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Abstract

Objective: Lexical retrieval deficits are characteristic of a variety of different neurological
disorders. However, the exact substrates responsible for this are not known. We studied a large
cohort of patients undergoing surgery in the dominant temporal lobe for medically intractable
epilepsy (7= 95) to localize brain regions that were associated with anomia.

Methods: We performed a multivariate voxel-based lesion-symptom mapping analysis to
correlate surgical lesions within the temporal lobe with changes in naming ability. Additionally,
we used a surface-based mixed-effects multilevel analysis to estimate group-level broadband
gamma activity during naming across a subset of patients with electrocorticographic recordings
and integrated these results with lesion—deficit findings.

Results: We observed that ventral temporal regions, centered around the middle fusiform gyrus,
were significantly associated with a decline in naming. Furthermore, we found that the ventral
aspect of temporal lobectomies was linearly correlated to a decline in naming, with a clinically
significant decline occurring once the resection extended 6 cm from the anterior tip of the
temporal lobe on the ventral surface. On electrocorticography, the majority of these cortical
regions were functionally active following visual processing. These loci coincide with the sites of
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susceptibility artifacts during echoplanar imaging, which may explain why this region has been
previously underappreciated as the locus responsible for postoperative naming deficits.

Significance: Taken together, these data highlight the crucial contribution of the ventral
temporal cortex in naming and its important role in the pathophysiology of anomia following
temporal lobe resections. As such, surgical strategies should attempt to preserve this region to
mitigate postoperative language deficits.
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11 INTRODUCTION

Lexical retrieval is the process of extracting a specific phonological form from a stored
lexical concept. The lexicon is a theoretical construct conceived as a hub connecting
semantic systems to language-related systems, such as phonology and orthography.12
Disruptions in lexical retrieval result in the “tip-of-the-tongue” (TOT) phenomenon, or
failure to retrieve a familiar word with partial recall of features associated with the target
word.3 Although the TOT state occurs occasionally in healthy individuals, it is a hallmark of
pervasive anomia following a variety of different brain injuries.*

Anomia is particularly prevalent in patients with left language-dominant temporal lobe
epilepsy, and temporal lobe resections for seizure control further increase the risk of these
naming deficits.> However, the precise substrates responsible for this cognitive loss are
unclear. In clinical literature, a prominent focus has been on preserving the lateral temporal
lobe to prevent dysnomia.8:9 As such, a clear understanding of the most critical constituents
of naming might influence the design of surgical strategies to minimize language declines.

A variety of different methods have previously been used to isolate brain regions essential

to naming, including lesion deficit mapping,®-13 functional imaging,14-16 and noninvasive
electroencephalography (EEG).17” More recently, studies using invasive electrocorticography
(ECoG) have yielded a more precise delineation of the neurophysiological basis of word
production.18 ECoG provides a direct measurement of cortical activity with high spatial

and temporal resolution, which makes it an optimal approach to study distributed language
networks. However, it does not provide causal evidence that active brain regions are essential
to that process. On the other hand, direct cortical stimulation provides causal support for the
involvement of specific brain regions in a given process via transient disruption of targeted
focal substrates, and it can be carried out both intraoperatively and extraoperatively with
implanted intracranial electrodes. However, interpretation of stimulation-induced deficits can
be confounded by limitations in patients' ability to adapt to acute perturbations as well as
propagation effects to connected regions.

Voxel-based lesion symptom mapping (VLSM) is a causal approach to localize brain
function on a voxel-by-voxel level in the context of chronic lesions and demonstrates
the relationship between damage at any given voxel and performance on a behavioral
task related to a particular cognitive function.1® Traditionally, VLSM analyses use a mass-
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univariate approach, where the lesion—deficit relationship is determined one voxel at a time.
However, this approach fails to incorporate information regarding the spatial relationship
between voxels; it assumes that voxels are statistically independent, which subsequently
leads to a loss of statistical power and a potential bias in localization of significant regions.
Using a multivariate VLSM approach mitigates these errors by modeling contributions

of multiple voxels simultaneously.2% Furthermore, VLSM analyses are often confounded
because data are typically collected only after the occurrence of the lesion, and many are
limited by smaller patient populations. Thus, a large dataset in which both preoperative and
postoperative performance measurements as well as imaging are obtained and in which a
heterogenous set of controlled lesions are produced are of particular value in evaluating

the role of a given region. Furthermore, the intersection of causal evidence derived from
VLSM and correlative measures of brain activity, especially those with high spatiotemporal
resolution such as ECoG, not only strengthens support for the involvement of particular
brain regions in a given function but also helps identify the specific contributions of
individual brain regions to a cognitive process.

We applied multivariate VLSM to a large cohort of patients who underwent surgery in the
dominant left temporal lobe for treatment of drug-resistant epilepsy to specifically evaluate
which component of the temporal lobe is most critical for naming. We quantified the
association between each component of the anterior temporal lobe and the change in picture
naming performance to isolate brain regions associated with naming deficits. Additionally,
we integrated these results with ECoG recordings during picture naming performed in a
subset of patients who underwent intracranial electrode implantation to localize epileptic
foci to correlate lesion—deficit findings with brain activity.

21 MATERIALS AND METHODS

2.11

Study population

Altogether, 189 patients (105 females, 5-73 years old) underwent surgery in the left
temporal lobe for drug-resistant focal epilepsy. Given that the neurosurgeon's practice is
chiefly focused on adults, we have very few pediatric patients. Furthermore, the language
system is still immature in pediatric patients, and, thus, we excluded all subjects younger
than 16 years (n= 7). Left-hemispheric language dominance was confirmed in 146 patients
by intracarotid sodium amytal injection,?! functional magnetic resonance imaging (fMRI)
laterality index,22 or direct cortical stimulation.8 Patients with right (7= 15), bilateral (7=
3), or inconclusive (n = 25) language dominance were excluded. Additionally, subjects who
were not fluent English speakers (n7= 3), who had an intelligence quotient (1Q) below 67 (n
= 4), or who had previous cortical resections (/7= 11) were excluded. Of the remaining 122
patients, 95 patients (53 females, 17—73 years old, mean full-scale 1Q = 97 £ 14) underwent
neuropsychological testing and MRI prior to and following surgery (Table S1). The other 27
subjects did not have all data points and were excluded.

Neuropsychological testing sessions included the Boston Naming Test (BNT), which is
a test of confrontational word retrieval used to evaluate aphasia and consists of 60 line
drawings of objects that subjects must name within 20 s.23 Given the involvement of all
core stages of speech production, picture naming tasks are particularly useful in studying
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lexical retrieval and its neuroanatomical basis.2:24 In our cohort, postoperative testing was
completed at least 3 months following surgery in all patients, with an average of 6.65 + 3.52
months.

MRI acquisition

MRI scans were obtained prior to and following surgery. All scans were obtained using

a 3T whole body magnetic resonance scanner (Philips Medical Systems) fitted with a
16-channel SENSE head coil. Images were collected using a magnetization-prepared 180°
radiofrequency pulse and a rapid gradient-echo sequence with 1 mm sagittal slices and
in-plane resolution of 1 mm isotropic. Pial surface reconstructions were computed with
FreeSurfer (v6.0)2° and imported into AFNI (https:/afni.nimh.nih.gov).

Voxel-based lesion—-symptom mapping

Surgical lesions were manually traced on postoperative MRIs in AFNI and verified by

an experienced neurosurgeon. Anatomical postoperative scans were aligned to preoperative
scans within each subject, and preoperative scans along with registered lesions masks were

subsequently warped to a normative space (Montreal Neurological Institute (MNI)) using a

nonlinear registration in ANTs (http://stnava.github.io/ANTSs/). All coordinates are reported
as standard RAS-defined coordinates using the International Consortium for Brain Mapping
MNI152 (2009) template.

For VLSM, only voxels in the lesion masks of at least five subjects were analyzed. To
reflect relative changes in BNT scores following surgery, preoperative scores were regressed
out of postoperative scores using an ordinary least squares linear regression model, and the
corrected postperative scores were used as the target. A linear regression model was used
given the linear relationship between preoperative and postoperative scores. Additionally,
linear regression models are more robust and enable corrected scores to maintain a gaussian
distribution. VLSM was implemented using a multivariate support vector regression (SVR)
model to correlate the pattern of lesioned voxels to observed deficits using a multivariate
lesion symptom mapping toolbox (https://github.com/atdemarco/svrlsmgui.git).29 The SVR
model used an e-insensitive support vector machine algorithm with a radial basis function
kernel in MATLAB. Permutation-based cluster level correction with 5000 permutations and
a p-value of .05 for voxel-level and subsequent cluster-level correction was used to correct
for multiple comparisons.

Given the nature of temporal lobe surgeries, the effect of lesion volume on behavior is
complicated by its correlation with location. This confound is not unique to our cohort

and is a common challenge with VLSM, such as in stroke patients, where lesions are
constrained by vasculature. In these cases, regression of lesion volume can cause a reduction
in statistical power and can distort the lesion—deficit relationship.28 Additionally, Schwartz
et al.2” found that lesion volume was not a significant predictor of naming errors. As such,
VLSM was performed both with and without lesion volume as a covariate.
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fMRI analysis

fMRI was acquired in 35 of these patients (19 females, 19-73 years old) using a gradient-
recalled echo-planar imaging sequence with 33 axial slices of 3-mm thick-ness and in-plane
resolution of 2.75 mm by 2.75 mm (echo time = 30 ms, repetition time = 2015 ms, flip angle
=90°). Stimuli were presented in a block design with 20 s of picture naming interwoven
with 14 s of scrambled images. Subjects were instructed to silently name objects if presented
with coherent images or to think the word scrambled if presented with incoherent images.
Preprocessing was carried out in AFNI and included motion correction via registration

of all volumes in the time series to the first volume using a rigid-body transformation,
compensation for slice acquisition-dependent time shifts, and registration to the subject's
skull-stripped anatomical MRI in AFNI. The temporal signal-to-noise ratio (tSNR) was
computed for each voxel as the absolute value of the mean signal divided by its SD
following time course normalization. The tSNR volumes were then warped to MNI space
using the warp generated for VLSM analyses and averaged across subjects. The average
tSNR was assessed in significant regions from VLSM analyses.

ECoG acquisition and analysis

Of the 95 patients, 42 (24 females, 18-60 years old) underwent intracranial EEG to localize
seizure foci using subdural grid electrodes or depth stereoelectroencephalographic electrodes
prior to resection. Subjects performed a picture naming task in which they were instructed
to name the object shown if presented with coherent images or to say “scrambled” if
presented with incoherent images, which were derived by rearranging the coherent images
and comprised one third of the stimuli presented to each patient.23:28 Stimulus presentation
software triggered a digital pulse at the start of each trial, and pulses were registered via

a digital-to-analog conversion (U3-LV, LabJack). Continuous audio recordings were carried
out using an omnidirectional microphone (30-20 000-Hz response, 73-dB SNR, Audio
Technica U841A) adjacent to the presentation laptop. Response accuracy and articulation
onset were manually labeled in MATLAB.

Data were collected with a sampling rate of 2000 Hz and a bandwidth of .1-700 Hz

using NeuroPort NSP (Blackrock Microsystems) or with a sampling rate of 1000 Hz and

a bandwidth of .15-300 Hz using Neurofax (Nihon Kohden). Electrode localization was
performed via registration of postoperative CT scans with preoperative anatomical MRI
scans. Electrodes within abnormal brain tissue or contaminated by line noise were excluded,
and each channel was referenced to a common average of all remaining electrodes. Trials
containing epileptiform activity or trials in which subjects responded incorrectly or after 2

s were excluded from analysis. The gamma band (65-115 Hz) was extracted from the raw
signal using a frequency domain bandpass Hilbert filter.

Analyses were done with trials time-locked to picture onset. The baseline period was defined
as —750 to —250 ms relative to stimulus onset. The percent change in broadband gamma
activity (BGA) was calculated as the square of the instantaneous power normalized to
baseline. Surface-based mixed-effects multilevel analysis (SB-MEMA) was used to estimate
power change in BGA at a population level.29 This approach is composed of two levels

of analysis using mixed-effects models to assess both within-subject and between-subject
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variability. Results were propagated onto the cortical surface using the surface recording
zone of each electrode, which was computed as a 10-mm region centered around the closest
node index for each electrode. Nodes within a given recording zone were weighted as

an exponential decay with a full-width half-maximum of 2.3 mm. Patient-specific cortical
surfaces were registered to a standard surface for integration across subjects. A familywise
error rate correction with an alpha-level of .05 was used to correct for multiple comparisons.
SB-MEMA was calculated as a contrast for pictures against scrambled images to control for
sensory processing and isolate semantic-specific activity. VLSM results were colocalized to
the same standardized cortical surface to compute overlap with SB-MEMA. Additionally,
electrodes were indexed to the closest surface node, and electrodes within this overlap were
included in the average BGA trace.

RESULTS

Voxel-based lesion symptom mapping

Resection overlap across all patients is shown in Figure 1A. Additionally, resection overlap
across all subjects who underwent anterior temporal lobectomies (ATLS) is shown in Figure
1B (n=49) and across all subjects who underwent laser interstitial thermal ablation (LITT)
of the mesial temporal lobe is shown in Figure 1C (7= 31). The remaining patients (n7 = 15)
had more focal resections based on individual clinical evaluations, which were distributed
throughout the left temporal lobe.

The average raw BNT scores were 45.35 + 8.85 preoperatively and 41.75 + 10.30
postoperatively (Figure 2A). Prior to VLSM, preoperative BNT scores were regressed out
of postoperative scores using a linear regression. The resulting corrected postoperative BNT
scores were represented as a standardized percentage that can be interpreted as a single score
representation of BNT performance following surgery relative to preoperative performance
(Figure 2B). No change in BNT performance corresponded to 0% (gray), a 5-point increase
in BNT performance following surgery (clinically significant improvement) corresponded to
10.57% (green), and a 4-point decrease in BNT performance (clinically significant decline)
corresponded to —8.46% (red).30 Figure 2C,D shows the correlation between preoperative
and postoperative BNT scores both before and after linear regression. The relationship
between corrected postoperative scores and the difference between postoperative and
preoperative scores are shown in Figure 2E.

Figure 3A, B shows the unthresholded Beta map where the Beta value of a given voxel
represents its contribution to BNT performance, with negative values indicating a decline
following resection of the corresponding voxel. The Beta map revealed that resection of
more posterior ventral temporal regions was significantly associated with naming deficits.
Figure 3C,D shows the most significant cluster contributing to BNT decline (o =.0248),
which primarily included the fusiform gyrus, parahippocampal gyrus (PHG), and inferior
temporal gyrus (ITG), with a volume of 5656 mm?3 and a center of mass in the fusiform
gyrus (-33.1, -12.3, -33.4).

To investigate the effect of lesion volume, VLSM was also run with lesion volume regressed
out of postoperative BNT scores as well as lesion data. In this model, there were no
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significant clusters following permutation-based cluster-level correction. Without applying

a cluster-wise correction, the largest cluster contributing to BNT decline was similar in
location to that of our prior VLSM analysis (Figure 3E,F), with a volume of 1043 mm?3 and a
center of mass in the fusiform gyrus (=45, —-29.4, —26.6).

Less than 3% of voxels within the significant cluster were located in the hippocampus.

To further evaluate the role of the hippocampus in naming, we computed the correlation
between percentage of the hippocampus removed and corrected postoperative BNT scores
(r=-.21, In[BF10] = -.50; BF = bayes factor). We found that the percentage of the
hippocampus removed explained less than 5% of the variance in corrected BNT scores, and
there was moderate evidence that it did not affect naming.

To investigate the nature of the relationship between the extent of ATL resections and
naming deficits, we computed the correlation between the distance from the tip of the
temporal pole to the most posterior coordinate of resections and corrected postoperative
scores across subjects who underwent standard ATL or temporal pole resections (Figure
4). We found strong evidence of an effect of the ventral extent of resections on naming
(r=-.58, In[BF10] = 7.25) with a significant decline (reliable change index [RCI] < -4)
occurring once the posterior margin extended beyond 6 cm.

fMRI analysis

Figure 5 shows the average fMRI tSNR. Regions with the lowest tSNR included the
orbitofrontal cortex and the ventral temporal cortex. Whole brain tSNR ranged from 2.35
to 131.5, with an average of 79.40 + 21.73. The mean tSNR of the significant cluster from
VLSM was 51.93 £ 21.29.

ECoG analysis

To integrate lesion-deficit findings with brain activity, ECoG recordings acquired during
picture naming in a subset of patients included in our cohort prior to surgery were analyzed.
The average reaction time was 1355 ms with a mean accuracy of 93.65% + .04%. Figure 6A
shows the surface recording zones aggregated across all electrodes included in the analysis
(n=5113). SB-MEMA during picture naming showed peak BGA spreading anteriorly
along the ventral temporal stream 500-750 ms following picture onset, and regions with
greater cortical responses to pictures compared to scrambled images were located primarily
within the posterior ventral temporal lobe (Figure 6B). This is concordant with prior work
revealing a lexicosemantic-specific increase in activity in this region on both fMRI and
EC0G.18 The thresholded SB-MEMA map overlapped with 78.8% of the significant cluster
from VLSM (Figure 6C). Overlap was primarily seen in the fusiform gyrus. Figure 6D,E
shows the average percent change in BGA relative to picture onset for pictures (purple) and
scrambled images (black) of active electrodes within this overlap (ABGA > 25%). There
was a significant increase in BGA compared to scrambled images beginning around 250 ms
following picture onset with a peak increase occurring within 500-750 ms. Significance was
computed using an unpaired #test and a false discovery rate-corrected p-value of .05.
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DISCUSSION

We isolated the critical cortical constituents of naming in the dominant temporal lobe

using multivariate VLSM and integrated these findings with ECoG within the same

patient population to derive quantifiable measures of convergence between lesion-deficit
localization and brain activity. We found that damage to the dominant ventral temporal
cortex (VTC) was significantly associated with deficits in visual naming, and we also

found that the majority of this region was significantly more active when naming pictures
compared to scrambled images. Together, these data firmly establish the role of the fusiform
gyrus as the critical temporal lobe component responsible for naming deficits.18:31:32

Previous studies using cortical stimulation mapping have highlighted the importance of
VTC, also referred to as the basal temporal language area (BTLA), in confrontation
naming.18:33 More specifically, it has been shown that disruption of the fusiform gyrus,
PHG, and ITG results in speech arrest.33:34 Additionally, Forseth et al.18 observed that
stimulation of the fusiform gyrus specifically disrupted object naming for both pictures

and auditory descriptions without disruption of sentence repetition or sensorimotor effects,
which implicates its role in lexicosemantic processing as opposed to audiovisual integration.
Despite clear evidence for acute disruption in language function following electrical
stimulation, previous studies have underplayed the role of this region in chronic lesions,
reporting that resection of the BTLA results in no significant language impairments or only
transient aphasias with the majority of language deficits resolving within 1 month following
surgery.33:35.36 |t has been hypothesized that these findings might suggest that the BTLA
does not play an important role in language3”-38 or that its role within language networks

is not essential in that function recovers to preresection levels.3940 However, other studies
have found BTLA resections to be associated with more pervasive aphasias.11:1440 |n the
recent past, Binder et al.11 and Abdallah et al.12 have highlighted the importance of the
BTLA in postoperative haming deficits. Consistent with and elaborating the scope of these
studies, we show that resections involving the left dominant BTLA do result in long-term
language deficits with many patients reporting noticeable word finding difficulties at the
time of postoperative testing, which took place at least 3 months following surgery.

Another potential interpretation of our VLSM results is that our findings are driven by
lesion size rather than damage to a particular brain structure. However, this is unlikely for
several reasons. First, if our findings were driven by lesion volume, it would be expected
that more posterolateral temporal regions would also be significantly associated with naming
decline, which is not seen in our VLSM results. Second, VLSM findings were validated

by ECoG analyses in the same patient population, which revealed that regions found to

be significantly associated with naming deficits with VLSM were also more active when
subjects performed a naming task. Given that ECoG data are collected prior to surgery, it

is not influenced by resection volume, thus concordant findings between ECoG and VLSM
indicate that our results are primarily driven by factors independent of lesion size. Lastly,
including lesion volume as a covariate in our VLSM analysis caused a large reduction in
statistical power but did not significantly affect the localization of the brain region associated
with deficits in naming. As such, our findings support VTC as the primary locus driving
postoperative deficits. However, more widespread disruption of the language network as a
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result of damage to broader, interconnected regions may still contribute to greater language
dysfunction.

Despite accumulating evidence implicating VTC in naming, functional neuroimaging
studies have reported variable results regarding naming-associated activations in the ventral
temporal lobe, and many have localized lexicosemantic function to more lateral temporal
regions.*1-43 However, limitations of echo-planar imaging may restrict the ability to study
the ventral temporal lobe using fMRI. Due to its proximity to both the sinuses and the skull,
this area is particularly affected by image distortion and signal loss caused by susceptibility-
induced magnetic field gradients, and efforts to minimize these artifacts to improve accuracy
often result in a reduced SNR.4445 We found that ventral temporal regions, especially those
identified as significant by our VLSM analysis, were associated with a low SNR on fMRI,
which may explain why this region has been underappreciated as the locus responsible for
postoperative deficits.

The exact role of the hippocampus in naming is not clearly understood. It has been shown
that laser ablation of the hippocampus and amygdala reduces the risk of postoperative
naming impairment in comparison to standard ATL procedures.1146:47 Concordantly, we did
not find a significant association between the hippocampus and naming performance, and
<3% of voxels included in the significant cluster belonged to the hippocampus. Additionally,
we found moderate evidence that the percentage of the hippocampus removed or ablated
was not significantly associated with a change in BNT performance. Thus, our results do not
support that the hippocampus is an essential component of object naming.

It is well known that dominant ATL resections increase the risk of postoperative naming
deficits.”31 Based on these findings and studies in patients with semantic dementia, it

has also been hypothesized that the temporal pole functions as the critical access hub for
lexical retrieval.#8:49 Our results show that resection of the temporal pole within 3 cm

of the anterior tip of the temporal lobe is not significantly associated with postoperative
naming deficits. However, we found that the ventral aspect of the posterior margin of

ATL resections was linearly correlated with postoperative naming scores, with resections
extending more posteriorly resulting in larger naming declines and a clinically significant
decline occurring if the resection extended >6 cm from the temporal pole. Although it

is possible that language declines may result from smaller temporal pole resections, our
results support that the extent of the fusiform gyrus resected clearly worsens the severity of
deficits and diminishes recovery. However, the existence of word finding deficits following
resections that spare the fusiform gyrus suggests a more complex relationship between the
fusiform gyrus and other temporal lobe regions. Trimmel et al.0 found the left VTC to

be functionally connected to the left anterior superior temporal gyrus and temporal pole,
and it has been suggested that naming decline following dominant ATL resections may also
result from partial disconnections between the resected regions and VTC.16:50 Although
our data do not support that anterior temporal lobe regions are essential to naming, it is
likely these regions support more complex aspects of lexicosemantic processing. As such,
language declines may still occur following resection of more anterior portions of the left
temporal lobe due to increased disruption of ventral temporal connections, and observed
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visual naming decline may reflect the proportion of disruption to the anteroposteriory—basal
temporal language network.

Using both multivariate VLSM and ECoG, we have demonstrated the essential contribution
of the fusiform cortex to naming. We found that resection of more posterior inferior
temporal regions, centered around the fusiform gyrus, was significantly associated with
visual object naming deficits, and the majority of these regions were active during picture
naming using ECoG. These findings build on our prior work® as well as recent studies!1:12
elucidating the role of the fusiform gyrus in naming. Altogether, these results support the
importance of VTC in the naming network, and further implicate the fusiform gyrus as a
critical access hub for lexical retrieval.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

In a cohort of 95 patients who underwent surgery in the dominant left
temporal lobe for epilepsy, we localized the most critical regions within the
temporal lobe responsible for postoperative naming deficits

Using both multivariate voxel-based lesion—symptom mapping and
electrocorticography, we have shown the essential contribution of the fusiform
gyrus to naming and its involvement in the pathophysiology of anomia

Our results indicate that surgical approaches in the dominant temporal lobe
should aim to preserve the fusiform gyrus to improve the risk of postoperative
language deficits
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FIGURE 1.
Lesion overlap. (A) The resection mask coverage across all subjects shown in the volume

and on the cortical surface with a threshold applied to show only voxels that were included
in the resections of at least five subjects. (B,C) The resection mask coverage across all
subjects who underwent (B) a standard anterior temporal lobectomy (ATL) procedure or (C)
a selective laser ablation (laser interstitial thermal therapy [LITT]) of the hippocampus and
amygdala.
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FIGURE 2.
Support vector regression covariates. (A) The distribution of raw preoperative and

postoperative Boston Naming Test (BNT) scores across all subjects. (B) The distribution
of postoperative BNT scores following regression of preoperative BNT scores displayed
as a standardized percentage. Dotted lines indicate corrected scores corresponding to a
difference between postoperative and preoperative BNT scores of 0 (no change; gray),

+5 (+RCI; green), and —4 (-RCI; red). (C,D) The correlation between preoperative and
postoperative BNT scores before (C) and after (D) regression. Scatter points are colored as
clinically significant improvement (green), clinically significant decline (red), or clinically
insignificant change (gray). (E) The relationship between corrected postoperative BNT
scores and the difference between postoperative and preoperative BNT scores. An increase
of 5 points postoperatively (significant improvement) corresponded to 10.57%; no change
postoperatively corresponded to 0%; and a decrease of 4 points postoperatively (significant
decline) corresponded to —8.46%. RCI, reliable change index.
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FIGURE 3.
Voxel-based lesion symptom mapping results. (A,B) The Beta map computed using a

multivariate support vector regression model shown in the volume (A) and on the cortical
surface (B). More negative values indicate that resection of the given voxel corresponds to
a decline in Boston Naming Test performance. (C,D) The most significant cluster following
permutation-based cluster level correction of the Beta map shown in the volume (C) and on
the cortical surface (D). (E,F) The largest cluster prior to permutation-based cluster level
correction shown in the volume (E) and on the cortical surface (F). Regions included in the
cluster are shown in red, and regions not included in the cluster but included in the analysis
are shown in white.
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FIGURE 4.
Analysis of posterior extent of anterior temporal lobectomy (ATL) resections. The

correlation between corrected Boston Naming Test (BNT) scores and the posterior margin of
ATL resections measured as distance from the tip of the temporal pole (r=-.58, In[BF1(]
=7.25). Resections for three exemplar patients are shown on the cortical surface and
highlighted in the scatter plot in the corresponding color. RCI, reliable change index.
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FIGURE 5.
Functional magnetic resonance imaging (fMRI) temporal signal-to-noise ratio (tSNR). The

average tSNR calculated on fMRI scans acquired during a picture naming task is shown in
the volume (A) and on the cortical surface (B).
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FIGURE 6.
Surface-based mixed-effects multilevel analysis (SB-MEMA) results. (A) Coverage of

surface recording zones for all left hemisphere electrodes across all patients included in

the study who underwent intracranial electrode implantation. (B) Surface-based group-level
electrocorticographic estimate of group broadband gamma activity (BGA) 500-750 ms
following picture onset for pictures of objects > scrambled images. Maps are restricted to
regions with significant activity (v < .05, corrected) and BGA change > 2.5%. (C) Regions
in pink represent the overlap between active regions as determined by the thresholded
SB-MEMA map and the voxel-based lesion symptom mapping (VLSM) significant cluster.
Regions in white indicate nodes in the VLSM significant cluster that were not significantly
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active. (D) Time series average of group estimates of BGA percent change + 1 SEM
following picture onset. Data were smoothed with a Savitsky—Golay filter (third order, 251-
ms length). Significant increase from the control condition (scrambled images) is indicated
by the horizontal bar (unpaired £test, p < .05, false discovery rate corrected). (E) Electrodes
located within the VLSM cluster and SB-MEMA overlap. Electrodes that had a significant
cortical response and were included in the average trace are shown in purple, and electrodes
that did not have a significant cortical response are shown in white.
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