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EEG monitoring is used routinely during the Wada test in children. We quantified EEG asymmetry using the
Brain Symmetry Index (BSI) to reduce subjectivity of EEG interpretation. Clinical and procedural variables
were obtained and EEG data were retrieved from 46 patients with a total of 89 injections. The BSI, the abso-
lute value of the relative difference of the average spectral density of the right and left hemisphere, was cal-
culated over time for all EEGs. Lateralized slowing was correctly identified in all procedures. Asymmetry was
minimal at baseline (BSI 0.16) and increased with injection of amobarbital (BSI 0.49). Various patterns of the
BSI were seen in distinct clinical and procedural scenarios. In this retrospective analysis, the BSI could not
predict an unsuccessful Wada procedure. Our results suggest application of the BSI during the Wada test in
children is feasible. Real-time calculation of the BSI during EEG monitoring in the angiography suite is war-
ranted for further validation.

© 2012 Elsevier Inc. All rights reserved.
1. Introduction

The Wada test is widely used in the evaluation process of candi-
dates for epilepsy surgery, predominantly for the lateralization of lan-
guage and memory function [1]. The reliability of rapidly applied
memory and language tasks is in part dependent on the duration
and depth of medication-induced anesthesia of implicated cerebral
structures. However, there are no absolute criteria that allow full de-
termination of degree and extent of hemispheric inactivation [2]. A
combination of monitoring techniques is commonly used as surrogate
markers of hemispheric suppression, including serial strength testing
of the contralateral arm, review of the fluoroscopic angiography
during the amobarbital injection, and online interpretation of EEG
during Wada testing [2,3].

All of the measures are subjective, subject to intra- and interobser-
ver variability, observer bias, and information bias. These weaknesses
potentially compromise the reliable identification of eloquent struc-
tures at a critical stage of epilepsy surgery evaluation. Specific num-
bers on intra- and interobserver variability in the visual assessment
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of the duration of EEG slowing during the Wada test are not available
in the literature. One study reported a smaller standard deviation of
visual interpretation compared to a computed measure of slowing
(2.8 vs 2.2 min, respectively) suggesting computation is less erratic
[4]. In a study of intra- and interobserver reliability of EEG interpreta-
tion in critically ill children, agreement on the presence or absence of
EEG slowing was only slight (kappa 0.10), the lowest of all eleven EEG
features examined [5]. Hand strength, another key monitoring mea-
sure, is dependent on subject cooperation and does not provide con-
tinuous data. Moreover, suppression of gross motor function may not
even be representative of anesthesia of language and memory areas
[4].

During the Wada test, continuous EEG is typically visually
assessed for the presence, frequency, amplitude and distribution of
slowing to monitor hemispheric anesthesia [1 – 3]. Digital EEG pro-
vides an opportunity for formal quantification of asymmetry with sig-
nal processing techniques [4]. We investigated the use of a previously
established measure of symmetry in the EEG, the Brain Symmetry
Index (BSI) [6,7] to objectively monitor hemispheric suppression dur-
ing theWada test in addition to conventional visual assessment of the
EEG. Aims were to investigate applicability of the BSI in this setting.
We assessed the relation between the BSI and conventional electro-
graphic and behavioral measures, as well as technical aspects of the
procedure.

http://dx.doi.org/10.1016/j.yebeh.2011.12.017
mailto:jurriaan.peters@childrens.harvard.edu
http://dx.doi.org/10.1016/j.yebeh.2011.12.017
http://www.sciencedirect.com/science/journal/15255050
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2. Methods

2.1. Procedural and clinical variables

At Children's Hospital Boston, all Wada test procedures are moni-
tored with continuous video-EEG. One examiner assists with the as-
sessment of motor strength, while a clinical neuropsychologist
applies a rapid battery of memory and language tasks. The EEG is
monitored and interpreted online by an experienced clinical neuro-
physiologist present in the angiography suite. All team members
communicate frequently and at set times during the procedure. A de-
tailed description of the pediatric Wada test protocol at Children's
Hospital Boston has been published elsewhere [3].

Retrospective data acquisition was conducted using a protocol ap-
proved by the IRB of Children's Hospital Boston. For our study, all con-
secutive subjects undergoing the Wada test from 2000 to 2010 at
Children's Hospital Boston were reviewed and all patients with avail-
able EEG data were included. EEG and, if available, video and audio
were reviewed for each subject to record behavioral parameters
such as timing of injection and reported hand strength by the
examiner. Duration of EEG slowing was assessed by a clinical neuro-
physiologist at the time of the original study. Medical records, EEG,
magnetic resonance imaging and angiography findings were
reviewed to obtain demographics, handedness, seizure type, epilepsy
etiology and epilepsy syndrome, imaging results, antiepileptic drug
regimen, and further procedural details. Strength testing results
were categorized as absence of any strength (Medical Research Coun-
cil (MRC) 0–1), partial strength (MRC 2–4) and return to full strength
(MRC 5) [8]. Time to return to behavioral baseline was defined as ab-
sence of sleepiness, confusion and agitation and a return to pre-test
language ability, level of cooperation and the ability to follow instruc-
tions. Criteria were assessed by the staff neuropsychologist towards
the end of each procedure.

2.2. EEG monitoring and calculation of the Brain Symmetry Index

EEGs were recorded using the International 10–20 electrode
placement system and impedances were kept below 5 kΩ at all
times. Visual assessment was done in the “double banana” bipolar
montage. EEGs were exported to European Data Format [9] and pro-
cessing was done with in-house developed software on a MatLab
platform [10], according to previously described methods [6,7,11].
The BSI is the absolute value of the relative difference in the average
spectral density of the right and left hemispheres in the frequency
range from 1 to 25 Hz. In brief, we calculated the mean of the absolute
difference at each frequency (more precisely, at each Fourier coeffi-
cient ) of all leftsided and corresponding rightsided hemisphere elec-
trode pairs over 10 s (five 2-second bins sampled at 256 Hz). Next,
this left minus right difference at each frequency was divided by
their sum, and averaged to obtain an index (BSI), ranging from 0 (per-
fect symmetry) to 1 (maximum asymmetry). Additional details have
been published previously [6,7,11] and are summarized in the
appendix.

For this study, a moving average of five pages was used for signal
smoothing, optimizing between temporal resolution and readability
for the reader. Rather than 1–25 Hz, a bandwidth of 1–15 Hz was em-
pirically chosen after the first 10 studies were analyzed, reducing
global fast activity from barbiturates. BSI tracings were compared
with the original EEG signal to document outliers, peaks, and muscle,
electrode, and movement artifact to facilitate interpretation of BSI. If
needed, up to two electrodes were excluded from calculations, com-
parable to the way a bad channel is ignored during visual interpreta-
tion. No other pre-processing or selection of artifact-free data was
performed. Peak values were defined as the maximum BSI value fol-
lowing injection. Baseline BSI was assessed by a maximum of 10
pages of EEG prior to injection. Return to baseline was described as
the first page of the averaged BSI over 10 pages with a value within
25% of the pre-injection baseline, based on a similar previously de-
fined cut-off value from Bouwer et al., who used 30% [4]. See Fig. 1
for an example.

Statistical analysis was performed using SPSS version 19 (IBM
SPSS Statistics, Chicago, IL). Comparisons were done using the Stu-
dent's t-test and associations were explored using the Spearman's
rank correlation coefficient. Contingency tables were analyzed with
Fisher's exact test. P-valuesb0.05 were considered significant.

3. Results

3.1. Clinical variables

Forty-six subjects (24 boys, 52%)were selected,mean age 15.2 years
(range 7.6–22.4). Thirty-six (78%)were right-handed, eight (17%)were
left-handed, and two (4%) were ambidextrous. Together they had 89
intracarotid amobarbital injections, as three injections (two right-
sided, one left-sided) were not performed or completed secondary to
subject agitation with the first injection. Almost all subjects had partial
seizures with impairment of consciousness or awareness (41, 89%), 25
(54%) as the only seizure type. In 16 (35%) however, these evolved
into generalized, tonic–clonic seizures (n=13) or hemiclonic seizures
(n=3). More than half of the patients (28 out of 46) had a left-sided
lesion or seizure focus based on workup done prior to the Wada test.
All non-lesional cases had a suspected focus in the temporal lobe with
the exception of 2 patients with a frontal focus (one left, one right).
Despite successful injection on angiography, four children had rapid
recovery, incomplete hemiparesis or EEG slowing that was less than
expected; referred to by some authors as anesthetic failure [12,13].
None of these patients had medications with carbonic anhydrase
properties in their regimen. There was also no correlation between
the presence of these medications (n=8) and a poor quality study
(n=10), or the need for extra amobarbital boluses (n=16) (Fisher's
exact test, p=0.36 and 0.13, respectively).

The first injection was performed on the ipsilateral side of the
lesion or seizure focus in all left-sided cases and in all but 4 right-
sided cases. Thus, the right side was injected second in 32 out of 46
cases (70%). There were no significant differences between left- and
right-sided injections regarding amobarbital dosing (p=0.39),
sleepiness or agitation impacting study quality (p=0.72), angio-
graphic cross flow reported as more than minimal (p=1.00), incom-
plete hemiplegia (p=0.64), or a poor quality study due to presence
of any of these factors (p=0.72). Compared to left-sided injections,
injections on the right tended to require additional injections to
achieve complete hemiparesis or sufficient EEG slowing as judged
during the procedure (p=0.06, not significant). Subgroup analysis
of those injections performed on the ipsilateral side only did not
yield any significant findings. More clinical details regarding the
study population and procedural aspects are found in Table 1.

3.2. Monitoring of pharmacological effects

Baseline EEG prior to Wada testing revealed intermittent or con-
tinuous focal slowing in 30 patients. In 25 of these 30 patients, slow-
ing was located ipsilateral to the side of lesion or suspected focus.
However, baseline asymmetry as expressed by the BSI in all subjects
(0.16) was not significantly different from those with focal slowing
(0.17). The average maximum BSI and the average delta BSI (the
maximum BSI after injection compared to the BSI at baseline) were
similar in right-sided (0.51, 0.34) and left-sided injections (0.48,
0.35; p=0.34 and 0.49, respectively). Only the maximum BSI of
right-sided ipsilateral injections was significantly higher than the
left-sided ipsilateral injections (0.56 versus 0.46, p=0.005). There
was no difference in delta BSI in the 21 subjects with moderate or sig-
nificant cross flow on angiography (0.33), or in the 11 subjects whose



Fig. 1. Lateralized EEG slowing and the Brain Symmetry Index (BSI).BSI plot over time (left, one page=10 s) and corresponding EEG segments (right, double banana montage with
left temporal and parasagittal chains on top) of amobarbital injection in 12 year-old girl with non-lesional right temporal lobe epilepsy and complex partial seizures. (A) At baseline,
the EEG is symmetric, BSI=0.18. (B) Immediately following injection, lateralized EEG slowing is seen, BSI=0.56. (C) At end of procedure the EEG has returned to baseline,
BSI=0.16. Delta BSI is the difference between maximum (B) and baseline (A) BSI values.
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study was deemed of poor quality for various reasons (0.34). Average
time to reach a maximum asymmetry (maximum BSI) from baseline
was prolonged in patients who required extra barbiturate injections
compared to all other patients (1 min and 42 s versus 2 min and 6 s,
p=0.01). Average duration of EEG slowing on visual assessment
(6 min) was approximately 4 min shorter than determined through
the return of the BSI to 125% of its baseline value (9 min 48 s).
There was no significant difference in duration of slowing between
left- and right-sided injections on both visual assessment and as de-
termined by the BSI. Right-sided injections had a shorter
recovery time for return to full strength (4.5 versus 5.3 min,
p=0.046) as compared to left-sided injections, with sooner return
Table 1
Clinical data, procedural variables.

Demographics
Gender Male 24 (52%)
Handedness Right 36 (78%)

Epilepsy characteristics1 Single seizure type
Focal, impairment of consciousness 25
Generalized, tonic–clonic 0
Focal, no impairment of consciousness 2
Focal, hemiclonic 0
Generalized, tonic 1

Etiology, localization Left
Dysplasia, dysgenesis, low-grade lesion2 8
Stroke, ischemic injury, vascular malformation 4
Mesial temporal sclerosis3 4
High grade neoplasm, s/p resection 2
Non-lesional4 10

Procedural aspects Left (ipsi5)
Side of first injection 28 (28)
Average total amobarbital injection in mg 125.0 (125.0)
Additional amobarbital injections needed 15 (11)
Sleepiness or agitation impacting study quality 5 (2)
Angiographic cross flow more than minimal 13 (8)
Incomplete hemiplegia 2 (1)
Overall poor quality study 6 (2)

1 Ordered by frequency. Totals exceed n=46 as many had multiple seizure types. A sing
2 One patient had bilateral occipitotemporal polymicrogyria, with a left-sided epileptic fo
3 If mesial temporal sclerosis was not a consensus diagnosis, etiology would be considere

left, one on right).
4 All subjects with non-lesional etiology had a suspected focus in the temporal lobe, with
5 ipsi indicates ipsilateral to focus or lesion.
6 One patient had lowered arousal impacting study quality after each injection.
7 Three patients had sleepiness, excessive cross flow, incomplete hemiparesis or combin
to behavioral baseline (7.1 versus 8.5 min, p=0.007). An overview
is provided in Table 2.

3.3. BSI and conventional measures

As single factors, neither the BSI nor any conventional monitoring
measure or clinical characteristic (seizure type, etiology, medications,
side of injection (left, right, ipsilateral), order of injection (ipsilateral
first or second), additional injections, total amobarbital dose, or
cross flow) were related to agitation, sleepiness, incomplete or rapid
recovery of hemiparesis or a poor quality study. Specifically, a low
delta BSI was not associated with a poor quality study.
Female 46 (48%)
Left 18 (17%) Ambidextrous 2 (4%)
Multiple seizure types Total
16 41
13 13
5 7
4 4
1 2
Right Total
6 14
2 6
3 7
0 2
7 17
Right (ipsi) Total (ipsi)
18 (14) 46 (42)
130.9 (133.2) 127.9 (128.3)
15 (7) 30 (18)
4 (1) 106 (3)
8 (4) 21 (12)
2 (1) 4 (2)
5 (1) 11 (3)7

le patient with an arteriovenous malformation did not have any seizures.
cus.
d non-lesional. Two patients had meningitis prior to mesial temporal sclerosis (one on

the exception of two patients with a frontal focus (one on left, one on right).

ation thereof on both left- and right-sided injection.



Table 2
Monitoring of pharmacological effects.

Left (ipsi) Right (ipsi) Total

EEG measures
EEG focal slowing at baseline 22 (20) 6 (5) 301 (25)
BSI baseline

All subjects 0.16 (0.17) 0.16 (0.15) 0.16 (0.16)
EEG focal slowing at baseline 0.17 (0.18) 0.16 (0.15) 0.17 (0.17)

Maximum BSI after injection 0.48 (0.46) 0.51 (0.56*) 0.49 (0.50)
Time to BSI maximum in min

All subjects 1.7 (1.6) 1.7 (1.8) 1.7 (1.7)
Additional amobarbital injections
needed

2.0 (1.7) 2.2 (2.6) 2.1 (2.0)

Delta (maximum–baseline) BSI
All subjects 0.34 (0.32) 0.35 (0.41) 0.34 (0.36)
EEG focal slowing at baseline 0.32 (0.31) 0.34 (0.40) 0.33 (0.34)
Crossover more than minimal 0.32 (0.28) 0.34 (0.43) 0.33 (0.33)
Overall poor quality study 0.31 (0.30) 0.37 (0.41) 0.34 (0.35)

Duration of slowing in min
Visual assessment 6.2 (5.6) 5.7 (5.9) 6.0 (5.8)
BSI ≤125% baseline 9.9 (9.8) 9.6 (10.3) 9.8 (10.0)

Behavioral measures
Recovery time in min

To level of hemiparesis 2.9 (2.8) 2.8 (2.6) 2.9 (2.7)
To full strength 5.3 (5.1) 4.5** (4.3) 4.9 (4.8)
To behavioral baseline 8.5 (7.7) 7.1*** (6.7) 7.8 (7.4)

1 Two patients with intermittent slowing on either side with shifting predominance.
*p=0.005, ** p=0.046, *** p=0.007 for left- compared to right-sided injections.
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Duration of slowing on BSI did not correlate with the duration by vi-
sual assessment (Spearman RankOrder correlation 0.1, p=0.46), while
both had a comparable standard deviation of 3 and 2.5 min, respective-
ly. Duration of EEG slowing on visual assessment correlated only mod-
estly with return to behavioral baseline (0.36, p=0.016) and with
return of full strength (0.38, p=0.0076). Duration of slowing assessed
by the BSI correlated only with return of full strength (0.33, p=0.032).
Fig. 2. BSI tracings during several scenarios. BSI is plotted for four patients over time (one p
asterisks indicate epochs with artifact. (A) 20-year-old female with mesial temporal scleros
line (0.11) than the first (0.09). Uncomplicated procedure. (B) 16-year-old male with non-le
eralized seizures. Mild intermittent slowing is present, first injection baseline BSI 0.19, delt
contralateral hemisphere, resulting in a smaller change of the BSI (delta BSI 0.37). Uncompl
continuous slowing at baseline (BSI 0.23). With the second injection slowing is also induced
decrease of BSI, i.e. more symmetric EEG (delta BSI=−0.10). Uncomplicated study. (D) 18
seizures. With the ipsilateral, first injection there is angiographic evidence of cross flow to th
as now both hemispheres show some slowing (delta BSI 0.23), whereas with the second in
3.4. Patterns of BSI changes in different clinical scenarios

Various patterns of the BSI tracing during the procedure were ob-
served in several distinct clinical scenarios. Examples include a pa-
tient with an uncomplicated procedure and two early peaks with a
slow return to baseline (Fig. 2A), a patient with mild ipsilateral inter-
mittent slowing at baseline in whom contralateral injection resulted
in additional contralateral slowing, leading to a smaller change in
the BSI from baseline (Fig. 2B). Another patient with a similar scenar-
io but more prominent and continuous focal slowing at baseline (high
baseline BSI) demonstrated a decrease in asymmetry (delta BSI
is negative) when the contralateral injection induced slowing too
(Fig. 2C). Finally, a patient is shown with a compromised quality
study due to anterior cerebral artery cross flow with resultant slow-
ing contralateral to the injection, and a subsequent smaller change
in BSI (Fig. 2D).

4. Discussion

In this paper, we explore the use of the BSI as a measure to quan-
tify EEG asymmetry during the Wada test. The BSI can provide addi-
tional information on the duration and strength of the barbiturate
effect, and may serve as an additional biomarker towards the devel-
opment of a more standardized method of monitoring hemispheric
anesthesia during the Wada test. The BSI correctly identified latera-
lized slowing and asymmetry in all patients. In addition, this is the
first large retrospective series of clinical and procedural aspects of
the Wada test and their relation to EEG monitoring in children.

4.1. Clinical variables

The vast majority of our patients had temporal lobe epilepsy.
Many centers prefer to test the hemisphere ipsilateral to the seizure
focus first in case the procedure is interrupted or incomplete due to
age is 10 s). Dotted horizontal lines indicate baseline, arrows indicate time of injection,
is and complex partial seizures. The second injection starts from a slightly higher base-
sional left frontal lobe epilepsy with simple partial, complex partial and secondary gen-
a BSI 0.49. With the second injection (baseline BSI 0.15) slowing is also induced in the
icated study. (C) 18-year-old male with mesial temporal sclerosis and more prominent
on the non-lesional side and both hemispheres are now prominently slow, resulting in a
year-old female with left frontal stroke and complex partial and secondary generalized
e anterior portions of the contralateral hemisphere, resulting in less lateralized slowing
jection there is no cross flow (delta BSI 0.42). Poor quality study due to cross flow.

image of Fig.�2
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seizures, sleepiness, agitation or lack of cooperation or technical diffi-
culties [14].

In both adults and children, ‘unusually mild drug effects’ or ‘ab-
sence of drug effects’ with the use of carbonic anhydrase inhibitors
like topiramate and zonisamide [12,13] have been reported. Howev-
er, in our population the use of these medications was not associated
with anesthesia failure (incomplete hemiparesis or insufficient EEG
slowing) or the need for extra amobarbital injections. Also, patients
with polypharmacy or on sedative antiepileptic drugs like benzodiaz-
epines or barbiturates did not have more problems sustaining atten-
tion [14]. Our average dose of amobarbital (125 mg on the left,
131 mg on the right) is consistent with the modal dose of 125 mg
found in a large multicenter survey, and the repeat dosing has
also been reported by other centers [2]. Duration of hemiparesis
(4.9 min for all injections) was shorter than in a study of 48 adults
(6.4 min) [15], despite use of a similar average dose of amobarbital.
In adults, some centers adjust dosing for patient weight but there is
a poor relation between body weight and brain weight. Since the in-
jection is directly into the cerebral circulation, adjustment for body
weight is unnecessary [14]. Due to the retrospective approach, a pre-
cise dose-correction based on estimated brain weight on imaging
studies was outside of the scope of this study. Despite larger doses
of amobarbital per gram of brain, motor effects may have been
shorter due to differences in assessment, diminished local efficacy
or faster metabolism. There were no significant procedural differ-
ences between left- and right-sided injections.

Sleepiness and agitation were more common with injection of the
contralateral hemisphere (n=7) compared to the ipsilateral hemi-
sphere (n=3), possibly related to suppression of the dominant,
healthy hemisphere. However, since all but four patients underwent
ipsilateral injection first, a cumulative drug-effect on sleepiness
and agitation may play a role as well [14]. Incomplete hemiparesis
was often associated with a need for extra injections, sleepiness or
combativeness.

4.2. Monitoring of pharmacological effects

4.2.1. Pathophysiology of slowing
Several authors have investigated the physiological origin of EEG

slowing during Wada testing. Temporary anesthesia of cortico-
subcortical connections, as well as anesthesia of selected cortical
and subcortical areas has been suspected [14]. With the use of
depth electrodes in the mesial temporal lobe, slowing in hippocampal
structures has been found to last significantly shorter than that mea-
sured by surface EEG [4,16]. While the BSI does not provide additional
localizing information, it may prove to be a more objective marker of
effect duration.

4.2.2. Alternative measures of barbiturate effect during the Wada test
The validity of surface EEG slowing as ameasure of hemispheric sup-

pression during the Wada test has been questioned (for a review, see
[14]), and other markers have been investigated. Transcranial Doppler
ultrasound (TCD) provides a continuous physiologic signal of cerebral
blood flow and has been applied during theWada test as a form of neu-
romonitoring [17]. In a study of 10 patients, delta slowing correlated
with decreased mean middle cerebral artery velocities. Evidence of
hemispheric suppression on TCD in two patients was found where the
EEG failed to show slowing. However, this monitoring method has not
been widely adapted [18]. Like TCD, EEG is also a non-invasive method
but typically needs no readjustment after patient movement. It can ad-
ditionally serve to exclude ictal activity during the study [15], and sei-
zures complicate more than 1% of studies [19].

4.2.3. Influence of side, language dominance and epilepsy focus
On average, the right-sided injections demonstrated a similar

delta BSI but had shorter recovery times to motor and behavioral
baseline. This difference was more pronounced for ipsilateral injec-
tions. 72% of the cases with right-sided lesions were right-handed,
so in the majority the non-epileptic left hemisphere was also the
dominant hemisphere. Two studies from different centers involving
48 and 17 patients, respectively, have found prolonged behavioral
recovery in the non-epileptic, functionally intact hemisphere. This
raises the possibility that the injected hemisphere could have incor-
porated some of the functional capabilities of the non-injected,
epileptic hemisphere [15,20]. In these studies, concomitant prolonged
slowing was seen on the EEG of the non-epileptic hemisphere, indi-
cating possible prolonged physiological disruption. Prolonged
slowing was not observed in the current study, however. Possible
explanations include differential sensitivity to amobarbital of the
healthy compared to the epileptic hemisphere (various proposed
pharmacological mechanisms are discussed in [15]), or a negative
functional effect of the non-injected epileptic hemisphere on re-
covery of the injected intact hemisphere [20]. Biersack et al. reported
a SPECT study of three patients showing that the dominant hemi-
sphere had a more suppressed regional cerebral blood flow [21], but
this difference is not noted in the studies using transcranial Doppler
ultrasound [17,18].

4.2.4. Effects of preexisting EEG asymmetry
In our population, asymmetric EEG baselines as expressed by a

high BSI at baseline were seen with [1] structural lateralized anoma-
lies as evident onMRI (e.g. SturgeWeber, prior resective epilepsy sur-
gery, stroke) and with [2] functional abnormalities such as lateralized
epileptic discharges. Focal slowing may have limited impact on the
average of BSI baseline (Table 2) due to the intermittent nature of
focal slowing in most subjects. Large differences between left- and
right-sided injection-induced BSI changes (delta BSI) in the same
patient were seen in cases with baseline asymmetry, i.e. when later-
alized slowing was already present. With ipsilateral injections, slow-
ing would become more asymmetric, and with the next injection
slowing would be induced in the contralateral hemisphere too (smal-
ler delta BSI), and in some cases even leading to a decrease in BSI
(negative delta BSI, Figs. 2B and C). Significant anterior cross flow
and sleepiness lead to bilateral slowing and a smaller delta BSI in
some cases (Fig. 2D).

4.2.5. Duration of slowing
Duration of slowing by visual assessment (left 6.2 and right

5.7 min) and by BSI (left 9.9 and right 9.6 min) is comparable to the lit-
erature. Bouwer et al. assessed delta-range activity visually (7.6 min)
and by EEG quantification (1.17–4.69 Hz, 9.8 min) [4], whereas our al-
gorithm included frequencies from 1 to 15 Hz. The same group reports
brief, 4- to 5-minute-long anterior predominant contralateral slowing
that resolves prior to the ipsilateral slowing [4,16]. Our BSI measure
typically peaked early after injection, suggesting slowing is still overall
predominant on the ipsilateral side. Others have documented an aver-
age duration of EEG slowing on visual assessment of 7 min [22] and
7.8 min in adults [15].

4.3. Comparison of the BSI with visual EEG analysis and behavioral
measures

Computerized quantification of EEG slowing does not depend on
the subjective assessment of the electroencephalographer. Other au-
thors have found a correlation between the calculated duration of
delta slowing and return of contralateral hand strength [4]. This cal-
culation was dependent on offline manual selection of brief 20-
second artifact-free EEG segments, however, and the hand strength
measure was defined as the midpoint between the return of full-
strength and the immediate prior assessment and was thus only
available retrospectively [4]. In our study feasibility of online BSI ap-
plication was assessed without selecting any artifact-free segments
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prior to processing. The retrospective design of our study and choice
not to pre-process the data in order to simulate the real-time envi-
ronment likely compromised the finding of relations between EEG
and behavioral measures. BSI measures of duration may have been
further weakened by the use of a sliding average, which would have
compromised the temporal resolution.

However, in cases where EEG data were of sufficient quality, the
BSI measure provided the only objective measure that is comparable
across all performed studies and scenarios. All other markers are sub-
ject to interpretation by different neurophysiologists (visual EEG as-
sessment), radiologists (angiographic assessment) and neurologists
(motor strength testing). For example, visual assessment of maxi-
mum slowing or return to baseline is a rough estimate at best: With
the Wada test, patients are actively responding and moving, battling
sleepiness and agitation, and are subject to manual fixation of the
head because of the invasive and sterile nature of angiography. It is
for this abundance of artifact that EEG-monitoring during Wada test
has been referred to as “not worth the additional trouble…” [2] and
the Wada test a “hostile environment” for EEG [23].

No other EEG-derived measure nor bilateral BIS-monitoring [23]
has been shown reliable or superior to visual assessment. Using an al-
gorithm based on non-linear dynamics, a transient decrease in func-
tional connectivity has been shown [24], but this method was not
designed for neuromonitoring during the Wada test. It is striking
that reliable extrapolation of clinical experience of standard EEG in-
terpretation to a quantitative measure [23] has not proven feasible
to date in this setting.

The BSI has been previously used for real-time quantification of
lateralized slowing during thrombolytic therapy in acute ischemic
stroke [25]. It has also been used for online quantification of EEG
slowing during carotid endarterectomy in 20 patients [26] after an
objective BSI criterion for selective shunting was established in a ret-
rospective series of 57 patients [7]. It has recently been implemented
as one of eight features in the real-time computer-assisted analysis of
EEG in the adult ICU [27]. For intraoperative monitoring, signal
smoothing was done with a 30-second moving average for increased
clarity of the trend plots on the monitor [7,26]. The temporal resolu-
tion was reduced but remained sufficient for clinical purposes. In fu-
ture prospective, online implementation of the BSI during the Wada
test, less signal smoothing should be needed as artifacts can be readily
addressed (e.g. by omission of artifact-ridden data points).

4.4. Clinical scenarios

With a moderate or good quality EEG signal, multiple individual
cases demonstrated a well-formed, smooth plot of the BSI over
time. These plots correlated well with distinct clinical scenarios and
facilitated estimation of ipsi- and contralateral hemispheric drug ef-
fects on the EEG which were otherwise not readily available to the
observer (Figs. 2B–D). Visual assessment of the return of EEG to base-
line is particularly challenging in case of preexisting asymmetry, and
the BSI could provide objective assistance. The BSI, therefore, de-
serves further and better validation in a real-time environment,
where patient and staff could be asked to briefly limit interference
with the data collection to obtain good quality EEG segments and
clinical and procedural variables can be collected prospectively.

4.5. Challenges

Results need to be interpreted in the setting of data acquisition.
The retrospective design of our study did not allow for consistent col-
lection of clinical, behavioral or electroencephalographic data. Referral
bias and selection bias based on data acquisition at a tertiary epilepsy
center may have impacted clinical variables. Selection bias explains
the predominance of left-sided lesions and left-hemispheric domi-
nance. From a technical point of view, EEG data were processed and
reviewed retrospectively with inherent risks of information bias. The
BSI measures of duration (e.g. time to maximum slowing) were weak-
ened by the use of a sliding average, with resultant compromise of the
temporal resolution. Online calculation of BSI values in real time
would obviate the need for signal smoothing, as segments with arti-
fact could be ignored.

5. Conclusion

We report a large retrospective series of clinical and procedural
aspects of the Wada test and their relation to EEG monitoring in chil-
dren, and found comparable duration of physiologic and behavioral
effects as in adults. Our study confirms a prior finding of prolonged
anesthetization effects on injection of the dominant or functionally
intact hemisphere.

EEG during theWada test is the only continuous physiological mea-
sure of hemispheric suppression that has been widely adopted. Retro-
spective quantification of the EEG using artifact-free segments has
proven feasible and shown to correlate with motor measures [4]. We
studied the feasibility of the use of the Brain Symmetry Index (BSI) for
quantification of lateralized effects on the raw, unprocessed EEG trac-
ing, aiming for a more standardizedmethod of monitoring hemispheric
anesthesia. The BSI was not intended to replace EEG as ictal activity and
artifacts needed to be visually assessed concomitantly.

The BSI correctly identified lateralized slowing and asymmetry in
all patients and correlated with motor findings. It may serve as an ad-
junct marker for duration of slowing and surrogate monitoring mark-
er during Wada testing. Further exploration using the BSI online next
to the EEG monitor in the angiography suite will provide further val-
idation and experience.

Appendix A. Supplementary data

Supplementary data to this article can be found online at doi:10.
1016/j.yebeh.2011.12.017.
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