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Abstract

Neuroanatomical features across spatial scales contribute to functional specialization and
individual differences in behavior across species. Among species with gyrencephalic brains,
gyral crown height, which measures a key aspect of the morphology of cortical folding, may
represent an anatomical characteristic that importantly shapes neural function. Nevertheless,
little is known about the relationship between functional selectivity and gyral crowns—especially
in clinical populations. Here, we investigated this relationship and found that the size and gyral
crown height of the middle, but not posterior, face-selective region on the fusiform gyrus (FG)
was smaller in individuals with developmental prosopagnosia (DPs; N = 22, 68% female, aged
25-62) compared to neurotypical controls (NTs; N = 25, 60% females, aged 21-55), and this
difference was related to face perception. Additional analyses replicated the relationship
between gyral crowns and face selectivity in 1,053 NTs (55% females, aged 22-36). These
results inform theoretical models of face processing while also providing a novel

neuroanatomical feature contributing to the cortical infrastructure supporting face processing.



Significance Statement

Understanding how brain structure supports specialized brain functions is a central goal of
neuroscience. Here, we identified a role of gyral crown height—an understudied cortical
feature—in shaping the cortical infrastructure underlying face processing. By examining face-
selective regions of the fusiform gyrus in both neurotypical individuals and those with
developmental prosopagnosia, we demonstrate that reduced gyral crown height is associated
with diminished face-selective region surface area and impaired face recognition ability.
Furthermore, this structural-functional relationship extends to a large neurotypical sample of
over 1,000 individuals, highlighting a generalizable link between cortical anatomy and functional
specialization. These findings introduce a new neuroanatomical factor to theoretical models of
face perception, which could extend to additional neurodevelopmental disorders and other

cognitive tasks.



Introduction

Charting the relationship among brain structure, brain function, and behavior, as well as how
these relationships differ in neurodevelopmental disorders, are primary goals in neuroscience.
Developmental prosopagnosia (DP) is a particularly intriguing neurodevelopmental disorder to
investigate these relationships as individuals with DP have profound deficits in face recognition
despite normal low-level vision, normal intelligence, and no explicit insult to the brain (Susilo
and Duchaine, 2013; Behrmann et al., 2016). Broadly speaking, the fusiform face area (FFA)
(Kanwisher et al., 1997; Kanwisher, 2010), which is a widely studied functional region on the
lateral fusiform gyrus (FG) that is causally involved in face perception (Parvizi et al., 2012;
Rangarajan et al., 2014; Duchaine and Yovel, 2015; Schalk et al., 2017; Jonas et al., 2018;
Jonas and Rossion, 2021), is often a functional neuroanatomical target in DP studies.

However, ongoing research shows that there are at least two functionally and structurally
distinct face-selective regions on the FG in neurotypical controls (NTs) (Pinsk et al., 2009;
Weiner and Grill-Spector, 2010; Weiner et al., 2010, 2014, 2016, 2017a; Davidenko et al., 2012;
Julian et al., 2012; Kietzmann et al., 2012; Parvizi et al., 2012; Cukur et al., 2013; Engell and
McCarthy, 2013; McGugin et al., 2014, 2015, 2016; Gomez et al., 2015, 2017, 2018; Kay et al.,
2015; Stigliani et al., 2015, 2019; Zhen et al., 2015; Natu et al., 2016, 2019; Elbich and Scherf,
2017; Scherf et al., 2017; Rosenke et al., 2020, 2021; Finzi et al., 2021; Nordt et al., 2021; Chen
et al., 2023; Weiner and Willbrand, 2023). Indeed, one such study recently showed that two FG
face-selective regions—pFus-faces/FFA-1 and mFus-faces/FFA-2—were structurally and
functionally distinct based on architectural, functional, and connectivity features in over 1,000
participants (Chen et al., 2023). Despite these dozens of studies in NTs, to our knowledge, no
study has tested the structural, functional, and behavioral relevance of these distinct FG face-

selective regions in DPs and NTs.
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To fill this gap in knowledge, we first manually identified FG face-selective regions in 47

participants [22 DPs (15 females, ages 25-62) and 25 NTs (15 females, ages 21-55)] to
determine whether the incidence rates of FG face-selective regions differed between NTs and
DPs. Second, using prior criteria (Chen et al., 2023), we assessed whether the topographical
patterning of the FG face-selective regions differed between DPs and NTs. Third, we extracted
neuroanatomical and morphological features (gyral height, cortical thickness, surface area) of
each region and tested for group-related differences. We targeted gyral height as recent
research showed a relationship between genetics and cortical curvature (gyral crowns in face-
selective regions and sulcal pits in place-selective regions) in ventral temporal cortex (Abbasi et
al., 2020). Fourth, we tested whether neuroanatomical properties correlated with the size of FG
face-selective regions. Fifth, we examined whether the extracted properties of the FG face-
selective regions were related to individual differences in face perception ability (Duchaine and
Nakayama, 2006), and if neuroanatomical properties mediated the relationship between face-
selectivity and behavior. Sixth, we tested whether any structure-function relationships identified
in this sample extended to a separate, larger sample from the Human Connectome Project
(N=1053; (Chen et al., 2023).

This multi-pronged approach showed that (i) the incidence of FG face-selective regions
does not differ between DPs and NTs, (ii) the gyral crown of both FG face-selective regions, but
not cortical thickness, differed between groups, (iii) the size of mFus-faces/FFA-2, but not pFus-
faces/FFA-1, differs between DPs and NTs, (iv) there was a relationship between gyral crowns
and FG face-selective regions in DPs, NTs, and the larger HCP sample, (v) the size of mFus-
faces/FFA-2, but not pFus-faces/FFA-1 is related to face perception ability, and (vi) the latter
relationship was mediated by the gyral crown of mFus-faces/FFA-2. These results inform
theoretical models of face processing while also providing a novel neuroanatomical feature

(gyral crowns) contributing to the cortical infrastructure supporting face processing.



Materials and Methods

Experimental Model and Subject Details

Participants

Dataset 1: Twenty-two DPs (seven males, mean age = 41.9 years old) and 25 NTs (10 males,
mean age = 42.3 years old) participated in the study. DPs were recruited from

www.faceblind.org, and all reported problems in daily life with face recognition. To assess their

face recognition, DPs were tested with the Cambridge Face Memory Test (CFMT) (Duchaine
and Nakayama, 2006), a famous face test (Duchaine and Nakayama, 2005), and an old—new
face discrimination test (Duchaine and Nakayama, 2005). All but one DP performed two or more
standard deviations (SDs) below the mean of published control results in at least two of the
three diagnostic tests (Duchaine et al., 2007a, 2007b). The DP participant who did not reach -2
SDs on two tests scored poorly on two of the three tasks (CFMT: z = -1.9; famous face: z = -7.1;
old— new: z = -0.5), so we included them to increase the sample size. All participants had
normal or corrected-to-normal vision and had no current psychiatric disorders. Participants
provided written informed consent before doing the tasks, and all procedures were approved by
Dartmouth’s Committee for the Protection of Human Participants. Participants were leveraged
from a prior study on category selectivity in DP (Jiahui et al., 2018) and on ventral temporal

sulcal morphology in DP (Parker et al., 2023).

Dataset 2: Data for the Human Connectome Project neurotypical adult cohort (HCP) analyzed in
the present study were sourced from the freely available HCP database

(https://humanconnectome.org/study/hcp-young-adult) (Van Essen et al., 2012). The dataset

consisted of 1053 participants (575 females, ages 22 to 36). These data were previously

acquired using protocols approved by the Washington University Institutional Review Board.



Method Details

Face recognition task

Dataset 1: In the present study, we focused on the CFMT as our quantitative measure of face
recognition for three main reasons. First, the CFMT is a commonly used measure of unfamiliar
face recognition (Duchaine and Nakayama, 2006). Second, the CFMT is a well-established test
with high reliability: previous studies show a Spearman-Brown split-half reliability for CFMT of
.91, as well as a test-retest reliability of .70 and alternate forms of reliability of .76 (Wilmer et al.,
2010, 2012). Third, we focus on the CFMT to maximize the number of participants included in
the present measurements. Specifically, the majority of participants (except one NT) completed

the CFMT.

MRI data

Brain data acquisition

Dataset 1: All participants were scanned in a 3.0T Philips MRI scanner (Philips Medical
Systems, WA, USA) with a SENSE (SENSitivity Encoding) 32-channel head coil. A high-
resolution anatomical volume was acquired at the beginning of the scan using a high-resolution
3D magnetization-prepared rapid gradient-echo sequence (220 slices, field of view = 240 mm,

acquisition matrix = 256 x 256, voxel size = 1 x 0.94 x 0.94 mm).

Dataset 2: Anatomical T1l-weighted MRI scans (0.7-mm voxel resolution) were obtained in
native space from the HCP database, along with outputs from the HCP-modified FreeSurfer
pipeline (v5.3.0) (Dale et al., 1999; Fischl et al., 1999a; Glasser et al., 2013). Additional details
on image acquisition parameters and image processing can be found in (Glasser et al., 2013).

All subsequent sulcal labeling and extraction of anatomical metrics were calculated from the
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cortical surface reconstructions of individual participants generated through the HCP’s custom

modified version of the FreeSurfer pipeline (Glasser et al., 2013).

Cortical surface reconstruction

Cortical surface reconstructions were generated for each participant from their T1 scans using
the standard FreeSurfer pipeline (v6.0.0; https://surfer.nmr.mgh.harvard.edu) (Dale et al., 1999;
Fischl et al., 1999a, 1999b). Cortical reconstructions were created from the resulting boundary
made by segmenting the gray and white matter in each anatomical volume with FreeSurfer's
automated segmentation tools (Dale et al., 1999). Subsequent ROI labeling and extraction of
morphological metrics were calculated from individual participants’ cortical surface

reconstructions. This process was carried out blind to the participant group.

Functional localizer
Dataset 1: A detailed description of the functional scanning parameters has been previously
described in (Jiahui et al., 2018). Here, we provide a brief overview. Participants completed a
one-back task during a dynamic localizer scan containing five visual categories (faces, scenes,
bodies, objects, and scrambled objects). Each participant completed five scans, composed of
10 12-s category blocks of video clips interleaved with 12-s fixation blocks (4.2 minutes in total).
Each visual category was displayed twice in each scan in a quasi-random order. In each
category block, six 1,500-ms video clips were presented interleaved by blank fixation screens
presented for 500 ms. Stimuli were presented using SuperLab 4.5.3
(https://cedrus.com/superlab/index.htm) and displayed to the participant via a Panasonic DT-
4000UDLP projector (resolution: 1,024 x 768; refresh rate: 60 Hz) at the rear of the scanner.
The five runs were then divided into localization runs and test runs to carry out a “leave-

one-out” analysis (Norman-Haignere et al., 2013, 2016). In each of the leave-one-out
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combinations, four of the five runs for a participant were used to localize the vertices that

showed the strongest preference for the preferred category. To avoid “double-dipping”
(Kriegeskorte et al., 2009), the responses of the selected voxels to each stimulus condition were
then measured in the left-out run. All five combinations were analyzed and then averaged to
produce the final result for each participant. Finally, face-selective maps were created from the

difference between the response to faces and the response to objects for each participant.

Dataset 2: Face-selective regions in HCP participants were localized using a working memory
task in which four stimulus types (faces, places, tools, and body parts) were presented in
separate blocks (Barch et al., 2013). The localizer consisted of two runs, and each run
contained eight task blocks (10 trials of 2.5 s each, for 25 s) and 4 fixation blocks (15 s each).
Within each run, half of the task blocks used a 2-back working memory task and the other half
implemented a 0-back working memory task. A 2.5 s cue indicated the task type at the start of
the block. For each trial, the stimulus was presented for 2 s, followed by a 500 ms inter-trial
interval (ITI). Linear contrasts were computed to estimate effects of interest (e.g., faces vs. other
categories). Fixed-effects analyses were conducted to estimate the average effects across runs

within each participant.

Manual definition of face-selective regions

Face-selective regions on the lateral fusiform gyrus (FG) were manually delineated for each
hemisphere and each participant based on individual, thresholded (top 5% of face-selective
vertices) face-selective activation maps (faces versus objects) created for each participant (Fig.
1A) (Jiahui et al., 2018). From this thresholded map, regions of interest (ROIs) were labeled as
either mFus-faces/FFA-2 or pFus-faces/FFA-1 based on previously published criteria

differentiating the cortical location of the two regions relative to sulci within and surrounding the
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FG (Fig. 1A) (Weiner et al., 2014; Weiner, 2019; Chen et al., 2023). Specifically, mFus-

faces/FFA-2 is located adjacent to the anterior tip of the mid-fusiform sulcus (MFS), whereas
pFus-faces/FFA-1 is located on the posterior aspect of the FG, extending into the occipito-
temporal sulcus (Fig. 1A) (Weiner et al., 2014; Weiner, 2019; Chen et al., 2023). To define each
region in the DP and NT sample, K.S.W. identified each region manually on the individual
thresholded face-selective map and then authors E.H.W. and J.P.K. labeled these regions in
FreeSurfer using tksurfer tools (https://surfer.nmr.mgh.harvard.edu/fswiki/TkSurfer). As in prior
work (Chen et al., 2023), we used a liberal threshold (top 5% of face-selective vertices) for the
main reason that we did not want to artificially inflate the “separate” group (described below) by
using a strict threshold (e.g., top 2.5%) or the “continuous” group (described below) by using a
too liberal threshold (e.g., top 10%). Crucially, these regions were defined blind to the identity of
all participants (i.e., whether or not they were an NT or DP). The inflated cortical surfaces
presented in Figure 1 were generated with Freeview

(https://surfer.nmr.mgh.harvard.edu/fswiki/FreeviewGuide). The FG face-selective regions were

defined in the HCP sample in our prior work by X.C. and K.S.W. (Chen et al., 2023).

Quantifying the incidence rates and pattern

We categorized the spatial organization of mFus-faces/FFA-2 and pFus-faces/FFA-1 into three
types, or topological groups as in prior work in over 1,000 participants (Chen et al., 2023):
separate, continuous, and single. The “separate” group consisted of two cortically distinct face-
selective regions in a given hemisphere that were separated by a cortical gap (Fig. 1B). The
“continuous” group consisted of two regions that were identifiable and contiguous, but could be
separated based on previously proposed anatomical criteria using cortical folding (Fig. 1B)
(Weiner et al.,, 2014; Weiner, 2019; Chen et al., 2023). Note that the most likely factor

contributing to the two regions being continuous is the spatial coarseness of the BOLD signal.
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That is, there is likely a cortical gap in these individuals, but the coarseness of the spatial

spread of the BOLD signal causes the two regions to blur together (Chen et al., 2023). The
“single” group consisted of one region in which either mFus-faces/FFA-2 or pFus-faces/FFA-1,
but not both, was identifiable in a given hemisphere (Fig. 1B). After determining these three
groups, we summarized the incidence rate of each group (DP, NT) by quantifying how many

hemispheres had (i) two or < 2 face-selective regions and (ii) each topological type.

Quantifying surface area, thickness, and gyral crown height

As in prior work (Chen et al., 2023), the surface area (in squared millimeters) and average
cortical thickness (in millimeters) of each region were extracted with the mris_anatomical_stats
function in FreeSurfer (Fischl and Dale, 2000). The maximum gyral height (“gyral crown”;
guantified as the minimum value of the FreeSurfer .sulc file for each FG face-selective region;
(Dale et al., 1999; Fischl et al., 1999a, 1999b) of each region was extracted using custom
Python code leveraging various functions from the numpy, pandas, nilearn, and nibabel
packages (from (Miller et al., 2021). Note that values in the .sulc file are calculated based on
how far removed a vertex is from what is referred to as a “mid-surface,” which is determined
computationally so that the mean of the displacements around this “mid-surface” is zero. Thus,
generally, gyri have negative values, while sulci have positive values. Therefore, the

corresponding maximum gyral height of each region was quantified based on this assignment.

Quantification and Statistical Analysis

All statistical tests and data visualization were implemented in R (v4.0.1; https://www.r-
project.org/) via RStudio (RStudio v.2021.09.0+351; https://posit.co/). Fisher's exact tests were
carried out to compare the incidence rates of face-selective regions and the three topographical

types between groups with the fisher.test function from the stats package. 2-way mixed-model
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ANOVAs were implemented for each quantitative metric (surface area, gyral crown height,

average cortical thickness) with the Ime and anova functions from nlme and stats packages for
each region (mFus-faces/FFA-2, pFus-faces/FFA-1) separately. Hemisphere (left, right) was a
within-participant factor, and group (DP, NT) was a between-participant factor. Effect sizes for
the significant effects are reported with the partial eta-squared (n2) metric, computed with the
eta_squared function from the effectsize package. Next, we correlated the properties of mFus-
faces/FFA-2 and pFus-faces/FFA-1 to face perception ability (as measured by performance on
the CFMT; (Duchaine and Nakayama, 2006). Spearman rank-order correlations (rs) and p-value
calculations were implemented with the cor.test function from the stats package. We used rsto
be less influenced by any potential outliers. For each correlation, we first tested for a
relationship across hemispheres, followed up by testing within each hemisphere separately. To
quantify whether there was an indirect effect of gyral crown height on the relationship between
mFus-faces/FFA-2 properties and CFMT scores, we implemented a bootstrapped (with 1,000
simulations) causal mediation analysis with the mediate function from the mediation package.
Results for the mediation analyses are reported with the bootstrapped average causal mediation
effect (ACME) alongside the 95% confidence interval. Plots were created with the ggplot2

package.

Data and code availability

Processed data used for the present project have been deposited on GitHub and are publicly
available as of the date of publication (https://github.com/cnl-berkeley/stable projects). All
original code used for the present project has also been deposited on Github and is publicly
available as of the date of publication. Any additional information required to reanalyze the data

reported in this paper is available from the lead contact, Kevin Weiner (kweiner@berkeley.edu),

upon request.
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Results

Incidence rates of FG face-selective regions do not differ between DPs and NTs

Manually delineating FG face-selective regions in 22 DPs (44 hemispheres) and 25 NTs (50
hemispheres; Materials and Methods and Fig. 1A, B) revealed that at least one face-selective
region was identifiable in every hemisphere in NTs and in all but two DP hemispheres (Fig. 1C).
82% of NTs (Left: 80%; Right: 84%) and 68.18% of DPs (Left: 63.64%; Right: 72.73%; Fig. 1C)
had two face-selective regions on the FG. As in prior work (Chen et al., 2023), these incidence
rates could be further categorized into one of three different types in a given hemisphere:
separate, continuous, or single (Materials and Methods; Fig. 1B). The most common was the
separate group, in which 52% of NT hemispheres (LH: 60%; RH:. 44%) and 50% of DP
hemispheres (LH: 45.46%; RH: 54.55%) contained two face-selective regions that were
separated by a cortical gap of several millimeters (Fig. 1B, C). In the continuous group, which
consisted of 30% of cases in NTs (LH: 20%; RH: 40%) and 18.18% of cases in DPs (LH:
18.18%; RH: 18.18%), mFus-faces/FFA-2 and pFus-faces/FFA-1 were identifiable and largely
contiguous (Fig. 1B, C). Specifically, the former was identified as the functional region located
adjacent to the anterior tip of the mid-fusiform sulcus (MFS), while the latter was identified as
the functional region located adjacent to the posterior extent of the MFS extending into the
lateral FG and the nearby occipitotemporal sulcus (Fig. 1) (Weiner et al., 2014; Weiner, 2019;
Chen et al., 2023). In 18% of NT cases (LH: 20%; RH: 16%) and 27.27% of DP cases (LH:
27.27%; RH: 27.27%), either mFus-faces/FFA-2 or pFus-faces/FFA-1, but not both, was
identifiable in a given hemisphere based on the criteria just described (Fig. 1B, C). A single
mFus-faces-FFA/2 was more common than a single pFus-faces/FFA-1 in both NTs (mFus: LH:
20%; RH: 12%; pFus: LH: 0%; RH: 4%; X? = 5.44, p = 0.01) and DPs (mFus: LH: 22.73%; RH:

27.27%; pFus: LH: 4.55%; RH: 0%; X* = 8.33, p = .003). In the left hemisphere, two DPs
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(9.09%) did not have an identifiable mFus-faces/FFA-2 or pFus-faces/FFA-2 (Fig. 1C). These

results are similar to a recent study from our laboratory (Chen et al., 2023), which found that the
highest percentage of participants was in the separate group, then the continuous group, and
then the single group. The percentages of mFus-faces/FFA-2 and pFus-faces/FFA-1
combinations did not differ between DPs and NTs (Both: p = .21; Left: p = .50; Right: p = .26;

Fig. 1C).
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individual participants. Inflated cortical surface reconstruction of a right hemisphere (inset for the location
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regions on the FG at the individual level. Face-selective regions were manually defined on the lateral FG
in 22 DPs and 25 NTs by using individual anatomical landmarks [OTS: occipitotemporal sulcus; CoS:
collateral sulcus; MFS: mid-fusiform sulcus (white outline)] and face-selective maps (middle hemisphere;
faces versus objects, top 5% of vertices). These FG face-selective regions were labeled as either mFus-
faces/FFA-2 or pFus-faces/FFA-1 in each hemisphere based on previously published criteria (Weiner et
al., 2014). B. FG face-selective regions are displayed for 12 randomly selected hemispheres (one
example of each pattern in each hemisphere for each group). Hemispheres are zoomed in on the ventral
temporal cortex as in A. Top row: separate group; Middle row: continuous group; Bottom row: single
group. Left two columns: right hemispheres; Right two columns: left hemispheres. For each pattern and
hemisphere, the outer hemisphere is from an NT, whereas the inner hemisphere is from a DP. C. Bar plot
visualizing the incidence of the topographical patterns (colors; see key) as a function of hemisphere (x-
axis) and group (left: DPs; right: NTs). The incidence (0, 1, or 2 regions) and pattern (see key) of the face-
selective regions did not significantly differ between groups (all p-values > .05).

Gyral crown and surface area of FG face-selective regions differs between DPs and NTs

As recent findings show a relationship between cortical folding in relation to category-selective
regions in high-level visual cortex (Weiner et al., 2014; Abbasi et al., 2020; Arcaro et al., 2020;
Natu et al., 2021), we tested if the gyral crown (highest point of cortical folding) of each FG face-
selective region differed between groups. We also considered cortical thickness as it is a
common measure examined in FG face-selective regions (Bi et al., 2014; McGugin et al., 2016,
2020; Zebrowitz et al., 2016; Chen et al., 2023). Crucially, these features were selected based
on the functional boundaries of each region, and thus, are not necessarily dependent on any
given cortical landmark (e.g., a specific sulcus or gyrus). Mixed-model ANOVAs for each region
(mFus-faces/FFA-2, pFus-faces/FFA-1) with hemisphere (left, right), and group (NT, DP) as
factors revealed a main effect of group on gyral crown height for each region (mFus-faces/FFA-
2: F(1, 45) = 10.68, p = .002, n2 = 0.19; pFus-faces/FFA-1: F(1, 42) = 11.90, p = .001, N2 =
0.22), such that the gyral crown height of both FG face-selective regions was lower in DPs
(mFus-faces/FFA-2: mean * se = -3.49 + 0.36; pFus-faces/FFA-1: mean * se = -4.07 = 0.41)
compared to NTs (mFus-faces/FFA-2: mean + se = -5.02 + 0.27; pFus-faces/FFA-1: mean * se
= -6.38 + 0.36; Fig. 2A). There were no main effects of hemisphere or hemisphere and group
interactions on gyral crown height for either region (ps > .28; Fig. 2A). In contrast to the main

effect of gyral crown height, there was no main effect of group on cortical thickness for either
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region (ps > .36; Extended Data Fig. 1A). There were also no main effects of hemisphere or

hemisphere and group interactions on cortical thickness for either region (ps > .39; Extended
Data Fig. 1A).

We also wanted to examine whether the morphological properties (i.e., surface area) of
the FG face-selective regions differed between groups. To do so, we next implemented mixed-
model ANOVAs for each region with factors of hemisphere (left, right) and group (NT, DP) to
test whether the size (surface area in mm?) of each FG face-selective region differed between
groups. The two DP hemispheres without an FG face-selective region were not included in
analyses. These analyses revealed two main findings. First, there was a main effect of group on
the size of mFus-faces/FFA-2 (F(1, 45) = 8.00, p = .007, n2 = 0.15), such that the surface area
was generally smaller in DPs (mean + se = 133 + 15.9 mm?) compared to NTs (mean + se =
209 + 19.5 mm?; Fig. 2B, left). Second, there was no main effect of group on the size of pFus-
faces/FFA-1 (F(1, 42) = 0.53, p = .47, N2 = 0.01; DP: mean * se = 152 + 19.2 mm?, NT: mean *
se = 171 + 14.2 mm?Fig. 2B, right). This difference in size is consistent with a previous preprint
in a smaller group of DPs (N = 7) showing that the volume of mFus-faces/FFA-2, but not pFus-
faces/FFA-1, was smaller in DPs compared to NTs (Witthoft et al., 2016). There was also no
main effect of hemisphere or hemisphere and group interaction for either region (ps > .14; Fig.

2B).
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Figure 2. Gyral crown height and surface area of FG face-selective regions differ between DPs and
NTs. A. Bar plots and error bars (mean * se) visualizing region maximal gyral height (“gyral crown”; in
FreeSurfer units: the more negative value indicates higher gyral height) as a function of hemisphere (x-
axis) and group (left: DPs; right: NTs) for both mFus-faces/FFA-2 (left plot) and pFus-faces/FFA-1 (right
plot). Individual dots represent individual values for each participant (DPs = triangles, NTs = circles). The
horizontal line and asterisks visualize the statistical significance of the group difference for gyral crowns
across groups. B. Same as A, but for region surface area (in mm?). (**, p < .01; n.s., p > .05).

Gyral crown height correlates with the surface area of FG face-selective regions

Next, we tested if the neuroanatomical and morphological features of FG face-selective
measures were correlated with the surface area of FG face-selective regions. Gyral crown
height was related to the size of both regions across hemispheres, such that the higher the gyral

crown within the anatomical locus within the FG, the larger the surface area of the face-selective
region (mFus-faces/FFA-2: rs = -0.44, p = .00001; pFus-faces/FFA-1: rs = -0.30, p = .01; Fig.
3A). In both regions, this relationship was stronger in the right hemisphere (mFus-faces/FFA-2:
rs = -0.59, p = .0001; pFus-faces/FFA-1: rs = -0.36, p = .025) compared to the left (mFus-
faces/FFA-2: rs = -0.29, p = .053; pFus-faces/FFA-1: rs = -0.26, p = .13; Fig. 3A). Conversely,

cortical thickness was unrelated to the size of either region (ps > .47; Extended Data Fig. 1B).
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To test whether this novel relationship between gyral crowns and the surface area of FG

face-selective regions was also present in a larger sample that used a different methodology
(e.g., task details, statistical threshold, etc.), we leveraged the prior definitions of FG face-
selective regions from 1053 participants (478 males, mean age = 29 years old; 2106
hemispheres) from the Human Connectome Project (HCP; for additional sample and
methodological details see (Chen et al.,, 2023). This analysis showed that the relationship
between gyral crown height and the size of FG face-selective regions was replicated for both
mFus-faces/FFA-2 (across hemispheres: rs = -0.36, p < 2.2e-16; left hemisphere: rs = -0.38, p <
2.2e-16; right hemisphere: rs = -0.33, p < 2.2e-16; Fig. 3B, left) and pFus-faces/FFA-1 (across
hemispheres: rs = -0.37, p < 2.2e-16; left hemisphere: r; = -0.36, p < 2.2e-16; right hemisphere:
rs = -0.39, p < 2.2e-16; Fig. 3B, right). The relationship between cortical thickness and size was

weak for both regions in the HCP sample (Extended Data Fig. 1C).
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Figure 3. Gyral crown height is related to the surface area of FG face-selective regions. A.
Scatterplot of maximal gyral height (“gyral crown”; in FreeSurfer units: the more negative value indicates
higher gyral height; x-axis) and surface area (in mm? y-axis) for mFus-faces/FFA-2 (left) and pFus-
faces/FFA-1 (right). The solid, colored line corresponds to the best-fit line across hemispheres alongside
the corresponding correlation coefficient (rs) and p-values (asterisks). The best-fit lines for the left and
right hemispheres are also shown as dashed lines colored according to the key. Individual dots represent
individual values for each participant which are colored by hemisphere (left = black, right = white; see
key) and shaped according to the group of that individual (DPs = triangles, NTs = circles; see key). B.
Same format as A, but for the HCP sample (N = 1053) (Chen et al., 2023). (***, p < .001; **, p<.01; *p <
.05).
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The size of mFus-faces/FFA-2, but not pFus-faces/FEA-1, correlates with face processing

ability and is mediated by gyral crown height

To build upon prior work showing a relationship between face processing ability and the size of
the FFA (Golarai et al., 2007, 2010; Furl et al., 2011; Elbich and Scherf, 2017), but which did not
consider individual FG face-selective regions, we tested whether the size of each FG face-
selective region was also correlated with performance on the Cambridge Face Memory Test
(CFMT) (Duchaine and Nakayama, 2006). In addition, if a correlation was significant, we
assessed if this relationship was mediated by gyral crown height. Importantly, our voxel
selection criteria for ROI definitions were defined a priori and were completely independent of
the behavioral measures. Concomitantly, the relationship between the surface area of face-
selective regions and CFMT performance is orthogonal to the voxel-selection process (Nichols
and Poline, 2009; Poldrack and Mumford, 2009; Vul et al., 2009).

For mFus-faces/FFA-2, there was a positive relationship between CFMT performance
and ROI size, such that the larger the surface area, the better face processing performance
(across hemispheres: rs = 0.33, p = .001; left hemisphere: rs = 0.38, p = .011; right hemisphere:
rs= 0.31, p = .041; Fig. 4A, left). By contrast, there was not a significant relationship between
CFMT performance and the size of pFus-faces/FFA-1 (across hemispheres: rs = 0.13, p = .25;
left hemisphere: rs = 0.008, p = 0.96; right hemisphere: r, = 0.25, p = .13; Fig. 4A, right). The
size correlations were modestly different between regions (across hemispheres: Fisher's Z =
1.31, p = .095; left hemisphere: Fisher's Z = 1.66, p = .049; right hemisphere: Fisher's Z = 0.28,
p = .38). Interestingly, these findings are similar to a previously published pre-print in a much
smaller sample size of DPs (N = 7) in which there was a marginally significant relationship
between the volume of mFus-faces/FFA-2 and CFMT (r = .49, p = .08), but not between the

volume of pFus-faces/FFA-1 and CFMT (r = .28, p = .32) (Witthoft et al., 2016).
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Examining the relationship between the gyral crown height of mFus-faces/FFA-2 and

CFMT performance also revealed a significant overall relationship (across hemispheres: rs = -
0.32, p = .002) with stronger effects in the right hemisphere (rs = -0.39, p = .007) than in the left
hemisphere (rs = -0.24, p = 0.11; Fig. 4B, left). A similar relationship between the gyral crown
height of pFus-faces/FFA-1 and CFMT performance was observed (across hemispheres: rs = -
0.39, p =.007; left hemisphere: rs = -0.40, p = 0.018; right hemisphere: r;= -0.42, p = .009; Fig.
4B, right). There was no relationship between cortical thickness of either region and CFMT (ps
> .32; Extended Data Fig. 1D).

Finally, given the relationship between gyral crown height and the size of mFus-
faces/FFA-2 (Fig. 3), we sought to determine whether gyral crown height mediated the
observed relationship between the size of mFus-faces/FFA-2 and CFMT performance with
causal mediation analyses. Computing this indirect effect of gyral crown height from 1,000
bootstrapped simulations with the bias-corrected method revealed that gyral crown height
mediated the relationship between the size of mFus-faces/FFA-2 and CFMT (indirect effect

[95% CI] = 0.008 [0.0005, 0.02], p = .04).

A B

mFus-faces/FFA-2 pFus-faces/FFA-1 mFus-faces/FFA-2 pFus-faces/FFA-1

70{ «o 70f "°°% . o ° 70 o © % 70{ *% §

601 © *o o4 60
« o )
. toe Hemisphere
@ o0 o,
- o |eft
c s0 _ =2 - _ o right £ s
e - o e
O N ~ Group o
A A 'y a
&,f 3& a o NTs
40154 ., & s DPs 40
Aa A .
st A a A
30 30 30
sy . r =0.13 (n.s)
0 200 400 600 0 100 200 300 400 500 -10 -5 0 5 -10 -5 0 5
Surface Area (mmg2) Gyral Height (FreeSurfer Units)

Figure 4. Size and gyral crown height of FG face-selective regions selectively correlate with face
recognition ability. A. Scatterplot of surface area (in mm?; x-axis) and Cambridge Face Memory Test
(CFMT; y-axis) performance for mFus-faces/FFA-2 (left) and pFus-faces/FFA-1 (right). The solid, colored
line corresponds to the best-fit line across hemispheres alongside the corresponding correlation
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coefficient (rs) and p-values. The best-fit lines for the left and right hemispheres are also shown as dashed
lines colored according to the key. Individual dots represent individual values for each participant which
are colored by hemisphere (left = black, right = white; see key) and shaped according to the group of that
individual (DPs = triangles, NTs = circles; see key). B. Same as A, but for maximal gyral crown height (in
FreeSurfer units: the more negative value indicates higher gyral crown height). (**, p <.01; n.s., p > .05).

Discussion

In the present study, we examined the structure and function of separate FG face-selective
regions (mFus-faces/FFA-2 and pFus-faces/FFA-1) in DPs relative to NTs. We showed that the
incidence and topographical location of these regions relative to cortical folding was organized
similarly between DPs and NTs. The lack of differences regarding the topographical
arrangement of the FG face-selective regions is consistent with previous findings showing that
DPs generally have a comparable gross functional organization of VTC to NTs (Avidan et al.,
2005, 2014; Avidan and Behrmann, 2009; Garrido et al., 2009; Zhang et al., 2015; Jiahui et al.,
2018), which we now extend to a finer scale (that is, considering multiple FG face-selective

regions and tertiary sulci in VTC).

However, despite these observed topographical similarities, the more anteriorly located mFus-
faces/FFA-2 was smaller in DPs compared to NTs, while this was not the case for the more
posterior pFus-faces/FFA-1. We further showed that the surface area of mFus-faces/FFA-2, but
not pFus-faces/FFA-1, was related to CFMT performance. Our results also indicate a new
relationship between gyral crowns and the surface area of FG face-selective regions: gyral
crown height, but not cortical thickness, was related to the surface area of FG face-selective
regions, and differed between DPs and NTs. This structural-functional effect generalized to a
large sample size of 1053 participants from the Human Connectome Project, indicating a new
structural-functional relationship of two anatomically and functionally distinct face-selective
regions on the FG. Below, we discuss these results in the context of (i) coupling between local

anatomical features and category selectivity in ventral temporal cortex, (ii) functional and
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structural differences between DPs and NTs, and (iii) the role of gyral crown height and face

selectivity.

Coupling between local anatomical features and category selectivity in ventral temporal

cortex
The present findings build on recent studies identifying a tight coupling between local
anatomical features and category selectivity in medial and lateral aspects of human ventral
temporal cortex (VTC). In medial VTC, Natu and colleagues identified a relationship between
deep sulcal points (e.g., sulcal pits or sulcal roots) in the collateral sulcus (CoS) and place
selectivity in children and young adults (Natu et al., 2021). In lateral VTC, Cachia and
colleagues identified a relationship between the location of a region selective for visual words
and a gyral gap in the occipitotemporal sulcus (OTS) (Cachia et al., 2018). Building on that
work, Bouhali and colleagues showed that longitudinal changes in the OTS gyral gap correlated
with longitudinal changes in reading ability—changes that were mediated by underlying white
matter properties (Bouhali et al., 2024). Furthermore, previous work also showed a tight
coupling between the anterolateral tip of the mid-fusiform sulcus and mFus-faces/FFA-2
(Weiner, 2019). Here, we show that the highest local gyral point within mFus-faces/FFA-2
contributes to this structural-functional coupling between cortical folding and face selectivity.
This coupling between local anatomical features and category selectivity also extends to
non-human primates (NHP). For example, there is also a tight coupling between deep sulcal
points and place selectivity in VTC (Natu et al., 2021), as well as “bumps” in the superior
temporal sulcus and face selectivity in NHPs (Arcaro et al., 2020). Thus, there is growing
evidence that local anatomical features are better anatomical predictors of category selectivity in
high-level visual cortex across species than gross macroanatomical landmarks (e.g. entire sulci

or gyri). Finally, the present findings contribute to work suggesting the importance of gyral crown
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height and its contributions to brain structure and function (Zhang et al., 2022, 2023), as well as

a potential functional relevance of a latitude/longitude coordinate system of sulcal pits and gyral
crowns and their relevance to face and place selectivity in human VTC (Auzias et al., 2013),

which can also be explored in future work.

Functional and structural differences between NTs and DPs: Longitudinal white matter

tracts?

Our results identify structural and functional differences related to face processing between DPs
and NTs focal to mFus-faces/FFA-2 that have cognitive implications. In this section, we consider
that differences in underlying white matter properties specific to mFus-faces/FFA-2 could
contribute to the differences identified here. For example, there are functionally-defined
longitudinal white matter tracts specific to mFus-faces/FFA-2 that are present in both DPs and
NTs, but properties of these tracts are different between groups and predictive of face
processing ability in NTs, but not DPs (Gomez et al.,, 2015). Importantly, these tracts are
functionally defined and are much smaller than widely studied larger tracts in many
neurodevelopmental disorders such as the inferior longitudinal fasciculus. The fact that these
tracts are smaller would also support a local difference between groups in which the properties
of these tracts specific to mFus-faces/FFA-2 differ between NTs and DPs, but the tracts are still
present in each group.

Together, the differences in the underlying white matter of mFus-faces/FFA-2 (Gomez et
al., 2015), as well as the functional and anatomical differences identified here, between NTs and
DPs could be reflective of a posterior-anterior gradient. For example, Jiahui and colleagues
(Jiahui et al., 2018) did not find significant differences in the selectivity of the most posterior
face-selective region in VTC on the inferior occipital gyrus (i.e., the occipital face area, OFA).

Here, we expand on those findings and show that the largest difference between DPs and NTs
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is in the more anteriorly positioned, mFus-faces-FFA-2, compared to the more posteriorly

positioned pFus-faces-FFA-1. Nevertheless, it is worth noting that other DP studies have
identified abnormalities (Zhao et al., 2016, 2018; Tian et al., 2020). As such, the combination of
these findings indicate that there may be smaller group differences in posterior face-selective
regions compared to anterior face-selective regions in VTC which leads to a targeted hypothesis
for future research: the percentage of DPs with abnormalities in VTC face-selective regions will
rise as one moves forward in the face processing stream. Thus, an immediate goal of future
studies is to further understand why the anterior tip of the MFS extending into the lateral mid-
fusiform gyrus has the largest difference between NTs and DPs and if this is a general finding

across other populations with difficulties in face processing.

The role of gyral crown height and face selectivity: Vertical white matter tracts?

Consistent with the previous section relating cortical folding, underlying white matter
architecture, and face processing, there is a general anatomical relationship between white
matter architecture and cortical folding. For example, long-range white matter fibers have a
“gyral bias” (also referred to as “gyral blades”) (Van Essen et al., 2014; Cottaar et al., 2021). An
intriguing possibility is that the relationship among gyral crown height, functional features of
mFus-faces/FFA-2, and face processing ability indicates that this anatomical location is an
anatomical locus that integrates information across cortical networks. For example, recent
electrical brain stimulation (EBS) studies support this possibility: EBS delivered to the more
posterior pFus-faces/FFA-1 shows effects that are specific to perceptual aspects of faces, while
EBS delivered to the more anterior mFus-faces/FFA-2 shows effects supporting an integration
between networks that are related to semantics such as naming and person knowledge (Parvizi

et al., 2012; Rangarajan et al., 2014; Schrouff et al., 2020).
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In addition to the long-range longitudinal white matter tracts discussed in the previous

section, there are two major long-range vertical white matter tracts that could also contribute to
this functional dissociation between pFus-faces/FFA-1 and mFus-faces/FFA-2: the vertical
occipital fasciculus (VOF) and the arcuate fasciculus, which consists of separate vertical and
arching components (Yeatman et al., 2014; Weiner et al., 2017b). The VOF terminates in pFus-
faces/FFA-1, but not mFus-faces/FFA-2, and was recently proposed to send visual signals to
dorsal retinotopic areas involved in attention and face-processing regions, as well as to re-route
neural signals to allow non-serial processing among face-processing regions to expedite neural
communication and protect against damage to the face processing system (Weiner et al., 2016).
The vertical portion of the posterior arcuate fasciculus (pAF), on the other hand, terminates at
the anterolateral tip of the mid-fusiform sulcus, which is the location of mFus-faces/FFA-2. Thus,
a testable hypothesis in future studies is that the portion of the VOF terminating in pFus-
faces/FFA-1 is involved in face processing and attention, while the pAF integrates semantic
information and information about faces within mFus-faces/FFA-2. The integrated information
would then be sent to the anterior temporal lobe through the longitudinal connections identified
previously and discussed in the previous section (Gomez et al., 2015). Future studies can also
integrate gyral crowns into this wiring diagram of face-selective regions, as well as shorter white
matter fibers such as the recently identified fusilum (Catani, 2022) to come closer to building a
mechanistic understanding among the complex relationship of cortical folding, white matter
organization, face-selective regions on the FG, and face processing ability. Altogether, the
present findings provide a new anatomical feature to incorporate into theories of how the human
brain processes faces, as well as revealing a new neuroanatomical target in clinical populations
who have difficulties processing faces.

Extended Data
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Extended Data Figure 1. Cortical thickness of mFus and pFus does not differ between DPs and
NTs and is not correlated with region size. A. Bar plots and error bars (mean * se) visualizing region
mean cortical thickness (in mm) as a function of hemisphere (x-axis) and group (left: DPs; right: NTs) for
both mFus (left plot) and pFus (right plot). Individual dots represent individual values for each participant
(DPs = triangles, NTs = circles). The line and asterisks visualize the statistical significance of the group
difference for gyral crown height across hemispheres. B. Scatterplot of region means cortical thickness (in
mm; x-axis) and surface area (in mm?; y-axis) for mFus (left) and pFus (right). The solid, colored line
corresponds to the best-fit line across hemispheres alongside the corresponding correlation coefficient (rs)
and p-values (asterisks). The best-fit lines for the left and right hemispheres are also shown as dashed
lines colored according to the key. Individual dots represent individual values for each participant which
are colored by hemisphere (left = black, right = white; see key) and shaped according to the group of that
individual (DPs = triangles, NTs = circles; see key). C. Same format as B, but for the HCP sample (N =
1053) (Chen et al., 2023). D. Same format as B, but for the Cambridge Face Memory Test (CFMT; y-axis)
performance. (*** p <.001; n.s., p > .05)
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