), an index of the ability to enter information into long-
term storage (any word that is recalled on two consecutive trials), and Consistent Long-Term
Recall (CLTR), an index of the ability to consistently retrieve information from long-term
storage (words recalled on every subsequent trial). Free recall is tested without warning 30
minutes after the initial learning phase, yielding a Delayed Recall score. Finally, a recognition
test is given after the free recall phase, in which patients hear the 12 list words mixed with 12
new words not on the list and indicate whether or not each item was on the list. Correct
responses (hits and correct rejections) are summed to give a Recognition score.

Other memory measures administered at both testing sessions included the Logical Memory
(LM) and Visual Reproduction (VR) subtests from the Wechsler Memory Scale Revised
(WMS-R, 95 patients) or Wechsler Memory Scale III (WMS-III, 27 patients) (Wechsler,
1987, 1997), which measure immediate and delayed recall of prose passages and geometric
designs respectively, and the 7/24 Spatial Recall Test (Rao et al., 1984). The 7/24 is a spatial
pattern-learning test in which the patient is presented with an array of seven checkers on a 6 ×
4 grid for 10 seconds over five learning trials. The patient is asked to reproduce the spatial
pattern from memory after each exposure. Free recall is tested after a 30-minute delay. The
total number of correctly placed checkers over the five learning trials constitutes the learning
score. The number of correctly placed checkers after the delay period constitutes the delayed
recall score.

Pre- to post-operative change scores on each of these tests were calculated by subtracting the
pre-operative score from the post-operative score. Positive values thus indicate improvement,
whereas negative values indicate a decline in performance. Change scores for the SRT and
7/24 measures were calculated from raw scores. Because raw scores from the WMS-R and
WMS-III are not comparable, WMS scores were converted to standard scores using tables
provided in the WMS manuals. WMS raw scores have also been provided in Table 2 for the
subgroup of patients tested with the WMS-R. Some previous studies of cognitive outcome after
epilepsy surgery have used regression-based change indices derived from test-retest changes
observed in normative samples (Chelune et al., 1993;Hermann et al., 1996;Davies et al.,
1998;Martin et al., 1998;Stroup et al., 2003;Baxendale et al., 2006;Lineweaver et al., 2006).
Because subjects often show slight improvements on re-testing, due either to practice effects
or regression toward the mean, this regression approach is a more sensitive method for detecting
decline. In the current study, however, we focused on absolute change in performance, as these
values may be more meaningful for clinicians and patients in formulating a pragmatic
interpretation of the results. Furthermore, test-retest normative data necessary for computing
regression-based change indices are not available for several of our key measures (e.g., SRT,
7/24).

To calculate sensitivity and specificity measures, L-ATL patients were nominally classified as
either showing or not showing decline on each test, defined as a negative change score of 1.5
standard deviations or more from the mean change score in the R-ATL group. The resulting
cutoff values are somewhat conservative and represent substantial declines, generally in the
range of 40–60% relative to pre-operative raw scores.

Wada Test Methods
Wada language and memory testing followed procedures described previously (Loring et al.,
1992; Binder et al., 1996). Each hemisphere was tested separately for language and episodic
memory competence by injecting 75 to 125 mg of amobarbital into the contralateral internal
carotid artery. Return of motor function in the hemiplegic upper extremity was used as a gauge
of the duration of hemisphere anesthesia. Multiple language functions were assessed during
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anesthesia, including counting, comprehension of commands, object naming, phrase repetition,
and sentence reading. These tests were repeated until all functions returned to baseline levels.
Resolution of anesthesia was determined by return of language, cessation of delta activity on
EEG, return of full motor strength, and absence of contralateral asterixis. All language task
performances were rated on a scale of 0 to 3, with higher scores reflecting better performance.
Overall performance for each hemisphere was then calculated as the total score across all tests
divided by the total score possible, yielding values ranging from 0 to 1. Immediately after
recovery from the anesthetic, a 24-item object memory recognition test was administered. Eight
target objects that had been presented in the visual field ipsilateral to the injection and named
aloud by the examiner during the period of anesthesia and 16 novel foil objects were presented
in a random order, and patients were required to indicate whether or not each object had been
presented previously. A recognition memory score for each hemisphere, corrected for guessing,
was calculated as the number of items correctly recognized minus half the number of false
positive responses. These raw scores, which can range from 0 to 8, were divided by 8 to yield
values ranging from 0 to 1.

Wada language asymmetry (WLA) was calculated as the difference between the performances
of the left hemisphere (inject right) and the right hemisphere (inject left) (Binder et al., 1996).
WLA values range from −1, reflecting strong language lateralization toward the right
hemisphere, to +1, reflecting strong lateralization toward the left hemisphere.

Wada memory asymmetry (WMA) was calculated in an analogous manner by taking the
difference between the recognition memory performances of the left hemisphere (inject right)
and the right hemisphere (inject left), yielding values ranging from −1 (all memory capacity
in the right hemisphere) to +1 (all memory capacity in the left hemisphere). As a check on the
validity of this test as a measure of medial temporal lobe function, we compared WMA values
in the left and right ATL groups. As shown in Table 1, WMA was lateralized to the right in
the L-ATL group and strongly lateralized to the left in the R-ATL group. Using an optimal
category boundary value of 0.3, the WMA correctly classified 89% of the patients as to side
of seizure focus, consistent with previous reports (Kneebone et al., 1997;Alpherts et al.,
2000;Cohen-Gadol et al., 2004).

MRI Acquisition
Imaging was conducted on either a 1.5 T GE Signa scanner (55 patients) or a 3 T GE Excite
scanner (5 patients). High-resolution, T1-weighted anatomical reference images of the entire
brain were acquired with a spoiled-gradient-echo (“SPGR”) sequence. Whole brain functional
imaging used a T2*-weighted gradient-echo, echoplanar sequence with the following
parameters at 1.5 T: TE = 40 ms, TR = 3000 ms, field of view = 240 mm, pixel matrix = 64 ×
64, 19 sagittal slices, voxel size = 3.75 × 3.75 × 7 mm. Echoplanar imaging parameters at 3 T
were as follows: TE = 25 ms, TR = 3000 ms, field of view = 224 mm, pixel matrix = 64 × 64,
34 axial slices, voxel size = 3.5 mm3.

FMRI Activation Tasks
Each functional imaging series consisted of multiple periods of baseline, in which patients
performed a tone decision task, alternating with periods of language activation, in which
patients performed a semantic decision task. The stimuli and activation tasks, their rationale,
and the typical patterns of activation and lateralization observed in normal participants were
described previously (Binder et al., 1997; Frost et al., 1999; Springer et al., 1999; Szaflarski
et al., 2002). During the tone decision task, patients heard brief sequences of 3 to 7 tones of
either low (500 Hz) or high (750 Hz) frequency and were instructed to press a button for any
sequence containing two high tones. This task provides a control for low-level auditory
processing in the superior temporal region and for nonlinguistic attentional and decision-
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making processes in the lateral frontal lobe (Binder et al., 1997). During the semantic decision
task, patients were presented with spoken English nouns designating animals (i.e., “sheep”)
and were instructed to press a button for animals they considered to be both “found in the
United States” and “used by humans.” The contrast between semantic decision and tone
decision tasks emphasizes additional demands on speech perception and lexical-semantic
processes during the semantic decision task. This contrast produces highly reliable and strongly
left-lateralized activation in areas previously implicated in language processing, including
frontal, temporal, and parietal association cortices (Binder et al., 1997; Frost et al., 1999), and
in the left hippocampus and surrounding medial temporal lobe (Binder et al., 1997; Bellgowan
et al., 1998).

FMRI Data Analysis
Image processing and statistical analyses were conducted with AFNI
(http://afni.nimh.nih.gov/afni). All analyses were performed at the individual subject level.
Image alignment was used to reduce the effects of head movement. Task-related changes in
MRI signal were identified using multiple regression. This method compares the time series
of MRI signal values in each image voxel with an idealized hemodynamic response to the task
alternation. The idealized response was modeled by convolving a gamma function with a time
series of impulses representing each task trial. The regression model also included six
movement vectors (computed during image registration) to further reduce any effects of head
movement on estimation of the task response, and first- and second-order covariates to model
any linear or quadratic baseline shifts. Significantly activated voxels were defined as those
with a task effect beta coefficient corresponding to p < 0.001

Six region-of-interest (ROI) volumes were defined based on an average left hemisphere
activation map from 80 normal, right-handed participants (Frost et al., 1999; Szaflarski et al.,
2002). Mirror-image right hemisphere ROIs were created by reflecting these volumes
symmetrically across the midline. The ROIs included left and right frontal lobe, left and right
temporal lobe (including both medial and lateral temporal regions), and left and right lateral
hemispheres. The latter included all activated regions in the lateral aspect of the frontal,
temporal, and parietal lobes and excluded medial hemispheric regions. Significantly activated
voxels were counted for each patient in each of the 6 ROIs. Laterality indexes (LI), reflecting
the interhemispheric difference between voxel counts in left and right homologous ROIs, were
calculated for each ROI using the formula: LI = [L−R]/[L+R] (Binder et al., 1996; Springer et
al., 1999; Sabsevitz et al., 2003). As with the Wada asymmetry scores, the fMRI LIs range
from −1 (all active voxels in the right hemisphere) to +1 (all active voxels in the left
hemisphere).

Results
Pre- and Post-Operative Memory Performance

A variety of verbal and non-verbal episodic memory measures were obtained before and after
ATL surgery. Table 2 shows the average pre-operative, post-operative, and pre-post change
scores for each ATL group on these tests. The percentage of patients who declined is shown
for each test.

As a group, the L-ATL patients showed significant decline on all verbal memory measures,
most notably the CLTR, LTS, and Delayed Recall measures from the SRT. Change scores for
the L-ATL group on these tests were all reliably below zero and differed from the R-ATL
group, which showed slight improvements on these measures. The L-ATL group also declined,
relative to change scores in the R-ATL group, on the Recognition subtest of the SRT and the
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Immediate and Delayed Logical Memory subtests (LM1 and LM2) from the Wechsler Memory
Scale.

Change scores on all tests were highly variable, with some L-ATL patients showing marked
decline and others showing modest improvements. Most notably, 45% of L-ATL patients
declined on the LTS measure (i.e., showed at least a 16 point drop in raw score, or 39% relative
to the pre-op average) and 55% declined on the Delayed Recall test (at least a 3 point, or ≥50%,
drop) from the SRT. On the CLTR, 20 patients (33%) had an absolute decline of 17 points or
more, a change that represents an absolute decrease of 57% relative to the mean pre-operative
raw score of 29.8. Change scores on these three SRT subtests were moderately correlated:
CLTR vs. LTS, r = .77; CLTR vs. Delayed Recall, r = .58; LTS vs. Delayed Recall, r = .49.

In contrast to these significant changes in verbal memory in the L-ATL group, neither the L-
ATL nor the R-ATL group showed large changes on non-verbal memory tests such as the
Visual Reproduction tests from the Wechsler Memory Scale or the 7/24 Spatial Recall Test.
Analyses based solely on group means can miss even large declines occurring in a subset of
patients. However, analysis of individual patients revealed only a small number (<8%) in either
group with notable declines on these non-verbal memory measures, and no differences between
the groups in the proportion showing a decline.

Predictors of Verbal Memory Decline
Table 3 shows the relationships, as measured by simple linear correlation, between a variety
of potential predictors of memory decline and selected verbal memory change scores observed
in the L-ATL patients. The strongest predictor for all the tests was the pre-operative score on
that test. That is, patients with higher pre-operative scores tended to have larger declines,
consistent with many prior studies (Chelune et al., 1991;Hermann et al., 1995;Jokeit et al.,
1997;Davies et al., 1998;Stroup et al., 2003;Gleissner et al., 2004;Baxendale et al., 2006,
2007).

FMRI LIs were also significantly correlated with memory change scores on the SRT tests. The
correlations were negative in each case, indicating that stronger lateralization of language-
related activation on fMRI toward the left hemisphere was associated with greater decline in
verbal memory performance following left ATL surgery. The lateral hemisphere and frontal
fMRI LIs were the strongest predictors of the SRT outcomes. These LIs were robust predictors
of the CLTR and LTS measures and were more modestly correlated with change on the Delayed
Recall test. The temporal lobe fMRI LI showed correlations in the expected direction, but only
the correlations with CLTR and Delayed Recall change were statistically reliable. Figure 1
shows scatter plots of the relationships between fMRI LI and these SRT change scores. FMRI
LIs were less predictive of change on the WMS-R/III Logical Memory tests. In contrast to the
SRT outcomes, the temporal lobe fMRI was the best predictor of change on the WMS LM1
and LM2.

Wada memory testing was less predictive of memory outcome. WMA was only modestly
predictive of CLTR and LTS change and was not correlated with Delayed Recall outcome or
with either of the WMS-R/III verbal memory change scores. Figure 2 shows scatter plots of
the relationships between WMA and the SRT change scores. Given previous evidence that
memory outcome may be predicted by memory capacity in the left hemisphere or “functional
reserve” capacity in the right hemisphere (Chelune, 1995;Kneebone et al., 1995;Jokeit et al.,
1997;Davies et al., 1998;Bell et al., 2000a;Sabsevitz et al., 2001;Stroup et al., 2003), we also
examined memory scores obtained by the left hemisphere during right-sided anesthetization
(Wada Memory Left) and memory scores obtained by the right hemisphere during left-sided
anesthetization (Wada Memory Right). The Wada Memory Right score (functional reserve)
was modestly predictive of outcome on the LTS and CLTR measures, with better performance
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by the right hemisphere predicting better memory outcome. Wada Left memory scores were
not predictive of outcome for any of the tests. In contrast, the Wada language asymmetry
(WLA) was correlated with all outcome measures (with the exception of the WMS LM1) to
approximately the same degree as the fMRI LIs. As with the fMRI measures, stronger
lateralization of function toward the left hemisphere on the Wada language test was associated
with proportionately greater decline in verbal memory.

Age at onset of epilepsy (recurrent seizures) was correlated with change on all of the memory
tests except WMS LM2. The negative sign of the correlations indicates that memory decline
tends to be greater (change score more negative) with older age at onset, consistent with several
prior reports (Saykin et al., 1989; Hermann et al., 1995; Jokeit et al., 1997; Gleissner et al.,
2004). Neither age at the time of surgery nor duration of epilepsy was significantly correlated
with memory outcome.

Multivariate Outcome Prediction
In applying these results to real clinical situations, the main questions to resolve are: which
tests make a significant contribution to predicting outcome, and how should results from these
tests be optimally combined? We addressed these questions in a series of stepwise multiple
regression analyses combining the variables that predicted outcome in the univariate analyses.
These analyses focused on three measures on which the L-ATL group showed the largest and
most consistent verbal memory decline: the CLTR, LTS, and Delayed Recall measures from
the SRT. Results of these analyses are shown in Table 4.

The first variables entered in all analyses were pre-operative test performance and age at onset
of epilepsy. The rationale for including these variables first is that they can be obtained with
relatively little expense and at no risk to the patient. Next, the fMRI lateral hemisphere LI was
added, followed by simultaneous addition of both the WMA and WLA. Our rationale for adding
fMRI in the second step is that fMRI is non-invasive and carries less risk than the Wada test.
The WMA and WLA were added together in the final step because these measures are typically
obtained together.

Preoperative score and age at onset of epilepsy together accounted for 49%, 37%, and 54% of
the variance in outcome on the CLTR, LTS, and Delayed Recall measures, respectively. The
fMRI LI added significantly to the predictive power of the model for all of the change scores,
accounting for an additional 10% of the variance in CLTR change, 11% of the variance in LTS
change, and 7% of the variance in Delayed Recall change. Together, pre-operative memory
performance, age at onset of epilepsy, and fMRI LI accounted for roughly 59% of the variance
in CLTR change, 48% of the variance in LTS change, and 61% of the variance in Delayed
Recall change. When the Wada test language and memory data were entered in the equation
after the fMRI LI already had been entered, there was no further significant increase in
predictive power.

Change in CLTR was optimally predicted by the following formula:

[1]

Change in LTS was optimally predicted by the following formula:

[2]

Finally, change in Delayed Recall was best predicted by the following formula:
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[3]

Figure 3 shows scatter plots of the predicted vs. observed change scores for each of the memory
tests. Notably, none of the 60 patients had an unexpectedly large decline on any of the tests,
i.e., there were no cases with a predicted change score greater than zero who nevertheless
showed a large decline. Sensitivity and specificity of these prediction models can be ascertained
by categorizing the cases nominally as showing Decline or No Decline. When Decline is
defined as a negative change score 1.5 standard deviations or more from the mean change score
in the RATL group, equation [1] showed sensitivity of 90%, specificity of 80%, and a positive
predictive value of 69% for predicting Decline on the CLTR measure. Equation [2] showed
sensitivity of 70%, specificity of 73%, and a positive predictive value of 68% for predicting
Decline on the LTS measure. Finally, equation [3] showed sensitivity of 81%, specificity of
100%, and a positive predictive value of 100% for predicting Decline on the Delayed Recall
measure.

Though not a focus of the present study, we also examined whether Wada testing contributes
additional predictive power in the absence of fMRI data. This information may be of interest
to clinicians who regularly perform the Wada test and do not have ready access to fMRI. When
entered in the multivariate regression after preoperative score and age at onset, the combined
Wada language and memory data did provide additional predictive value (CLTR R2 change
= .096, p = .007; LTS R2 change = .111, p = .010; Delayed Recall R2 change = .071, p = .020).
FMRI provided additional predictive value for the CLTR change scores even after inclusion
of the Wada language and memory data (R2 change = .036, p = .042), and showed strong trends
for adding predictive value with the other tests (LTS R2 change = .040, p = .056; Delayed
Recall R2 change = .027, p = .074).

Because the WMS has been used frequently in prior studies of verbal memory outcome after
ATL surgery, we also examined multivariate prediction models for the WMS-R/III LM1 and
LM2 change scores. Preoperative scores and age at onset of epilepsy together accounted for
46% of LM1 change score variance and 26% of LM2 change score variance (both p < 0.001).
Neither fMRI (lateral LI or temporal lobe LI) nor Wada data (combined language and memory)
added significant predictive power to the models for these change scores.

Illustrative Cases
Selected patients are presented to demonstrate the fMRI activation patterns and to illustrate
several typical outcomes and clinically important exceptions. Patient 1606 experienced one of
the most severe verbal memory declines. This patient had high pre-operative test scores, late
age of epilepsy onset, and a left-lateralized fMRI activation pattern (Figure 4). Predicted change
scores, shown in parentheses in Table 5, closely matched the observed changes. WMA was
also consistent with a poor outcome, with memory lateralized slightly toward the left
hemisphere. Similar concordance between tests is illustrated by case 1605, who had strong left
lateralization on both fMRI (Figure 4) and WMA. Patient 1605 illustrates that patients with
strong left dominance for language and verbal memory can show severe decline even when
the age at onset of seizures is early.

The limited predictive value of WMA is illustrated most clearly by a subgroup of patients with
clear lateralization of memory to the right hemisphere, who nonetheless experienced severe
verbal memory decline after L-ATL (see Figure 2). Patient 551, for example, showed one of
the most severe declines despite a WMA indicating almost all memory function in the right
hemisphere. Left-lateralized fMRI (Figure 4), late onset of epilepsy, and high pre-operative
test scores, however, all predicted severe decline. Patients 1621 (Figure 5), 1141, and 1215 are
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examples of similar false negative predictions by WMA, all of whom also had left-lateralization
of fMRI activation and relatively late onset of epilepsy.

Patient 2030 represents another example of a false negative prediction by WMA. In this patient,
the fMRI pattern was more symmetric (Figure 5), which taken in isolation is predictive of little
or no decline (see Figure 1). However, when combined with the patient's late age of seizure
onset and high pre-operative scores, the symmetric fMRI activation pattern is consistent with
the patient's actual outcome. In contrast to the WMA, there were no cases in which the fMRI
LI was strongly right-lateralized and the patient experienced a severe decline on the CLTR or
LTS (see Figure 1). Two patients (765 and 1539) had relatively symmetric fMRI patterns and
showed severe decline on the Delayed Recall measure. These declines would also have been
unexpected on the basis of the WMA, which was right-lateralized in both patients. Decline on
Delayed Recall was predicted from the multivariate model in both cases because of high
preoperative performance and relatively late onset of epilepsy.

Patients who did not decline typically had low pre-operative test scores, earlier age at onset,
or right-lateralized activation patterns on fMRI. Patients 885 and 1464 both had relatively late
onset and good pre-op scores, but fMRI activation was lateralized strongly to the right
hemisphere (Figure 5). These patients, both left-handed, likely represent cases of congenital
right-hemisphere language dominance. In both cases WMA was also strongly lateralized to
the right hemisphere. Three other patients showed similar right-lateralization on fMRI and
WMA, preserved pre-operative function, and no evidence of decline.

Discussion
Anterior temporal lobe resection is a very effective treatment for medically intractable temporal
lobe epilepsy, yet this benefit must be weighed against the risk of cognitive decline, particularly
in patients undergoing left ATL. Consistent with many prior studies (Chelune et al., 1993;
Martin et al., 1998; Sabsevitz et al., 2001; Stroup et al., 2003; Gleissner et al., 2004; Baxendale
et al., 2006; Lineweaver et al., 2006), we found a high incidence of verbal memory decline
after left ATL. Depending on the specific measure used, 33–55% of L-ATL patients declined
on a verbal learning test (SRT) relative to a right ATL control group. How clinically significant
are such deficits? No patient in our series experienced the severe 'global amnesia' described in
rare patients with bilateral MTL lesions (Scoville & Milner, 1957; Guerreiro et al., 2001; Di
Gennaro et al., 2006), who are unable to form any new episodic memories. Moreover, it is
unclear whether amnesia of this severity ever occurs after unilateral temporal lobe resection
(Novelly & Williamson, 1989; Loring et al., 1990; Baxendale, 1998; Kubu et al., 2000;
Simkins-Bullock, 2000; Kapur & Prevett, 2003). Instead, patients undergoing left ATL often
show a relative decline from their baseline on standardized psychometric tests. In some cases
these declines are proportionally quite large, as in the 33% of patients in our series who declined
more than 17 points on the CLTR measure of the SRT. Relative to the average preoperative
score of 30 on this test, a 17-point decline represents more than a 50% decrement in
performance. Prior studies suggest that patients are aware of such memory deficits, and that
these deficits adversely affect quality of life and employability (Perrine et al., 1995;
Helmstaedter et al., 2003; Stroup et al., 2003; Lineweaver et al., 2004; Langfitt et al., 2007).
A few patients in our series had declines of 40 or more points on the CLTR and LTS measures
from the SRT (Figure 1). Such deficits may be comparable in severity to those of rare patients
described in the literature as having 'amnesia' after unilateral temporal lobectomy (Loring et
al., 1994a; Kapur & Prevett, 2003).

Also consistent with prior studies was the finding of relatively preserved verbal and nonverbal
memory function after right ATL, and preserved nonverbal memory after left ATL (Lee et al.,
2002; Stroup et al., 2003; Lineweaver et al., 2006). The nonverbal memory tests used here
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assessed single-trial memory for abstract visual figures and learning of spatial patterns. It is
possible that other tests might be more sensitive for detecting post-operative deficits in right
ATL patients, such as tests focusing on face or route learning (Bohbot et al., 1998; Chiaravalloti
& Glosser, 2001). Nonetheless, the conclusion we draw from these data is that relative loss of
verbal episodic memory ability after left ATL is by far the most prevalent and significant
memory deficit associated with ATL surgery, and should, therefore, be the main focus of
attempts to reduce memory decline after ATL.

Our aim in the present study was to determine whether preoperative fMRI predicts verbal
memory decline. An equally important question is whether fMRI adds any predictive value
over and above that available from other tests, particularly non-invasive measures like pre-
operative test performance and medical history data. A third important issue is whether the
Wada test contributes predictive value, and whether this relatively invasive test provides
additional information over and above the non-invasive tests.

The most powerful predictor of verbal memory decline in our left ATL sample was pre-
operative memory performance, which accounted for roughly 30–40% of the variance in
outcome, depending on the specific outcome measure. Consistent with many prior studies
(Chelune et al., 1991; Hermann et al., 1995; Helmstaedter & Elger, 1996; Jokeit et al., 1997;
Davies et al., 1998; Stroup et al., 2003; Gleissner et al., 2004; Baxendale et al., 2006;
Lineweaver et al., 2006; Baxendale et al., 2007), patients with higher pre-operative test scores
tended to show larger declines. One possible explanation for this phenomenon is that the better
pre-operative performers have more function to lose, i.e., that the poor performers show less
decline due to a psychometric “floor effect”. While this may be part of the story, the data also
suggest an inherent biological dependence of verbal memory on the left hemisphere. If it was
possible for verbal memory to shift fully to the right temporal lobe in patients with long-
standing left temporal epilepsy, such patients would show good pre-operative verbal memory
and would be unaffected by left ATL. Evidence indicates, however, that more severe left MTL
pathology is associated with worse pre-operative verbal memory (Sass et al., 1990; Rausch &
Babb, 1993; Saling et al., 1993; Helmstaedter & Elger, 1996; Hermann et al., 1997), indicating
that rightward shift of verbal memory in patients with left temporal lobe epilepsy, though
protective, is associated with a lower level of baseline function. Pre-operative performance can
thus be considered an indirect indicator of pathological status of the left MTL. Patients with
better pre-operative performance typically have milder left MTL pathology, have maintained
more of their verbal memory function in the left temporal lobe, and are at higher risk from left
ATL (Hermann et al., 1992; Trenerry et al., 1993; Sass et al., 1994; Seidenberg et al., 1998;
Chelune & Najm, 2000).

Language lateralization measured by fMRI was the second most powerful predictor of verbal
memory decline, accounting for an additional 10% of the variance in outcome on the SRT tests.
Moreover, fMRI added significant predictive power beyond that provided by pre-operative test
scores and demographic variables like age at epilepsy onset. These other non-invasive
measures and fMRI together accounted for 48–61% of the variance in specific outcome
measures. This combination of tests also showed good accuracy for predicting categorical
decline in individual patients, with sensitivity ranging from 70–90% and specificity ranging
from 73–100%. Although these models predicted outcomes fairly well, there remain at least
two potential sources for residual unexplained variance. First, although the ATL surgeries were
relatively standardized, there was likely some variation in the posterior extent of resection,
which may have affected outcomes. Whether extent of resection modifies memory outcome is
controversial (Milner, 1970; Ojemann & Dodrill, 1985; Katz et al., 1989; Wolf et al., 1993;
Wyler et al., 1995; Graydon et al., 2001) and should be explored in future studies using
quantitative pre- and post-operative structural MRI in a multivariate model. A second source
of variance is imperfect test-retest reliability. One normative study of the SRT, for example,
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showed a test-retest correlation of only 0.66 for the CLTR measure (Ruff et al., 1989). Though
this result is not directly applicable to our study because the range of normal variation is likely
to be small relative to the variation in change scores we studied, it nevertheless serves as a
reminder that all psychometric tests are inherently imperfect measurements susceptible to
uncontrolled, non-stationary factors.

The fMRI laterality indexes were less effective predictors of change scores on the WMS-R/III
Logical Memory tests. In our sample of patients, these tests were less sensitive in detecting
verbal memory decline compared to the SRT. For example, the proportion of patients showing
decline on the WMS tests (18–27%) was substantially lower than on the SRT tests. The mean
percent decline in raw scores on the WMS tests (i.e., change score/pre-op score) was roughly
20–30%, compared to 30–45% declines on the SRT measures. This difference could be due to
an inherently greater effect of left ATL resections on learning processes (SRT) compared to
single-trial encoding processes (WMS), as suggested by several authors (Rausch & Babb,
1993; Saling et al., 1993). In addition, the multiple trials used in the SRT procedure might
simply provide a larger sample size and thus more statistically reliable observations (Lee et
al., 2002). If the WMS changes are smaller or less reliable, they would be more difficult to
predict, which could explain the lower correlations between these outcomes and the fMRI LIs.
It is interesting, however, that among the fMRI indexes, the WMS change scores were best
predicted by the temporal lobe LI. This pattern suggests that the WMS tests might be more
selectively sensitive to processes carried out by the temporal lobe.

In contrast to the non-invasive measures, Wada memory asymmetry was only weakly
correlated with verbal memory outcome. The Wada memory test was originally developed for
the purpose of predicting global amnesia after ATL (Milner et al., 1962). Studies of its ability
to predict relative verbal memory decline have been inconsistent, with several suggesting good
predictive value (Kneebone et al., 1995; Loring et al., 1995b; Bell et al., 2000a; Chiaravalloti
& Glosser, 2001; Sabsevitz et al., 2001) and others showing little or none, particularly when
used in combination with non-invasive tests (Chelune & Najm, 2000; Stroup et al., 2003;
Lacruz et al., 2004; Kirsch et al., 2005; Lineweaver et al., 2006). Some authors have questioned
the general validity and reliability of Wada memory results (Novelly & Williamson, 1989;
Loring et al., 1990; Lee et al., 1995; Kubu et al., 2000; Simkins-Bullock, 2000; Martin & Grote,
2002; Loddenkemper et al., 2007). Others have emphasized the sensitivity of the test to stimulus
type, relative timing of stimulus presentation, procedures used for recall, and other
methodological factors (Loring et al., 1994b; Loring et al., 1995a; Carpenter et al., 1996;
Alpherts et al., 2000). A particular concern highlighted in our series is the relatively frequent
occurrence of “false negative” Wada results, i.e., patients with memory lateralization to the
right hemisphere who nevertheless show significant decline after left ATL (Figure 2, Table 5).
Several prior reports have also raised concerns regarding such cases (Rausch et al., 1993;
Kirsch et al., 2005).

We do not believe the weak predictive power of our Wada memory test can be attributed to
procedural flaws. Our test used an object encoding procedure that has been shown to predict
verbal memory decline after left ATL in several small series (Loring et al., 1995b; Sabsevitz
et al., 2001). Patients were excluded from the analysis if they showed obtundation or bilateral
poor memory performance. As direct evidence for the validity of the test, the left and right
ATL groups showed markedly different memory asymmetry scores, suggesting that the test
was sensitive to asymmetric MTL pathology. Thus, the Wada memory asymmetry score was
only weakly related to memory decline despite its ability to detect MTL functional asymmetry.

Why is the Wada memory test not a stronger predictor of verbal memory decline? One
possibility is that the Wada memory test as usually performed (and as performed here) employs
a recognition procedure, whereas the tests used in neuropsychological assessment typically use
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free recall procedures. The SRT, however, also includes a Recognition subtest very similar to
the procedure used for Wada memory evaluation. Significant predictors of change on this
subtest included the preoperative score (r = −.308) and all of the fMRI LIs (e.g., r = −.408 for
the Lateral ROI). In contrast, change on the Recognition subtest was not correlated with Wada
memory asymmetry (r = −.110), thus offering no evidence that differences in memory test
procedure account for the lack of correlation.

We believe a more viable explanation is that the Wada memory test is not sufficiently material-
specific. The objects used in the test can be encoded either verbally, as object names, or non-
verbally, as visual percepts. Patients with relatively weak verbal memory might show better
memory performance using a non-verbal encoding strategy. If this non-verbal system is
lateralized differently from the verbal memory system, the asymmetry of performance on the
Wada test might mainly reflect lateralization of the non-verbal system rather than the verbal
system (Figure 6). The verbal memory outcome tests, in contrast, are designed to assess strictly
verbal memory functions. These verbal memory outcomes will not be accurately predicted in
patients whose Wada memory asymmetry reflects mainly non-verbal memory lateralization.
Thus the Wada object memory test is a good indicator of overall memory lateralization, and
therefore a good indicator of seizure focus lateralization, but may not accurately reflect
lateralization of verbal memory processes.

Why is language lateralization a stronger predictor of verbal memory decline, both when
measured with fMRI and with the Wada test? Compared to Wada memory asymmetry,
language asymmetry is more closely correlated with lateralization of verbal memory processes
(Figure 6). When language is lateralized to the left side, as in the typical normal state, verbal
memory processes are more likely to have remained left-lateralized, and the patient carries a
higher risk for verbal memory decline (Figure 6A,B). Conversely, when language is
represented bilaterally or predominantly on the right side, verbal memory is more likely to
have shifted to the right, placing the patient at lower risk (Figure 6C). This model suggests that
verbal or non-verbal material specificity of the MTL may be largely a function of the type of
information the MTL receives from the ipsilateral neocortex. Only when the right MTL
receives verbal information from the right hemisphere does it contribute to supporting verbal
memory. As discussed above, however, it also appears that the right MTL may have intrinsic
limitations in the verbal domain, in that patients who do not show verbal memory decline, and
have presumably shifted some of their language and verbal memory functions to the right
hemisphere, also tend to have lower pre-operative verbal memory scores. These lower pre-
operative scores could also be partly explained in some cases by longer seizure duration and
a tendency for lower general intellectual function in these patients.

Use of language lateralization to predict memory outcome is counterintuitive and has not, to
our knowledge, been examined previously. No prior study to our knowledge has examined
whether Wada language asymmetry predicts verbal memory outcome. Indeed, prior studies
examining memory outcome have generally treated variation in language representation as a
confound that interferes with assessment of other predictors, and most have excluded patients
with atypical language dominance. In the only study relevant to this issue, researchers
compared a “Montreal” Wada memory procedure similar to the one we used to a “Seattle”
Wada procedure (Dodrill & Ojemann, 1997). In the Seattle procedure, short-term recall of
objects is tested during anesthesia rather than after anesthesia when language and other
functions have returned to normal. Compared to the Montreal procedure, the Seattle procedure
was more likely to be abnormal when language was present on the side being tested, suggesting
that it partly reflected language processes, particularly those involved in verbal short-term
memory. Of note, the Seattle procedure predicted memory outcome (76% accuracy), whereas
the Montreal procedure did not (48% accuracy).
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One previous study assessed prediction of verbal memory outcome with preoperative fMRI.
Richardson et al. (Richardson et al., 2006) used an fMRI word-encoding task to predict verbal
memory outcome in 12 left ATL patients. Hippocampal activation on both sides predicted
verbal memory decline on a delayed list-recall test (similar to the SRT Delayed Recall measure
used in the present study), with left hippocampal activation slightly more predictive (r = .72)
than right hippocampal activation (r = .71). Patients with higher activation levels experienced
greater decline after left ATL surgery. The positive correlation between memory decline and
right hippocampal activation was in a direction opposite to that predicted by the 'functional
reserve' hypothesis, which predicts less decline with greater memory representation in the right
MTL. The authors proposed that the right hippocampal activation observed by fMRI might
represent a different, “dysfunctional” type of memory processing that “does not provide an
adequate postoperative reserve to maintain memory function at the preoperative
level” (Richardson et al., 2006). It is probably best to regard these results as preliminary,
however, given the limited sample size used. This sample size also precluded the possibility
of a multivariate analysis to determine the unique contribution of fMRI relative to other
predictors. Compared to this earlier study, the current investigation included a larger number
of patients and tested, for the first time, the clinical utility of fMRI in the context of several
other variables known to predict memory outcome. Another important difference between the
two studies is our use of a large region of interest that measures lateralization in a distributed
language network, in contrast to the focused hippocampal ROI used by Richardson et al., which
presumably isolates processes more specifically related to memory encoding. It could be
argued, furthermore, that the fMRI activation tasks used in the two studies are fundamentally
different, in that we used a language task whereas Richardson et al. used a memory task. We
believe the difference in tasks is nominal more than actual, as semantic decision tasks are well
known to result in incidental long-term encoding of the stimulus materials, often referred to as
'deep encoding' (Craik & Lockhart, 1972). Such tasks have been used by many researchers to
activate the medial temporal lobe (Henke et al., 1999; Martin, 1999; Heckers et al., 2002;
Daselaar et al., 2003), and the fMRI contrast used in the current study, though nominally a
language task, produces strong activation in the left hippocampus and surrounding MTL at the
group level (Binder et al., 1997; Bellgowan et al., 1998). We chose a large ROI to measure
lateralization with this task in the expectation that this approach would provide the most reliable
measurements in individual patients. In principle, however, specific identification of verbal
memory encoding networks in the MTL could not only enable more accurate prediction of
verbal memory outcome but might also provide a means of tailoring resections to reduce
memory deficits. Development of robust methods for identifying these networks with fMRI
should thus remain a goal of future research.

In conclusion, the present data suggest that verbal memory decline from left ATL surgery can
be predicted with good accuracy using historical, neuropsychological, and fMRI language
lateralization data. Wada language asymmetry is shown for the first time to be a better predictor
of verbal memory outcome than Wada memory asymmetry, though this relatively invasive test
does not provide additional predictive capability beyond fMRI and other non-invasive
predictors. One question not addressed by the current study is how much more predictive power
can be gained from volumetric analysis of the medial temporal lobe. Quantitative MRI can
provide a sensitive index of hippocampal asymmetry that may account for some of the variance
in memory outcome after left ATL (Trenerry et al., 1993; Chelune & Najm, 2000; Lineweaver
et al., 2006). We plan to examine this variable in future studies. If the model presented in Figure
6 is correct, however, it is likely that hippocampal volume asymmetry will be highly correlated
with Wada memory asymmetry and may not capture variance in outcome due to language
representation. FMRI, on the other hand, appears to be a useful tool for providing this additional
information.
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Fast T2*-weighted imaging capabilities necessary for fMRI are a standard feature on currently
marketed clinical MRI systems, and fMRI is now available in some form at most medical
centers. Because it is non-invasive, clinical fMRI is likely to be considerably less costly than
Wada testing. Implementation of cognitive fMRI protocols such as the one described here
requires only installation of relatively low-cost audiovisual stimulation and response
monitoring systems, together with expertise in cognitive training and testing provided by a
neuropsychologist or cognitive neurologist. Auditory stimuli and presentation scripts used in
the current study are available from the authors free of charge.
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Figure 1.
Relationships between fMRI lateralization indexes and individual memory change scores
(CLTR, LTS, Delayed Recall) in the L-ATL patients.
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Figure 2.
Relationships between Wada memory asymmetries and individual memory change scores
(CLTR, LTS, Delayed Recall) in the L-ATL patients.
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Figure 3.
Predicted vs. observed individual memory change scores (CLTR, LTS, Delayed Recall) in the
L-ATL patients.
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Figure 4.
Example fMRI activation maps are shown in serial sagittal sections through the left (L) and
right (R) hemispheres at 10-mm intervals through standard stereotaxic space. All maps are
thresholded at map-wise corrected p < 0.05 using a voxel-wise p < 0.001 and minimal cluster
size of 300 μl. The top panel shows the average activation pattern for this task contrast obtained
from 30 healthy adults (see (Binder et al., 1997) for details). The remaining panels show
selected individuals described in Table 5, indicated by case number.
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Figure 5.
FMRI activation maps for four additional patients described in Table 5.
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Figure 6.
Schematic diagram of a hypothetical model of memory and language representation in temporal
lobe epilepsy (TLE). The yellow ovals represent language systems, red rectangles represent
verbal episodic memory encoding systems in the medial temporal lobe (MTL), and blue
rectangles represent non-verbal episodic memory encoding systems in the MTL. (A) Typical
state in healthy subjects and patients with late-onset epilepsy. Language and verbal memory
processes are strongly left-lateralized, placing the patient at high risk for verbal memory
decline. (B) Chronic left TLE without shift. The left MTL is dysfunctional, causing Wada
memory lateralization to the right, but verbal memory has not shifted, leaving the patient at
high risk for verbal memory decline. (C) Chronic left TLE with shift. Both language and verbal
memory functions have shifted partially to the right, lowering the risk for verbal memory
decline. Note the relative lack of correspondence, across patient types, between Wada memory
asymmetry and level of risk.
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TABLE 1

Patient data.

Left ATL Right ATL L vs. R

Mean (SD) Mean (SD) p

n 60 62

Age at Surgery, y 37.4 (10.0) 40.3 (10.2) n.s.

Sex, F/M 29/31 39/23 n.s.

Education, y 13.2 (2.3) 13.4 (2.7) n.s.

Handedness, R/L/A 48/11/1 49/9/4 n.s.

Age at Epilepsy Onset, y 15.1 (10.2) 14.9 (11.3) n.s.

Epilepsy Duration, y 21.6 (13.0) 24.5 (13.9) n.s.

Full Scale IQ 93.0 (12.4) 93.3 (12.2) n.s.

Verbal IQ 91.9 (11.4) 93.3 (12.8) n.s.

Performance IQ 95.8 (13.9) 94.6 (12.6) n.s.

Wada Language Asymmetry* .548 (.531) .825 (.249) 0.0003

Wada Memory Asymmetry* −.251 (.446) .634 (.310) <0.0001

FMRI Lateral Hemisphere LI** .447 (.431) .638 (.381) 0.0125

F = female, M = male, R = right-handed, L = left-handed, A = ambidextrous, y = years

*
Wada data are based on 56 left ATL and 62 right ATL patients.

**
FMRI data are based on 60 left ATL and 57 right ATL patients
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TABLE 2

Neuropsychological test scores.

Left ATL Right ATL L vs. R

Mean (SD) Mean (SD) p

SRT CLTR Pre-op 29.5 (13.5) 33.2 (14.7) n.s.

Post-op 16.7 (12.4) 38.7 (14.9) <0.0001

Change −12.8 (16.1)* 5.5 (14.8) <0.0001

Number (%) Declining 20 (33%) 3 (5%)

SRT LTS Pre-op 40.6 (12.2) 43.8 (12.6) n.s.

Post-op 28.1 (13.6) 49.3 (11.4) <0.0001

Change −12.5 (15.7)* 5.5 (14.0) <0.0001

Number (%) Declining 27 (45%) 3 (5%)

SRT Delayed Recall Pre-op 5.95 (2.96) 7.25 (2.81) 0.0186

Post-op 3.29 (2.55) 8.04 (2.70) <0.0001

Change −2.66 (3.23)* 0.79 (2.48) <0.0001

Number (%) Declining 31 (55%) 3 (6%)

SRT Recognition Pre-op 21.91 (3.10) 22.54 (2.42) n.s.

Post-op 20.21 (4.12) 22.79 (2.22) <0.0001

Change −1.83 (3.89)* 0.58 (2.44) 0.0003

Number (%) Declining 14 (26%) 2 (4%)

WMS LM1 Pre-op 93.6 (15.2) 95.7 (15.8) n.s.

Post-op 85.6 (11.9) 96.5 (12.6) <0.0001

Change −8.0 (13.3)* 0.8 (11.2) 0.0001

Number (%) Declining 16 (27%) 5 (8%)

WMS LM2 Pre-op 89.0 (13.5) 92.6 (14.2) n.s.

Post-op 83.3 (13.2) 94.9 (13.2) <0.0001

Change −5.8 (12.9)* 2.3 (11.7) 0.0004

Number (%) Declining 11 (18%) 3 (5%)

(WMS-R LM1) Pre-op 21.8 (8.2) 23.3 (7.8) n.s.

Post-op 17.1 (6.7) 23.5 (6.2) <0.0001

Change −4.7 (6.7)* 0.3 (5.3) 0.0001

(WMS-R LM2) Pre-op 15.0 (8.4) 17.0 (8.4) n.s.

Post-op 10.7 (7.3) 17.7 (7.2) <0.0001

Change −4.3 (7.2)* 1.1 (7.8) 0.0008

WMS VR1 Pre-op 100.1 (17.1) 100.6 (17.8) n.s.

Post-op 100.1 (18.3) 99.4 (18.0) n.s.

Change −0.0 (15.9) −1.2 (16.5) n.s.

Number (%) Declining 3 (5%) 3 (5%)

WMS VR2 Pre-op 98.9 (15.9) 94.6 (15.7) n.s.

Post-op 97.2 (15.7) 96.6 (16.7) n.s.

Change −1.5 (14.1) 2.0 (16.8) n.s.
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Left ATL Right ATL L vs. R

Mean (SD) Mean (SD) p

Number (%) Declining 4 (7%) 5 (8%)

7/24 Total Pre-op e 29.9 (5.1) 29.8 (5.7) n.s.

Post-op 29.9 (5.4) 29.7 (5.8) n.s.

Change 0.0 (5.6) −0.1 (6.7) n.s.

Number (%) Declining 3 (5%) 5 (8%)

7/24 Delayed Recall Pre-op 5.59 (1.73) 5.07 (1.96) n.s.

Post-op 5.50 (1.64) 4.83 (2.02) n.s.

Change −0.09 (2.04) −0.24 (2.74) n.s.

Number (%) Declining 1 (2%) 3 (5%)

SRT CLTR = consistent long-term recall score from the Selective Reminding Test.

SRT LTS = long-term storage score from the Selective Reminding Test.

WMS LM1 = Logical Memory 1 standard scores from the WMS-R or WMS-III.

WMS LM2 = Logical Memory 2 standard scores from the WMS-R or WMS-III.

(WMS-R LM1) = LM 1 raw scores from a subgroup of patients who took the WMS-R.

(WMS-R LM2) = LM 2 raw scores from a subgroup of patients who took the WMS-R.

WMS VR1 = Visual Reproduction 1 standard scores from the WMS-R or WMS-III.

WMS VR2 = Visual Reproduction 2 standard scores from the WMS-R or WMS-III.

Data for all measures are based on 60 left and 62 right ATL patients except:

SRT Delayed Recall based on 56 left and 53 right ATL patients,

SRT Recognition based on 53 left and 52 right ATL patients,

WMS-R raw scores based on 44 left and 51 right ATL patients,

WMS VR2 based on 59 left and 62 right ATL patients,

7/24 Delayed Recall based on 58 left and 59 right ATL patients.

*
Mean change score significantly different from zero after Bonferroni correction for multiple comparisons (p < 0.002).
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Table 4

Multivariable Prediction Models of Memory Outcome After L-ATL.

CLTR R2 p

Pre-op Score and Age at Epilepsy Onset .489 <0.001

 add FMRI Lateral Hemisphere LI .591 0.001

  add Wada Memory and Wada Language .616 n.s.

LTS R2 p

Pre-op Score and Age at Epilepsy Onset .366 <0.001

 add FMRI Lateral Hemisphere LI .481 0.001

  add Wada Memory and Wada Language .510 n.s.

Delayed Recall R2 p

Pre-op Score and Age at Epilepsy Onset .535 <0.001

 add FMRI Lateral Hemisphere LI .610 0.003

  add Wada Memory and Wada Language .627 n.s.
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