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Summary
Objective: The European Union–funded E‐PILEPSY project was launched to

develop guidelines and recommendations for epilepsy surgery. In this systematic

review, we aimed to assess the diagnostic accuracy of functional magnetic reso-

nance imaging (fMRI), Wada test, magnetoencephalography (MEG), and func-

tional transcranial Doppler sonography (fTCD) for memory and language decline

after surgery.

Methods: The literature search was conducted using PubMed, Embase, and CEN-

TRAL. The diagnostic accuracy was expressed in terms of sensitivity and speci-

ficity for postoperative language or memory decline, as determined by pre‐ and

postoperative neuropsychological assessments. If two or more estimates of sensi-

tivity or specificity were extracted from a study, two meta‐analyses were con-

ducted, using the maximum (“best case”) and the minimum (“worst case”) of the
extracted estimates, respectively.

Results: Twenty‐eight papers were eligible for data extraction and further analy-

sis. All tests for heterogeneity were highly significant, indicating large between‐
study variability (P < 0.001). For memory outcomes, meta‐analyses were

conducted for Wada tests (n = 17) using both memory and language laterality

quotients. In the best case, meta‐analyses yielded a sensitivity estimate of 0.79

(95% confidence interval [CI] = 0.67‐0.92) and a specificity estimate of 0.65

(95% CI = 0.47‐0.83). For the worst case, meta‐analyses yielded a sensitivity esti-

mate of 0.65 (95% CI = 0.48‐0.82) and a specificity estimate of 0.46 (95% CI =

0.28‐0.65). The overall quality of evidence, which was assessed using Grading of

Recommendations Assessment, Development, and Evaluation methodology, was

rated as very low. Meta‐analyses concerning diagnostic accuracy of fMRI, fTCD,

and MEG were not feasible due to small numbers of studies (fMRI, n = 4; fTCD,
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n = 1; MEG, n = 0). This also applied to studies concerning language outcomes

(Wada test, n = 6; fMRI, n = 2; fTCD, n = 1; MEG, n = 0).

Significance: Meta‐analyses could only be conducted in a few subgroups for the

Wada test with low‐quality evidence. Thus, more evidence from high‐quality stud-

ies and improved data reporting are required. Moreover, the large between‐study
heterogeneity underlines the necessity for more homogeneous and thus compara-

ble studies in future research.
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1 | INTRODUCTION

In 2014, the European Union funded E‐PILEPSY, a pilot
network of 28 reference centers for refractory epilepsy and
epilepsy surgery (http://www.ucl.ac.uk/www.e-pilepsy.eu).
Its overall objectives are to enhance access to epilepsy sur-
gery in Europe and to increase the number of patients
cured of drug‐resistant epilepsy. In a first step, the current
practices in brain imaging and electromagnetic source
localization procedures,1 long‐term video‐electroencephalo-
graphic monitoring,2 and neuropsychological assessments3

were evaluated. In a second step, the network aimed to cre-
ate recommendations and guidelines for surgical evaluation
and epilepsy surgery based on the best available evidence.

Epilepsy surgery is an elective procedure considered to
be an effective treatment for patients with drug‐resistant epi-
lepsy.4 However, patients may experience postoperative cog-
nitive impairments.5,6 After temporal lobe resection, which is
the most common type of epilepsy surgery,4 memory and
language impairments have been reported.5,7 The observed
memory impairments tend to be material‐specific (verbal/vi-
sual) depending on language lateralization.6 After temporal
lobe resection involving the speech‐dominant hemisphere,
verbal memory decline is more consistent and well docu-
mented8 as compared to visual memory loss in the nondomi-
nant hemisphere.8,9 In a systematic review by Sherman
et al,5 an estimated risk of 44% for verbal memory decline
after left‐sided temporal lobe surgery was reported (vs 20%
after right‐sided surgery). For visual memory, no difference
with regard to side of surgery was found (21% after left‐sided
surgery vs 23% after right‐sided surgery). Furthermore, lan-
guage impairments have been reported in 34% of patients
with left‐sided temporal lobe surgery.5

To estimate the risk of postoperative memory and lan-
guage impairments, various methods have been applied to
examine the lateralization and localization of language and/
or memory functions preoperatively. The intracarotid amo-
barbital test, or so‐called selective Wada test,10 is still con-
sidered the gold standard for assessing language

lateralization.11 However, memory lateralization and its pre-
dictive value for postoperative decline are less valid,12–16 as
memory testing during selective Wada test assesses more
than mesial temporal lobe functions.16 Furthermore, aphasia
may have a major impact on verbal memory testing during
cortical anesthesia of the speech‐dominant hemisphere.17

Thus, the superselective Wada test was developed, in which
barbiturate is injected into the posterior cerebral artery18 or
anterior choroidal artery.19 This enables memory testing
while preserving language functions. Noninvasive alterna-
tives conducted in epilepsy centers for presurgical evaluation
of language and memory lateralization include functional
magnetic resonance imaging (fMRI), magnetoencephalogra-
phy (MEG), and functional transcranial Doppler sonography
(fTCD).3 The diagnostic accuracy of these methods for post-
operative language and memory decline has been the focus
of numerous studies. However, most studies only report
mean differences in group data or correlations as outcome
parameters, thus making it difficult to estimate the individual
risk for possible postoperative decline in clinical practice.

Key Points

• Diagnostic accuracy of fMRI, Wada test, MEG,
and fTCD was expressed in terms of sensitivity
and specificity of each method

• Meta-analyses could be conducted for the Wada
test only; overall quality of evidence was rated
as very low

• High variability exists regarding protocols, stim-
uli, neuropsychological tests, and assessment of
language and memory functions

• Substantial between-study heterogeneity indicates
the need for more comparable studies

• The majority of papers could not be included in
the analysis due to insufficient data reporting,
thus emphasizing the need for guidelines
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Therefore, the objective of this systematic review was
to assess the diagnostic accuracy of selective and superse-
lective Wada test, fMRI, MEG, and fTCD for memory and
language decline after epilepsy surgery in terms of sensitiv-
ity and specificity.

2 | MATERIALS AND METHODS

The study protocol was published on PROSPERO, an
international prospective register of systematic reviews
(CRD42016043927)20 in July 2016. The results of this sys-
tematic review are reported in agreement with the Preferred
Reporting Items for Systematic Review and Meta‐Analysis
(PRISMA)21 statement.

2.1 | Literature search strategy and data
extraction

An extensive literature search was conducted on October
30, 2016, within the PubMed, Embase, and CENTRAL
databases (for the search syntaxes, see Appendix S1). All
abstracts that met initial inclusion criteria (see Table 1)
were identified, and articles of possible relevance were then
further reviewed when inclusion criteria for data extraction
(reported estimates of sensitivity and specificity or individ-
ual subject data allowing for retrospective calculation of
these estimates were available) were met.

In the case of multiple papers reporting results of the
same data or subgroup datasets, the study with the largest
sample size was included. When there were several neu-
ropsychological datasets concerning different cognitive
domains, or when more than one test per cognitive domain
or more than one score per test was reported within one
study, all datasets were included. In the case of studies
reporting multiple postoperative datasets, the dataset with
the longest follow‐up interval was selected.

The screening of abstracts and full text as well as the
data extraction was independently performed by a combina-
tion of two of three reviewers (E.S., A.Th., and A.Ta.).
Discrepancies were resolved by discussion to achieve a
consensus decision or by referral to the third reviewer.
Extracted data comprised study characteristics (eg, author,
year, study design) as well as patient characteristics (eg,
sex, age at onset, age at surgery). Furthermore, detailed
characteristics of the index tests (fMRI, selective/superse-
lective Wada test, fTCD, MEG) as well as the reference
tests (neuropsychological tests) were extracted. Outcome
measures were extracted in terms of sensitivity and speci-
ficity of the index tests for cognitive decline in a specific
domain (memory and/or language) assessed by the refer-
ence tests (pre‐ and postoperative neuropsychological test
scores). A full list of extracted variables is provided in
Table S1. The quality appraisal of each study was done
using the qualitative assessment of diagnostic accuracy tool
(QUADAS‐2).22 The cumulative quality of evidence was
rated using an adapted version of the Grading of Recom-
mendations Assessment, Development, and Evaluation
(GRADE)23 methodology with due regard to International
League Against Epilepsy (ILAE) recommendations.24

2.2 | Statistical methods

The diagnostic accuracy was expressed in terms of sensitiv-
ity and specificity, which were based on the reported later-
ality quotients (LQs) of the respective index tests.
Sensitivity (true‐positive rate) was defined as true‐positive /
(true‐positive + false‐negative); specificity (true‐negative
rate) was defined as true‐negative / (false‐positive + true‐
negative). For classification of postoperative outcome in
relation to index test results and its predictive value, see
Table S2.

Cognitive decline was assessed by calculating the differ-
ence in standardized pre‐ and postoperative neuropsycho-
logical test scores with a decrease in >1 SD defined as
significant. If estimates of sensitivity and specificity for
significant postoperative decline were not reported by the
study authors, estimates were calculated independently by
both reviewers.

Univariate meta‐analyses for both sensitivity and speci-
ficity were carried out for various subgroups of our data-
base, depending on the number of studies eligible for the
respective analyses. A random‐effect model was used, and
estimation was carried out with the DerSimonian‐Laird
algorithm. In addition, the Knapp‐Hartung adjustment was
applied. For sensitivity and specificity estimates that were
either 0 or 1, SDs were calculated by applying the add two
successes and two failures rule.25 Because only a small
number of papers could be included, neither a further dif-
ferentiation between material‐specific memory functions

TABLE 1 Inclusion criteria for systematic review of diagnostic
accuracy of fMRI, Wada test, MEG, and fTCD for memory and
language outcomes after epilepsy surgery

• Original research article or (systematic) reviews containing original
research data.

• Patients with epilepsy who underwent resective epilepsy surgery.

• Pre- and postsurgical neuropsychological examinations for
memory and/or language.

• Data from neuropsychological methods (fMRI and/or selective
and/or superselective Wada test and/or MEG and/or fTCD)
conducted preoperatively.

• The minimum sample size is n ≥ 5.

• The minimum age of patients included is 12 years.

• English-language publication.

fMRI, functional magnetic resonance imaging; fTCD, functional transcranial
Doppler sonography; MEG, magnetoencephalography.
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(verbal/visual memory) nor other subgroup analyses were
possible. However, if two or more estimates of sensitivity
or specificity were extracted from a certain study for one
specific domain, two meta‐analyses were conducted, one
using the minimum of all estimates extracted from that
study (referred to as “worst case”) and another taking the
maximum of all estimates from that study (referred to as
“best case”). For studies reporting only a single estimate of
sensitivity or specificity per domain, that value was
included in both analyses. Conversely, if the minimum or
the maximum was not unique, the value with the smallest
associated variance was used. Statistical analyses were car-
ried out using the software environment R (v3.1.1, R Core
Team 2014).26

3 | RESULTS

The literature search resulted in 3538 articles (654 dupli-
cates). The interrater reliability and percentage of agree-
ment were moderate to good (Cohen kappa 0.49 for
abstract and 0.71 for full‐text screening; for more detailed
results and a detailed list of agreement rates between the
reviewers, see Tables S3 and S4).

Ninety‐eight papers met the predefined initial inclusion
criteria (see Table 1). However, only 29 papers were eligi-
ble for data extraction and further analyses, primarily due
to lack of reported data in the majority of studies (for
PRISMA flow diagram, see Figure S1). An overview of
the excluded papers is given in Table S5. In most cases,
only group data or correlations were presented (n = 56).
Thus, estimates of sensitivity and specificity could not be
calculated retrospectively. Other reasons for exclusion were
multiple reports of the same sample in different articles
(n = 7) and no standardized or adequate neuropsychologi-
cal assessments (n = 6). One paper met all inclusion crite-
ria for data extraction; however, it was excluded after a
consensus decision was made by the reviewers: Mikuni
et al27 described five patients with mesial temporal lobe
epilepsy and left cerebral dominance for language and
memory functions as assessed by selective Wada test. After
the selective Wada test procedure, the basal temporal lan-
guage area was further evaluated before epilepsy surgery
by implantation of long‐term subdural electrodes.27 Due to
this procedure, the surgical outcome was considered to be
biased by the reviewers, making a comparison with other
studies unfeasible. Therefore, 28 papers reporting data from
941 patients were included in the final analyses (for an
overview, see Table S6) and from these papers, 60 datasets
could be extracted. Several papers reported results from
either more than one method (index test), more than one
cognitive domain (language, visual/verbal memory), or
more than one neuropsychological test or subtest. The

majority of papers reported data from selective Wada tests
(n = 22) with 46 extracted datasets. Six papers reported
results from fMRI examinations (nine extracted datasets),
one from fTCD examinations (four extracted datasets), and
one from superselective Wada test with barbiturate injected
into the anterior choroidal artery (one extracted dataset).
Regarding MEG, no eligible papers could be found.

An overview of the extracted datasets, grouped accord-
ing to methods and paradigms/tests used for calculating
LQs and their diagnostic accuracy, is shown in Figure S2.
Because datasets for more than one method (fMRI and
Wada test) could only be extracted in two studies, no sta-
tistical comparison between various methods applied on the
same patient sample could be conducted. For further analy-
ses, the extracted datasets were divided into the domains in
which postoperative outcomes were predicted: memory out-
comes (n = 49) and language outcomes (n = 11; see Fig-
ure S3). In the majority of cases, language LQs were used
to predict memory outcomes calculated by selective Wada
test results (n = 21 vs n = 18 using memory LQs).

All authors reported cohort studies, and the majority of
the data collection was retrospective (n = 25). Only two
prospective studies and one mixed design were included. All
patients in the included studies had temporal lobe epilepsy
(TLE). The mean age at surgery was 34 years (in 14/60 data-
sets it was not reported), and the mean duration of epilepsy
was 21 years (in 24/60 datasets it was not reported). A sum-
mary of design and patient characteristics from all papers
included in the final analyses is provided in Table 2. Overall,
all tests for heterogeneity were highly significant
(P < 0.001), indicating a high between‐study variability.
Moreover, high diversity was found among the neuropsycho-
logical tests and protocols used for Wada tests and fMRI.

Regarding pre‐ and postoperative neuropsychological
testing, a variety of tests were used for language (n = 4),
verbal memory (n = 9), and visual memory (n = 6) evalua-
tion (see also Table 2). Moreover, within different memory
tests, various domains (eg, learning, free recall, recognition)
were examined. Differences also exist with regard to the
timeframe when postoperative follow‐up examinations were
conducted (mean = 17 months, SD = 23, minimum = 2,
maximum = 120; in 9/60 datasets it was not reported).

When a specific design was reported, a high diversity in
Wada test protocols was also observed. Nine studies (of
23) did not report details about the protocols used. The
remaining 14 studies (including the superselective Wada
test study) all reported different protocols and different
stimuli items (see Table S7). Furthermore, there was great
variability with respect to the methods used for the LQ cal-
culation. Fifteen studies did not report a specific formula,
and the remaining eight studies reported a variety of calcu-
lation formulas (see Table S8). The only consensus was
found regarding the drug used, as all but two studies (in

4 | SCHMID ET AL.



T
A
B
L
E

2
O
ve
rv
ie
w

of
st
ud

ie
s
in
cl
ud

ed
in

fi
na
l
an
al
ys
is
(n

=
28

)

St
ud

y
Se
le
ct
io
n
cr
ite

ri
a

N
M
ea
n
ag

e
at

su
rg
er
y,

y
(S
D
)

Su
rg
er
y
in

sp
ee
ch
‐

do
m
in
an

t
he
m
is
ph

er
e,

%

Pe
rc
en
ta
ge

w
ith

be
st

se
iz
ur
e
ou

tc
om

e
M
et
ho

ds
N
eu
ro
ps
yc
ho

lo
gi
ca
l
re
fe
re
nc
e
te
st
s

A
nd

er
ss
on

‐R
os
w
al
l

et
al

(2
01

2)
N
/A

51
33

.6
9

45
.1

53
(s
ei
zu
re
‐fr
ee
)

L
an
gu

ag
e
W
ad
a

T
he

C
la
es
on

‐D
ah
l
L
ea
rn
in
g
an
d
R
et
en
tio

n
T
es
t

T
he

C
ro
nh

ol
m
-M

ol
an
de
r
M
em

or
y
T
es
t

B
ar
th
a
et

al
(2
00

4)
L
ef
t
T
L
E

10
43

.1
0
(5
.3
)

10
0

10
0
(E
ng

el
I)

L
an
gu

ag
e
W
ad
a

A
ac
he
n
A
ph

as
ia

T
es
t

B
ax
en
da
le

et
al

(2
00

7)
T
yp

ic
al

la
ng

ua
ge

re
pr
es
en
ta
tio

n
91

N
/A

N
/A

N
/A

M
em

or
y
W
ad
a

A
du

lt
M
em

or
y
an
d
In
fo
rm

at
io
n
Pr
oc
es
si
ng

B
at
te
ry

B
in
de
r
et

al
(2
00

8)
IQ

>
70

11
38

.5
5
(1
1.
74

)
N
/A

N
/A

L
an
gu

ag
e
fM

R
I

Se
le
ct
iv
e
R
em

in
di
ng

T
es
t

B
us
ch

et
al

(2
00

8)
L
ef
t
T
L
E
,
IQ

>
70

,
ri
gh

t‐h
an
de
d

10
27

.9
0
(1
3.
88

)
90

60
(E
ng

el
I)

M
em

or
y
W
ad
a

W
M
S
(v
er
ba
l
an
d
vi
su
al

m
em

or
y)

D
od

ri
ll
&

O
je
m
an
n

(1
99

7)
N
/A

25
30

.4
0

N
/A

36
(s
ei
zu
re
‐fr
ee
)

M
em

or
y
W
ad
a

W
M
S
(v
er
ba
l
m
em

or
y)

D
ul
ay

et
al

(2
00

9)
IQ

>
75

,l
ef
t
sp
ee
ch

do
m
in
an
ce

75
30

.6
2

44
80

(E
ng

el
I)

L
an
gu

ag
e
W
ad
a

Se
le
ct
iv
e
R
em

in
di
ng

T
es
t

N
on

ve
rb
al

Se
le
ct
iv
e
R
em

in
di
ng

T
es
t

D
up

on
t
et

al
(2
01

0)
A
ty
pi
ca
l

ne
ur
op

sy
ch
ol
og

ic
al

pr
of
ile

23
40

.6
1
(8
.4
9)

30
.4
3

91
.3
0
(s
ei
zu
re
‐

fr
ee
)

M
em

or
y
W
ad
a

M
ar
ily

n
Jo
ne
s‐
G
ot
m
an

V
er
ba
l
L
ea
rn
in
g
T
es
t
an
d/
or

R
ey A
ud

ito
ry

V
er
ba
l
L
ea
rn
in
g
T
es
t;

R
ey
‐T
ay
lo
r
C
om

pl
ex

Fi
gu

re
T
es
t
an
d/
or

A
gg

ie
Fi
gu

re
L
ea
rn
in
g
T
es
t

24
40

.6
7
(8
.7
9)

29
.1
7

91
.6
7
(s
ei
zu
re
‐

fr
ee
)

L
an
gu

ag
e
W
ad
a

M
em

or
y
fM

R
I

M
ar
ily

n
Jo
ne
s‐
G
ot
m
an

V
er
ba
lL

ea
rn
in
g
T
es
ta
nd

/o
r

R
ey A
ud

ito
ry

V
er
ba
lL

ea
rn
in
g
T
es
t;

R
ey
‐T
ay
lo
rC

om
pl
ex

Fi
gu

re
T
es
ta
nd

/o
rA

gg
ie

Fi
gu

re
L
ea
rn
in
g
T
es
t

E
ls
ho

rs
t
et

al
(2
00

9)
L
ef
t
T
L
E

59
32

.5
0
(9
.2
0)

N
/A

79
.6
6
(E
ng

el
I)

M
em

or
y
W
ad
a

C
V
L
T
or

R
ey

A
ud

ito
ry

V
er
ba
l
L
ea
rn
in
g
T
es
t

H
am

be
rg
er

et
al

(2
00

5)
L
ef
t
sp
ee
ch

do
m
in
an
ce
,

le
ft
T
L
E

19
31

.5
0
(1
3.
13

)
10

0
73

.6
8
(E
ng

el
I)

L
an
gu

ag
e
W
ad
a

B
N
T

H
or
i
et

al
(2
00

7)
N
/A

18
32

.5
0
(8
.5
1)

61
.1
1

50
(E
ng

el
I)

L
an
gu

ag
e
W
ad
a

W
A
IS

(v
er
ba
l
IQ

)

Ja
ne
ce
k
et

al
(2
01

3)
B
ila
te
ra
l
W
ad
a

22
34

.9
6

10
0

78
.2
7
(E
ng

el
I)

L
an
gu

ag
e
W
ad
a

B
N
T

Ja
ne
ce
k
et

al
(2
01

3)
D
is
co
rd
an
t
W
ad
a
an
d

fM
R
I
re
su
lts

10
37

.3
0
(1
0.
78

)
90

80
(s
ei
zu
re
‐fr
ee
)

L
an
gu

ag
e
fM

R
I

B
N
T

(C
on

tin
ue
s)

SCHMID ET AL. | 5



T
A
B
L
E

2
(C
on
tin

ue
d)

St
ud

y
Se
le
ct
io
n
cr
ite

ri
a

N
M
ea
n
ag

e
at

su
rg
er
y,

y
(S
D
)

Su
rg
er
y
in

sp
ee
ch
‐

do
m
in
an

t
he
m
is
ph

er
e,

%

Pe
rc
en
ta
ge

w
ith

be
st

se
iz
ur
e
ou

tc
om

e
M
et
ho

ds
N
eu
ro
ps
yc
ho

lo
gi
ca
l
re
fe
re
nc
e
te
st
s

K
ub

u
et

al
(2
00

0)
N
/A

10
40

.5
0

80
40

(s
ei
zu
re
‐fr
ee
)

L
an
gu

ag
e
W
ad
a

W
M
S
(v
er
ba
l
m
em

or
y)

W
M
S
(v
is
ua
l
m
em

or
y)

M
em

or
y
W
ad
a

W
M
S
(v
er
ba
l
m
em

or
y)

W
M
S
(v
is
ua
l
m
em

or
y)

8
40

.5
0

87
.5
0

50
(s
ei
zu
re
‐fr
ee
)

L
an
gu

ag
e
W
ad
a

R
ey
‐O

st
er
ri
et
h
C
om

pl
ex

Fi
gu

re

M
em

or
y
W
ad
a

R
ey
‐O

st
er
ri
et
h
C
om

pl
ex

Fi
gu

re

L
an
gf
itt

&
R
au
sc
h

(1
99

6)
E
ng

lis
h
na
tiv

e
sp
ea
ke
r

59
29

.3
3

38
.9
8

64
.4
1
(E
ng

el
I)

L
an
gu

ag
e
W
ad
a

B
N
T

L
oG

al
bo

et
al

(2
00

5)
IQ

>
70

,r
ig
ht
‐h
an
de
d

10
30

.1
0
(8
.2
4)

10
0

N
/A

L
an
gu

ag
e
W
ad
a

C
V
L
T

M
an
i
et

al
(2
00

8)
L
ef
t
la
ng

ua
ge

do
m
in
an
ce
,
le
ft
T
L
E

31
N
/A

10
0

N
/A

M
em

or
y
W
ad
a

W
M
S
(v
er
ba
l
an
d
vi
su
al

m
em

or
y)

L
an
gu

ag
e
W
ad
a

W
M
S
(v
er
ba
l
an
d
vi
su
al

m
em

or
y)

M
ar
te
ns

et
al

(2
01

4)
N
/A

40
N
/A

47
.5
0

N
/A

L
an
gu

ag
e
fT
C
D

R
ey

A
ud

ito
ry

V
er
ba
l
L
ea
rn
in
g
T
es
t

41
N
/A

46
.3
4

N
/A

L
an
gu

ag
e
fT
C
D

W
or
d
G
en
er
at
io
n
T
as
k

21
N
/A

52
.3
8

N
/A

L
an
gu

ag
e
fT
C
D

A
ac
he
n
A
ph

as
ia

T
es
t

43
N
/A

44
.1
9

N
/A

L
an
gu

ag
e
fT
C
D

D
C
S

M
ay
an
ag
i
et

al
(2
00

1)
N
/A

18
25

.2
8
(5
.7
2)

61
.1
1

N
/A

L
an
gu

ag
e
W
ad
a

W
M
S
(v
er
ba
l
m
em

or
y)

Pr
av
at
a
et

al
(2
01

4)
N
/A

5
26

.2
0
(1
4.
86

)
N
/A

10
0
(s
ei
zu
re
‐fr
ee
)

L
an
gu

ag
e
fM

R
I

W
A
IS

(v
er
ba
l
IQ

)

R
ic
ha
rd
so
n
et

al
(2
00

4)
R
ig
ht
‐h
an
de
d;

E
ng

lis
h

na
tiv

e
sp
ea
ke
r;
le
ft
T
L
E

10
32

.8
0
(8
.6
9)

N
/A

10
0
(E
ng

el
I)

M
em

or
y
fM

R
I

A
du

lt
M
em

or
y
an
d
In
fo
rm

at
io
n
Pr
oc
es
si
ng

B
at
te
ry

R
ös
sl
er

et
al

(2
01

5)
L
ef
t
sp
ee
ch

an
d
ve
rb
al

m
em

or
y
do

m
in
an
ce

7
37

.7
1
(1
5.
13

)
10

0
85

.7
1
(E
ng

el
I)

L
an
gu

ag
e
W
ad
a

B
er
lin

A
m
ne
si
a
T
es
t

12
41

(1
6.
46

)
10

0
91

.6
7
(E
ng

el
I)

L
an
gu

ag
e
fM

R
I

B
er
lin

A
m
ne
si
a
T
es
t

Sa
bs
ev
itz

et
al

(2
00

1)
N
on

le
si
on

al
le
ft
T
L
E
,

le
ft
sp
ee
ch

do
m
in
an
ce
,

IQ
>

69

21
34

.3
3

10
0

76
.1
9
(E
ng

el
I)

M
em

or
y
W
ad
a

Se
le
ct
iv
e
R
em

in
di
ng

T
es
t

Se
to
ai
n
et

al
(2
00

4)
N
/A

38
30

60
85

(E
ng

el
I)

M
em

or
y
W
ad
a

W
M
S
(v
er
ba
l
an
d
vi
su
al

m
em

or
y)

St
ro
up

et
al

(2
00

3)
U
ni
la
te
ra
l
sp
ee
ch

do
m
in
an
ce

13
2

37
.8
0
(9
.8
0)

44
78

(s
ei
zu
re
‐fr
ee
)

L
an
gu

ag
e
W
ad
a

C
V
L
T
,
W
M
S
(v
er
ba
l
m
em

or
y)

V
ul
lie
m
oz

et
al

(2
00

8)
N
/A

9
31

.1
1
(1
4.
04

)
N
/A

N
/A

M
em

or
y
W
ad
a

R
ey

A
ud

ito
ry

V
er
ba
l
L
ea
rn
in
g
T
es
t

(C
on

tin
ue
s)

6 | SCHMID ET AL.



1/23 studies it was not reported) reported the use of amo-
barbital (with the other two reporting a combination of
amobarbital and methohexital [Brevital]). Moreover, selec-
tive Wada tests were conducted bilaterally (in 4/23 studies
it was not reported), whereas the superselective Wada test
was carried out unilaterally.

Regarding fMRI, in four (of six) studies, a description
of the paradigms used was provided, with the other two
referring to paradigms used in previous publications. Alto-
gether, five different paradigms were described (see
Table S9). For the calculation of the LQs, in five studies,
two different formulas as well as study‐specific estimates
were reported (one study did not give any information; see
Table S10).

With regard to fTCD, the only paper included did not
state specific details concerning paradigms, used stimuli
items, or calculation of hemispheric dominance.

The risk of bias within individual studies was assessed
using the QUADAS‐2 tool.22 None of the included studies
was free from bias. A high risk of bias was observed
regarding patient selection (82%), index tests (75%) and
flow and timing (50%). Lower risk of bias was found
regarding the reference standard (14%). Further details on
risk of bias and applicability assessments are shown in the
supplementary material (Figure S4).

3.1 | Memory outcomes

Due to the small sample of included papers (n = 20), no
further differentiation between material‐specific (verbal/vi-
sual) memory functions was possible. The results from var-
ious protocols were used to calculate the LQs with multiple
formulas, which were then used to calculate sensitivity and
specificity.

Meta‐analyses could only be conducted for Wada tests
(n = 17) using both memory and language LQs. Because
superselective Wada test results were reported by only one
study, no further differentiation between the different types
of Wada tests was made and all datasets were included in
the meta‐analyses. In the best case, meta‐analyses yielded a
sensitivity estimate of 0.79 (95% confidence interval [CI] =
0.67‐0.92) and a specificity estimate of 0.65 (95% CI =
0.47‐0.83). In the worst case, meta‐analyses yielded a sen-
sitivity estimate of 0.65 (95% CI = 0.48‐0.82) and a speci-
ficity estimate of 0.46 (95% CI = 0.28‐0.65). Furthermore,
subgroup analyses were conducted for studies using either
language (n = 10) or memory LQs (n = 10). Sensitivity
was higher for language LQs: 0.89 (95% CI = 0.81‐0.98)
for best case and 0.74 (95% CI = 0.52‐0.97) for worst case
versus 0.68 (95% CI = 0.49‐0.86) and 0.56 (95% CI =
0.33‐0.79) for memory LQs. However, specificity was gen-
erally higher for memory LQs: 0.70 (95% CI = 0.47‐0.94)
for best case and 0.66 (95% CI = 0.43‐0.88) for worst caseT
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versus 0.51 (95% CI = 0.24‐0.79) and 0.28 (95% CI =
0.08‐0.47) for language LQs. Nevertheless, substantial
overlaps of confidence intervals indicate a high variability
of these estimates. For detailed results, see Figure 1.

The quality of evidence was assessed using the
GRADE23 approach. The baseline quality was defined as
moderate, as only retrospective studies could be included.
The overall quality of evidence was rated as very low
across all conducted meta‐analyses. The GRADE evidence
profiles for each conducted meta‐analysis are presented in
the supplementary material (Tables S11-S16).

Results of meta‐analyses without the superselective
Wada test (thus only selective Wada test results included)
can be found in the supplementary material (Table S17). In
summary, no substantial differences regarding pooled esti-
mates were found.

For fMRI and fTCD, a meta‐analysis was not feasible
due to the small number of eligible studies (for results, see
Table 3).

3.2 | Language outcomes

For the prediction of language outcome, only nine studies
met inclusion criteria. Thus, meta‐analyses for estimates
of sensitivity (eight datasets) and specificity (11 datasets)
were not feasible. Moreover, studies reported data from
three different methods: Wada test (n = 6), fMRI (n = 2),
and fTCD (n = 1). We therefore only report study‐specific
sensitivities and specificities together with 95% CIs
(Table 3).

Three studies28–30 reported verbal intelligence quotient
(IQ) changes as outcome parameters predicted by

language28,30 as well as language and memory Wada test
LQs.29 Because no subtest results were available, the over-
all verbal IQ score was included in the analyses.

A complete overview of the different neuropsychologi-
cal tests that were used in each study to calculate pre‐ and
postoperative changes in relation to the methods used to
calculate sensitivity and specificity can be found in the
supplementary material (Tables S18-S25).

4 | DISCUSSION

The aim of this systematic review was to evaluate the diag-
nostic accuracy of fMRI, selective and superselective Wada
test, MEG, and fTCD for language and memory decline after
epilepsy surgery and to subsequently provide a comprehen-
sive summary of evidence and develop recommendations
regarding our research questions. However, only a small
number of studies were eligible for respective analyses and
pooled estimates could only be analyzed for Wada test and
memory decline. Although the added value of the Wada test
as a routine examination in comparison with fMRI has been
discussed numerous times (for review, see Bauer et al,11

Binder,31 Dym et al,32 Massot‐Tarrús et al33), only a few
studies evaluated and compared its diagnostic accuracy (for
an overview, see Szaflarski et al34). Our meta‐analyses indi-
cate a higher sensitivity of language LQs compared with
memory LQs in predicting postsurgical memory decline, as
has previously been reported.17,35 However, the substantial
overlaps in the CIs between studies must be considered, and
caution is needed when drawing conclusions. Furthermore,

FIGURE 1 Memory: pooled estimates of sensitivity and specificity and 95% confidence intervals in “best case” as well as “worst case” for
prediction of postoperative memory decline by Wada test for (1) all studies combined, (2) studies using language laterality quotients (LQs) for
calculating estimates of sensitivity and specificity, and (3) for studies using memory LQs for calculating estimates of sensitivity and specificity
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estimates of sensitivity and specificity were calculated from
reported LQs, which have been derived from a variety of
different calculation formulas. Moreover, a high heterogene-
ity between studies was observed, making a comparison dif-
ficult both between and within methods.

Regarding possible postoperative language decline, no
meta‐analyses could be conducted. Furthermore, those stud-
ies we could include in our review only report surgeries in
non–language‐relevant areas. Series reporting declines in
language functions after extratemporal surgeries are rare,
although such series must be assumed to involve language‐
eloquent cortex more likely than temporal lobe surgery. In
general, negative sequels like aphasia or global amnesia
must be suggested as a complication rather than an
expected cognitive risk. However, reliable numbers of such
catastrophic outcomes are not available. Moreover, the best
information possible to obtain from the Wada test or other
index tests would be evidence that memory/language is not
represented in the pathological hemisphere and evidence as
to whether a patient is at risk of decline, but not to which
degree such decline can be expected.36,37 Apparently, even

the Wada test—which is considered the gold standard—
does not provide a satisfying predictive accuracy, although
it is a highly demanding and invasive procedure. Thus, it
should only be considered in patients in whom suggested
eloquent cortices might be affected by surgery, as is
already common practice in Europe.38 If surgery is, for
example, done close to or within potentially eloquent lan-
guage cortex, the resection borders need to be determined
by use of intracranial electrocorticoencephalography or
stimulation during awake surgery.

Concerning pre‐ and postoperative neuropsychological
examinations, a variety of tests have been used to objectively
monitor postsurgical outcomes. A high diversity among neu-
ropsychological diagnostic tests for presurgical evaluation has
already been demonstrated in various surveys39,40; the most
recent one has been conducted within the framework of the
E‐PILEPSY project.3 Currently, there are no recommenda-
tions regarding specific tests to be used, although the ILAE
has recently updated the concepts and principles of neuropsy-
chological assessments in epilepsy patients.41 Another aspect
that should be considered is the relatively short follow‐up

TABLE 3 Study‐specific estimates of sensitivities and specificities with 95% CIs for each study not included in meta‐analyses

Method Study N LQ
Sensitivity estimate
and 95% CI

Specificity estimate
and 95% CI

Memory outcomes

fMRI Binder et al (2008) 11 Language 1.00 (0.78‐1.00) 1.00 (0.67‐1.00)

Dupont et al (2010) 24 Memory 0.30 (0.03‐0.57) 0.43 (0.18‐0.68)

0.00 (0.00‐0.43) 0.52 (0.32‐0.72)

Richardson et al (2004) 10 Memory 1.00 (N/A) 0.40 (N/A)

1.00 (N/A) 1.00 (N/A)

1.00 (N/A) 0.40 (N/A)

Rössler et al (2015) 12 Language 1.00 (0.63‐1.00) 0.00 (0.00‐0.18)

fTCD Martens et al (2014) 40 Language 0.67 (0.30‐1.00) 0.56 (0.38‐0.74)

43 Language 0.56 (0.38‐0.74) 0.44 (0.11‐0.77)

Language outcomes

Wada test Bartha et al (2004) 10 Language 1.00 (0.71‐1.00) 0.00 (0.00‐0.25)

Hamberger et al (2005) 19 Language 1.00 (0.75‐1.00) 0.00 (0.00‐0.16)

Hori et al (2007) 18 Language N/A 0.33 (0.11‐0.55)

Janecek et al (2013) 22 Language 1.00 (0.76‐1.00) 0.00 (0.00‐0.14)

Langfitt & Rausch (1996) 59 Language 0.88 (0.64‐1.00) 0.69 (0.57‐0.81)

Yu et al (2010) 68 Language 0.47 (0.22‐0.72) 0.55 (0.41‐0.69)

Memory 0.00 (0.00‐0.24) 1.00 (0.92‐1.00)

fMRI Janecek et al (2013) 10 Language 1.00 (0.73‐1.00) 0.00 (0.00‐0.27)

Pravata et al (2014) 5 Language N/A 0.00 (0.00‐0.27)

fTCD Martens et al (2014) 41 Language 0.38 (0.05‐0.71) 0.52 (0.34‐0.70)

21 Language N/A 0.48 (0.26‐0.70)

CI, confidence interval; fMRI, functional magnetic resonance imaging; fTCD, functional transcranial Doppler sonography; LQ, laterality quotient; N, number of
patients; N/A, not available.

SCHMID ET AL. | 9



period for postoperative neuropsychological examinations
reported in reviewed studies. After an initial decline in the
early postoperative stages,42 memory functions stabilize
2 years after surgery,43 with no further decline reported after
6 years.43,44 Therefore, a longer follow‐up period should be
considered in future study proposals.

With regard to the index tests, no standardizations have
been established yet either. Therefore, as demonstrated in our
review, a high heterogeneity regarding protocols, stimuli, cal-
culation formulas of LQs, analyses, et cetera exist. Even for
the Wada test, first described in 1948,10 no universally
accepted standard protocol for either language or memory lat-
eralization exists (for a review, see Haag et al38). Therefore, a
variety of heterogeneous protocols and stimuli are used across
centers. This may in particular affect the results of memory
assessments12,45 and make comparisons difficult. As for
fMRI, again, no standardized protocols exist and various
stimuli for language and memory fMRI are applied across
centers using different paradigms. Various studies comparing
multiple fMRI paradigms also showed great diversity regard-
ing the validity of fMRI in presurgical evaluation.35,46,47 A
recently published survey focusing on clinicians’ use of lan-
guage fMRI by Benjamin and colleagues48 also emphasized
the importance of further studies comparing commonly used
fMRI paradigms to predict postsurgical decline.

In a first attempt to establish practice guidelines, the
American Academy of Neurology34 recently published evi-
dence‐based recommendations on diagnostic accuracy and
prognostic value of fMRI in the presurgical evaluation of
patients with epilepsy. However, in terms of predictive value
of fMRI for memory or language outcome after surgery,
these recommendations are based on a few studies only (lan-
guage, n = 2; verbal memory, n = 12; visual memory,
n = 1), with small sample size and heterogeneous character-
istics. Thus, the strength of recommendations is mostly rated
as level C (possibly effective). In addition, and contrary to
our systematic review, studies reporting only correlations as
outcome parameters have been included. Overall, in agree-
ment with our conclusion, the authors emphasize the need
for further research and evidence regarding, among other
things, comparisons between different methods (fMRI vs
Wada test) and fMRI language and memory tasks with
regard to lateralization of functions and prediction of postsur-
gical outcomes, or various fMRI analyses.

Limitations of our systematic review include the lack of
differentiation between material‐specific (verbal/visual)
memory functions, which should be addressed in future
reviews. Due to the limited number of studies included, differ-
ent surgical approaches (eg, standard anterior temporal lobe
resections vs selective amygdalohippocampectomy), which
may have an influence on surgical outcome,7,49 could not be
considered. Furthermore, other factors such as antiepileptic
medication were also not controlled for across studies.

Moreover, in many studies, a biased patient population with
regard to speech dominance was included, thus not allowing
for a general interpretation of the results. Because only
patients with TLE could be included, conclusions regarding
extra–temporal lobe epilepsy cannot be drawn either. This
also greatly restricted our attempt to examine the diagnostic
accuracy for language decline. In addition, conclusions
regarding children cannot be drawn, as we only included
patients aged 12 years and older. Furthermore, only two
prospective studies were included; hence, conclusions are pri-
marily derived from retrospective analyses. There is also a
potential bias due to our inclusion criteria, as full‐text articles
that were not available in English were not considered for
inclusion.

Moreover, due to the small number of articles eligible for
analyses, our conclusions are drawn from only a small part of
existing evidence. Therefore, more meta‐analyses also including
group data, correlations, and effect sizes regarding hemispheric
lateralization and/or prediction of postoperative memory and
language outcomes are needed. Finally, although our systematic
review focused on commonly used procedures, other methods
such as transcranial magnetic stimulation (TMS)50 were not
included and should be systematically evaluated in the future.
However, a literature search conducted in July 2018 by our
group regarding our research question but also including TMS
as a method of interest identified no additional studies that
would have been eligible for inclusion and further analyses in
this systematic review.

In general, substantial heterogeneity in terms of varying
protocols, methods, included populations, et cetera may
severely challenge the goal of developing valid recommen-
dations for the prediction of cognitive decline after epilepsy
surgery. Furthermore, the majority of studies that met the
inclusion criteria could not be included in further analyses
due to an extensive lack of reported data. We therefore want
to emphasize the need for methodological recommendations
on proper data reporting, which researchers should adhere to
in future studies. We also urge authors to publish data at the
individual patient level, to allow retrospective analyses of
sensitivity and specificity. In a first attempt, we propose a
checklist of requirements specifying which data should be
reported in future studies in this research area (see Table 4).
Since we conducted our literature search in October 2016, no
further studies that would have been eligible for analyses
have been added to the PubMed database (search conducted
in July 2018); this further underlines the apparent need for
recommendations regarding data reporting in publications.

Compliance with minimal standards as well as the imple-
mentation of standardized protocols across multiple centers
will be crucial to objectively assess the values of prognostic
methods such as Wada test, fMRI, fTCD, and MEG in pre-
dicting cognitive outcomes after epilepsy surgery and further
allow valid comparisons among various methods.
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5 | CONCLUSION

Meta‐analyses were only possible in certain subgroups for
Wada tests. Those few analyses indicate that language
LQs derived from Wada tests seem to be more sensitive
in predicting memory decline in patients with TLE than
memory LQs. However, the overall quality of evidence
was rated as very low. We further identified a general
lack of data, insufficient standardization regarding para-
digms/tests/protocols, and missing reports of individual
subject data as the main challenges, preventing us from
drawing general conclusions and developing recommenda-
tions for cognitive outcome prediction after epilepsy sur-
gery by fMRI, Wada test, fTCD, and MEG. Moreover,
the high between‐study heterogeneity indicates the need
for more homogeneous and thus more comparable studies
across centers. Having sufficient numbers of high‐quality
publications with results reported at the individual patient
level and efforts toward a standardization of neuropsycho-
logical testing are therefore considered key requirements
for developing evidence‐based guidelines and subsequently
enabling comparisons between various diagnostic methods
with respect to their diagnostic accuracy in future
research.
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