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Abstract
Background and Objectives
Naming decline after left temporal lobe epilepsy (TLE) surgery is common and difficult to
predict. Preoperative language fMRI may predict naming decline, but this application is still
lacking evidence. We performed a large multicenter cohort study of the effectiveness of fMRI in
predicting naming deficits after left TLE surgery.

Methods
At 10 US epilepsy centers, 81 patients with left TLE were prospectively recruited and given the
Boston Naming Test (BNT) before and ≈7 months after anterior temporal lobectomy. An
fMRI language laterality index (LI) was measured with an auditory semantic decision–tone
decision task contrast. Correlations and a multiple regression model were built with a priori
chosen predictors.

Results
Naming decline occurred in 56% of patients and correlated with fMRI LI (r = −0.41, p < 0.001),
age at epilepsy onset (r = −0.30, p = 0.006), age at surgery (r = −0.23, p = 0.039), and years of
education (r = 0.24, p = 0.032). Preoperative BNT score and duration of epilepsy were not
correlated with naming decline. The regressionmodel explained 31% of the variance, with fMRI
contributing 14%, with a 96% sensitivity and 44% specificity for predicting meaningful naming
decline. Cross-validation resulted in an average prediction error of 6 points.

Discussion
An fMRI-based regression model predicted naming outcome after left TLE surgery in a large,
prospective multicenter sample, with fMRI as the strongest predictor. These results provide
evidence supporting the use of preoperative language fMRI to predict language outcome in
patients undergoing left TLE surgery.

Classification of Evidence
This study provides Class I evidence that fMRI language lateralization can help in predicting
naming decline after left TLE surgery.
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Surgical removal of networks responsible for seizure generation
is effective at reducing or eliminating seizures in many people
with drug-resistant temporal lobe epilepsy (TLE).1,2 Roughly
30% to 50% of people with TLE who undergo surgery in the
left temporal lobe show decline in their ability to name visual
objects,3,4 and these deficits are correlated with worse quality of
life.5 Predictors of this decline include older age at onset of
epilepsy,3,6,7 older age at surgery,3 higher preoperative naming
scores,3 and absence ofmedial temporal sclerosis.8Models built
from these factors, however, account for only a fraction of the
wide variance in naming outcome. Naming decline is much
more frequent in patients undergoing left-sided surgery, con-
sistent with the long-held assumption that resection in the
language-dominant hemisphere entails a greater risk. This
suggests that preoperative language lateralization may provide
additional predictive value within this left-sided surgery group.

Assessment of language dominance is a clinical staple in the
preoperative evaluation for epilepsy surgery.9 Although left
hemisphere surgery clearly confers greater naming risk,4 the
predictive value of language dominance within this population
remains unclear. Current evidence is based on 3 small fMRI
studies showing that stronger preoperative lateralization of lan-
guage to the left hemisphere was associated with greater naming
decline.10-12 A fourth small study, however, showed no correla-
tion between these variables,13 and a fifth small study actually
reported less naming decline in patients with stronger left dom-
inance compared to patients with mixed or right dominance.14

This paucity of fMRI data and inconsistency between studies led
the authors of a recent American Academy of Neurology practice
guideline to conclude that evidence supporting the use of fMRI
for predicting naming outcome in TLE surgery reached only
Level C in quality.15 Similarly, the European Union’s E-PILEPSY
consortium concluded that meta-analysis of fMRI naming out-
come prediction studies could not be performed given the small
number of published studies.16

We addressed this knowledge gap via a multicenter, pro-
spective study of picture naming outcomes in a large cohort of
patients undergoing left anterior temporal lobe surgery for
drug-resistant epilepsy. Patients underwent a standardized
fMRI language lateralization protocol before surgery and
standardized picture naming assessment before and ≈7
months after surgery. The predictive value of fMRI laterality
indices (LIs) was assessed relative to other demographic and
clinical variables known to account for naming outcome
variance. Our primary research question was whether fMRI
language lateralization would improve the prediction of
naming decline after left TLE surgery.

Methods
Participants
Patients undergoing surgery for left TLE were prospectively
recruited from 10 epilepsy centers in the United States
(eTable 1, links.lww.com/WNL/B945) from 2011 through
2017. Patients were included in the present analysis only if
they underwent resection that included the anterior temporal
lobe neocortex; patients with selective hippocampal or
amygdala resections or ablations were excluded because such
patients have not experienced significant naming declines
in prior studies.17,18 From all centers, 84 patients were ini-
tially recruited and met surgical criteria, and 81 had com-
plete datasets. The 3 missing patients were excluded for not
completing follow-up (n = 2) and having corrupted MRI data
(n = 1). Tailoring of resections based on language mapping
with direct electric stimulation was performed in 50 patients
(no mapping was performed in 26 patients, 5 had missing
data). The decision to use or not use electric stimulation
mapping was made by the treating clinical team. None of the
patients in the current sample were included in previous fMRI
naming prediction studies.

To differentiate decline associated with left-sided surgery
from nonspecific effects of surgical intervention, we identified
58 prospectively recruited patients with right TLE with left-
lateralized language from the Medical College of Wisconsin
(MCW) who underwent right-sided temporal lobectomies.
This control population was selected because patients with
right TLE share a similar surgical experience with patients
with left TLE but show little or no decline in naming.4 De-
riving cutoffs for decline from this population will focus our
analysis on decline due to cortical resection of language net-
works rather than other surgical factors. The control sample
was selected with the use of the same inclusion criteria and
underwent similar neuropsychological testing.

Standard Protocol Approvals, Registrations,
and Patient Consents
Written informed consent was obtained from all patients
before participating, and the study was monitored under each
institution’s local ethics standards review board. Results were
prepared according to Strengthening the Reporting of Ob-
servational Studies in Epidemiology guidelines.

fMRI Methods
Imaging was performed at 3T with GE (Chicago, IL) Dis-
covery MR750 (MCW), Siemens (Munich, Germany) Tim
Trio (Cleveland Clinic Foundation [CCF], Emory University,

Glossary
BNT = Boston Naming Test; CCF = Cleveland Clinic Foundation; FWHM = full width at half-maximum; IAP = intracarotid
anesthesia procedure; LI = laterality index;MCW = Medical College of Wisconsin; RCI = reliable change index; ROI = region
of interest; SD-TD = semantic decision–tone decision; TLE = temporal lobe epilepsy; UR = University of Rochester.
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Medical University of South Carolina, University of Rochester
[UR], University of California, Los Angeles), Siemens Prisma
(CCF), Siemens Allegra (University of Alabama at Birming-
ham), or Philips (Best, theNetherlands) Achieva (University of
Cincinnati, University of Washington, Vanderbilt University)
scanners and head array receive coils with 8, 12, or 32 channels.
Functional scans used a gradient-echo echoplanar imaging se-
quence. Gapless axial 2.5-mm slices were used in all cases. The
number of slices ranged from 45 to 46. Complete coverage of
the temporal lobes was required, and coverage included nearly
the entire cerebrum, excluding only the most superior fronto-
parietal region in some participants. In-plane resolution was 2.5
× 2.5 mm (resulting in isometric cubic voxels). A short echo
time (23 milliseconds) and relatively small voxel size were used
to minimize signal dropout from intravoxel dephasing. Other
parameters included repetition time 3 seconds, matrix 96 × 96,
bandwidth ≈250 kHz, and flip angle 84°. A high-resolution T1-
weighted image (spoiled gradient recalled or magnetization-
prepared rapid gradient echo sequence) was acquired in each
participant using ≈1-mm cubic voxels.

Analysis of MRIs was done at MCW using a single pipeline
with the AFNI software package.19 Images were slice-time
aligned, followed by rigid-body registration across repetitions.
Spatial smoothing was then applied to the raw echo planar
imaging data. Given that different system configurations add
different amounts of smoothing to the raw MRIs,20,21 which
can substantially affect signal-to-noise levels, smoothing was
performed to a uniform target value across all patients with
the AFNI program 3dBlurToFWHM, which iteratively ap-
plies small amounts of gaussian kernel smoothing until the
target value is reached. Raw image smoothness across sites
averaged 3.1-mm full width at half-maximum (FWHM) (SD
0.3 mm). Images were blurred to a smoothness of 6-mm
FWHM, which resulted in an average additional blur of 2.9-
mm FWHM. Blood oxygen–level dependent responses were
extracted using multiple linear regression with stimuli coded
as alternating blocks and motion parameters included as
nuisance regressors.

Language lateralization was determined with a semantic
decision–tone decision (SD-TD) contrast.22,23 In the semantic
decision task, patients were presented recordings of spoken
names of animals and asked to respond if the animal was both
found in the United States and used by people. In the tone
decision task, patients listened to sequences of 3 to 7 high (750
Hz) and low (500 Hz) pure tones and were instructed to
respond if the sequence contained exactly 2 high tones. LIs
derived from this contrast have been extensively validated by
comparison with Wada language testing24 and verbal memory
outcome predictions.25

LIs were calculated with the bootstrapped, multiple threshold
method.26 This method does not rely on a single threshold, so
it is able to calculate a stable LI across a wider data quality
range relative to classic fixed-threshold methods. LI values can
in theory range from −100 (all activation in the right

hemisphere) to +100 (all activation in the left hemisphere).
LIs were calculated using voxels within a region of interest
(ROI) created from activations in a healthy cohort of 80
participants and the right hemisphere mirror image of these
activations,25 illustrated in eFigure 1, links.lww.com/WNL/
B945. Most of this ROI is restricted to lateral cortical regions,
distant from midline, making lateralization of activated voxels
within it unambiguous. The only exception to this was a small
area in the parietal lobe where the most medial portion of the
ROI was within 3 mm of midline. Because this ROI covers a
large area of the lateral cortex, supplemental analyses were
repeated using its frontal, temporal, and parietal components
to define the individual contributions of each.

We note that the LI metric is a continuous variable, reflecting
evidence that language lateralization is primarily a graded
phenomenon27-29 and our goal of developing a regression
model for predicting naming outcome that is based on a
combination of continuous variables. In general, division of
continuous variables into categories serves no statistical pur-
pose and results in loss of power; therefore, we did not divide
patients into dominance subgroups (such as left, right, and
bilateral) for the purposes of our analyses.

Naming Assessment
Picture naming was assessed using the Boston Naming Test
(BNT) before and ≈7 months after surgery. In this test, pa-
tients are presented 60 line drawings of common objects and
asked to verbally name them. The raw number of correctly
named items is used as the final score. Each clinical site was
responsible for scheduling the follow-up visit locally and
performing neuropsychological testing.

To define postoperative decline, a reliable change index
(RCI) was computed from the sample of patients with right
TLE with the method of Jacobson and Truax.30,31 Briefly, an
expected variability between preoperative and postoperative
scores (SEdiff) is derived from a combination of their in-
dividual variability and correlation with each other. Change
can then be assessed with the analogous t test formula (dif-
ference of means/SEdiff). To simplify the calculation, an RCI
cutoff value is chosen at a selected significance level by mul-
tiplying the SEdiff by the corresponding gaussian cumulative
distribution function value (e.g., 1.64 for the 90th percentile).

Statistical Analyses
Preoperative predictors of interest, chosen a priori, included
preoperative BNT score, age at surgery, age at epilepsy onset,
duration of epilepsy, years of education, and the fMRI LI. We
first assessed univariate relationships between each of these
predictors of interest and BNT score change using the Pear-
son correlation. Predictor variables that had significant simple
correlations with BNT score change were then entered into a
2-step hierarchical linear multiple regression model. In this
model, postoperative change in BNT was entered as a con-
tinuous, linear variable. An initial model was built with all
significant predictors aside from fMRI LI. Then, this model
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was compared with a model that included the fMRI LI. This
sequence was chosen to specifically highlight the additional
information contributed by fMRI after all other available
predictors have been taken into account.

Finally, Monte Carlo cross-validation analysis was used to
estimate prediction error. The final regression model was fit
using 90% of the randomly sampled patients, and the average
prediction error was calculated from the mean absolute dif-
ference between predicted and actual scores in the remaining
10% of patients. This procedure was repeated with random
resampling for 10,000 iterations to develop an empirical
bootstrap distribution.

Data Availability
Additional data will be made available to any qualified in-
vestigators by request to the corresponding author (W.L.G.).

Results
Descriptive statistics for the preoperative predictors are listed
in Table 1, and demographic data are listed in eTable 2, links.
lww.com/WNL/B945. Because ≈40% of the patients came
from MCW, analyses performed with the entire sample were
qualitatively compared to an analysis obtained after removal
of the MCW cohort to ensure that this cohort did not drive
the effects. The majority of patients (70%) underwent a
standard anterior temporal lobectomy, with the remainder
undergoing tailored resections for clinical indications (details
of each resection type are listed in eTable 3, links.lww.com/
WNL/B945). Engel class was available for all but 1 patient; 60
patients (75%) had class 1 outcomes.

Functional Activation
Frequency of activation across brains regions is shown in
Figure 1A, which illustrates the percentage of patients who
had significant activation within voxels after application of a
voxel-wise p < 0.001 threshold to each patient. As expected,
activation was roughly homologous across hemispheres, with
activation in the left hemisphere being more common and
spatially more extensive. Areas of frequent activation included

regions known to be involved in linguistic and semantic
processes, including the inferior frontal lobe, lateral and
ventral temporal cortex, inferior lateral and medial parietal
lobe, and superior and medial frontal lobe. Three examples of
individual patient activation maps taken from the prediction
analysis are shown in Figure 1B: the most right- and left-
lateralized patients in our sample and a patient with repre-
sentative symmetric activation. Of note, patients with atypical
lateralization tend to activate homologous contralateral
regions.

BNT Score Change and Simple Correlations
Average BNT score for the left TLE group preoperatively was
47.5 (SD 8.1) and postoperatively was 40.2 (SD 11.2). On
average, patients with left TLE scored 7.3 points lower on the
BNT after surgery (t [80] = −7.75, p < 0.001). This post-
operative change was not different between male (7.8 points)
and female (6.9 points) patients (t [79] = −0.46, p = 0.647).
The distribution of BNT score change is shown in eFigure 2,
links.lww.com/WNL/B945. Data from the right TLE surgery
sample are shown in eTable 4, with the derivation of the RCI.
Average BNT score change in this control sample was an
increase of 1.9 points, and the 90th percentile RCI cutoff was
4.4, in line with estimates reported in nonsurgical patients.32

With the use of this cutoff, 45 of 81 (56%) of patients with left
TLE had a clinically meaningful decline in naming after sur-
gery, also consistent with previous reports.3

Although the small sample size (<5 patients) at some sites
precluded direct comparisons, BNT score change was com-
pared across 4 sites: MCW (n = 32), CCF (n = 17), UR (n =
11), and all other sites (n = 21). Using a nonparametric
Kruskal-Wallis test, we found no difference in BNT score
change among these groups (H [3] = 1.07, p = 0.784).

Simple correlations with BNT score change and the predictor
variables of interest are shown in Table 1. Age at surgery, age
at epilepsy onset, years of education, and fMRI-derived LI
were all significantly correlated with change in BNT score.
Preoperative BNT score and duration of epilepsy were not
correlated with BNT score change. The relationship between

Table 1 Descriptive Statistics for Preoperative Naming Outcome Predictors of Interest and Their Simple Correlations
With BNT Change

Mean (SD) Range r Value t Value df p Value

Age at surgery, y 36.9 (12.2) 18.0–68.2 −0.23 −2.10 79 0.039

Age at epilepsy onset, y 21.4 (12.4) 0.0–57.0 −0.30 −2.81 79 0.006

Epilepsy duration, y 15.5 (11.6) 2.2–50.7 0.08 0.70 79 0.486

Education, y 13.2 (2.3) 7.0–19.0 0.24 2.18 79 0.032

Preoperative BNT score 47.5 (8.1) 25–60 −0.08 −0.72 79 0.471

fMRI LI 39.8 (46.4) −82.3 – 88.9 −0.41 −3.95 79 <0.001

Abbreviations: BNT = Boston Naming Test; LI = laterality index.
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BNT score change and fMRI LI is illustrated in Figure 2.
Qualitatively similar results were found when we analyzed the
sample without the MCW patients (eTable 5, links.lww.com/
WNL/B945), confirming that these effects generalized across
the sample. There was no difference in BNT score change
between the 50 patients who underwent surgery tailored with
electric stimulation language mapping (mean change −8.1)
and the 26 patients who did not (mean change −5.8; t [74] =
−1.08, p = 0.285). BNT score change did not differ across
Engel outcome groups (F3,76 = 2.075, p = 0.111).

Multiple Regression Analysis
The variance explained and significance of both multiple
regression models are shown in Table 2. The 3 clinical
variables—age at onset, age at surgery, and education—
together accounted for 13% of the variance in outcome as
quantified by the adjusted R2 value (p = 0.004). The fMRI LI
provided an additional 14% of explained variance in-
dependently of all other predictors (p < 0.001). The final
model accounted for 31% of the total variance in the sample.
The fit parameters for the final models are shown in eTa-
ble 6, links.lww.com/WNL/B945. While both age at surgery
and age at epilepsy onset were significantly correlated with
outcome using simple correlations, they were also highly
correlated with each other (r = 0.553, p < 0.001), resulting in

minimal additional information when either was added to
the regression model after the other.

Predicted scores based on the full regression model vs ac-
tual change scores are plotted in Figure 3, illustrating the
model accuracy. With the use of the RCI cutoffs for decline,
the model had a sensitivity of 0.96 and specificity of 0.44
for correctly predicting binary naming outcomes (the full
contingency table is shown in eTable 7, links.lww.com/
WNL/B945).

The regression analysis was repeated excluding the MCW
cohort to ensure that these results were not driven by that
sample with qualitatively similar results (eTable 8, links.
lww.com/WNL/B945). The full model R2 values of
the MCW and non-MCW cohorts were not significantly
different when compared with the Fisher Z test (z = −0.05,
p = 0.962). To explore the effects of the differential con-
tributions of the frontal, temporal, and parietal lobes, the
regression was also repeated using sub-ROIs from each of
these lobes (as shown in eFigure 1). The results from these
regressions are shown in eTable 9. In summary, the fMRI LI
derived from each sub-ROI was a significant predictor of
BNT score change. However, no single sub-ROI performed
better than our original ROI.

Figure 1 Typical Extent of fMRI Activation to the SD-TD Task Contrast

(A) Frequency of activations across individual
patient maps. Voxels that contained significant
activation in <25% of patients are shown in
purple; voxels active in 25% to 50% of patients,
in red; and voxels active in >50% of patients, in
yellow. Activation tended to be left-lateralized
in most patients and included areas known to
be involved in language and semantic pro-
cessing. (B) Example activation patterns in 3
individual patients taken from the prediction
analysis: the most right and left-lateralized pa-
tients in our sample and a patient with repre-
sentative symmetric activation. Of note,
patients with atypical lateralization tend to ac-
tivate homologous contralateral regions. LI =
laterality index; SD-TD = semantic decision–
tone decision.
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Because false-negative predictions result in distressing sce-
narios for patients (undergoing the surgery and experiencing
an unexpected decline), the 2 patients who received false-
negative predictions were examined further. Their individual
data are listed in eTable 10, links.lww.com/WNL/B945.
Neither patient had right-lateralized language by fMRI. One
patient was predicted to have a decline of 4 points but actually
declined by 5 points, which meets technical criteria for an
unexpected decline, although the prediction was otherwise
relatively accurate. The other patient had a strongly left-
lateralized fMRI LI (58.8); however, the regression model
resulted in a prediction of less decline because their age, age at
onset, and education were all favorable.

Cross-Validation
The results of the cross-validation analysis are shown as a
histogram in Figure 4. Average error in the held-back sample
was 5.98, with a 10% to 90% interdecile of 4.1 to 8.0, sug-
gesting that in a sample of novel patients, the average of BNT
score change scores predicted with this regression model will
likely be within 4 to 8 points of the actual average change.

Classification of Evidence
This study provides Class I evidence that fMRI language
lateralization can help in predicting naming decline after left
TLE surgery.

Discussion
We have shown, using a large sample of patients recruited
prospectively from multiple epilepsy centers, that a multi-
variable regression model including an fMRI language LI is
predictive of naming outcome after left anterior TLE surgery.
We also confirmed the significance of age at surgery, age at

epilepsy onset, and education as predictive variables. It is
important to note that a hierarchical multivariable regression
model showed that fMRI added significant independent
predictive value beyond the other predictors. These findings
provide compelling evidence to support the clinical use of
fMRI to assist with prediction of postsurgical naming out-
come in patients with left TLE.

Prior evidence on this topic has involved small samples with
somewhat inconsistent results. Sabsevitz et al.12 studied 24
patients with left TLE using an SD-TD fMRI protocol similar
to the one used here. All patients also underwent Wada lan-
guage testing. The fMRI language LI was strongly correlated
with outcome (r = −0.64, p < 0.001) and showed 100%
sensitivity, 73% specificity, and a positive predictive value of
81% for predicting significant decline. In comparison, the
Wada language LI showed a somewhat weaker correlation
with decline (r = −0.50, p < 0.05), 92% sensitivity, 43%
specificity, and positive predictive value of 67%. Similar fMRI
results were reported by Bonelli et al.10 using a verbal fluency
task in 24 patients with left TLE, although the correlation with
naming outcome was more modest (r = −0.46, p = 0.03).
Rosazza et al.11 reported similar results (r = −0.50, p = 0.04) in
a sample of 17 patients with left TLE. In contrast, Audrain
et al.13 found no correlation between their fMRI LI, based on
a combination of word production activation tasks, and BNT
score change in 20 patients with left TLE. Last, You et al.14

used an auditory sentence comprehension task to measure
lateralization in a temporoparietal ROI in patients with either
left (n = 20) or right (n = 15) TLE. Surprisingly, stronger left
lateralization was associated with less naming decline in their
multivariable regression model. The explanation for these
wide disparities is unclear but seems most likely to be a ran-
dom outcome of the small sample sizes used in all these
studies.

In contrast to previous studies, we did not find the pre-
operative BNT score or duration of epilepsy to be predictive
of postoperative change. The lack of correlation with duration
of epilepsy could be the result of changing clinical practice,
with a shift toward earlier consideration of surgery. This
pattern results in the time between diagnosis of epilepsy and
surgical treatment becoming more homogeneous and less
related to epilepsy severity. Supporting this, age at onset and
age at surgery in our sample were highly correlated (r = 0.56)

Table 2 Significance of Hierarchical Regression Models
Created by First Adding Significant Non-fMRI
Predictors and Then Adding fMRI

Model R2 value aR2 value DaR2 value p Value

Base model 0.16 0.13 — 0.004

fMRI model 0.31 0.27 0.14 <0.001

Abbreviation: aR2 = adjusted R2.

Figure 2 Scatterplot of Individual Patient BNT Score
Change by fMRI LI

Positive fMRI laterality indices (LIs) correspond to left-lateralized patients.
Reliable change index (RCI) calculated from the right temporal lobe epilepsy
cohort is shown as a dashed line, denoting a reliable decline. All but 1 of the
declining patients had left-lateralized fMRI LIs. BNT = Boston Naming Test.
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and supplied mostly overlapping information to the re-
gression model. The lack of correlation between preoperative
BNT score and change score is more difficult to integrate with
the previous literature. This relationship has been attributed
to patients with higher preoperative performance havingmore
functional tissue at risk and therefore a proportionally larger
deficit postoperatively. While this effect has been reported in
some previous studies,3,11 several studies have failed to find a
robust correlation,12,14 suggesting that the effect may not be
present in all samples.

Among our patients who experienced a naming decline post-
operatively, 2 (4%) were unexpected according to the final
prediction model. Avoiding false negatives (i.e., predicting a
patient is not at risk who subsequently experiences a post-
operative decline) is critical when counseling patients for sur-
gery. While false positives (i.e., predicting a patient is at risk
who subsequently has no deficit) are inaccurate, the final pa-
tient outcome if they choose to undergo surgery is better than
expected, whereas with a false-negative prediction, the patient
undergoes the procedure with confidence in a good outcome
and subsequently experiences an unexpected deficit. Because
the model presented here is based on linear regression, it has
overall strength in predicting the approximate degree of deficit,
but it is not optimized to make the categorical distinction of
whether the patient will experience a deficit. As shown in the
cross-validation analysis, a patient could experience a deficit 4
to 8 points worse than predicted, which may lead to a cate-
gorical change based on RCI for patients with smaller deficits.
Notably, however, neither of the false-negative patients pre-
sented here had right-lateralized fMRI LIs. This suggests that a
right-lateralized LI (although this is in the minority of cases)
may allow the clinician to have strong confidence in predicting
a positive outcome when the surgery is on the left.

Our model taken as a whole, although predictive, accounts for
only about one-third of the variance in naming change after
surgery. This suggests that there may be other important factors
that determine naming outcome. This sample consisted of pa-
tients with a relatively homogeneous surgical resection; however,
residual variability in the location and extent of resection prob-
ably influences naming outcome.Our group recently published a
voxel-based lesion symptom mapping study specifically associ-
ating naming decline with damage in the ventral temporal lobe.17

The critical focus was at the posterior aspect of the region typ-
ically removed in a standard anterior temporal lobectomy. Thus,
variation in the posterior extent of the resection in our sample
could account for some of the variance in outcome not explained
by the prediction model. Overall functional status of the left
temporal lobe may also be a factor. Language may be lateralized
to the left side in some patients despite a severely dysfunctional
left temporal lobe, with intrahemispheric reorganization com-
pensating for the temporal lobe dysfunction. In such patients,
even a large left temporal lobe resection might not produce
naming decline. Supporting this hypothesis, You et al.14 provided
evidence that the amount of language-related tissue removed
during surgery accounts for significant variance in naming out-
come. Thus, naming outcome after temporal lobe surgery is
likely to reflect a complex interaction of language lateralization,
functional status of the to-be-resected temporal lobe tissue, and
extent and location of the resection.

The ability to predict naming outcome with preoperative fMRI
could depend on several technical factors, particularly the validity
of the fMRI task contrast and the algorithms used to calculate LI.
Prior studies highlight the importance of incorporating sensori-
motor and attention controls in the fMRI task contrast so that
these systems do not dominate the activationmap (i.e., enhancing
specificity) and so that language systems normally active during

Figure 4 Bootstrap Distribution of Average Prediction Error
of the Complete Regression Model

Eachmodel was fitted with 90% of the patients and errormeasured with the
held back 10%. Bootstrap distribution was created by repeating this using
random resampling for 10,000 iterations. Mean error is shown as the
dashed line, with the range denoting the 10% and 90% quantiles. BNT =
Boston Naming Test.

Figure 3 Scatterplot of Predicted vs Actual Change in BNT
Scores

Red dotted lines indicate the reliable change index (RCI). Patients in the
lower right quadrant were not predicted to have decline based on the re-
gression model but experienced a postoperative decline, as defined by the
RCI. BNT = Boston Naming Test.
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passive and resting states can be detected (i.e., enhancing
sensitivity).22,33,34 The protocol used here incorporates such
controls and produces activation maps that are strongly left-
lateralized and sensitive to frontal, temporal, and parietal language
networks in healthy controls. External validation against the
intracarotid anesthesia procedure (IAP) is also an important step
to ensure validity of an fMRI language lateralization protocol. The
protocol used here has been validated in the largest fMRI-IAP
comparison study yet published24 and has been validated by
correlation with verbal memory outcomes in a large series of
patients undergoing left temporal lobe surgery.25 In this complex,
multicenter study, we elected to focus on this well-validated fMRI
protocol rather than attempt to compare different protocols. We
emphasize, however, the possibility that the current results may
not apply to other fMRI task protocols.

Other factors that could affect validity of the fMRI LI include
the mathematical method for calculating LI and the ROI
chosen for the calculation. We chose a multithreshold,
bootstrap sampling algorithm for LI calculation that is widely
used and thought to provide more stable results over a wider
activation range compared to fixed-threshold methods.26 We
also compared naming outcome models using different ROIs
covering frontal, temporal, inferior parietal, and lateral fronto-
temporo-parietal cortices, which showed little difference be-
tween models but a slight advantage for the lateral multilobar
ROI used in the main analysis. This ROI may be slightly
superior both because it covers a larger territory than the
other ROIs and because it omits cortical regions near the
midline, which can add noise to the LI calculation due to
blurring of signals across the midline.

This study did not address the possible predictive value of
language laterality derived from the IAP.9 Use of the IAP has
declined in recent decades,35,36 and the IAP was not obtained in
most of the patients in this sample, nor was it possible to enforce
a standard IAP protocol across those centers that routinely
perform an IAP. Although the IAP has been in clinical use for
many decades, its ability to predict naming outcomes has sel-
dom been formally assessed. One of the few studies to do so
actually reported a lower risk of naming decline in patients with
left language dominance undergoing left-sided surgery,37 a
finding that contradicts long-held assumptions about the IAP.
Only 2 small studies have directly compared fMRI and IAP
language tests on naming outcome prediction; in both cases, the
fMRI LI, based on the same SD-TD protocol used in the pre-
sent study, was more accurate than the language IAP.12,38 Al-
though these studies were based on specific fMRI and IAP
language lateralization protocols and may not generalize to
other protocols, the generally high level of concordance be-
tween these tests (averaging ≈85% across many studies and
centers24) suggests that language IAP in general may not pro-
vide much independent information beyond language fMRI.

Our model incorporating an fMRI LI derived with an SD-TD
task contrast was significantly predictive of naming change in
patients undergoing left temporal lobe surgery, and fMRI

added independent predictive value to the model. These re-
sults provide further evidence for the role of fMRI in pre-
operative prediction of naming outcomes before TLE surgery.
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