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Abstract

The Wada test is widely used in the presurgical evaluation of potential temporal lobectomy 

patients to predict postoperative memory function. Expected asymmetry (EA), defined as Wada 

memory lateralized to the nonsurgical hemisphere, or a higher score after injection of the surgical 

hemisphere would be considered favorable in terms of postoperative memory outcome. However, 

in some cases, nonlateralized memory (NM) results, with no appreciable asymmetry, may occur 

because of impaired scores after both injections, often leading to denial of surgery. The reason for 

such nonlateralized Wada memory in patients with intractable temporal lobe epilepsy (TLE) 

remains unclear. Given that quantitative morphometric magnetic resonance imaging studies in 

TLE patients have shown bilateral regional atrophy in temporal and extratemporal structures, we 

hypothesized that the volume loss in contralateral temporal structures could contribute to 

nonlateralized Wada memory performance. To investigate this, we examined the relationship 

between the volume changes of temporal structures and Wada memory scores in patients with 

intractable TLE with mesial temporal sclerosis (MTS) using an age- and gender-matched control 

group. Memory was considered nonlateralized if the absolute difference in the total correct recall 

scores between ipsilateral and contralateral injections was <11%. Among 21 patients, Wada 

memory was lateralized in 15 and nonlateralized in 6 patients, with all the nonlateralized scores 
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being observed in left TLE. The recall scores after ipsilateral injection were significantly lower in 

patients with an NM profile than an EA profile (23±14% vs. 59±18% correct recall, p < 0.001). 

However, the recall scores after contralateral injection were low but similar between the two 

groups (25±17% vs. 25±15% correct recall, p=0.97). Compared to controls, all the patients 

showed greater volume loss in the temporal regions. However, patients with a NM profile showed 

significantly more volume loss than those with a lateralized memory profile in both contralateral 

and ipsilateral temporal regions (p<0.05). Left hemispheric Wada memory performance correlated 

positively with the size of the left mesial and neocortical temporal structures (r = 0.45–0.63, p = 

0.005–0.02). Our study suggests that volume loss in the nonsurgical temporal structures is 

associated with nonlateralized Wada memory results in patients with intractable TLE.

Keywords

Regional Atrophy; Temporal Lobe Epilepsy; Wada test; mesial temporal sclerosis

1. INTRODUCTION

Verbal memory decline is one of the major concerns associated with surgery for temporal 

lobe epilepsy (TLE), especially after dominant anterior temporal lobectomy (ATL). 

Accurate prediction of memory decline prior to ATL is challenging. The Wada test (also 

known as the intracarotid amobarbital procedure) was originally developed to determine 

hemispheric language dominance in prospective ATL candidates to prevent significant 

language disturbances after surgery (Wada and Rasmussen, 2007). Subsequently, the test 

was adopted for memory assessment before resective surgery (Milner and Rasmussen, 

1962). The Wada test simulates the effects of surgery by temporarily inactivating the 

surgical hemisphere using amobarbital, a short-acting pharmaceutical agent, to evaluate the 

ability of the nonsurgical hemisphere to maintain memory functions. The results of the 

Wada memory assessment may be classified into three categories: expected asymmetry 

(EA), when the memory score after ipsilateral injection (surgical side) is higher than 

contralateral injection (nonsurgical side); reversed asymmetry (RA), when the memory score 

after contralateral injection (nonsurgical side) is higher than ipsilateral injection (surgical 

side); and nonlateralized memory (NM), when there is no appreciable asymmetry in the 

memory scores after the two injections. Patients with EA are usually offered surgery under 

the assumption that the nonsurgical hemisphere can support memory after the removal of the 

intended surgical temporal lobe. On the contrary, patients with RA may be denied surgery 

because such patients have been shown to have significantly lower scores on 

neuropsychological measures (Diaz-Arrastia et al., 2002), greater risk for postoperative 

memory impairment, and unfavorable seizure outcomes compared to patients with EA 

(Sabsevitz et al., 2001). However, patients with NM are challenging, and the decision to 

proceed to surgery in such patients remains controversial. For NM patients, the surgical 

decision depends upon various factors, including the presence of lesions, seizure 

localization, results of neuropsychological assessment, and the experience of the epilepsy 

center.
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The practice of performing anterior temporal resections based on results of the Wada test is 

controversial. The underlying reasons for RA and NM in patients with intractable TLE also 

remain unclear. Thus, a more complete understanding of the substrates of memory in TLE 

patients is needed to better predict postoperative memory outcome after ATL. Prior 

quantitative volumetric magnetic resonance imaging (MRI) studies in TLE patients have 

shown bilateral regional atrophy in temporal and extratemporal structures (Bernhardt et al., 

2010; Ding et al., 2014; Labate et al., 2011; McDonald et al., 2008; Mueller et al., 2009a, b), 

suggesting that poor memory performance in the nonsurgical hemisphere may be related to 

unrecognized hippocampal damage or dysfunction in the nonsurgical temporal lobe. The 

objective of this study was to further investigate the relationship between regional brain 

volumes within the temporal structures and presurgical Wada memory test performance in 

TLE patients. We hypothesized that greater temporal lobe volume loss in the nonsurgical 

hemisphere (contralateral to the seizure focus) is associated with impaired Wada memory 

performance after ipsilateral amobarbital injection.

2. METHODS

2.1. Subjects

This is a retrospective, cross-sectional study of patients that were recruited over a 5-year 

period (January 2005 to June 2010) from the Epilepsy Monitoring Unit at Parkland 

Memorial Hospital and the University of Texas Southwestern Medical Center, Dallas, 

Texas. Demographic and clinical data were obtained through a prospectively maintained 

electronic database. Seizure localization, lateralization and TLE diagnosis were made based 

on prolonged ictal and interictal video-electroencephalography (EEG) recordings. The 

inclusion criteria were: 1) unilateral temporal seizure onset documented by video-EEG 

recording, 2) radiological diagnosis of mesial temporal sclerosis (MTS), and 3) at least one 

3.0 Tesla (T) MRI with high-resolution 3D T1 sequence. Exclusion criteria were: 1) 

presence of focal lesions other than MTS, such as encephalomalacia, vascular malformations 

or lesions, brain tumor, neurocysticercosis and brain abscess, and 2) other conditions which 

may result in abnormal MRI findings and compromise cognitive functions (e.g., multiple 

sclerosis, encephalitis/meningitis, Alzheimer’s disease/mild cognitive impairment, history of 

developmental delay and psychiatric disease). Twenty-two age- and gender-matched healthy 

volunteers were selected from our traumatic brain injury database (Wang et al., 2008) as 

controls to determine the MRI volumetric measurements of the patients. University of Texas 

Southwestern Medical Center Institutional Review Board approval was obtained prior to 

data collection for this study.

2.2. The Wada memory test

The Wada protocol used at our center has been described in detail in the elsewhere (Diaz-

Arrastia et al., 2002). Briefly, under continuous video-EEG monitoring, each patient 

underwent angiographic visualization of the carotid circulation bilaterally to assess vascular 

anatomy and exclude abnormalities. Subsequently, 90–120 mg of sodium amobarbital, at a 

concentration of 20 mg/ml, was injected over 10 seconds into the internal carotid artery. The 

presumptive surgical side was injected first (ipsilateral injection), and 30–45 minutes later, 

the nonsurgical side was injected (contralateral injection). The duration of arm weakness, 
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hemianopia, aphasia and EEG slowing were recorded. Tests were considered invalid if, in 

the opinion of the epileptologist, obtundation or inattention was sufficient to interfere with 

registration of items during the presentation phase. Invalid tests were not included in the 

analysis. Items were presented within the first 3 minutes of injection in the ipsilateral visual 

field during the period of arm weakness and EEG slowing. English-speaking subjects were 

administered an 18-item memory test while the Spanish-speaking subjects were 

administered a 17-item test. In each test, half of the items were composed of written words 

that alternated with pictorial items, including both abstract shapes and everyday items. After 

recovery of arm weakness and return of the EEG to baseline (approximately 10 minutes), 

item recognition was tested by presenting the target and seven similar foils simultaneously, 

and forcing the patients to choose one among the eight items. The test was scored as the 

fraction of items recalled correctly, with no deduction for errors. A second similar, but 

separate, set of targets and foils was used for the second injection. A third set of targets and 

foils was presented the day prior to the test in the absence of anesthetic to obtain a baseline 

score. For the purposes of this, the Wada memory asymmetry was arbitrarily determined by 

the difference between ipsilateral and contralateral injection scores. A difference of more 

than +11% (equivalent to non-recognition of ≥2 targets after contralateral injection 

compared to ipsilateral injection) was considered an EA profile, whereas a difference of 

more than −11% (equivalent to non-recognition of ≥2 targets after ipsilateral injection 

compared to contralateral injection) was considered an RA profile. If the difference in 

memory scores between the 2 injections was <11%, the test was considered an NM profile. 

Patients with correct recall of ≤33% with ipsilateral injection or bilateral injections were 

considered to have failed the Wada memory test (Diaz-Arrastia et al., 2002).

2.3. MRI acquisition and processing

Structural MRI was performed using a General Electric Signal Excite 3.0T MR scanner (GE, 

Milwaukee, WI). Three-dimensional (3D) T1-weighted structural images were obtained with 

slice thickness of 1 mm. The Digital Imaging and Communications in Medicine (DICOM) 

files were transferred to a Macintosh workstation for analysis with FreeSurfer analysis suite 

(Version 4.5.0; Athinoula A. Martinos Center for Biomedical Imaging, Charlestown, MA) 

as described elsewhere (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 2002; Fischl 

et al., 1999). Briefly, the FreeSurfer analysis included averaging of multiple volumetric T1-

weighted images, removal of nonbrain tissue, conversion to Talairach coordinates, 

automated segmentation of subcortical white and deep gray matter structures, tessellation of 

the gray-white matter junction, surface deformation along intensity gradients for optimal 

placement of gray-white and gray-cerebrospinal fluid borders, and cortical parcellation with 

sub-millimeter precision into units based on gyral and sulcal structure. These procedures 

resulted in high-resolution quantification of thickness, surface area and volume over the 

entire brain in addition to delineating the atlas-derived subcortical and cortical brain regions. 

All the images were processed and analyzed using the same version of Freesurfer on a single 

Macintosh workstation.

2.4. Statistical analysis

Z-scores (standardized scores defined by the number of standard deviations away from the 

mean of the respective control group) were calculated for all the subcortical and neocortical 
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regions in each subject based on the mean and standard deviation for each region among the 

controls. The relative differences between healthy and patient group volumes for these 

regions were compared using 2-tailed t tests. The correlations between regional volume and 

Wada memory scores were calculated using Spearman’s rank correlation coefficients. A 

false discovery rate (FDR) of 0.05 was used for all the analyses to correct for multiple 

comparisons.

Morphometric analyses were conducted by 2 independent raters (K.D. and Y.G.) and inter-

rater reliability was determined by having each rater analyze 20 brain images for 

determination of intra-class correlation coefficients using 2-way analysis of variance with 

mixed effects. Statistical analyses were performed with SPSS (version 11.5; SPSS Inc., 

Chicago, Illinois).

3. RESULTS

3.1. Demographics

Twenty-one patients were included in the study (Table 1; see Supplementary Table 1S for 

detailed information). There were 12 men and 9 women, all right-handed, 22–57 years of 

age (median 30 years; mean 32 years). The duration of epilepsy was 8–57 years (median 24 

years, mean 26 years). Language lateralization was left hemispheric in 20 patients and 

bilateral in 1 patient. Fourteen out of 21 patients (67%) patients had left MTS on MRI and 

left temporal seizure onset on scalp EEG. Seven patients (33%) had right MTS on MRI and 

right temporal seizure onset on scalp EEG. Seizure lateralization based on scalp monitoring 

was clear enough that none of the patients required depth electrode monitoring. The left- and 

right-sided seizure onset groups were similar with respect to age and epilepsy duration 

(p=0.50).

3.2. Wada memory lateralization

The baseline memory recall scores were 74 ±22% and 88±13% in the left and right seizure 

onset groups respectively (p = 0.16). Wada memory lateralization showed EA, RA and NM 

profiles in 15 (71%), 0 (0%) and 6 (29%) patients respectively (Table 1). Among the 15 

patients with an EA profile, 8 had left MTS and 7 had right MTS. Of note, all patients with 

NM profile had left MTS. All the 6 patients with NM memory profile failed the Wada test, 

with correct recall ≤33% on bilateral injections. All the patients with EA memory profile 

passed the test, with correct recall >33% on ipsilateral injection.

We compared the EA and NM Wada memory profiles (Figure 1 and Table 2S). The recall 

scores after ipsilateral injection were significantly lower in patients with an NM profile than 

an EA profile (23±14% vs. 59±18% correct recall, p < 0.001). However, the recall scores 

after contralateral injection were low but similar between the two groups (25±17% vs. 

25±15% correct recall, p=0.97). These findings suggest that bilateral memory impairment, 

rather than bilateral memory preservation, underlies nonlateralized Wada memory.

The NM profile on the Wada test was exclusively seen in left MTS patients who showed 

low memory scores after both ipsilateral (24±14% correct recall) and contralateral injections 

(25 ±15% correct recall). Among patients with EA profile, the memory recall after 
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ipsilateral injection tended to be lower in left MTS patients compared to right MTS patients 

(52±17% vs. 68±14% correct recall score, p=0.11). As expected, memory scores were 

uniformly low (24±15% vs. 27±20% correct recall, p=0.78) between the two groups after 

contralateral injection (Figure 2 and Table 3S). These findings suggest that left MTS 

patients are likely to have NM (due to bilateral impairment) or poorly lateralized memory 

(due to contralateral impairment) compared to right MTS patients.

3.3. Volumetric measurements

We analyzed the volume and cortical thicknesses of the various limbic regions (Z scores) in 

the left and right MTS groups. In contrast to patients with right MTS, the patients with left 

MTS showed significant atrophy in the left hippocampus (−2.66 vs. −0.31), left amygdala 

(−0.96 vs. 0.93), and left fusiform (−0.78 vs. 0.56) (p< 0.05) (Table 4S). In order to compare 

the volume and cortical thicknesses in the EA and NM groups, we combined the left and 

right MTS patients to obtain an adequate sample size. Compared with the controls, the MTS 

patients showed significant widespread volume loss bilaterally, involving the hippocampi, 

temporal neocortex, and insula. Furthermore, the NM profile patients showed significantly 

more volume loss than the EA profile patients not only in the ipsilateral hippocampus (−3.31 

vs −2.14), amygdala (−1.81 vs 0.04), parahippocampus (−0.40 vs 0.73), and superior 

temporal gyrus (−1.78 vs −0.90)], but also in the contralateral hippocampus (−1.72 vs −0.51) 

and amygdala (−1.29 vs 0.48) (Figure 3 and Table 5S). These findings suggest that the 

bilateral memory impairment seen on nonlateralized Wada test (as discussed above) may 

have an anatomic basis, perhaps related to bitemporal volume loss.

3.4. Correlation between Wada memory scores and volumetric measurements

To determine if Wada memory scores correlated with volumetric measurements of temporal 

and extratemporal structures, we calculated the Spearman’s rank correlation coefficients 

(Table 2). After right hemispheric injection, which tests left hemispheric memory, the Wada 

memory recall scores showed significant positive correlation with the size (i.e., volume or 

thickness) of left hippocampus (r= 0.63, p=0.005), left amygdala (r=0.49, p= 0.04), left 

superior temporal gyrus (r=0.60, p=0.009), left middle temporal gyrus (r=0.49, p=0.03) and 

left fusiform gyrus (r= 0.55, p =0.02). After left hemispheric injection, which tests right 

hemispheric memory, there were no statistically significant correlations between the Wada 

memory recall scores and volume of temporal regions. Thus, left hemispheric memory 

correlates positively with the size of the left temporal structures whereas right hemispheric 

memory has no such correlation with the size of right temporal structures in this cohort of 

MTS patients.

4. DISCUSSION

In this study, we investigated the relationship between regional brain volumes within the 

temporal structures and presurgical Wada memory performance in patients with MTS. We 

found that: 1) patients with nonlateralized Wada memory showed significantly greater 

memory impairment in the nonsurgical hemisphere, 2) bilateral memory impairment is 

likely in left MTS patients regardless of the Wada memory profile, 3) bilateral memory 

impairment on nonlateralized Wada test may have an anatomic basis, perhaps related to 
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bitemporal volume loss, and 4) left hemispheric memory correlates positively with the size 

of the left temporal structures whereas right hemispheric memory has no such correlation 

with the size of right temporal structures.

In general, it is desirable to have a higher Wada memory score after ipsilateral injection than 

contralateral injection to expect a favorable postoperative memory outcome after temporal 

resection, i.e., EA. However, nonlateralized Wada memory is often encountered in practice 

where the memory scores are similar after the two injections without allowing for a clear 

determination of memory dominance. Although such a scenario may result from bilaterally 

impaired or bilaterally preserved memory, our current findings and prior data (Diaz-Arrastia 

et al., 2002) support the idea that bilateral memory impairment, rather than preservation, 

underlies nonlateralized Wada memory in MTS patients. In addition, we demonstrated that 

patients with nonlateralized Wada memory showed more volume loss and cortical thinning 

in the contralateral temporal regions. Taken together, these findings indicate that the MTS 

patients with nonlateralized Wada memory have more widespread impairment involving the 

memory network. This idea is in alignment with recent studies speculating that structural 

abnormalities in the contralateral temporal lobe might contribute to postoperative amnesia in 

patients who failed the Wada test after ipsilateral injection and subsequently underwent ATL 

(Weber et al., 2007; Weber et al., 2006).

In our cohort, we did not encounter the nonlateralized Wada memory profile in right MTS 

patients, which could be related to the small sample size. In other words, the NM profile on 

the Wada test was exclusively seen in left MTS patients who showed low memory scores 

after both ipsilateral and contralateral injections. Among patients with EA profile, the 

memory scores after ipsilateral injection (which reflect the memory function of the 

contralateral hemisphere) tended to be lower in left MTS patients compared with right MTS 

patients while the memory scores were uniformly low in both two groups after contralateral 

injection. Taken together, these findings suggest the likelihood of bilateral memory 

impairment in left MTS regardless of the Wada memory profile, which is concordant with 

our previous experience (Diaz-Arrastia et al., 2002) and that of others (Alessio et al., 2006; 

Baxendale et al., 1998).

Compared with controls, the left MTS patients, but not the right MTS patients, demonstrated 

volume loss in the temporal regions not only ipsilateral to the seizure focus but also 

contralaterally. The contralateral volume loss was more prominent in patients with a 

nonlateralized Wada memory profile. For example, the Z scores of contralateral 

hippocampal volumes and superior temporal gyrus were decreased by 340% and 180%, 

respectively, in the nonlateralized group versus the lateralized group. However, the left 

hemispheric memory function in left MTS patients showed significant positive correlation 

only with the size of the left mesial and neocortical temporal structures. These findings are 

consistent with structural connectivity studies showing that left TLE has a more significant 

impact on network function than right TLE (Besson et al., 2014).

Our study is limited by its small sample size. In addition to the size of the temporal 

structures, the Wada memory results could have been influenced by other variables, such as 

duration of epilepsy, seizure frequency and antiepileptic medications. Because of the 
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retrospective nature of the study, we were unable to evaluate the impact of these variables. It 

would be worthwhile evaluating the association between structural volume and reverse 

Wada asymmetry. Unfortunately, we did not have such patients in our cohort. Similarly, we 

were unable to investigate the relationship between nonlateralized Wada memory and 

postoperative memory outcome because many patients with nonlateralized Wada memory 

were deemed to be at high risk for memory decline, and therefore, not offered surgery. 

Along this line, however, Kubu et al. reported a series of 10 patients who failed the Wada 

memory test bilaterally and underwent unilateral temporal resection but did not experience 

adverse postoperative memory outcome (Kubu et al., 2000).

5. Conclusions

This study explored the neuroanatomic basis for Wada memory performance. Our findings 

suggest that the MTS patients with nonlateralized Wada memory performance have 

significantly greater memory impairment in contralateral hemisphere and have more volume 

loss and cortical thinning in contralateral temporal region. Our study supports the notion that 

the size of the left temporal structures is an important determinant of the Wada memory 

function regardless of the side of injection. Future studies in a larger sample, and 

investigation of the relationship between neuropsychological test performance and Wada 

memory and volume loss, will be important to further understand the implications of our 

findings.
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Refer to Web version on PubMed Central for supplementary material.
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• We measured the temporal lobe volume using Freesurfer

• Nonlateralized Wada profile is defined as a difference in memory recall between 

bilateral injections < 11%

• Nonlateralized Wada profile is associated with more atrophy in bilateral 

temporal lobes

• The left temporal lobe volume correlated with both hemisphere Wada 

performance
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Figure 1. 
Wada memory lateralization profiles in patient with mesial temporal sclerosis. The recall 

scores after ipsilateral injection were significantly lower in patients with an NM profile than 

an EA profile (23±14% vs. 59±18% correct recall, p < 0.001). However, the recall scores 

after contralateral injection were low but similar between the two groups (25±17% vs. 

25±15% correct recall, p=0.97).
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Figure 2. 
Comparison of Wada memory scores in patients with expected asymmetry profile. Among 

patients with EA profile, the memory recall after ipsilateral injection tended to be lower in 

left MTS patients compared to right MTS patients (52±17% vs. 68±14% correct recall score, 

p=0.11). As expected, memory scores were uniformly low (24±15% vs. 27±20% correct 

recall, p=0.78) between the two groups after contralateral injection.
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Figure 3. 
Regional Atrophy in MTS with expected asymmetry Wada memory(EA) and nonlateralized 

Wada memory(NM). The NM profile patients showed significantly more volume loss than 

the EA profile patients not only in the ipsilateral hippocampus (−3.31 vs −2.14), amygdala 

(−1.81 vs 0.04), parahippocampus (−0.40 vs 0.73), and superior temporal gyrus (−1.78 vs 

−0.90)], but also in the contralateral hippocampus (−1.72 vs −0.51) and amygdala (−1.29 vs 

0.48)
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Table 2

Correlation between Wada memory scores and volumetric measurements

Memory score after left injection Memory score after right injection

r p r p

L Hippocampus −0.16 0.52 0.63 0.005

R Hippocampus 0.26 0.27 −0.37 0.13

L Parahippocampal −0.26 0.28 0.39 0.10

R Parahippocampal −0.21 0.39 −0.14 0.57

L Superior temporal −0.10 0.68 0.60 0.009

R Superior temporal −0.14 0.58 0.20 0.41

L Middle temporal 0.01 0.96 0.49 0.03

R Middle temporal −0.25 0.29 0.13 0.61

L Inferior temporal −0.33 0.16 0.45 0.06

R Inferior temporal −0.11 0.66 0.07 0.77

L Transverse temporal 0.21 0.40 −0.03 0.91

R Transverse temporal 0.05 0.83 0.26 0.30

L Temporal pole 0.04 0.86 0.37 0.14

R Temporal pole −0.32 0.18 −0.11 0.69

L Amygdala −0.08 0.74 0.49 0.04

R Amygdala 0.02 0.93 0.27 0.27

L Entorhinal −0.25 0.32 0.32 0.22

R Entorhinal −0.18 0.46 0.22 0.38

L Fusiform −0.24 0.32 0.55 0.02

R Fusiform −0.12 0.63 0.06 0.82

L: left; R: right.
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