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Purpose: To prospectively determine the sensitivity and specificity
of functional magnetic resonance (MR) imaging for map-
ping language and motor functions in patients with a focal
mass adjacent to eloquent cortex, by using intraoperative
electrocortical mapping (ECM) as the reference standard.

Materials and
Methods:

The ethics committee approved the study, and patients
gave written informed consent. Thirty-four consecutive
patients (16 women, 18 men; mean age, 43.2 years) were
included who met the following three criteria: They had a
focal mass in or adjacent to eloquent cortex of the language
or motor system, they had the ability to perform the func-
tional MR imaging task, and they had to undergo surgery
with intraoperative ECM. Functional MR imaging with
verb generation (n � 17) or finger tapping of the contralat-
eral hand (n � 17) was performed at 1.5 T with a block
design and an echo-planar gradient-echo T2*-weighted se-
quence. Cortex essential for language or hand motor func-
tions was mapped with ECM. A site-by-site comparison
between functional MR imaging and ECM was performed
with the aid of a neuronavigational device. Sensitivity and
specificity were calculated according to task performed,
histopathologic findings, and tumor grade. Exact 95% con-
fidence intervals were calculated for each sensitivity and
specificity value.

Results: For 34 consecutive patients, there were 28 with gliomas,
two with metastases, one with meningioma, and three
with cavernous angiomas. A total of 251 cortical sites were
tested with ECM; overall functional MR imaging sensitivity
and specificity were 83% and 82%, respectively. Sensitiv-
ity (65%) was lower and specificity (93%) was higher in
World Health Organization grade IV gliomas compared
with grade II (sensitivity, 93%; specificity, 79%) and III
(sensitivity, 93%; specificity, 76%) gliomas. At 3 months
after surgery, language proficiency was unchanged in 15
patients; functionality of the contralateral arm was un-
changed in 14 patients and improved in one patient.

Conclusion: Functional MR imaging is a sensitive and specific method
for mapping language and motor functions.
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Functional MR Imaging Paradigms
and Analysis
All patients were trained briefly 15 min-
utes before the study; their ability to
perform the task correctly was verified
before and after the study by two neu-

rologists (A.B., V.B., with 10 and 7
years of experience in functional MR
imaging, respectively). For the language
task, patients were asked to perform
VGEN silently in response to hearing a
noun. For the motor task, patients were

asked to perform alternated finger tap-
ping with 2-Hz frequency after acoustic
and visual cues. During rest periods,
patients were asked to mentally count
from zero to 10 iteratively. A block de-
sign with nine 24-second alternating pe-
riods was used.

For functional data analysis, an up-
dated software package for implement-
ing statistical parametric mapping for
neuroimaging data (SPM2; Wellcome
Department of Imaging Neuroscience,
University College London, London, En-
gland [http://www.fil.ion.ucl.ac.uk/spm])
was used. For every functional session,
six-parameter rigid-body realignment
was applied. Smoothing of the realigned
data with a Gaussian kernel by using full
width at half maximum (6 � 6 � 6 mm)
was performed. We used modeling of
the expected hemodynamic response
function with a block design, convolved
with the canonic hemodynamic response
function of the software package. To avoid
loss of signal, a high-pass filter with a fre-
quency of 1⁄96 second, which is half the fre-
quency of the paradigm used (ie, 1⁄48 sec-
ond), and a low-pass filter were applied to
the time series. Application of a P value of
.001 uncorrected threshold (minimum of
5-voxel clustering) was used to estimate t
test maps. Coregistration of the t test maps
with the anatomic image was performed in
order to have the anatomic localization of
the functional foci.

Intraoperative ECM: Reference Standard
ECM of the language cortex was per-
formed during asleep-awake anesthesia
(28). Image guidance (Stealth Station
Treon; Medtronic Surgical Navigation
Technologies, Louisville, Colo) was used in
all patients for the surgical approach.
During the awake phase, image-guided
stimulation (alternating current of 60
Hz, 2 msec, 1–8 mA peak) with a bipo-
lar electric probe of a cortical stimulator
(Ojemann, model OCS-1, Radionics,
Burlington, Mass; Nimbus, Newmedic/
Hemodia, Toulouse, France) was per-
formed. The current amplitude was
progressively increased by 1 mA. Bipha-
sic square-wave pulses of 2 msec at 60
Hz, with maximal duration of a se-
quence of pulses of 2 seconds, were
used for the stimulation of the motor

Figure 1

Figure 1: Transverse functional MR images of language production during VGEN derived from series of
T2*-weighted echo-planar MR images (3000/52, 24 � 24-cm field of view, 128 � 128 matrix, 4-mm section
thickness, no intersection gap) show WHO grade II oligoastrocytoma infiltrating left insula and temporal lobe
in 27-year-old woman (patient 8). Functional MR threshold maps (P � .001, uncorrected) were overlaid on
T1-weighted gradient-echo MR images (1640/2.28/552, 12° flip angle, 160 contiguous sections, 1.0-mm3

isotropic resolution). Yellow and red areas indicate significant voxels with decreasing power. ECM tag loca-
tions are indicated in blue if positive and in green if negative; sphere with 10-mm radius indicates distance.
Overlapping of blue ECM sphere with functional MR image focus is counted as TP tag; overlapping of green
ECM sphere with functional MR image focus is counted as FP tag; no overlapping of blue ECM sphere is
counted as TP (FN) tag; no overlapping of green ECM sphere is counted as TN tag. Comparison of functional
MR image with electrocortical map resulted in seven TP, three TN, one FP, and no FN tags.
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function during general anesthesia and
for stimulation of the language function
during asleep-awake anesthesia. Lan-
guage mapping was performed by using
the largest current that did not produce
afterdischarge (2,29) in the range be-
tween 4–10 mA. The entire exposed
cortex was stimulated, including the
preplanned area of resection. Two neu-
rosurgeons (P.F. and G.B., with 14 and
35 years of experience, respectively),
who were blinded to the results of func-
tional MR imaging, performed ECM in
all patients.

A continuous multichannel electro-
myographic recording was used for the
detection of motor responses together
with clinical assessment of movement.
Arrest of speech, random answering, or
perseveration to stimulation were con-
sidered positive sites if confirmed at
least twice. Errors were classified intra-
operatively by a trained neurologist
(D.C.) with experience in evaluation of
speech disorders. He was monitoring the
patient’s response and immediately in-
formed the surgeon of any error. A num-
bered tag identified each stimulated area.
Before starting tumor removal, location of
each ECM tag on three-dimensional MR
images was demonstrated with the aid of
the image guidance system and screenshots
were archived.

The comparison between ECM-tested
areas and functional MR imaging–acti-
vated foci was made only on the ex-
posed cortical surface. Therefore, func-
tional MR imaging–activated foci away
from the craniotomy were not tested
and validated with ECM.

Measurement of Clinical Outcome
Neurologic examination was performed
by one neurosurgeon (C.M.) with 12
years of experience daily during the first
7 days and at 3 months. Muscle function
of both upper limbs was evaluated and
assigned a grade according to the scale
of grades 0–5 reported by De Jong (30).
A grade 4 motor deficit of the upper
limb was classified as mild, a grade 2 or
3 deficit was classified as moderate, and
a grade 0 or 1 deficit was classified as
severe. Language performance was de-
termined by evaluation of verbal fluency,
denomination, and comprehension of sim-

ple objects and categories. Aphasia was
considered mild when the patient had
rare anomia, paraphasia, or compre-
hension deficits, or all three, that did
not affect patient ability to communi-
cate. Aphasia was considered moderate
when the same deficits occurred with
higher frequency and slowed the patient’s
ability to communicate. Aphasia was con-
sidered severe when these deficits im-
paired the patient’s communication and
ability to perform daily activities.

Statistical Analysis
The anatomic position of each recorded
ECM site was recorded on the three-di-
mensional functional MR image data set,
and a 1-cm-radius sphere was overlaid on
each tag. Electrocortical maps and func-
tional MR images were considered to

match when the functional MR image fo-
cus was within the volume defined by the
sphere (ie, the distance between the two
was 1 cm or less). For each patient, the
numbers of true-positive (TP), true-nega-
tive (TN), false-positive (FP), and false-
negative (FN) tags were computed. To
address the issue of different numbers
from each patient, it was assumed that
the positive or negative response from
either the index or the reference test in
one cortical site had no effect on the re-
sponse in another site. In other words,
each electrocortical stimulation was con-
sidered independent. The same assump-
tion was made for statistical analysis in
similar published studies (24,21).

Sensitivity and specificity were cal-
culated according to the task per
formed, histopathologic findings, and

Figure 2

Figure 2: Validation of functional MR imaging with ECM in same study as in Figure 1. Intraoperative ECM
interrupted language production during VGEN in five cortical sites in left inferior frontal gyrus and dorsolateral
prefrontal cortex, as illustrated in intraoperative optic microscopic view (bottom right). Silk string identifies
frontal eloquent area. Other eloquent sites were found in posterior temporal lobe (not shown). With aid of neu-
ronavigational device, position of each ECM tag on coronal (top left), sagittal (top right), and axial (bottom left)
views of presurgical functional MR imaging data set was determined.
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tumor grade. For language, sensitivity
and specificity also were computed in
three main locations (left inferior fron-
tal gyrus or Broca area, left dorsolateral
prefrontal cortex, and middle and supe-
rior temporal gyri or Wernicke area)
according to landmarks established by
Naidich et al (31). Exact 95% confi-
dence intervals that were based on bi-
nomial distribution were calculated for
each sensitivity and specificity value
with software (SAS, version 8.2; http:
//www.sas.com).

Results

For the 34 consecutive patients recruited
from March 2002 until April 2007, data
are reported in Table 1. Twenty-eight had
gliomas (16 low grade and 12 high grade),
two had metastases, one had a meningi-
oma, and three had cavernous angiomas
(Table 1; Figs 1–5). Time between func-
tional MR imaging and intraoperative
ECM was within 3 weeks. All patients who
underwent funtional MR imaging and ECM
were included in this study (Fig 6).

Patient Clinical Outcome
Reversible postoperative deficits oc-
curred in three patients and resolved
within 72 hours. Postoperative deficits
of variable intensity were still present in
four patients 3 months after surgery
(Table 2): The permanent complication
rate was 11%. Deficits were mild in two
patients, with aphasia and contralateral
arm hemiparesis in one each; moder-
ate contralateral arm hemiparesis was
present in a third patient. Intraopera-
tive bleeding with temporary occlusion
of distal branches of the left middle ce-
rebral artery resulted in a large infarct,
with permanent severe aphasia, in the
fourth patient. The total complication
rate (reversible plus permanent, mild,
and severe) was 20%.

Functional MR Imaging Performance
The three main cortical areas of the lan-
guage system were mapped with func-
tional MR imaging in 17 of 17 patients.
Additional areas were mapped in the
anterior cingulate and supplementary
motor area in most patients. Finger tap-
ping evoked a BOLD response in the
primary motor cortex and in the supple-
mentary motor area ipsilateral to the
mass in all 17 patients.

A total of 251 ECM sites were tested:
141 in patients evaluated with VGEN
and 110 in patients evaluated with fin-
ger tapping. Speech arrest or faltering
was induced in 16 of 17 patients during
asleep-awake anesthesia. Muscle con-
traction of the contralateral hand was
evoked in 17 of 17 patients. Overall sen-
sitivity and specificity of functional MR
imaging in 34 patients were 83% and
82%, respectively.

For hand motor function alone, sen-
sitivity and specificity were 88% and
87%, respectively. For language, sensi-
tivity and specificity were 80% and
78%, respectively (Table 3). In 10 of 17
patients evaluated with VGEN, the tu-
mor was abutting the cortical surface.
Therefore, it was possible to perform
ECM: At all sites, results were negative
with either functional MR imaging or
ECM (Table 3).

GBM showed a substantial lower
sensitivity and higher specificity than
WHO grade II and III gliomas (Table 4).

Figure 3

Figure 3: Transverse functional MR images derived from series of T2*-weighted echo-planar MR images
(3000/52, 24 � 24-cm field of view, 128 � 128 matrix, 4-mm section thickness, no intersection gap) show
WHO grade II oligoastrocytoma in right parietal lobe in 56-year-old man (patient 15). Functional MR thresh-
old maps (P � .001, uncorrected) were overlaid on T1-weighted gradient-echo MR images (1640/2.28/552,
12° flip angle, 160 contiguous sections, 1.0-mm3 isotropic resolution). White, yellow, and red areas indicate
significant voxels with decreasing power. ECM tag locations are indicated in blue if positive and in green if
negative; sphere with 10-mm radius indicates distance. Comparison of functional MR image with electrocorti-
cal map resulted in three TP, four TN, two FP, and no FN tags.
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These differences reflect the higher
number of FN tags and lower number of
FP tags found in GBM.

In patient 18, ECM did not induce
any speech arrest or faltering. The pa-
tient’s ability to speak was monitored
during tumor resection. The patient did
not develop any speech deficit during or
after surgery; therefore, it was con-
cluded that there was no eloquent area
in the exposed cortex, despite the find-
ing of one positive functional MR image
focus that was interpreted as FP.

Discussion

In our study, overall sensitivity and
specificity for mapping language and
motor functions with functional MR im-
aging in patients with a focal brain mass
were greater than 80%; in addition, we
demonstrated that sensitivity and speci-
ficity may change with a higher glioma
grade: Sensitivity was lower and speci-
ficity was higher in GBM than in WHO
grade II or III glioma. There are two
possible explanations for the higher rate
of FN tags in GBM. GBM is an undiffer-
entiated tumor with a rich abnormal
vasculature caused by angiogenesis. Neu-
rovascular uncoupling has been de-
scribed in higher-grade tumors, and it
could lead to loss of the BOLD response
(32,33). A larger brain shift occurring in
GBM, as the dura is exposed, might be
an alternative explanation.

Despite our results, ECM remains
the reference standard for intraopera-
tive decisions when the BOLD response
is shown in the proximity of a mass.
Intraoperative ECM has been used ex-
tensively, and it has been validated by
clinical outcome. If eloquent sites are
respected, the risk of permanent defi-
cits is low (2,5).

Patient outcome for permanent se-
quelae was 11% in this series of 34 pa-
tients, with one patient with severe
morbidity due to surgical complications
independent of function localization tech-
niques and three patients with moderate
or mild permanent postoperative deficits.
Other studies have shown a low rate of
postoperative deficits in patients who had
presurgical functional MR imaging (32).
Neither functional MR imaging nor ECM

showed eloquent tissue within the tumor
when the mass was near the surface and
it could be evaluated with ECM. Roux et
al (24) showed functional MR imaging in-
tratumoral activations in six patients.

Evidence that functional MR imag-
ing may have a favorable effect on mea-
surement of clinical outcome has not
been fully established so far. The rela-
tionship between the function tested
with functional MR imaging and clinical
outcome often is indirect. A randomized
controlled trial in a large number of pa-
tients might be needed to show an ef-

fect. Although there is no clinical evi-
dence yet that use of functional MR im-
aging has an effect on patient outcome,
findings in recent studies support its ef-
fect on therapeutic planning (34,35).

The ideal mapping method should
be both sensitive and specific. A tech-
nique with high sensitivity will have a
low rate of FN foci, and it will rarely
miss functioning cortex. With high spec-
ificity, the rate of FP sites will stay low.
FN sites might eventually lure the neu-
rosurgeon to perform a larger resection
with a higher risk of permanent neuro-

Figure 4

Figure 4: Validation of functional MR imaging with ECM in same study as in Figure 3. Intraoperative ECM
evoked hand motion in three cortical sites, as illustrated in intraoperative optic microscopic view (bottom right). Two
silk strings identify primary motor cortex (tag 100 ) and primary sensory cortex (tags 31 and 32 ) separated by central
sulcus. With aid of neuronavigational device, position of each ECM tag on coronal (top left), sagittal (top right), and
axial (bottom left) views of presurgical functional MR imaging data set was determined.

Table 2

Patients’ Clinical Outcome according to Function Tested and Time before and after
Surgery

Task
No. of
Patients

No. with
Preoperative
Deficits

No. with Reversible
Postoperative
Deficits

Postoperative Deficits at
3 Months

No. With No. Without

VGEN 17 2 1 2 15
Finger tapping of contralateral hand 17 7 2 2 15

Total 34 9 3 4 30
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logic sequelae. FP sites also are undesir-
able because they may discourage more
extensive resection or surgery at all.

It is important to emphasize that
there are important physiologic differ-

ences between ECM and functional MR
imaging. ECM is a disruption method
that causes an arrest of function when
an essential area is stimulated. Func-
tional MR imaging is an activation-based

method, and a statistically significant
BOLD response appears in all areas that
are functionally active, but not neces-
sarily essential, during the execution of
a particular task. Compared with ECM,
a larger number of active cortical foci
are then expected with functional MR
imaging. Future clinical outcome studies
will have to determine whether inciden-
tal damage to areas with false-positive
foci (positive at functional MR imaging
and negative at intraoperative ECM) oc-
curring during surgery will cause tran-
sient or permanent functional deficits.

Functional MR maps overlaid on
the three-dimensional MR images were
available for display with the neuronavi-
gational system in the operating room.
The location of all stimulated ECM tags
on the functional MR image data set was
recorded. This procedure is important
in the determination of true and false
results, and it may also reduce opera-
tor-dependent bias. The objectivity of
the method is greater if it is compared
with the method that uses overlaid digi-
tized intraoperative ECM photographs
off-line (21,22,24).

Sensitivity and specificity of func-
tional MR imaging were higher in map-

Figure 5

Figure 5: Transverse functional MR images of language production during VGEN derived from series of
T2*-weighted echo-planar MR images (3000/52, 24 � 24-cm field of view, 128 � 128 matrix, 4-mm section
thickness, no intersection gap) show grade IV GBM in left temporal lobe in 48-year-old man (patient 25).
Functional MR threshold maps (P � .001, uncorrected) were overlaid on T1-weighted gradient-echo MR
images (1640/2.28/552, 12° flip angle, 160 contiguous sections, 1.0-mm3 isotropic resolution). Yellow and
red areas indicate significant voxels with decreasing power. ECM tag locations are indicated in blue if positive
and in green if negative; sphere with 10-mm radius indicates distance. Comparison of functional MR image
with electrocortical map resulted in four TP, five TN, no FP, and two FN tags.

Figure 6

Figure 6: Flow diagram of study about diag-
nostic accuracy.
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ping the primary motor cortex than in
mapping the language system. This re-
sult was expected, and it is consistent
with results in other published studies.
Functional MR image sensitivity was
85% in 103 patients (36) and 97% in
125 patients (37) with tumor in the pri-
mary motor cortex. Finger tapping is a
reliable and robust paradigm to localize
the hand representation in primary mo-
tor cortex. Dislocation of the eloquent
motor cortex by para-Rolando tumors,
as confirmed by using functional MR im-
aging and ECM, occurred in several of
our patients.

There are few studies in which sen-
sitivity and specificity of functional MR
imaging of language were measured by
using ECM as the reference standard

(21,22,24,25). In only two studies was
a site-by-site correlation with a large
number of tags performed (21,24).
FitzGerald et al (21) evaluated 140 sites
in 11 patients with five language tasks
and found a sensitivity of 81% and
a specificity of 53%. Sensitivity was
higher for results from all tasks com-
bined than for results from a single task.
VGEN was the single task with the high-
est sensitivity. In the current study, only
the results of VGEN were correlated
with findings at ECM, because VGEN
was found to be the most robust of our
battery of language tasks (3) and it was
decided it would have been impractical
and too time consuming to repeat ECM
for multiple tasks in the operating
room. Roux et al (24) correlated 426

ECM tags in 14 patients. Sensitivity and
specificity were 59% and 97%, respec-
tively, with two tasks combined (VGEN
and naming), with a P value of less than
.005. Decreasing the analysis threshold
improved the sensitivity to 66% and de-
creased specificity to 91%. The sensitiv-
ity in the study of Roux et al (24) is lower
than that in the study of FitzGerald
et al (21) and that in our study. Differ-
ences in sensitivity values and specificity
values among these studies may be ex-
pected because of differences in patient
population (tumor type and location),
craniotomy size, functional MR image
paradigms, and methods used to com-
pare functional MR images and electro-
cortical maps.

Sensitivity was higher in the frontal

Table 3

Results for Task, Three Main Language Cortical Areas, and Stimulation over Superficial Lesion

Statistical and Tag Data Finger Tapping of Contralateral Hand VGEN Broca Area Left Dorsolateral Prefrontal Cortex Wernicke Area Superficial Lesion

Statistic
Sensitivity (%)* 88 (73, 96) 80 (68, 89) 100 (78, 100) 89 (71, 98) 64 (42, 82) Undetermined
Specificity (%)* 87 (77, 94) 78 (67, 86) 68 (43, 87) 58 (28, 85) 85 (65, 96) 100 (86, 100)

No. of tags
TP 35 49 12 24 16 0
TN 61 62 13 7 22 20
FP 9 18 6 5 4 0
FN 5 12 0 3 9 0
Total 110 141 31 39 51 20

Note.—Sensitivity was calculated as TP/(TP � FN), and specificity was calculated as TN/(TN � FP).

* Numbers in parentheses are 95% confidence intervals.

Table 4

Results for WHO Glioma Grade and Mass Type

Statistical and Tag Data
WHO Glioma Grade

Metastasis Meningioma Cavernous Angioma All MassesI and II III IV All

Statistic
Sensitivity (%)* 93 (81, 99) 93 (68, 100) 65 (44, 83) 85 (75, 92) 0 (0, 78) 71 (29, 96) 100 (65, 100) 83 (74, 90)
Specificity (%)* 79 (66, 88) 76 (59, 89) 93 (78, 99) 82 (74, 88) 60 (26, 88) 100 (37, 100) 100 (78, 100) 82 (75, 88)

No. of tags
TP 41 14 17 72 0 5 7 84
TN 48 26 28 102 6 3 12 123
FP 13 8 2 23 4 0 0 27
FN 3 1 9 13 2 2 0 17
Total 105 49 56 210 12 10 19 251

Note.—Sensitivity was calculated as TP/(TP � FN), and specificity was calculated as TN/(TN � FP).

* Numbers in parentheses are 95% confidence intervals.
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areas (inferior frontal gyrus and dorso-
lateral prefrontal cortex) of language
production than in posterior temporal
gyri. This result is of interest, but it may
have been influenced by the use of a
task of speech production in this series.
Lurito et al (22) focused on functional
MR image mapping of receptive lan-
guage in three patients with gliomas in
the temporal and parietal lobes. They
correlated 10 ECM tags and found
that all, except one located within the
boundary of the tumor in the left pari-
etal lobe, had been mapped by using
functional MR imaging. They concluded
that their functional MR imaging para-
digm was good but not perfect (22).

Sensitivity and specificity were the
highest in patients with cavernous angi-
omas. Pouratian et al (23) reported sim-
ilar results in three patients with cav-
ernous angioma.

There were limitations to our study.
Intrinsic limitations were caused by the
imaging modality used: MR imaging
is affected by geometric distortions
caused by inhomogeneity of the mag-
netic field within the head. Errors oc-
curring during coregistration of ana-
tomic and functional MR images add up
to errors occurring during neuronaviga-
tional registration. These errors may
sum up to a few millimeters. In our
study, only the most robust language
paradigm was used intraoperatively.
The use of additional tasks might im-
prove sensitivity of functional MR imag-
ing, thus reducing the risk of FN results.

In conclusion, functional MR imag-
ing is a sensitive and specific method for
localization of the eloquent cortex of the
language and motor systems. Sensitivity
of functional MR imaging was higher in
cavernous angiomas, followed by WHO
grade II and III gliomas, and then GBM.
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