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OBJECTIVE Functional mapping using direct cortical stimulation is the gold standard for the prevention of postoperative
morbidity during resective surgery in dominant-hemisphere perisylvian regions. Its role is necessitated by the significant
interindividual variability that has been observed for essential language sites. The aim in this study was to determine

the statistical probability distribution of eliciting aphasic errors for any given stereotactically based cortical position in a
patient cohort and to quantify the variability at each cortical site.

METHODS Patients undergoing awake craniotomy for dominant-hemisphere primary brain tumor resection between
1999 and 2014 at the authors’ institution were included in this study, which included counting and picture-naming tasks
during dense speech mapping via cortical stimulation. Positive and negative stimulation sites were collected using an
intraoperative frameless stereotactic neuronavigation system and were converted to Montreal Neurological Institute
coordinates. Data were iteratively resampled to create mean and standard deviation probability maps for speech arrest
and anomia. Patients were divided into groups with a “classic” or an “atypical” location of speech function, based on the
resultant probability maps. Patient and clinical factors were then assessed for their association with an atypical location
of speech sites by univariate and multivariate analysis.

RESULTS Across 102 patients undergoing speech mapping, the overall probabilities of speech arrest and anomia were
0.51 and 0.33, respectively. Speech arrest was most likely to occur with stimulation of the posterior inferior frontal gyrus
(maximum probability from individual bin = 0.025), and variance was highest in the dorsal premotor cortex and the pos-
terior superior temporal gyrus. In contrast, stimulation within the posterior perisylvian cortex resulted in the maximum
mean probability of anomia (maximum probability = 0.012), with large variance in the regions surrounding the posterior
superior temporal gyrus, including the posterior middle temporal, angular, and supramarginal gyri. Patients with atypi-
cal speech localization were far more likely to have tumors in canonical Broca’s or Wernicke'’s areas (OR 7.21, 95% Cl
1.67-31.09, p < 0.01) or to have multilobar tumors (OR 12.58, 95% Cl 2.22-71.42, p < 0.01), than were patients with clas-
sic speech localization.

CONCLUSIONS This study provides statistical probability distribution maps for aphasic errors during cortical stimula-
tion mapping in a patient cohort. Thus, the authors provide an expected probability of inducing speech arrest and anomia
from specific 10-mm? cortical bins in an individual patient. In addition, they highlight key regions of interindividual map-
ping variability that should be considered preoperatively. They believe these results will aid surgeons in their preopera-
tive planning of eloquent cortex resection.
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tion has become the gold standard for the preven-

tion of postoperative morbidity during surgery in
the dominant hemisphere. This technique can be used to
identify the cortical representation of motor, sensory, and
language function and has been shown to increase rates
of gross-total resection while limiting the number of late-
stage neurological deficits.!+¢722 Individualized mapping
is especially important for identifying cortical speech ar-
rest and anomia areas, which are highly variable among
patients. This variability makes it difficult to preoperative-
ly estimate the probability that a planned resection will
result in an aphasic deficit.

Interindividual variability in the localization of speech
arrest and anomia sites has been demonstrated in numer-
ous cortical mapping studies, both intraoperatively and
extraoperatively.>'°-131718 Wilder Penfield was the first to
systematically use direct cortical stimulation to determine
essential language sites, and he specifically showed that
midfrontal (outside of the canonical Broca’s area) and
midparietal areas could also be involved in speech pro-
duction.” Large, modern speech mapping series have all
re-demonstrated that naming function can lie in the fron-
tal, temporal, and/or parietal cortices, with the majority
of anomia errors occurring in the posterior frontal and
temporal cortices.!*!>!71° A number of patients in these se-
ries did not produce errors with stimulation of the classic
Broca’s area, further highlighting the variability of corti-
cal language representation among individuals.>'013.17

While previous studies have described speech prob-
ability maps, the degree of interindividual variability at a
particular cortical location directly affects the certainty or
confidence interval associated with these probability es-
timates. Cortical areas with greater variability in speech
representation across individuals have less certain proba-
bility estimates. We believe knowledge of both probability
and variability is important in preoperative planning for
resections adjacent to and involving potentially eloquent
cortex. Further, previously reported probabilistic mapping
results have been spatially resolved to the level of ana-
tomical gyri or large cortical areas, while stereotactically
derived probability maps have not been described. The ac-
curacy of stereotactic measurements is more precise, and
these values can be more easily compared across patients
and with standard imaging studies such as functional
MRI. Finally, most previous studies have not examined
the effect of tumor or lesion location on the variability in
spatial localization.

In this study, we had 3 goals: 1) to determine the ste-
reotactically defined spatial probability distribution for
eliciting anomia or speech arrest errors upon stimulation,
2) to determine the patterns of interindividual variability
in spatial localization of essential language sites, and 3)
to determine if any patient or lesion location factors cor-
respond to patterns of greater variability.

FUNCTIONAL mapping using electrocortical stimula-

Methods

Study Subjects
This study, which was approved by the Committee on

2 J Neurosurg February 19, 2016

Human Research at the University of California, San Fran-
cisco, included patients undergoing awake craniotomy
for dominant-hemisphere primary brain tumor resection
at our institution between 1999 and 2014. One hundred
three consecutive patients underwent surgery performed
by the senior author (M.S.B.) between 1999 and 2005, and
9 patients underwent surgery performed by another au-
thor (E.F.C.) between 2011 and 2014. Ten patients were
excluded based on the exclusion criteria of gross cortical
dysplasia, significant mass effect and/or cortical distortion
from the underlying lesion, insufficient extent or density
of mapping, and lack of follow-up information in medical
records.

Intraoperative Language Mapping

After exposure of the peri-rolandic cortex and emer-
gence from intravenous sedation (either dexmedetomidine
or propofol), intravenous fentanyl was titrated for optimal
balance of pain control with patient arousal during the
mapping procedure. Exposed cortex was completely and
densely mapped by a neurosurgeon (M.S.B. or E.F.C.) us-
ing an Ojemann stimulator (current range 1-3.5 mA, pulse
frequency 60 Hz, pulse width 1 msec, stimulus duration
500-1500 msec, stimulator electrode spacing 5 mm).
Prior to mapping, the afterdischarge threshold was deter-
mined, and the mapping was conducted at the maximum
current that did not result in cortical spread (that is, after-
discharges), which ensured a low false-negative rate. Each
response or nonresponse to stimulation was tested for con-
sistency and repeatability with at least 3 nonconsecutive
stimulations. Responses were considered valid only in the
absence of afterdischarges or seizure activity on electro-
corticography, which was monitored and reported in real
time by an epileptologist.

Each subject’s brain was densely mapped for motor,
sensory, and language function using a standardized pro-
tocol. Language function was mapped using 2 paradigms.
First, intermittent stimulation was used during counting
and/or recitation of the days of the week to test for speech
arrest sites. Patients were instructed to count to 30 at a
constant pace. Stimulation was applied following a normal
verbalization without stimulation, just prior to subsequent
verbalization. Cortical sites were stimulated sequentially,
and the same site was not stimulated twice in a row. Ano-
mia was similarly tested with a naming task in which pa-
tients viewed a monitor at a distance of 3 feet and named
sequentially displayed pictures of common objects (horse,
hammer, keyboard, and so forth). The pictures changed
at regular intervals, and patients were instructed to name
immediately at picture onset. The neurosurgeon (M.S.B.
or E.FC) intermittently performed stimulation just prior
to picture onset, and those sites that reproducibly caused
an inability to name objects were labeled as positive for
anomia. As with speech arrest mapping, cortical sites were
tested only after a normal naming trail without stimulation,
and the same cortical site was not tested twice in a row.

After the completion of mapping, photographs were
taken to document cortical sites (Fig. 1A). Each stimulated
cortical site (speech arrest, anomia, motor, sensory, and
negative) was also captured using the BrainLab intraoper-
ative neuronavigation software, which allowed the cortical
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FIG. 1. A: Intraoperative photograph showing positive motor, sensory, speech arrest, and anomia sites after the completion of
mapping. B: BrainLab MRI surface reconstruction showing stimulation sites from those marked in panel A. Negative sites were
not included for visualization purposes. C: Montreal Neurological Institute brain template with stimulation sites compiled from all
subjects. Black line encompasses the cortical area meeting the threshold of 10 stimulated sites per 10-mm? bin; the area outside
this black line was not included in the analysis. D: lllustration of bootstrapping technique. Data from the MNI brain template in
panel C was iteratively resampled with replacement to generate 1000 maps from which mean probability and variability could be

calculated. Figure is available in color online only.

sites to be visualized on the surface reconstruction of the
patient’s brain MRI (Fig. 1B). It also allowed extraction
of the 3D Montreal Neurological Institute (MNI) coordi-
nates of each cortical site.

Calculation of Probability and Variability

The stimulated cortical sites from all patients were
binned in a 2D histogram according to their y (anterior-

posterior) and z (dorsal-ventral) MNI coordinates. Corti-
cal bins containing fewer than 10 stimulations were ex-
cluded from further analysis (Fig. 1C). A sliding bin size
of 10 mm? with a 5-mm overlap was selected. This spatial
resolution choice was based on the 5-mm spacing of the
Ojemann stimulator probe and an estimated 2- to 3-mm
error of cortical site marking and MRI coregistration.
This decision was further influenced by practical surgical

J Neurosurg February 19, 2016 3



E. F. Chang et al.

considerations such as the typical gyrus width (approxi-
mately 10 mm) and prior observations that a distance > 1
cm from the resection margins and eloquent cortex mini-
mizes permanent postoperative deficits.?

To quantify the probability of obtaining a speech ar-
rest or anomia response at a particular cortical location,
as well as to identify and quantify areas of increased in-
terindividual variability, a bootstrapping technique was
employed (Fig. 1D). For a given 10-mm? cortical bin, the
probability of anomia (or speech arrest) is equal to the
number of anomia sites in that bin divided by the total
number of stimulated sites in the bin (anomia sites + sites
negative for anomia). The data were iteratively resampled
with replacement (1000 iterations) to generate 1000 prob-
ability maps from the data. These maps were normalized
to reflect the observed probability of speech arrest or ano-
mia in the aggregate data. A mean overall probability map
was calculated by averaging across the 1000 bootstrapped
maps. A map of the standard deviation of the probabil-
ity, which reflects areas of increased interindividual vari-
ability, was also calculated from the 1000 bootstrapped
maps. These maps of the probability and standard devia-
tion (variability) of cortical speech arrest and anomia sites
were then transferred onto a standard MNI brain template
for visualization purposes. This analysis was performed
using MATLAB.

Predictors of Highly Variable Speech Sites

Based on results of the probability and variability anal-
ysis, patients were classified as having either “classic” (if
either speech arrest or anomia sites were localized in ar-
eas of low variability) or “atypical” (if sites were located
in areas of high variability) speech localization. Classic
localization for speech arrest included areas within the
pars opercularis and pars triangularis, and for anomia
included the posterior superior temporal gyrus (pSTG).
Patients with language sites falling outside these areas
were defined as having atypical localization. Associations
between various patient and/or tumor characteristics and
speech localization (classic or atypical) were determined
by univariate analyses using either chi-square or Mann-
Whitney U-test for categorical and continuous variables,
respectively. Variables deemed to have an association with
an atypical speech site location on univariate analysis (p <
0.2) were included in stepwise multivariate logistic regres-
sion with backward elimination. Odds ratios are reported
with 95% confidence intervals, and the threshold for sta-
tistical significance was set at p < 0.05. All statistical anal-
yses were performed with SPSS version 22 (IBM Corp.).

Results

A total of 1768 cortical sites were stimulated across the
102 patients included in the study. The study population
consisted of 60 men and 42 women, with a median age of
41 years (range 14—84 years). Tumors were located in the
left and right hemisphere in 98 and 4 patients, respectively.
The overall breakdown of tumor location by lobe was 20
frontal, 29 temporal, 11 parietal, 29 insular, and 13 mul-
tiple lobes. Additional demographic and clinical informa-
tion is shown in Table 1. Speech arrest was identified at 69
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TABLE 1. Summary of patient and tumor characteristics

Variable Value
Median age in yrs (range) 41 (14-84)
Sex, no. (%)
Male 60 (59)
Female 42 (41)
Tumor hemisphere, no. (%)
Lt 98 (96)
Rt 4 (4)
Tumor lobe, no. (%)
Frontal only 20 (20)
Temporal only 29 (28)
Parietal only 11 (1)
Insula only 29 (28)
Multiple lobes 13 (13)
Mean tumor vol in cm? (+ SEM) 46.91 (+ 6.6)
Tumor pathology, WHO Grade, no. (%)
Glioblastoma, IV 22 (22)
Anaplastic astrocytoma, IlI 26 (25)
Anaplastic oligodendroglioma, Il 4 (4)
Anaplastic oligoastrocytoma, Il 7(7)
Oligodendroglioma, Il 16 (16)
Oligoastrocytoma, Il 10 (10)
Astrocytoma, | or I 9(9)
Primitive neuroectodermal tumor, IV 2(2)
Other,* I or |l 6 (6)
WHO tumor grade, no. (%)
| 5(5)
Il 35 (34)
Il 36 (35)
vV 26 (25)
Preop seizure history, no. (%) 69 (68)
Preop AED use, no. (%) 68 (67)

AED = antiepileptic drug; SEM = standard error of the mean.

* Other tumor pathologies include WHO Grade Il ependymoma (1), WHO
Grade | ganglioglioma (4), and WHO Grade | dysembryoplastic neuroepithelial
tumor (1).

cortical sites across 52 subjects (51% overall probability;
Fig. 2). The median number of speech arrest sites among
all 102 patients was 1 (range 0—4 sites). The pars opercu-
laris and precentral gyrus had the highest probability of
speech arrest (maximum bin 2.5%). The greatest variabil-
ity in speech arrest was found in the dorsal premotor cor-
tex and pSTG (SD 0.9%). Anomia was identified at 94 cor-
tical sites across 34 subjects (33% overall probability; Fig.
3). Among all patients, the median number of anomia sites
was 0 (range 0-8 sites); however, when considering those
with at least 1 positive anomia site, the median number of
such sites was 2 (range 1-8 sites). The sites of maximal
probability for anomia included the posterior perisylvian
cortex, especially the pSTG (maximum bin 1.2%). The ar-
eas surrounding the pSTG, including the posterior middle
temporal, angular, and supramarginal gyri, showed the
highest variability (SD 0.4%), though anterior temporal
stimulation sites also proved highly variable. Additionally,
there were 187 motor sites, 127 sensory sites, and 1293
“negative” sites with no observed function.
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FIG. 2. Probability (upper) and variability (lower) of speech arrest sites. The posterior inferior frontal gyrus (pars opercularis or
precentral gyrus) showed the highest probability of speech arrest, while the dorsal premotor cortex and pSTG demonstrated the
greatest variability in speech arrest sites. Figure is available in color online only.

Eight patients had speech arrest sites distant from the
posterior inferior frontal gyrus (pIFG; 6 in the dorsal pre-
motor cortex and 2 in the pSTG), and 8 patients had ano-
mia sites located in the posterior middle temporal, angular,
or supramarginal gyrus. To determine possible predictors
of atypical speech sites, patients were stratified across
multiple variables of interest. Seven variables that demon-
strated a possible association with the outcome of interest
on univariate analysis (p < 0.2) were included in the multi-
variate logistic regression. Variables that did not meet the
threshold for inclusion in the multivariate analysis includ-
ed age, sex, hemisphere of surgery, tumor volume, tumor
grade, history of seizure, and preoperative use of various
antiepileptic drugs (AEDs; carbamazepine, oxcarbazepine,
lamotrigine, topiramate, felbamate, or any AED; Table 2).
Compared with patients with speech sites in classic areas,
the 16 patients with atypical speech sites were more likely
to have tumors in the canonical Broca’s or Wernicke’s ar-
eas (OR 7.21,95% CI 1.67-31.09, p < 0.01). They were also
more likely to have multilobar tumors (OR 12.58, 95% CI
2.22-71.42, p < 0.01). A history of prior tumor resection,
insular tumor location, and preoperative use of levetirace-
tam, phenytoin, and valproate were not statistically signifi-
cantly associated with atypical speech sites (p =0.21,0.27,
0.12,0.52, and 0.17, respectively; Table 3).

Discussion

In this study, we present stereotactic probabilistic maps
of cortical speech arrest and anomia localization based on

awake mapping in 102 craniotomy patients. Human speech
localization by stimulation mapping has been extensively
studied, beginning with the work of Penfield. The present
investigation expands current knowledge by providing de-
tailed probabilistic maps of cortical speech representation
utilizing the accuracy of modern navigational stereotactic
MRI. To our knowledge, this study is the first to report re-
sults based on stereotactic coordinates and in a probabilis-
tic fashion—a format that will easily transition to a large,
population-based probability map that can overlay onto an
individual patient’s MR image for the purposes of preop-
erative planning and risk stratification. Previous studies
have created speech maps by clustering stimulation sites
by gyri or into large “zones” based on intraoperative photo-
graphs and have not included confidence intervals on their
reported probabilities.!*!>!"1° Here, probabilities were cal-
culated in moving windows across the cortical surface to
preserve the spatial resolution of the coordinates obtained
from MRI navigation, and the standard deviation of this
probability estimate was determined by statistical boot-
strapping. We believe this probabilistic approach, account-
ing for variability, provides practical and intuitive maps of
function that will prove helpful for neurosurgeons planning
resections in and around eloquent speech areas. Further,
the bootstrapped confidence intervals on the probability
estimates in these maps give novel insight into the corti-
cal areas with the greatest variability in speech localization
between individuals. We identified areas of high speech
arrest variability in the dorsal premotor cortex and the
pSTG and high anomia variability in the posterior middle
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FIG. 3. Probability (upper) and variability (lower) of anomia sites. The pSTG demonstrated the highest probability of anomia, while
the surrounding areas, including the posterior middle temporal, angular, and supramarginal gyri, showed the highest variability.

Figure is available in color online only.

temporal, angular, and supramarginal gyri. Our multivari-
ate analysis identified multilobar tumors and lesions in the
canonical Wernicke’s/Broca’s areas as factors predictive
of atypical language localization to these areas of greater
variability. Duffau and colleagues reported bilateral gyrus-
based probability maps of speech errors during stimulation
mapping in awake craniotomies for the resection of low-
grade gliomas.” They found 83% and 55% probabilities of
speech arrest in the left and right ventral premotor cortex
(vPMC), as well as 44% and 6% probabilities of anomia in
the left and right STGs, respectively. Our results agree with
the findings of Duffau’s cluster analysis, and the “hotspots”
for speech arrest and anomia functions seen in Figs. 2 and
3, respectively. Like them, we demonstrated that stimula-
tion-induced anomia tends to occur in the posterior tempo-
ral lobe, which is consistent with prior work."”

Speech arrest occurred with the highest probabil-
ity during stimulation of the posterior frontal operculum,
namely the pars triangularis, pars opercularis, and precen-
tral gyrus in our patient population (Fig. 2), whereas the
Tate et al. group found that stimulation of the precentral
gyrus (especially the vVPMC) led to the highest probability
of anarthria. Prior cortical stimulation studies have shown
that both canonical Broca’s area and vVPMC have been
linked to the final common pathway for speech synthe-
sis;»131720.21 thus, this discrepant localization may simply
be a result of patient variability and selection bias. In fact,
though speech arrest occurred frequently in the pars trian-
gularis in our cohort, it was also a location of significant
variability (SD 0.5%; Fig. 2). Another possible explanation
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for this difference is that our probabilistic map used ste-
reotactic neuronavigation to obtain the locations of each
stimulation site, whereas the results presented by Tate et al.
used radiographic landmarks, operative reports, and intra-
operative photos for map generation. This methodological
discrepancy in how sites were localized may account for
the differing results obtained for the neighboring par oper-
cularis and vPMC. We believe that the map described here
accurately identifies the posterior frontal operculum, a
portion of Broca’s area, as essential for speech production.
This appears to be supported by Ius et al., who showed
unresectable areas in the par triangularis, pars opercularis,
and vPMC of a “minimal common brain” created from
postoperative MRI in 58 patients after low-grade glioma
resection.’

In our population of patients, the dorsal premotor cor-
tex and pSTG appeared to harbor the highest variability in
speech arrest between individuals. Anomia seemed to be
most variable in the posterior middle temporal, angular,
and supramarginal gyri. Meanwhile, the areas of maximal
probability for finding speech arrest and anomia are in
the classic Broca’s area and vPMC, and Wernicke’s area,
respectively. Not surprisingly, our multivariate analysis
revealed that lesions involving one of these classic loca-
tions or involving more than 1 lobe of the brain were sig-
nificantly associated with atypical localization of speech
function. These findings suggest there is some potential
for reorganization or spatial displacement of these clas-
sic speech areas and, again, are in agreement with Ius et
al., who showed areas of intermediate resectability in the
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TABLE 2. Univariate analysis of variables potentially associated with atypical speech sites

Predictor Variable Classic Site Cohort (n = 86) Atypical Site Cohort (n=16)  p Value
Median age in yrs 40.5 47.8 0.24
Male sex, no. (%) 49 (57) 11 (69) 0.38
Prior tumor resection, no. (%)* 6/61 (10) 5/13 (38) 0.02
Lt-sided surgery, no. (%) 83 (96) 15 (94) 0.60
Mean tumor vol in cm? (+ SEM) 50.3 (+ 51.5) 32.6 (+ 39.0) 0.29
High tumor grade, no. (%)t 51 (59) 10 (62) 0.85
History of seizures, no. (%) 60 (70) 9 (56) 0.29
Preop AED use, no. (%)
Levetiracetam* 12 (14) 5(31) 0.08
Phenytoin* 38 (44) 4 (25) 0.15
Valproic acid* 3(3) 3(19) 0.02
Carbamazepine 5 (6) 0(0) 0.32
Oxcarbazepine 3(3) 0(0) 0.45
Lamotrigine 1(1) 0(0) 0.67
Topiramate 2(2) 1(6) 0.39
Felbamate 1(1) 0(0) 0.67
Multiple AEDs 7(8) 2(12) 0.57
Tumor lobe, no. (%)
Frontal only 18 (21) 3(19) 0.84
Temporal only 23 (27) 5(31) 0.71
Parietal only 11(13) 1(6) 0.46
Insula only* 28 (32) 1(6) 0.03
Multiple lobes* 6(7) 6 (38) 0.001
Tumor in canonical Broca's/ Wernicke's areas, no. (%)* 14/62 (22) 8/13 (62) 0.02

* Represents variables included in the multivariate analysis.

1 Includes tumors classified as WHO Grade Ill or IV based on pathology review.

pars triangularis and pars opercularis.” The variability and
plasticity of the frontal operculum has also recently been
highlighted by our recent work, which demonstrated only
a2.9% chance of new speech deficits after tumor resection
in this area.'® Taken together, these results support the as-
sertion that the classic model of speech has little predictive
value for these patients and underscores the importance of
tailoring surgical plans to individual patients.'?

There are certainly limitations to the present study that
deserve mention. First, the accuracy of probabilistic maps
in achieving the goal of reflecting true probability in the
general population is directly related to the number of

TABLE 3. Multivariate analysis of predictors of atypical speech
sites

Predictor Variable OR (95% ClI) p Value

Prior tumor resection 2.97 (0.55-16.01) 0.21
Preop AED use

Levetiracetam 3.55(0.71-17.66) 0.12

Phenytoin 0.54 (0.09-3.44) 0.52

Valproic acid 3.78 (0.57-25.19) 017
Tumor lobe

Insula only 0.26 (0.02-2.92) 0.27

Multiple lobes 12.58 (2.22-71.42) 0.004
Tumor in canonical Broca’s/ 7.21 (1.67-31.09) 0.008

Wernicke’s areas

patients in the study population. Our study included 102
patients, and in order for this type of probabilistic map to
be reliable enough for intraoperative use (as a coregistered
overlay onto an individual patient’s MR image, for exam-
ple), we will have to continue accruing and incorporating
data from more individuals. With more patients, a granular
analysis of the effects of precise tumor location, grade, and
size will be possible. In the present study, the classification
of high versus low tumor grade and lobar location may
have missed effects on language localization. Another
important direction for future work will be to incorporate
the results of noninvasive preoperative imaging modali-
ties such as functional MRI and magnetoencephalography,
which were not included in this study. Second, the cortical
exposure for mapping individual patients is limited by the
extent of their craniotomy. This may have resulted in the
missed detection of speech sites; however, by combining
data from 102 patients and employing a minimum thresh-
old of 10 sites per bin for the inclusion of a cortical area in
the map, we have ensured adequate coverage of the corti-
cal areas relevant for surgical purposes.

Conclusions

The probabilistic maps presented here quantify the
chances of inducing a speech arrest or anomia error at a
given cortical location in an individual patient. They also
quantify areas of increased variability in the location of
these functions among individuals. We believe these maps
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will serve as an important tool for neurosurgeons treating
lesions in eloquent areas.
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