
Note:  This copy is for your personal, non-commercial use only. To order presentation-ready copies for 
distribution to your colleagues or clients, contact us at www.rsna.org/rsnarights. 

OR
IG

IN
AL

 R
ES

EA
RC

H 
n

 E
VI

DE
NC

E-
BA

SE
D 

PR
AC

TI
CE

446 radiology.rsna.org n Radiology: Volume 261: Number 2—November 2011

 Is Functional MR Imaging 
Assessment of Hemispheric 
Language Dominance as Good 
as the Wada Test  ?:  
 A Meta-Analysis  1   

  R. Joshua   Dym ,  MD  
  Judah   Burns ,  MD  
  Katherine   Freeman ,  DrPH  
  Michael L.   Lipton ,  MD ,  PhD  

 Purpose: To perform a systematic review and meta-analysis to quanti-
tatively assess functional magnetic resonance (MR) imag-
ing lateralization of language function in comparison with 
the Wada test.

 Materials and 
Methods: 

This study was determined to be exempt from review by 
the institutional review board. A systematic review and 
meta-analysis were performed in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses guidelines. A structured Medline search was 
conducted to identify all studies that compared functional 
MR imaging with the Wada test for determining hemi-
spheric language dominance prior to brain surgery. Stud-
ies meeting predetermined inclusion criteria were selected 
independently by two radiologists who also assessed their 
quality using the Quality Assessment of Diagnostic Accu-
racy Studies tool. Language dominance was classifi ed as 
typical (left hemispheric language dominance) or atypical 
(right hemispheric language dominance or bilateral lan-
guage representation) for each patient. A meta-analysis 
was then performed by using a bivariate random-effects 
model to derive estimates of sensitivity and specifi city, 
with Wada as the standard of reference. Subgroup analy-
ses were also performed to compare the different func-
tional MR imaging techniques utilized by the studies.

 Results: Twenty-three studies, comprising 442 patients, met inclu-
sion criteria. The sensitivity and specifi city of functional 
MR imaging for atypical language dominance (compared 
with the Wada test) were 83.5% (95% confi dence inter-
val: 80.2%, 86.7%) and 88.1% (95% confi dence interval: 
87.0%, 89.2%), respectively.

 Conclusion: Functional MR imaging provides an excellent, noninvasive 
alternative for language lateralization and should be con-
sidered for the initial preoperative assessment of hemi-
spheric language dominance. Further research may help 
determine which functional MR methods are most accu-
rate for specifi c patient populations.
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 A structured MEDLINE (Ovid) search 
was performed by two radiologists 
(R.J.D., J.B.) with 8 and 10 years of 
experience, respectively, in conducting 
a literature search. The search was de-
signed to identify all full-length English-
language articles published between 
January 1966 and June 2008 that com-
pared functional MR imaging with the 
Wada test for determination of hemi-
spheric language dominance prior to brain 
surgery. The following keywords were 
used to generate a list of potentially use-
ful studies: “fMRI” OR “functional MRI” 
OR “functional MR imaging” OR “func-
tional magnetic resonance imaging” AND 
“Wada” OR “IAT” (intracarotid amo-
barbital test) OR “IAP” (intracarotid 
amobarbital procedure) OR “amytal” 
OR “amobarbital.” 

 To select studies for the meta-analysis, 
the following inclusion criteria were ap-
plied:  (a)  examination of the same pa-
tients with both functional MR imaging 
and the Wada test;  (b)  preoperative exami-
nation of at least four patients with both 
methods; and  (c)  reporting of data on 
the agreement of the two methods in 
individual patients, not only as a whole. 
For relevant articles that did not provide 
a breakdown of their data as to the agree-
ment of the two tests, attempts were 
made to contact the authors to obtain 
this information ( 23,34,35 ). A response 
to this request for clarifi cation was re-
ceived for one of three articles   (F.G.W., 

 Numerous previous studies have com-
pared functional MR imaging with the 
Wada test in a variety of clinical and 
laboratory settings ( 4,11–32 ). Similarly, 
several review articles have sought to estab-
lish the utility of functional MR imaging 
as a technique suitable for widespread 
clinical use as an adjunct or alternative to 
Wada testing ( 8–10,32 ). The small size 
of these previously published studies, 
most including fewer than 20 patients, 
limits their statistical power and gener-
alizability. Thus, despite the number of 
studies supporting the effectiveness of 
functional MR imaging for language lo-
calization, there remains no clear con-
sensus regarding the true reliability of 
functional MR in this role. 

 We hypothesize that functional MR 
imaging is a highly accurate means for 
lateralizing language function in patients 
prior to brain surgery. The purpose of 
this study was to perform a systematic 
review and meta-analysis to quantitatively 
assess functional MR imaging lateraliza-
tion of language function in comparison 
with the Wada test. 

 Materials and Methods 

 Study Design 
 The study performed involved review and 
analysis of the published medical litera-
ture. Since no patient-identifying data 
were involved, this study was determined 
to be exempt from review by the insti-
tutional review board. No industry sup-
port was provided for this study. The 
systematic review, meta-analysis, and 
manuscript preparation were conducted 
in accordance with the Preferred Report-
ing Items for Systematic Reviews and 
Meta-Analyses guidelines ( 33 ). 

             When neurosurgery for  excision of 
an epileptogenic focus or brain 
mass is planned, it is essential 

to fi rst determine its relationship with 
functionally important (“eloquent”) brain 
regions, as resection of such an area 
could result in devastating permanent 
neurologic defi cits ( 1,2 ). Localization of 
cortex involved in language function is a 
particular concern prior to performance 
of a temporal lobectomy for treatment 
of epilepsy ( 3–5 ). Language localization 
can be determined with several methods 
and can guide surgical planning. In some 
cases, the risk of postoperative defi cits may 
outweigh the benefi ts of surgery, while 
in others, a more conservative surgical 
approach may be designed to limit the 
risk of impairment ( 6,7 ). 

 The current standard of reference 
for preoperative language lateralization 
is the intracarotid amobarbital proce-
dure, commonly known as the Wada test. 
Since the Wada test is invasive, several 
alternatives have been investigated, among 
which functional magnetic resonance 
(MR) imaging has been the most studied 
( 8,9 ). As a noninvasive tool, functional 
MR imaging is considerably safer than 
Wada testing and other invasive means 
for determining language lateralization, 
such as electrocortical stimulation. Fur-
thermore, because functional MR im-
aging does not require anesthesia, the 
results are free from the effects of seda-
tion and the test may be easily repeated 
or extended if necessary ( 4,8,10 ). An-
other advantage of functional MR is its 
ability to provide more precise anatomic 
localization within a hemisphere, thus 
allowing for tailoring of surgery to avoid 
resection of eloquent cortex ( 6 ). 

 Implications for Patient Care 

 Functional MR imaging should be  n

considered for the initial preop-
erative assessment of hemi-
spheric language dominance. 

 Consideration should be given to  n

the potential for result variability 
depending on the specifi c func-
tional MR method used. 

 Advances in Knowledge 

 Functional MR imaging is both  n

sensitive and specifi c for the 
detection of atypical language 
dominance. 

 The sensitivity and specifi city of  n

functional MR imaging in the 
assessment of language domi-
nance may vary depending on 
the technique of implementation 
and interpretation. 

  Published online before print  
10.1148/radiol.11101344  Content codes:   

Radiology 2011; 261:446–455

 Abbreviations: 
 CI = confi dence interval 
 QUADAS = Quality Assessment of Diagnostic Accuracy 
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language dominance or bilateral language 
representation) for each patient case. 

 Statistical Analysis 
 A meta-analysis was performed by us-
ing data from all studies fulfi lling the 
search criteria to determine the overall 
sensitivity and specifi city of functional 
MR for determination of hemispheric 
language dominance. Sensitivity was de-
fi ned as the ability of functional MR to 
depict atypical language representation, 
as determined by the standard of refer-
ence Wada test. Specifi city was defi ned 
as the ability of functional MR to de-
pict Wada-established typical language 
representation. 

 To perform the meta-analyses, a 
random-effects (linear mixed-effects) 
model was used to derive summary esti-
mates of sensitivity and specifi city, which 
incorporated the possible correlation be-
tween these measures, along with 95% 
confi dence intervals (CIs) ( 38 ). This 
method corrects for zero frequencies 
within each study’s screening table by 
using a value of 0.5. For supporting anal-
yses  , we derived separate estimates of 
sensitivity and specifi city by pooling val-
ues (proportions) from individual stud-
ies derived by summing the weighted 
estimates (ie, sensitivity) across all 
studies and dividing by one less than 

criteria. The recorded patient character-
istics included reason for examination, 
side of any identifi ed lesion or epileptic 
focus, and handedness. 

 To determine hemispheric language 
dominance, most authors utilized a lat-
eralization index, which is based on the 
number of activated voxels in each re-
gion or hemisphere and/or the magni-
tude of signal change during activation. 
This calculation yields a value ranging 
from +1 (or +100) for patients with pure 
left hemispheric lateralization to  2 1 
(or  2 100  ) for patients with all of their 
language activity within the right hemi-
sphere. A threshold of 0.2 (or 20) was 
generally used, with values above that 
level indicative of typical left hemispheric 
dominance for language and values be-
low  2 0.2 (or  2 20) denoting right hemi-
spheric language dominance. Interme-
diate values were defi ned as bilateral or 
mixed dominance. For studies that pro-
vided numerical lateralization results but 
did not assign a hemispheric lateral-
ization, we used the  6  0.2 (or  6  20) 
threshold for determining dominance, 
as this was the most commonly used 
threshold in the remainder of the stud-
ies. Results of Wada and functional MR 
imaging were classifi ed as being either 
typical (left hemispheric language dom-
inance) or atypical (right hemispheric 

written communication, March 27, 2008). 
In cases where aspects of the study de-
sign were unclear, attempts were made 
to contact the authors for clarifi cation 
( 17,31 ). A response to this request for 
clarifi cation was received for one of two 
articles (C.K., written communication, 
June 24, 2009). For each study that met 
the inclusion criteria, only data regard-
ing patients who met the above criteria 
were included. Specifi cally, any patients 
who did not have diagnostic results from 
both preoperative Wada and functional 
MR testing were excluded. 

 The abstracts of all of the articles 
yielded by the Medline search were re-
viewed independently by two radiolo-
gists (R.J.D., J.B.) to determine which 
articles met criteria for inclusion. Any 
discrepancies between the two compila-
tions of eligible studies were reviewed 
by the two radiologists in consultation 
with a senior radiologist (M.L.L.) with 
more than 20 years of experience in 
conducting a literature search, and fi nal 
decisions regarding inclusion of articles 
was decided by consensus. References 
of the included articles, as well as rele-
vant review articles, were also reviewed 
(R.J.D., J.B.) in an attempt to identify 
additional eligible articles. 

 Methodological quality of the selected 
studies was assessed by using a version 
of the Quality Assessment of Diagnostic 
Accuracy Studies (QUADAS) tool, as 
modifi ed by the Cochrane Collaboration 
( 36,37 ). Two radiologists independently 
reviewed the studies to evaluate their ful-
fi llment of 11 different quality criteria and 
graded them accordingly (R.J.D., J.B.); 
differences were resolved by consensus. 

 Individual articles were reviewed for 
study and patient characteristics (R.J.D.), 
which were then compiled in spread-
sheet format for analysis. Recorded study 
features included functional MR imaging 
design (block vs event related), func-
tional MR imaging task paradigm (se-
mantic decision vs word generation), 
evaluated territory (global vs regional 
[ie, frontal or temporal-parietal]), func-
tional MR interpretation method (vol-
ume of activation vs magnitude of signal 
change), technique for calculating func-
tional MR lateralization, and number of 
patients meeting meta-analysis inclusion 

 Figure 1 

  
  Figure 1:  Flowchart of search results.  fMRI  = functional MR imaging.   
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of the design and methods of the indi-
vidual studies. Prevalence rates were 
computed for each study, and an un-
weighted pooled estimate was derived. 
Forest and funnel (estimate vs recipro-
cal of standard error) plots were created 
for sensitivity and specifi city for the set 

ied values of the correction factor from 
0.5 to 0.2 by increments of 0.05. Finally, 
we also performed models without the 
one study with zero frequencies for cal-
culating specifi city. Weighting factors 
associated with design features were 
deemed unnecessary due to the similarity 

the sum of the sample sizes  —using raw 
data and using data corrected for zero 
frequencies; 95% CIs were derived by 
using the formula by Agresti and Coull 
( 39 ). In addition, we compared results 
from these models with those from the 
bivariate random-effects model but var-

 Table 1 

 Methods of the Included Studies 

Study Year Journal Task Paradigm Evaluated Territory Interpretation Method Lateralization Calculation

Binder et al ( 4 ) 1996 Neurology Semantic decision Global Volume of activation Lateralization index
Hertz-Pannier et al ( 11 ) 1997 Neurology Word generation Frontal Volume of activation/ 

  magnitude of 
activation * 

Lateralization index

Bahn et al ( 12 ) 1997 AJR Word generation Global Volume of activation Voxel count
Yetkin et al ( 13 ) 1998 AJNR Word generation Frontal Volume of activation Lateralization index
Benson et al ( 14 ) 1999 Neurology Word generation Global Magnitude of activation Lateralization index
Lehéricy et al ( 15 ) 2000 Neurology Word generation, 

 story listening  †   
Frontal, temporal/parietal Volume of activation Lateralization index

Carpentier et al ( 16 ) 2001 Epilepsia Semantic decision Global Volume of activation Lateralization index
Gao et al ( 17 ) 2001 Chin Med J Other  ‡  Not specifi ed Not specifi ed Not specifi ed
Baciu et al ( 18 ) 2001 Epilept Disord Semantic decision Global Volume of activation Voxel count
Liégeois et al ( 19 ) 2002 Neuroimage Word generation Frontal Volume of activation, 

  magnitude of 
activation  §  

Lateralization index 
 (volume of activation)  �  

Gaillard et al ( 20 ) 2002 Neurology Word generation Global Volume of activation Lateralization index
Rutten et al ( 21 ) 2002 Neuroimage Word generation Global, frontal, temporal/

 parietal
Volume of activation Lateralization index

Spreer et al ( 22 ) 2002 Neuroradiology Semantic decision Global, frontal, temporal/
 parietal

Volume of activation Lateralization index

Woermann et al ( 23 ) 2003 Neurology Word generation Global Volume of activation Visual
Adcock et al ( 24 ) 2003 Neuroimage Word generation Global (volume of activation); 

  frontal (magnitude 
of activation)

Volume of activation, 
  magnitude of 

activation  §  

Lateralization index

Sabbah et al ( 25 ) 2003 Neuroimage Word generation Global Volume of activation Lateralization index
Gaillard et al ( 26 ) 2004 Neurology Word generation Global Volume of activation Visual
Deblaere et al ( 27 ) 2004 Neuroradiology Word generation Global, frontal, temporal/

 parietal
Volume of activation Lateralization index

Baciu et al ( 28 ) 2005 Neuroradiology Semantic decision Global Volume of activation, 
  magnitude of 

activation  §  

Lateralization index 
 (volume of activation)  �  

Benke et al ( 29 ) 2006 Epilepsia Semantic decision Global, frontal, temporal/
 parietal

Volume of activation Visual

Chlebus et al ( 30 ) 2007 Exp Brain Res Word generation Global Volume of activation Lateralization index
Kesavadas et al ( 31 ) 2007 Pediatr Radiol Word generation Global Volume of activation Visual
Szafl arski et al ( 32 ) 2008 Epilepsy Behav Word generation, 

 semantic decision  §  
Global Volume of activation Lateralization index

* Combination of both techniques.
† Story listening task used for temporal lobe evaluation.
‡ Language activities such as reciting poems.
§ Each performed independently; results of more commonly used method included in overall meta-analysis.
� Alternate technique was used for magnitude interpretation method.
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A list of the included studies and their 
respective characteristics are summa-
rized in  Table 1  .   

 All studies utilized a block design for 
functional MR imaging task administra-
tion. Among the 23 included studies, 
16 (70%) used some form of a word 
generation task paradigm, while seven 
(30%) used a semantic decision task para-
digm ( Table 1 ). One study (4%) used 
both types of task paradigms and there-
fore was included in both subgroups; 
another study (4%) did not use either of 
these task paradigms and was not in-
cluded in either subgroup. Several studies 
used unique task paradigms in addition 
to or in place of the commonly used word 
generation or semantic decision tasks. 

 Data analysis methods varied with re-
gard to whether activation was assessed 
in each hemisphere (global) or within 
individual brain regions (regional, ie, 
frontal or temporal-parietal) ( Table 1 ). 
Among the studies using a global tech-
nique, some assessed the hemispheres 
as a whole, while others either used 
regions of interest in multiple lobes in 
each hemisphere or combined the re-
sults of their regional analyses. A global 
method of analysis was utilized by 18 
(78%) studies. This includes four stud-
ies that also provided results for frontal 
and temporal-parietal regional assess-
ments. One study evaluated the frontal 
and temporal lobes independently but 
did not provide a combined result, and 
three studies only assessed activation 
within the frontal lobes. Thus, eight of 
23 (35%) studies provided results of re-
gional analysis. 

 The studies also used different meth-
ods of functional MR imaging interpre-
tation for determining language later-
alization ( Table 1 ). In the majority of 
studies (20 of 23, 87%), lateralization 
of language dominance was determined 
on the basis of the volume of the acti-
vated brain, that is, by comparing the 
number of activated voxels within re-
gions of interest in each hemisphere. 
Three of those studies also independently 
analyzed the functional MR images by 
using a second method for determining 
lateralization, in which they assessed the 
magnitude of functional MR signal change 
between periods of rest and task in 

use that method. Results of uncommonly 
used techniques, such as unique functional 
MR task paradigms, were not recorded 
as separate subgroups due to their low 
utilization across the entire series. For 
the overall meta-analysis, to maintain the 
highest possible uniformity, only the re-
sults of the technique more commonly 
used across the entire data set were 
included. Results for the overall meta-
analysis were also calculated separately, 
with certain patient groups excluded, 
such as patients who only underwent a 
unilateral Wada testing and patients who 
did not have epilepsy. 

 Results 

 Systematic Review 
 Our MEDLINE search yielded 111 ab-
stracts, of which 23 studies (21%) met 
criteria for inclusion in this meta-analysis 
( 4,11–32 ) ( Fig 1  ). These studies in-
cluded a total of 442 eligible patients 
who preoperatively underwent both a 
Wada test and functional MR imaging. 

of all studies. SAS software (version 9.2; 
SAS Institute, Cary, NC) was used to 
perform statistical analysis. 

 Subgroup analysis was also performed 
to determine whether particular tech-
niques for the performance of functional 
MR imaging and analysis more closely 
correlate with the Wada test results. 
Patients included in the meta-analysis were 
subdivided into groups on the basis of the 
functional MR task paradigm, the evalu-
ated territory, functional MR interpre-
tation method, lateralization calculation 
technique (lateralization index or voxel 
count vs visual), the side of epileptic fo-
cus and/or lesion, and handedness. For 
studies using more than one type of the 
above-mentioned functional MR meth-
ods, including in the same patient, the 
results of each technique were treated 
as independent samples and were re-
corded in their respective subgroups. 
Paired analyses could not be performed 
because many of the studies did not pro-
vide full patient-level data. As such, our 
results are more conservative than they 
would have been had we been able to 

 Figure 2 

  
  Figure 2:  Bar chart for quality assessment by using QUADAS criteria.   



Radiology: Volume 261: Number 2—November 2011 n radiology.rsna.org 451

 EVIDENCE-BASED PRACTICE:  Functional MR Assessment of Hemispheric Language Dominance Dym et al

statistically signifi cant difference between 
subgroups differing by interpretation 
method (volume vs magnitude activa-
tion) or location of brain lesion. 

 The results of the supporting analy-
ses were consistent with the primary 
analysis for the full data set, as well as 
the subgroup analyses. Funnel plots for 
sensitivity and specifi city are provided 
( Figs 5, 6  ); however, they are ambiguous 
as to any impression of publication bias 
because the x-axis is truncated at 1.0 
(100% sensitivity or specifi city), which 
precludes plot symmetry. 

 Discussion 

 Our review of the relevant literature re-
vealed numerous studies that evaluated 

decision tasks (95.6% vs 69.5%), and 
there was a trend toward greater sensi-
tivity of word generation tasks as well. 
Functional MR imaging with use of a 
global evaluation had signifi cantly greater 
sensitivity than a regional temporal-
parietal evaluation (86.6% vs 62.6%). 
When compared with a visual technique 
for designation of lateralization, the sub-
group including the more precise quan-
titative methods of lateralization index 
or voxel count was found to have sig-
nifi cantly higher sensitivity (86.1% vs 
58.5%) and signifi cantly higher speci-
fi city (90.8% vs 56.1%). Functional MR 
imaging was also shown to be signifi cantly 
more specifi c for right-handed patients 
than for left-handed or ambidextrous 
patients (88.8% vs 74.6%). There was no 

each hemisphere. One additional study 
used this magnitude change technique 
exclusively. In total, four of 23 (17%) stud-
ies used the magnitude change method. 

 Although a few studies in our meta-
analysis used visual assessment ( n  = 4, 
17%) or a comparison of the number 
of activated voxels in each hemisphere 
( n  = 2, 9%) as their technique for deter-
mining lateralization, most studies ( n  = 
16, 70%) utilized a formula to calculate 
a lateralization index ( Table 1 ). 

 Of the 11 utilized QUADAS qual-
ity criteria, nine were fulfi lled by 100% 
of the studies ( Fig 2  ). Authors of most 
of the studies did not clearly specify 
whether the interpreters of the Wada 
test and/or functional MR imaging were 
blinded to the results of the other test 
nor did most comment as to the order of 
test performance. No studies were ex-
cluded due to poor quality, and no quality-
based subgroup analysis was deemed 
necessary. 

 Meta-Analysis Results 
  Table 2   provides a breakdown of patients’ 
Wada and functional MR imaging lan-
guage lateralization results, as well as 
overall concordance between the two 
tests for each of the studies. Most stud-
ies demonstrated a high degree of con-
cordance between functional MR and 
Wada testing. In 21 of 23 (91%) stud-
ies, there was at least 80% concordance 
between the two tests. 

 The results of the meta-analysis are 
listed in  Table 3  , and Forest plots are 
provided for sensitivity and specifi city 
of the studies ( Figs 3, 4  ). Overall, the 
sensitivity of functional MR imaging in 
depicting atypical language representa-
tion was 83.5% (95% CI: 80.2%, 86.7%) 
and specifi city was 88.1% (95% CI: 87.0%, 
89.2%). Meta-analysis results with exclu-
sion of patients who had received only 
unilateral Wada tests were not signifi -
cantly different. With the meta-analysis 
limited to only studies with epileptic pa-
tients, specifi city was signifi cantly higher 
(90.7% vs 88.1%). 

 Results from the subgroup analysis 
are also summarized in  Table 3 . Func-
tional MR imaging with use of word gen-
eration tasks had signifi cantly greater 
specifi city than that with use of semantic 

 Table 2 

 Results of the Included Studies 

Study Results * 

Study WA/MA WA/MT WT/MA WT/MT
Wada/functional MR 
Concordance  †  

Binder et al ( 4 ) 4 0 0 18 22/22 (100)
Hertz-Pannier et al ( 11 ) 1 0 0 4 5/5 (100)
Bahn et al ( 12 ) 2 0 0 5 7/7 (100)
Yetkin et al ( 13 ) 1 0 0 12 13/13 (100)
Benson et al ( 14 ) 2 0 0 9 11/11 (100)
Lehéricy et al ( 15 )  ‡  1 0 1 8 9/10 (90)
Carpentier et al ( 16 ) 2 0 2 6 8/10 (80)
Gao et al ( 17 ) 1 0 0 3 4/4 (100)
Baciu et al ( 18 ) 1 0 0 7 8/8 (100)
Liégeois et al ( 19 ) 3 0 0 1 4/4 (100)
Gaillard et al( 20 ) 2 2 1 13 15/18 (83.3)
Rutten et al ( 21 ) 5 2 1 10 15/18 (83.3)
Spreer et al ( 22 ) 5 0 3 13 18/21 (85.7)
Woermann et al ( 23 ) 23 3 5 63 86/94 (91.5)
Adcock et al ( 24 )  §  3 1 1 14 17/19 (89.5)
Sabbah et al ( 25 ) 8 0 0 12 20/20 (100)
Gaillard et al ( 26 ) 2 0 0 11 13/13 (100)
Deblaere et al ( 27 ) 2 0 1 14 16/17 (94.1)
Baciu et al ( 28 )  §  2 2 3 6 8/13 (61.5)
Benke et al ( 29 ) 11 3 15 39 50/68 (73.5)
Chlebus et al ( 30 ) 3 0 2 10 13/15 (86.7)
Kesavadas et al ( 31 ) 5 0 0 0 5/5 (100)
Szafl arski et al ( 32 )  �  5 0 2 20 25/27 (92.6)

* WA = Wada atypical result, WT = Wada typical result, MA = functional MR atypical result, MT = functional MR typical result.
† Numbers in parentheses are percentages.
‡ Results for frontal lobe evaluation with word generation task.
§ Results for volume lateralization index method of interpretation.
� Results for word generation task.



452 radiology.rsna.org n Radiology: Volume 261: Number 2—November 2011

 EVIDENCE-BASED PRACTICE:  Functional MR Assessment of Hemispheric Language Dominance Dym et al

methods were more reliable than oth-
ers. Subgroup analyses yielded several 
notable differences between the various 
functional MR methods. Regarding the 
results for the different functional MR 
tasks, a word generation task was sig-
nifi cantly more specifi c than a semantic 
decision task. The lower specifi city of a 
semantic decision task may be attrib-
uted to its greater likelihood of activat-
ing areas of cortex that are involved in 
other functions such as memory, which 
are only indirectly related to language 
and may not be absolutely essential for 
language function ( 41 ). It should be noted 
that although individual studies used sev-
eral variations of word generation and 
semantic decision tasks, these studies 
were consolidated into two groups (word 
generation or semantic decision) for the 
subgroup analyses, due to sample size 
limitations. 

 Data were also grouped on the ba-
sis of which brain region was evaluated. 
Functional MR with use of a global eval-
uation appeared to have higher sensi-
tivity than that with use of a regional 
frontal lobe evaluation, which in turn 
appeared more sensitive than an evalu-
ation limited to the temporal-parietal 
lobes; however, only the difference be-
tween the global and temporal-parietal 
evaluation subgroups was statistically 
signifi cant. With regard to specifi city, 
the global and frontal evaluation sub-
groups were similar and both trended 
slightly higher than the temporal-parietal 
subgroup. 

 The higher sensitivity of the global 
evaluation subgroup is expected since 
the greater area evaluated allows more 
likely detection of atypical localization 
of language function. The lower sen-
sitivity and apparently lower specifi city 
of functional MR for the temporal-
parietal subgroup may be due in part to 
the fact that most studies used a word 
generation task, which yields more ro-
bust frontal as compared with temporal 
lobe activation. A focused temporal lobe 
evaluation might be better served by the 
use of a semantic decision task, since 
many semantic processes can be local-
ized to the temporal lobes ( 42 ). Overall, 
more studies focused their evaluation 
on the frontal lobe as compared with 

imaging and the Wada test correspond 
to an extent that would allow functional 
MR to serve as a substitute for Wada 
testing in the presurgical determination 
of language lateralization. This current 
analytic approach may have more di-
rect practical application and generaliz-
ability to routine practice. We also exam-
ined the utility of different functional MR 
methods using our subgroup analysis. 
In addition, due in part to differences 
in inclusion criteria, our meta-analysis 
was more comprehensive: it included a 
greater number of studies, with results 
from nearly twice as many individual 
patients. 

 One challenge in interpreting the ex-
isting functional MR literature regarding 
determination of language dominance 
arises from the variety of functional MR 
techniques used in the numerous stud-
ies. In addition to our overall assessment 
of functional MR results obtained by 
combining the results of all of the varied 
techniques, we also performed subgroup 
analyses to assess whether particular 

the reliability of functional MR imaging 
for language lateralization, relative to the 
Wada test. Individually, the results of 
these studies fail to provide a generaliz-
able conclusion due to variability in study 
design and small sample sizes, limiting 
statistical power. Our meta-analysis sug-
gests strongly that functional MR imag-
ing is both sensitive and specifi c for the 
detection of atypical language represen-
tation, supporting its use for preopera-
tive language assessment. 

 Medina et al ( 40 ) evaluated the role 
of functional MR imaging in the as-
sessment of language dominance us-
ing a Bayesian analysis of 13 studies, 
with the Wada test and electrocortical 
stimulation as reference standards, to 
determine likelihood ratios for func-
tional MR in determining language dom-
inance. They concluded that functional 
MR increases the posttest probability 
of language dominance in various pa-
tient populations. Our meta-analysis ad-
dresses the more specifi c question of 
whether the results of functional MR 

 Table 3 

 Meta-Analysis Results 

Group No. of Patients Sensitivity * Specifi city * 

Overall meta-analysis 442 83.5 (80.2, 86.7) 88.1 (87.0, 89.2)
 Exclude: unilateral Wada 409 79.8 (76.1, 83.5) 87.8 (86.5, 89.0)
 Exclude: nonepileptics 431 84.8 (81.4, 88.1) 90.7 (89.6, 91.9)
Task paradigm subgroups
 Word generation 296 88.9 (84.5, 93.4) 95.6 (93.9, 97.3)
 Semantic decision 168 78.7 (68.5, 88.9) 69.5 (66.5, 72.5)
Evaluated territory subgroups
 Global 406 86.6 (83.1, 90.2) 92.2 (91.0, 93.4)
 Frontal 156 75.9 (65.9, 85.9) 91.8 (88.7, 94.9)
 Temporal/Parietal 132 62.6 (49.5, 75.6) 87.4 (83.7, 91.1)
Interpretation method subgroups
 Volume activation 422 85.8 (82.3, 89.2) 91.4 (90.2, 92.6)
 Magnitude activation 47 88.0 (65.2, 100) 86.3 (75.8, 96.7)
Lateralization calculation subgroups
 Lateralization index or voxel count 260 86.1 (80.7, 91.5) 90.8 (88.9, 92.6)
 Visual technique 182 58.5 (50.1, 67.0) 56.1 (53.0, 59.3)
Lesion location subgroups
 Right hemisphere 112 73.1 (60.6, 85.5) 88.4 (84.8, 92.0)
 Left hemisphere or bilateral 175 85.6 (79.5, 91.7) 81.9 (78.9, 84.9)
Handedness subgroups
 Right 206 74.5 (66.1, 82.9) 88.8 (86.7, 90.9)
 Left or ambidextrous 52 74.1 (64.8,83.5) 74.6 (65.6, 83.5)

* Data are percentages. Data in parentheses are 95% CIs.
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of several different techniques under-
scores the strength of our fi ndings. 

 Another potential limitation, inher-
ent to any meta-analysis, is the possibil-
ity of publication bias. Since many of 
the studies in this meta-analysis cluster 
near the upper limit of 100% sensitiv-
ity and/or specifi city, the funnel plots in 
this case are not clearly interpretable in 
evaluating for the presence of publica-
tion bias. Our meta-analysis is also lim-
ited in that valid positive and negative 
predictive values could not be calcu-
lated because the prevalence of atypical 
language representation varied widely 
between the studies. 

 In conclusion, functional MR imag-
ing provides an accurate, noninvasive 
alternative to the Wada test and should 
be considered for the initial preoperative 

reach statistical signifi cance  , in some 
cases due to the smaller sizes of the 
subgroups, which result in wide confi -
dence intervals. 

 While the subgroups were more ho-
mogeneous, the overall meta-analysis 
was fairly heterogeneous as it incorpo-
rated the results of various different 
methods of testing and data analysis. 
For studies included in the meta-analysis 
that used more than one technique, we 
strove to improve uniformity and rel-
evance by using data generated with the 
most commonly utilized techniques. Nev-
ertheless, the lack of complete unifor-
mity due to the inclusion of varied tech-
niques could diminish the power of the 
study. The fact that we demonstrated 
functional MR imaging to be fairly sen-
sitive and specifi c despite our inclusion 

the temporal lobe. While frontal and 
temporal lobe language dominance are 
generally concordant, patients with epi-
lepsy may occasionally demonstrate dis-
sociation between frontal and temporal 
dominance ( 43 ). Because temporal lobe 
dominance has more direct clinical rel-
evance for preoperative planning prior 
to epilepsy surgery, further studies focus-
ing on methods for temporal lobe evalu-
ation would be useful. 

 In the calculation of lateralization, 
the signifi cantly higher sensitivity and 
specifi city of the lateralization index-
voxel number subgroup supports the use 
of such strict quantitative methods of 
lateralization over a visual technique. 
Functional MR imaging was shown to 
be signifi cantly more specifi c for right-
handed patients than for left-handed or 
ambidextrous patients; this may be re-
lated to their higher rate of typical lan-
guage representation. The lack of sta-
tistically signifi cant differences between 
the subgroups, which differed by the 
interpretation method, is not particu-
larly instructive, since very few patients 
(47 of 442) were analyzed with the 
magnitude interpretation method, and 
the resultant wide confi dence intervals 
limit the usefulness of the results. 

 Two outlying studies ( 28,29 ) dem-
onstrated relatively lower concordance 
of 61.5% and 73.5%, respectively, for 
functional MR imaging and Wada test. 
This may be related to the fact that both 
of those studies utilized a semantic de-
cision task and one ( 29 ) used a visual 
technique for lateralization; both of these 
methods demonstrated lower sensitiv-
ity and specifi city in this meta-analysis. 
The study with 61.5% concordance ( 28 ) 
only included 13 patients, so perhaps 
this is a statistical aberration. 

 There were several limitations to our 
study. As in all meta-analyses, important 
variation in methods exists among the 
included studies. By performing subgroup 
analyses, we aimed to limit the effect 
of variation between the studies and de-
termine which method would in fact pro-
vide the best results. Subgroup analyses 
identifi ed differences in the sensitivity 
and specifi city of functional MR imag-
ing for most of the different techniques. 
However, these distinctions do not all 

 Figure 3 

  
  Figure 3:  Forest plots of studies included in the meta-analysis show individual and combined 
estimates with 95% CIs for diagnostic sensitivity of functional MR imaging in determination of 
hemispheric language dominance.  = mean sensitivity for each study,  = combined 
sensitivity for all 23 studies, horizontal lines = 95% CIs of sensitivity  .   
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the overall effectiveness of functional 
MR imaging in clinical practice, even be-
yond the level of accuracy that we have 
demonstrated in this meta-analysis. 
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