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Face recognition is impaired in patients with prosopagnosia, which may occur as a
side effect of neurosurgical procedures. Face selective regions on the ventral temporal
cortex have been localized with electrical cortical stimulation (ECS), electrocorticography
(ECoG), and functional magnetic resonance imagining (fMRI). This is the first group
study using within-patient comparisons to validate face selective regions mapping,
utilizing the aforementioned modalities. Five patients underwent surgical treatment of
intractable epilepsy and joined the study. Subdural grid electrodes were implanted on
their ventral temporal cortices to localize seizure foci and face selective regions as
part of the functional mapping protocol. Face selective regions were identified in all
patients with fMRI, four patients with ECoG, and two patients with ECS. From 177
tested electrode locations in the region of interest (ROI), which is defined by the fusiform
gyrus and the inferior temporal gyrus, 54 face locations were identified by at least one
modality in all patients. fMRI mapping showed the highest detection rate, revealing
70.4% for face selective locations, whereas ECoG and ECS identified 64.8 and 31.5%,
respectively. Thus, 28 face locations were co-localized by at least two modalities, with
detection rates of 89.3% for fMRI, 85.7% for ECoG and 53.6 % for ECS. All five patients
had no face recognition deficits after surgery, even though five of the face selective
locations, one obtained by ECoG and the other four by fMRI, were within 10 mm to the
resected volumes. Moreover, fMRI included a quite large volume artifact on the ventral
temporal cortex in the ROI from the anatomical structures of the temporal base. In
conclusion, ECS was not sensitive in several patients, whereas ECoG and fMRI even
showed activation within 10 mm to the resected volumes. Considering the potential
signal drop-out in fMRI makes ECoG the most reliable tool to identify face selective
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locations in this study. A multimodal approach can improve the specificity of ECoG and
fMRI, while simultaneously minimizing the number of required ECS sessions. Hence,
all modalities should be considered in a clinical mapping protocol entailing combined
results of co-localized face selective locations.

Keywords: functional brain mapping, face selective regions, prosopagnosia, ventral temporal cortex, electrical
cortical stimulation, electrocorticography, functional magnetic resonance imagining, epilepsy surgery

INTRODUCTION

Recognizing faces seems to be a simple task, which most people
perform often and unconsciously in daily life. Losing the ability
to recognize unfamiliar or even familiar faces—even relatives—can
tremendously decrease the quality of life. This disorder is called
prosopagnosia and is characterized by impaired face recognition
without other problems with visual acuity (Bodamer, 1947).
It often occurs in cases with bilateral lesions in the occipital
temporal cortex, especially the fusiform gyrus (Damasio et al.,
1982), but also due to unilateral lesions in the right occipital
temporal cortex (Benton, 1990; Takahashi et al., 1995; Wada
and Yamamoto, 2001) and, in rare occasions, even on the left
side (Mattson et al., 2000). Such lesions can be a side effect
of neurosurgical operations of epilepsy or brain tumor (Mesad
et al., 2003; Barton, 2008; Corrivetti et al., 2017). Generally,
functional deficits are prevented, or at least reduced, by means of
neuroimaging techniques. Most such testing has focused on brain
regions responsible for language and motor functions (Penfield
and Boldrey, 1937; Ojemann et al., 1989; Sagar et al., 2019). Face
selective regions on the brain often remain unrevealed in clinical
brain mapping protocols.

Initial hemodynamic neuroimaging studies, including
positron emission tomography (PET) and functional magnetic
resonance imagining (fMRI), localized the face area in ventral
temporal occipital cortex (Sergent et al., 1992; Haxby et al., 1994;
Puce et al.,, 1995). Later fMRI studies found a cluster specific to
face recognition located at the lateral part of the middle/posterior
fusiform gyrus, the fusiform face area (FFA) (Kanwisher et al,
1997), and also identified other face responsive regions in the
inferior occipital gyrus, the occipital face area (OFA) (Puce
et al., 1996; Gauthier et al., 2000), and superior temporal sulcus
(STS) (Puce et al., 1998; Hoffman and Haxby, 2000). These three
face selective regions are the core system for face perception
that is processed by a distributed neural network (Haxby et al.,
2000). While the STS processes changeable aspects, such as
facial expressions and eye gaze, the FFA processes invariant
face aspects, which is important for recognition. The OFA plays
an important role in the perception of face parts and interacts
with both FFA and STS (Haxby et al., 2000; Rossion et al., 2003;
Ishai, 2008). Therefore, FFA and OFA play an important role
for identification of faces, and, in case of a lesion, could cause
prosopagnosia and related symptoms. Another hemodynamic
imaging marker for visual perception can be obtained by PET,
which requires the injection of radioactive markers for mapping
(Haxby et al., 1994).

Electrophysiological signals, such as electrocorticography
(ECoG), are a direct marker for neural activity. Subdural

recordings from the human cortex showed face specific event
related potentials (ERP) as an N200 potential in the fusiform
gyrus (Allison et al., 1994a,b). Additional responses to presented
faces include low frequency oscillations (Klopp et al., 1999), as
well as broadband gamma activity (Lachaux et al., 2005; Schalk
et al., 2017), which have been shown to be related to face N200
potentials (Engell and McCarthy, 2011; Ghuman et al., 2014).
Analysis of temporal dynamics during visual perception have
demonstrated that the FFA plays an important role in multiple
face processing stages and that broadband gamma activity decay
predicts the reaction time of percepts (Ghuman et al., 2014).
Face selective broadband gamma activity also correlates with the
hemodynamic response (Koch et al., 2009; Ojemann et al., 2010;
Scheeringa et al., 2011; Hermes et al., 2012), and there is a good
correspondence between ECoG potentials and fMRI face selective
responses in posterior ventral temporal cortex (Puce et al., 1997;
Jacques et al., 2016).

Electrical cortical stimulation (ECS) of face selective areas can
induce inability to name familiar faces (Allison et al., 1994a,b),
impairment of face discrimination (Mundel et al., 2003), or
face categorization (Chong et al., 2013), illusory face responses
(Parvizi et al., 2012; Rangarajan et al., 2014; Schalk et al., 2017),
or transient prosopagnosia (Jonas et al., 2012, 2015). Like ECS,
transcranial magnetic stimulation (TMS) has been demonstrated
to disrupt face percepts (Pitcher et al,, 2007). However, TMS
mapping suffers from subject dependent protocols, especially
for language mapping (Sollmann et al, 2018) and memory
lateralization (Theodore, 2003), and requires a navigation system
for localization (Romero et al., 2011).

All aforementioned imaging techniques have use cases in
clinical practice. Especially, the non-invasive techniques can be
relatively easily conducted for clinical investigations prior to
brain surgeries. In case of epilepsy surgery, which this paper
focuses on, invasive techniques can be considered as well as it
often requires a two-stage surgery with intracranial electrodes for
neuromonitoring. Hence, the most clinically relevant mapping
techniques for epilepsy surgery are mainly ECS, fMRI, and ECoG.

Although ECS is the gold standard method for motor and
language mapping (Ojemann et al., 1989), it is not necessarily
the best method to localize sensory functions as visual perception
or face recognition for two reasons. First, it is highly subjective
and requires the ability of the patient to express symptoms.
Second, it requires a time-consuming stimulation protocol (Wen
etal., 2017). Hence, ECoG and fMRI mapping have been gaining
attention as alternatives, especially to identify face selective
areas. This raises the question which of the aforementioned
modalities should be part of clinical mapping procedures to
support surgical decision making. Mapping results obtained
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in a single case study demonstrated spatial overlap of two
distinct human fusiform face selective locations between fMRI
and ECoG in a patient whose face perception was distorted
while electrically stimulating those locations (Parvizi et al., 2012).
Another case study showed that electrical stimulation of face
selective ERP and gamma band locations on the anterior fusiform
gyrus induced transient prosopagnosia. However, fMRI could not
localize these regions because of a severe signal dropout by an
artifact (Jonas et al., 2015).

For a clinically relevant mapping protocol, these findings
should be explored in more patients. This study validates
mapping of face selective locations in fMRI, ECoG, and ECS
in a group study using within-patient comparisons, to better
understand their clinical relevance and to reduce post-operative
prosopagnosia. As for epilepsy surgery the occipital lobe is
relatively uncommon in daily clinical situations (Taylor et al,
2003; Pfaender et al., 2004), the region of interest (ROI) focuses
on the ventral temporal cortex, specifically the fusiform gyrus and
the inferior temporal gyrus.

MATERIALS AND METHODS

Patients

Five consecutive patients at the Asahikawa Medical University
Hospital underwent surgical treatment of intractable epilepsy
between 2015 and 2018. All patients in this study required
implantation of subdural electrodes followed by curative surgical
treatment. They are four males and a female, whose age
ranged from 17 to 37 years, and whose WAIS-III (Wechsler
adult intelligence scale) full IQ was 58-105. Their pre-surgical
assessment required the implantation of subdural grid electrodes
on the ventral temporal cortex for diagnostic purposes, including
video EEG monitoring to localize seizure onset zones and routine
functional mapping. Additionally, the patients underwent an
extensive ECS procedure to localize face selective locations
and thus avoid post-operative deficits like prosopagnosia. The
two additional functional mapping procedures in this study,
ECoG and fMRI, provided supportive information. Wada test
was performed in determining language lateralization. Table 1
presents the patients’ characteristics. All patients were defined
as “unknown” etiology based on The International League
Against Epilepsy Classification of the Epilepsies (Scheffer et al.,

2017). The study was approved by the Institutional Review
Board of the Asahikawa Medical University (Asahikawa Medical
University Research Ethics Committee). Written informed
consent, including detailed explanation, was obtained from each
patient and their family.

Each patient had a pre-operative computerized tomography
(CT) scan to identify electrode locations in conjunction with pre-
operative magnetic resonance imaging (MRI) as part of the fMRI
mapping. Each patient’s brain was reconstructed in FreeSurfer
(Martinos Center for Biomedical Imaging, Cambridge, MA,
United States) using the T1-weighted MRI (Dale et al., 1999).
Then, pre-operative MRI data were co-registered to post-
operative CT scans using SPM12 (Wellcome Centre for Human
Neuroimaging, London, United Kingdom) to localize electrode
positions on the cortex (Penny et al, 2011). Figure 1 shows
the projected electrode locations of all patients on the MNI152
(Montreal Neurological Institute) brain.

Mapping Procedures

fMRI

The fMRI examinations were performed with a 3.0 T whole-
body MR scanner with echo-planar capabilities and 32-channel
surface coil (Discovery 750 W; General Electric, Milwaukee, W1,
United States). All patients participated in the fMRI mapping,
three of them pre-operatively (P3, P4, and P5) and two post-
operatively (P1 and P2). Specifically, fMRI for P1 and P2 were
obtained 3 and 1 year after surgery, respectively. During the
scans, foam cushions stabilized their heads to prevent motion
artifacts. First, a high-resolution T1-weighted 3D volumetric
scan was obtained for co-registration of the functional maps,
consisting of 1.2 mm thick axial slices with a resolution of
256 x 256 pixels in a field of view of 240 mm. As depicted in
Figure 2, five task block conditions were acquired during fMRI
to reveal functional brain regions specific to visual categorization.
These conditions included photographs of faces and objects,
either colored or grayscale, and black screens. Patients were asked
to look at a 32’ monitor about 270 cm away, yielding a visual
angle of 14.9° x 8.3°. They focused on the visual paradigm while
they were shown visual stimuli (faces, objects or black screens) for
500 ms and subsequent 500 ms black screen over a period of 100 s
in total. The relative luminance (Rec. ITU-R BT.709-6) of 0.058
for faces and 0.046 for objects was similar in both conditions,
and the medium spatial frequency band of 5-15 cycles/face,

TABLE 1 | Demographic data for all five patients.

Patient Age  WAIS-llI Handedness Language MRI Seizure onset OP Symptoms Etiology ROI Total fMRI
Full 1Q dominance findings zone electrodes, n electrodes, n pre/post
OoP
1 26 96 R L None R Temporal R anterior temporal CPS Unknown R 22 R 56 Post
lobectomy La7 L 132
2 17 105 L L None L Temporal L lateral temporal  CPS, GCS  Unknown L27 L 166 Post
lobectomy
3 22 63 R L None R Temporal R hippocampectomy CPS, GCS  Unknown R 37 L 160 Pre
4 23 78 R L None R Temporal R hippocampectomy CPS, GCS  Unknown R 40 R 160 Pre
5 37 58 R L None R Temporal R anterior temporal CPS, GCS  Unknown R 25 R 102 Pre

lobectomy

R, right; L, left; OR, Operation; CPS, complex partial seizures; GCS, generalized convulsive status; ROI, region of interest; WAIS-IIl, Wechsler Adult Intelligence Scale-III.
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FIGURE 1 | Locations of the implanted electrodes (black balls) on the MNI152 brain and the individual coverage of each patient. The selected region of interest (ROI)
is defined by colored cortex regions, including the fusiform gyrus (FG) (green colored) and the Inferior temporal gyrus (ITG) (blue colored).

which is most relevant for face processing (Collin et al., 2012),
consisted of 13.2% or —8.79 dB of the whole signal energy for
both, faces and objects.

The presenter in the g.HIsys online processing toolbox
in Simulink (gtec medical engineering GmbH, Austria)
managed the paradigm and stimuli. Stimulus presentation
was synchronized with the scanner using TTL trigger. During
the presentation period, a T2-weighted echo-planar imaging
sequence acquired dynamic volumes of the task block conditions
(TE = 30 ms; TR = 4000 ms; flip angel: 80°; slice thickness: 3 mmy;
field of view: 240 mm; matrix: 64 x 64; number of 40 slices).
Each block contained five echo-planar imaging volumes. The
experiment was repeated four times in pseudo-randomized order,
yielding 25 volumes per sequence and three additional preceding
dummy scans. At the end of the fMRI mapping, 40 volumes
per condition (face and object) were available for statistical
analysis in SPM12 (Wellcome Centre for Human Neuroimaging,
United Kingdom). Parameters were mainly selected based on
the suggested analysis pipeline for the high-level visual cortex
(Weiner and Grill-Spector, 2013) and previously used settings
to obtain faces selective cortex regions on the ventral temporal
cortex (Winston et al., 2004; Liu et al., 2008; Jonas et al., 2015;
Schwarz et al.,, 2019; Farmer et al., 2020).

The fMRI scans were pre-processed including: (a) realignment
of the fMRI time-series, (b) co-registration of the realigned
functional images on the anatomical MRI volume by maximizing
their normalized mutual information with the mean functional
image, and (c) spatial smoothing with an isotropic Gaussian
kernel (2 mm). For the analysis, a first-level model was specified
and estimated, data were corrected for low frequency drifts
(128 s high pass filter) and corrected for serial correlations

with a first-order autoregressive model. A binary mask of
gray matter was used to constrict the analysis. The mask was
created by segmenting the structural MRI volume in SPMI12.
We concatenated all runs by replacing the usual mean column
in the design matrix with regressors modeling each session and
adjusting the high-pass filter and non-sphericity calculations as
if sessions were separate. For each patient, a t-map volume was
created using the contrast of interest (i.e., presentation times of
gray and colored faces against those of gray and colored objects).

The SPM t-map volumes were mapped onto the surface of
the corresponding reconstructed brains (triangulated meshes).
The t-values were assigned to the surface vertices by averaging
the voxel intensities along 6 mm of the vertex normal directions
using Gaussian weights (FWHM = 10 mm) (Hermes et al., 2012;
Gaglianese et al., 2017; Haufe et al., 2018). For each electrode
location, a t-value was determined by averaging the highest
5% of the t-values within a radius of 6 mm (Hermes et al,
2012; Gaglianese et al., 2017; Haufe et al., 2018). Electrodes
with a t-value > 3.3 were considered as fMRI positive, which
corresponds to a statistically significant activation threshold of
p < 0.001 (uncorrected, DOF = 87).

ECoG

Intracranial EEG was obtained from subdural grid electrodes
(Unique Medical Co., Ltd., Japan) with 1.5-3.0 mm exposed
diameter and 5-10 mm spacing, which were originally implanted
for epilepsy monitoring. Data were recorded at the bedside
by a DC coupled g.HIamp biosignal amplifier (g.tec medical
engineering GmbH, Austria) and digitized with 24-bit resolution
at a sampling rate of at least 1200 Hz. Dorsal parietal electrodes
served as ground (GND) to ensure no overlap with the ROIL
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FIGURE 2 | (A) fMRI paradigm consisting of four runs (Run 1-4), each containing five blocks in pseudo-randomized order. The five blocks are colored faces (CF),
grayscale faces (GF), colored objects (CO), grayscale objects (GO), and black screens (BK). Each block lasts 20 s, showing 20 stimuli (500 ms presentation time).

(B) Example stimuli for each block. The visible face is representative for the original stimuli and used from a public database (copyright shutterstock).

A 14/ presentation monitor was placed at 80 cm in front of the
patient’s face, showing visual stimuli to the patients, who were
instructed to look at the monitor and focus on the paradigm in
Figure 3. The resultant visual angle was 22.0° x 12.5°. The visual
stimulation paradigm contained seven different types in colored
and grayscale variants. Among others, photographs of faces and
objects were displayed for 200 ms and followed by black screen
for 600-800 ms. Each type was presented 68 times, randomly
chosen out of a pool of 20 different pictures. Presented images
of faces and objects were identical with those during fMRI.

Electrocorticography data were acquired and processed by
means of the g.HIsys real-time processing library (g.tec medical
engineering, Austria), which also controlled the experimental
paradigm and stimulus presentation. Initial processing steps
included a remove drift filter (2 Hz high-pass, fourth order
Butterworth) and a common average reference. Afterward, a
combination of band-pass filter (110-140 Hz, Butterworth, low
and high pass of fourth order each) and Hilbert transform
resulted in broadband gamma signals, which were down-sampled

(to 400 Hz) and square-root transformed to approximate
Gaussianity. Finally, signals were standardized with respect to
300 ms periods immediately preceding stimulus presentation
(—300 to 0 ms).

Changes in broadband high gamma activity of the active face
phases (100-400 ms: post-stimulus period) compared with active
object phases (100-400 ms: post-stimulus period) were calculated
into coefficient of determination (r2) for each individual electrode
in each paradigm. The r? value can be translated to a t-value
under consideration of the sample size (i.e., number of trials
denoted by N_OBJ and N_FACE) as follows:

r2(Nogj + Nracg — 2)
1—1r2

Thus, an r* > 0.02 yields t > 1.98 (p < 0.05, two-tailed), and
after Bonferroni correction for up to 188 electrode locations
per patient, a critical > > 0.10 (t > 3.74) reliably indicates
significant difference of object and face related high gamma

CF GO CO

GF

V.

476 trials

‘.

200 msec

FIGURE 3 | One ECoG paradigm lasts 476 trials, each with 200 ms presentation time and 600-800 ms inter-stimulus-interval, resulting in 333 s on average. Trials
showing faces (CF and GF) or objects (CO and GO) were considered in the analysis. The visible face is representative for the original stimuli and used from a public

database (copyright shutterstock).

600-800 msec
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activity. Hence, ECoG locations were considered as face selective
if they exceeded r* > 0.1.

ECS

Functional mapping through ECS was performed at the same
locations as the ECoG mapping. Electrical stimulation trains of
3-10 s were injected into pairs of adjacent electrodes on the
patient’s brain surface using biphasic constant current pulses
(50 Hz train rate; 0.2 ms pulse duration) using Neuromaster
MEE-1232 (Nihon Kohden Co., Japan). Current amplitudes
started from 3 mA and increased progressively until symptoms
occurred, or up to 10 mA at maximum. In an initial motor
mapping, the minimum current threshold necessary to elicit
movement was determined in each patient. Then, stimulation
was applied in the same way to map the temporal-occipital face
recognition. During the stimulation, the patient sat and leaned
back on the bed to relax. The patient was shown human face
photographs and asked to report any change in perception. If a
patient perceived any change or felt something while looking at
the photographs, the patient was further asked to look at objects
and the presenter’s own faces to discriminate face related from
object related responses. A region was defined as ECS positive (or

face specific) if a patient reported consistent face illusions (or any
consistent change in the face perception) that did not occur in
objects while looking at faces and objects.

Surgical Outcome Evaluation

Post-operative T1-weighted MRI was obtained from each patient
to extract the resected volumes. The electrode locations within
10 mm distance to the resected volume were defined as resected
locations to comply with the 10 mm safety margin published in
previous mapping studies (Haglund et al., 1994; Sanai et al., 2008;
Swift et al., 2018).

RESULTS
ECS

Figure 4 shows the ECS results of patients P1 to P5. Two of
five patients (P1, P2) reported face related symptoms in response
to ECS in 17 locations within the ROL On the other hand,
21 electrodes in ROI were not tested by ECS because of the
electrode issues, time effort or burden for the patient, or the high
risk of inducing a seizure near the seizure onset zone. Patient

FIGURE 4 | Mapping results of ECS for face perception. Blue colored balls represent face selective locations during ECS that caused reported symptoms in the
patients. White balls are silent locations without reported symptoms and gray ones were not stimulated because of limited mapping time. White lines connect the
electrode pairs that were stimulated together. The region of interest (ROI) is marked with black lines. Anatomical landmarks show the fusiform gyrus (FG).

@ Untested
(O No Response
@cEcCs+

== Stimulated pair
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P1 reported that the face and eyes completely changed during
stimulation while he observed a real face. He further mentioned
seeing an eye and mouth on the box, the ball and the kanji and
their shapes did not change. Thus, two functional clusters were
revealed covering 13 ECS positive locations in blue, one on the
right and the other one on the left lateral fusiform gyrus. Notably,
the cluster on the right hemisphere (11 locations) was larger than
the one on the left (two locations), but their locations were almost
symmetric. Also, the four face specific locations in P2 could be
clustered in two regions of the left fusiform gyrus, two at the
medial side and the other two at the lateral side. During the
stimulation, P2 experienced different sized right and left halves of
the observed face, and reported that the right and left halves of the
faces were from different people, which P2 described as “Picasso
pictures.” This ECS symptom occurred only while looking at
faces, but not for objects. The remaining cases did not report any
face specific symptoms elicited by ECS.

ECoG

Figure 5 shows the ECoG mapping results with face selective
locations in the ROI. In total, 35 face locations were identified
in four of five patients (P1-P4). Four electrodes in ROI were not
tested by ECoG bad signal quality due to electrode attachment.
In P1, two bilateral activation clusters of 8 (right) and 11 (left)
locations were found at the middle lateral side of fusiform gyrus,
with almost symmetric activation patterns. One location in the

left inferior occipital gyrus was excluded as it was outside the
ROL P2 demonstrated three face selective locations in the ROI at
the lateral side of fusiform gyrus. Another face selective location
was in the parahippocampal gyrus, outside the ROI, and thus
excluded. In P3, 11 face selective ECoG locations were assembled
in a large cluster at the right lateral side of fusiform gyrus.
Another two ECoG positive locations were at the occipital lobe
and out of ROI. Finally, one face selective site was found in P4
and located on the right middle lateral side of fusiform gyrus,
consistent with the expected face area. P5 had no ECoG positive
locations, but showed high impedance in four ECoG locations,
and hence these areas were not tested during the ECoG mapping.

fMRI

Figure 6 shows the fMRI mapping results from all cases. In all
cases, the BOLD signals responded significantly higher to faces
than objects in middle lateral regions of the fusiform gyrus in
either one or both hemispheres. Those 38 face selective locations
that were lying within 6 mm of ECoG locations were further
denoted as fMRI positive locations and occurred in all patients.
Artifacts in the fMRI caused a signal drop-out in 60 electrodes
locations in the ROL. In P1, 21 fMRI positive (fMRI+) locations
were detected in the ROI of both hemispheres. Thus, clusters of
twelve in the right and nine in the left side were symmetrically
located at the fusiform gyrus. Three locations in the right lingual
gyrus, two in the right inferior occipital gyrus, and one in the left

(FG), the inferior occipital gyrus (I0G), and the parahippocampal gyrus (PG).

FIGURE 5 | Mapping results of ECoG for face perception. Face selective ECoG locations are denoted by filled red circles. The diameter of each circle corresponds
to the face related r? value of that location. White ECoG locations did not exceed the significance threshold, and gray locations had to be excluded from further
processing due to bad signal quality after visual inspection. The region of interest (ROI) is marked with black lines. Anatomical landmarks show the fusiform gyrus
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(O No Response
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ROI

Artifact
volume

>3.3
t] ] @ Untested

@RI+ QArtifact (O No Response

FIGURE 6 | Mapping results of fMRI for face perception on inflated brains of five patients with highlighted region of interest (ROI). Inflated brains illustrate gyri (dark
gray) and sulci (light gray) to reveal hidden activation. Anatomical landmarks show the fusiform gyrus (FG), the inferior temporal gyrus (ITG), the lingual gyrus (LG), the
inferior occipital gyrus (I0G), and the anterior temporal lobe (ATL). White dots represent electrodes’ locations on the gyri. Significantly higher BOLD responses to

faces compared to objects are colored in green (light green: t > 3.3). Black dots are untested locations due to post-surgical fMRI. Coral dots are locations

contaminated by the MRI artifacts shown the volume plots.

anterior temporal lobe were outside the ROI and thus rejected.
In P2, the cluster of three fMRI positive locations is in the left
fusiform gyrus. P3 demonstrated seven fMRI positive locations in
the lateral side of the right fusiform gyrus. Another two posterior
locations were out of the ROI in the inferior occipital gyrus and
thus excluded. In P4, two locations are in the right fusiform
gyrus. On the other hand, two locations in the right lingual
gyrus were excluded. In P5, one electrode was at the anterior rim
of inferior temporal gyrus and four electrodes in the fusiform
gyrus. Two locations in the anterior temporal lobe were out of
the ROL In addition to the aforementioned face selective fMRI
locations, more regions were identified in the frontal lobe, the
lateral temporal lobe, the parietal lobe, and the occipital lobe, but
were rejected because those regions were outside the ROL

Comparison Among Three Modalities

Figure 7 shows the combined results for ECoG, ECS, and fMRI.
In total 178 locations were in the ROI and 54 face locations
were identified by at least one modality in all patients. Detection
rates were 70.4, 64.8, and 31.5% for fMRI, ECoG, and ECS,
respectively. Thus, 28 of those areas were co-localized by at least
two modalities, with detection rates of 89.3% for fMRI, 85.7%
for ECoG, and 53.6% for ECS. Eight face locations were co-
localized in all three modalities in P1 and P2. In P1, All of them
covered the bilateral lateral fusiform gyrus in two small clusters,
five adjacent locations on the right and two adjacent locations
on the left hemisphere. The clusters were surrounded by face
selective locations identified by two modalities (mixed paired
combinations of ECoG, ECS, and fMRI). ECS biased toward
the right one and both fMRI and ECoG equally distributed

on both sides. Finally, four ECoG and four fMRI positive
locations remained unconfirmed by another modality. P2 also
reported face locations by all three modalities. One location
in fusiform gyrus was co-localized in all three modalities and
one location medial side to it was commonly activated in the
lateral fusiform gyrus in both ECS and ECoG. On the other
hand, two locations were identified by fMRI anterior to the
co-localized face locations and one more lateral location was
identified by ECoG only. Those face locations clustered in
left fusiform gyrus.

Another two patients responded with face selective locations
in at least two modalities. In P3, fMRI and ECoG mappings
revealed 7 and 12 face selective locations, respectively. All seven
fMRI positive locations were located in the right fusiform gyrus,
co-activated in ECoG, and surrounded by the remaining five
ECoG positive locations. In P4, ECoG mapping detected one
positive location and fMRI found two positive locations, but no
location was co-localized.

One patient, P5, showed activation in only a single modality.
Thus, fMRI detected five positive locations, one at inferior
temporal lobe and the other four at right medical fusiform gyrus
within the ROI. P5 further had one “unknown electrode,” because
it was not tested by ECS and ECoG, and also affected by the fMRI
artifact (closer than 6 mm).

Extent of Resection, Functional Outcome

and Related Electrode Locations

Figure 8 shows the extent of resection together with 49 ECoG and
ECS locations near the resected volumes. Five resected locations
were identified as face selective, one by ECoG in P3 and the
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FIGURE 7 | Mapping results for comparison among three modalities: ECoG, ECS, and fMRI. Face selective locations in the ROl are shown as filled circles, detected
by ECoG (red), ECS (blue), and fMRI (green). Locations identified by multiple modalities have circles with mixed colors. Black dots represent locations without any
face related response. The region of interest (ROI) is marked with black lines. Untested locations are highlighted in white.

@ No response
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other four by fMRI in P5. None of the patients suffered from
prosopagnosia, as each of them could recognize their doctors),
nurses, and family faces after surgery. Hence, the five locations
were considered as false positive. One location in P5 remained
untested, yielding 43 locations which were tested by at least one
modality near the resected area were considered as true negative.

Eleven ECS, three ECoG, and 33 fMRI locations could not be
tested during the individual sessions, but got tested by at least
another modality. Six electrodes inside the resection area in P1
were not stimulated because of after discharges and the high risk
of inducing a seizure near the seizure onset zone. One resected
location could not be stimulated in P3 due to bad electrode
attachment. The last four not stimulated locations were located in
P5, which included a broken electrode connection. During fMRI,
two electrodes in P1 and one electrode in P2 inside the resection
area were not tested by fMRI, as the scans were obtained post-
operatively. Moreover, the number of locations in the resection
area that were contaminated by an fMRI artifact was 3, 1, 2,
8, and 16 in P1 to P5, respectively. The four untested ECoG
locations were excluded because of bad signal quality due to
electrode attachment.

DISCUSSION

Face selective cortex regions have been revealed in numerous
neuroimaging studies based on ECS, ECoG, or fMRI. Most of

them either utilized only one modality or demonstrated findings
in individual subjects. To the best of our knowledge, this is
the first report on face functional mapping compared with
surgical outcomes.

Although no face recognition deficits occurred after surgery,
surprisingly, ECS elicited face processing symptoms in only 2/5
patients, revealing only 31.5% of all identified face selective
locations. ECS did not elicit any face specific symptoms in
P3, P4, and P5, while positive locations in P2 were similar to
corresponding areas in the left sided cluster in P1. To date, ECS
is still the gold standard method for functional brain mapping of
motor and language areas (Penfield and Boldrey, 1937; Ojemann
et al., 1989). However, the fact that only two out of five patients
reported face selective symptoms raises doubts that ECS is robust
enough to localize face perception in the brain. Previously,
several studies have shown that electrocortical stimulation causes
distortion of face perception or transient prosopagnosia, but the
majority investigated single cases (Mundel et al., 2003; Parvizi
et al., 2012; Schalk et al., 2017). In this group of five consecutive
patients it seems that the inter-patient variability of the symptoms
is quite high. As the ECS symptoms can be considered as transient
apperceptive prosopagnosia it may be that the low sensitivity can
be explained by the complex nature of the visual categorization
network. The observed low sensitivity of ECS could be due to the
inactivation of only parts of this network. This effect has been
demonstrated in cases with prosopagnosia before, in whom it
was more likely to occur in the right occipito-temporal areas,
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FIGURE 8 | Resected volumes from the post-operative MRI are shown as orange blobs. ECoG and ECS locations are colored white within 10 mm from the resected
volume, whereas black labeled ROI locations were considered as distant and thus not relevant to the surgical outcome. Red stars highlight face selective locations in

the resected volume.

© Resected Volume (RV)
QO Location in RV

@ Location outside RV
¥ Face location in RV

often with combined multiple lesions, including the lingual,
fusiform and anterior inferior temporal cortices (Meadows, 1974;
Damasio et al., 1982; Barton et al., 2002; Bukach et al., 2006;
Sorger et al., 2007). Therefore, ECS may struggle to inhibit the
network, since it affects a small area of the brain surface through
a stimulated electrode pair.

Broadband gamma ECoG activity seems to be a more robust
marker to reveal face selective locations (Jonas et al., 2016), and
significantly responded only to faces in four out of five cases in
this study. ECoG mapping showed the second highest detection
rate, revealing 64.8% or 35 of 54 face selective locations in 4/5
patients. Thus, 85.7% or 24 of 28 face selective locations were
co-localized with ECoG. This indicates that broadband gamma
activity in ECoG provides higher sensitivity compared to ECS.
Interestingly, in P1, all three modalities successfully detected
the face selective area at fusiform gyrus and also in P2 at left
fusiform gyrus similar to a previous report (Schalk et al., 2017).
Notably, ECoG revealed the locations that were ECS negative in
P3 and P4, but located at the middle and posterior part of the
fusiform gyrus, known as the FFA (Kanwisher et al., 1997). This
could be due to the subjective reporting and evaluating or ECS
symptoms. ECS has major problems when distinguishing face
selective from visual processing locations, and a protocol that
addresses any specific visual category would be time-consuming
and demanding for the patient. ECoG clearly reveals face selective
locations objectively that cannot be found by ECS, either because

of insensitivity of the patient or difficulty classifying the reported
symptoms. This suggests that ECoG could map the FFA more
effectively than ECS, without long-lasting protocols and the
burden to iteratively check only a few electrodes being stimulated
at a time. Taking into account the broad and complex network
that is involved in face perception, ECoG, as an observational
technique, may be a more practical procedure to detect the face
processing network.

Face selective BOLD responses during fMRI appeared on the
ventral temporal cortex in all patients, exceeding the significance
threshold ¢ > 3.3. In P1, P2, and P3, the activated regions
overlapped with electrode locations on the lateral fusiform gyrus
and were co-identified in ECoG, containing 25 out of 28 locations
found by at least these two modalities. Those results support the
sustained and strong correlation between fMRI and ECoG signals
in the high frequency broadband range of 30-160 Hz (Jacques
etal, 2016). Furthermore, in P5, fMRI was only one modality that
identified four face locations at fusiform gyrus and one positive
face region at anterior tip of collateral sulcus (Nasr and Tootell,
2012; Tanji et al., 2012; Jonas et al., 2016). This area was not
covered by subdural electrodes. Notably, P4 showed significant
fMRI activation in the sulcus between fusiform and inferior
temporal gyrus, which was not visible in ECoG or ECS locations
on the gyrus above. Consequently, fMRI is useful for revealing
functional regions that are not covered by electrodes, and may
be considered for pre-surgical mapping. This is important for

Frontiers in Human Neuroscience | www.frontiersin.org

March 2021 | Volume 15 | Article 616591


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Sanada et al.

Face Mapping With Clinical Implications

surgical planning, because exact positioning of the electrodes at
the temporal base can be difficult due to bridging veins, and the
number of grids that can be implanted is limited. Furthermore,
potential infections after implantation are a serious risk.

None of the brain surgeries required resecting ECS positive
cortex locations. Notably, P1 had six locations inside the resected
area, which were not stimulated because of frequent after-
discharges near to the seizure onset zone and high risk of
seizure. On the other hand, five face selective locations, one
obtained by ECoG and another four by fMRI, were within
10 mm of the resected volumes. Thus, ECoG and, most of
all, fMRI tend to be too sensitive, which is a known issue of
observational mapping techniques (Tharin and Golby, 2007).
Interestingly, the false positives remained unconfirmed by any
other modality. All other face selective locations remained
outside the resected volume, which of course cannot be validated
with respect to functional outcome, since the resection area
must be as small as possible. Meanwhile, 43 true negative and
no false negative locations reliably predicted a safe operation
without post-operative prosopagnosia. The lower specificity of
ECoG and fMRI, caused by the false positive locations, could
be overcome by combining mapping results of co-localized face
selective locations.

Each modality comes with disadvantages that should be
considered. ECS has side effects that include stimulation-induced
pain and seizures. Stimulating the ventral temporal cortex
caused facial pain in P2 and P5, facial numbness in P3, and
uncomfortable face contraction in P4. Discomfort or pain during
ECS may occur because of the limited space between dura mater
and cortex. Thus, the current during ECS propagates to the dura
mater or trigeminal nerve, which could obstruct the mapping or
surgery. ECS also induced after discharges in P1, P3, P4, and
P5, and caused a seizure in P5, and hence the mapping was
stopped. fMRI could underestimate or fail to disclose face area
because of other reasons, including susceptibility to artifact in the
anterior half of ventral occipital temporal cortex arising from the
ear canals (Weiner and Grill-Spector, 2010; Rossion et al., 2018)
and in the inferior lateral temporal lobe due to the brain region
adjacent to bone and air sinuses (Ojemann et al., 1997). Our
study showed that 30 of 49 electrodes in resection volumes were
contaminated by an fMRI artifact. This result suggests that fMRI
is not sufficient for pre-surgical face mapping of the anterior
ventral temporal cortex. On the other hand, based on the results
in this study, face selective locations were found on the posterior
parts of the ventral temporal cortex. Although the regions are
quite close to those obtained with ECoG and ECS, the artifact
volumes in Figure 6 raise concerns about the feasibility of fMRI
to reveal all relevant face regions. The observed artifacts were
mainly visible in anterior regions of the temporal lobe, in which
lesions could cause associative prosopagnosia (Evans et al., 1995;
Gainotti et al., 2003). Nevertheless, significant activation of face
selective locations was identified in the ROI in all patients, mainly
in regions related to apperceptive prosopagnosia (Damasio et al.,
1982; De Renzi, 1986; De Renzi et al., 1991; Bouvier and Engel,
2006; Gainotti, 2013).

On the other hand, although no adverse events occurred
during the ECoG mapping, four locations were excluded due to

their high impedance for recordings during the ECoG procedure
because of the problem with the electrodes’” attachment to brain
surface. However, ECS faces this challenge too, because ECS also
requires implanted electrodes. Thus, ECoG and fMRI have fewer
disadvantages, which are basically conceptual limitations such
as connection problems or artifacts. Therefore, ECoG and fMRI
tend to be more practical procedures than ECS in terms of time
effort (Wen et al., 2017), and-above all-they do not induce pain
or seizures when mapping the ventral temporal cortex.

The current study extends existing literature using a
multimodal approach with increased sensitivity and detection
rate of face selective areas. Interestingly, this study showed that
ECoG and fMRI could reveal face selective cortex regions that
were not identified through ECS. Furthermore, fMRI negative
results have to be handled with care, as not all tissue in the
ROI can be mapped due to artifacts. It seems that ECoG results,
although limited to the implanted locations, most reliably reveal
face selective areas. In order to avoid prosopagnosia, it is also
important to achieve a good predictor for the surgical outcome.
Therefore, the high sensitivity of ECoG is not enough in clinical
practice, considering the chance of false positive locations. To
judge whether or not a resective surgery can be justified in terms
of functional outcome it is important to co-localize face selective
locations and thus, improve the specificity of the combined
approach. In this study face selective locations were co-localized
by more than two modalities in 3/5 patients at 28 locations. This
also suggests that the multimodal approach is more sensitive
for revealing face selective locations than ECS mapping alone.
Mapping with ECS alone has a great specificity, as the symptoms
caused by the stimulation mimic a potential prosopagnosia, but
the low observed sensitivity for multiple patients may cause a
lot of false negatives. A surgeon has to judge if the electrodes
are truly negative, which can be achieved by adding multiple
independent observations.

The present study has several limitations. First, the number
of patients was limited to five. Hence, due to the high variability
of the mapping results across the patients, it is possible that
detection rates may change in a larger population. Nevertheless,
this is the first study comparing face selective locations in
multiple patients among ECS, ECoG and fMRI. Moreover, the
177 tested electrode locations in the ROI provide a large test
population that justifies inferences based on the mapping results.
Second, fMRI of P1 and P2 were taken after surgery. This still
raises the concern of the remaining false negatives for fMRI.
However, given the artifact effect, only two electrodes in P1 and
one electrode in P2 were affected by post-surgical fMRI. Third,
one electrode could not be tested by any modality, leaving a
blind spot on that location. All other electrode locations were
tested by at least one modality. However, the risk that locations
may remain untested is high if only a single modality is used
and the chance a location could not be tested was 11.80, 2.25,
and 33.71% for ECS, ECoG, and fMRI, respectively. Testing
all locations with each technique may not be possible given
the aforementioned side effects, electrode issues, and patient
condition. Therefore, combined results could at least ensure that
the whole ROI is tested. Fourth, the anatomical T1 weighted
image in P2 taken before surgery included severe artifacts which
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caused missing parts of both sides of temporal lobes. It was
not possible to repeat the MRI scans, because P2 suffered
from mild claustrophobia during the fMRI, but merging the
T1 weighted images taken before surgery and after surgery
enabled us to visualize the anatomy of the ventral temporal
cortex. Although there are still unclear parts on anterior
fusiform gyrus, there are basically no problems to know the
positional relationship between electrodes with the anatomy of
the ventral temporal cortex. Fifth, the magnitude of t-values
related to the BOLD responses in fMRI varied across patients.
To make comparison easier, the threshold for fMRI positive
locations was set to t > 3.3. Sixth, the fMRI acquisition
protocol causes a signal drop-out on the anterior ventral
temporal lobe due to the ear canal. Similar to other studies,
a quite large volume artifact on the ventral temporal cortex
in the ROI from the temporal bone, air sinuses, or ear
canal, cannot be analyzed (Puce et al, 1995; Devlin et al,
2000; Ku et al, 2011; Golarai et al., 2017). The artifactual
signal drop-out may be minimized by smaller voxel sizes
to 1-2 mm, minimizing partial volume effects, but cannot
be completely suppressed (Weiner and Grill-Spector, 2013).
Seventh, the mapping protocols presented in this paper focus
mainly on face perception areas of the brain, and thus, tend to
avoid apperceptive prosopagnosia. Apperceptive prosopagnosia
is more likely related to the damage of the fusiform gyrus
(Meadows, 1974; Damasio et al., 1982; Bouvier and Engel, 2006),
whereas a more associative variant is more likely related to
anterior temporal damage (Evans et al., 1995; Gainotti et al,
2003). To avoid associative prosopagnosia an extension of the
protocols testing for locations recognizing familiar faces could
potentially improve the sensitivity of the mapping procedure.
However, it could be difficult to establish such a protocol
with ECS, which makes it less practicable in clinical practice.
Finally, other fMRI studies revealed a cluster specific to face
recognition located at the lateral part of inferior occipital
gyrus, the OFA (Gauthier et al., 2000; Pitcher et al, 2011).
This could be of interest for other brain surgeries like tumor
resection. Since the current study focused on epilepsy surgery
the inferior occipital gyrus was not included in the ROI
(Taylor et al., 2003; Pfaender et al., 2004). Notably, in case
of a one stage surgery under general anesthesia, like for
occipital tumors, fMRI may be the most practical technique to
prevent prosopagnosia.

To sum up, this is the first study for mapping of face
selective locations among multimodalities, in ECS, ECoG, and
fMRI, in a group study compared with surgical outcomes.
Notably, ECS was least sensitive, whereas ECoG and fMRI
tended to be too sensitive, as they had the face selective
locations within 10 mm to the resected volumes even though
the patients had no face recognition deficits. Each modality
has its strengths and weaknesses. ECS is more invasive, time-
consuming and subjective than ECoG and fMRI, and entails
unique risks. Above all, fMRI had most false positive face
selective locations within 10 mm to the resected volumes

and was susceptible to artifact at ventral temporal cortex
which varies from the individual anatomical structures at
temporal base. Therefore, broadband gamma mapping with
ECoG turned out to be the most useful and reliable markers
to identify face selective locations. Moreover, a multimodal
approach including these two modalities confirmed co-localized
face locations along anatomical face area in 3/5 patients.
This outcome suggests that combined mapping results of
co-localized face selective locations can improve specificity
by minimizing false positives. Combined mappings may also
further reduce the risks of ECS by minimizing the required
locations for stimulation. All modalities should be considered
in a clinical mapping protocol, and combined mapping results
of co-localized face selective locations improve the specificity
of ECoG and fMRI, and at the same time improve the
sensitivity of ECS.
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