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ABSTRACT  30 

 31 

The Fusiform Face Area (FFA) is a widely studied region causally involved in face 32 

perception. Even though cognitive neuroscientists have been studying the FFA for over 33 

two decades, answers to foundational questions regarding the structure, function, and 34 

connectivity of the FFA from a large (N>1000) group of participants are still lacking. To fill 35 

this gap, we quantified structural, functional, and connectivity features of fusiform face-36 

selective regions in 1080 participants in the Human Connectome Project (HCP). After 37 

manually defining over 4,000 fusiform face-selective regions, we report five main findings. 38 

First, 68.94% of hemispheres have two cortically separate regions (pFus-faces/FFA-1 39 

and mFus-faces/FFA-2). Second, in 26.48% of hemispheres, pFus-faces/FFA-1 and 40 

mFus-faces/FFA-2 are spatially contiguous, yet functionally and structurally distinct. Third, 41 

pFus-faces/FFA-1 is more face-selective than mFus-faces/FFA-2, and the two regions 42 

have distinct functional connectivity fingerprints. Fourth, pFus-faces/FFA-1 is cortically 43 

thinner and more heavily myelinated than mFus-faces/FFA-2. Fifth, face-selective 44 

patterns and functional connectivity fingerprints of each region were more similar in 45 

monozygotic than dizygotic twins and more so than structural gradients. As we share our 46 

areal definitions with the field, future studies can explore how structural and functional 47 

features of these regions will inform theories regarding how visual categories are 48 

represented in the brain. 49 

  50 
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INTRODUCTION 51 

 52 

Determining how visual categories are represented in the brain continues to be a 53 

major goal and a highly debated topic in cognitive neuroscience with many different 54 

proposed theories (Apurva et al., 2004; Behrmann & Plaut, 2013; Grill-Spector & Weiner, 55 

2014; Haxby et al., 2001, 2011; Huth et al., 2012, 2016; Kanwisher, 2000, 2010; 56 

Kriegeskorte et al., 2008; Mahon & Caramazza, 2009; Malach et al., 2002; Martin, 2007; 57 

McGugin et al., 2012; Pitcher & Ungerleider, 2021; Tarr & Gauthier, 2000). Theoretical 58 

debates aside – for example, the ever-popular arguments between modular vs. 59 

distributed processing (Haxby et al., 2000, 2001, 2011; Kanwisher et al., 1997; Kanwisher, 60 

2000, 2010), as well as the role of expertise (Gauthier et al., 1999, 2000; McGugin et al., 61 

2012; Tarr & Gauthier, 2000) in the importance, emergence, and function of clustered 62 

and distributed category representations in ventral temporal cortex (VTC) – there is great 63 

interest in cortical networks selective for faces across species (Arcaro et al., 2019; Bell et 64 

al., 2011; Grill-Spector et al., 2017; Nasr et al., 2011; Pinsk et al., 2009; Silson et al., 2016, 65 

2018; Tsao et al., 2008; Tsao & Livingstone, 2008). In humans, the Fusiform Face Area 66 

(FFA; Kanwisher et al., 1997; Kanwisher, 2010) is a widely studied functional region 67 

located in VTC that is causally involved in face perception (Jonas et al., 2018; Jonas & 68 

Rossion, 2021; Parvizi et al., 2012; Rangarajan et al., 2014; Schalk et al., 2017). 69 

Nevertheless, even though the extended field has been studying the FFA for over two 70 

decades and despite great interest in the FFA in development (Cohen et al., 2019; Deen 71 

et al., 2017; Golarai et al., 2007; Gomez et al., 2017; Grill-Spector et al., 2008; Scherf et 72 

al., 2007, 2012, 2014), ageing (Park et al., 2012), and among patient populations (Avidan 73 
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& Behrmann, 2021; Duchaine & Yovel, 2015; Golarai et al., 2010; Jonas & Rossion, 2021; 74 

Maher et al., 2019; Rossion, 2008; Rossion et al., 2003, 2018; Schalk et al., 2017), we 75 

still lack answers to foundational questions regarding the structure, function, and 76 

connectivity of the FFA from a large (N>1000) group of participants with analyses at the 77 

level of individual subjects.  78 

These gaps in knowledge persist for two main reasons. First, most human brain 79 

imaging studies perform analyses at the group level in which data are collapsed across 80 

participants and analyzed in volume space (previously referred to as “traditional 81 

neuroimaging methods”; Coalson et al., 2018). However, group-level functional maps 82 

often do not match the functional organization in individual participants. In fact, a recent 83 

review paper used the FFA as an example to illustrate this mismatch (Van Essen & 84 

Glasser, 2018). Second, studies performing analyses within individual participants 85 

manually define the FFA in each hemisphere, which while an arduous process, is still the 86 

most accurate method for defining functional regions in individual participants – even for 87 

primary sensory areas given recent findings (Benson et al., 2021) – compared to 88 

automated approaches. Consequently, given this manual and labor-intensive process, 89 

many studies interested in face processing at the level of individual participants suffer 90 

from relatively small sample sizes (typically in the ballpark between 10 and 50 participants; 91 

Çukur et al., 2013; Davidenko et al., 2012; Downing et al., 2006; Elbich & Scherf, 2017; 92 

Engell & McCarthy, 2013; Finzi et al., 2021; Gomez et al., 2015, 2017, 2018; Grill-Spector 93 

et al., 2004; Julian et al., 2012; Kay et al., 2015; Kietzmann et al., 2012; McGugin et al., 94 

2014, 2015, 2016; Natu et al., 2016, 2019; Nordt et al., 2021; Parvizi et al., 2012; Pitcher 95 

et al., 2011; Rosenke et al., 2020, 2021; Scherf et al., 2017; Stigliani et al., 2015, 2019; 96 
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Weiner et al., 2010, 2014, 2016, 2017; Weiner & Grill-Spector, 2010; countless others) 97 

because manually defining functional regions is time consuming.  98 

Here, we fill these gaps in knowledge by quantifying structural, functional, and 99 

connectivity features of fusiform face-selective regions in 1080 participants included in 100 

the Human Connectome Project (HCP). To do so, we implemented a four-fold approach. 101 

First, we manually identified fusiform face-selective regions in all 2,160 hemispheres to 102 

determine incidence rates regarding how often a participant will have 0, 1, or 2 face-103 

selective regions in either left or right hemisphere in a large group of participants for the 104 

first time. Second, we extracted macroanatomical (cortical thickness) and microstructural 105 

(myelination) features of each region. Third, we quantified functional (face selectivity) and 106 

connectivity (resting-state functional connectivity) features of each region. Fourth, we 107 

examined the similarity in spatial patterns of each structural, functional, and connectivity 108 

feature between pairs of monozygotic (MZ) and dizygotic (DZ) twins included in the HCP 109 

dataset.  110 

Our study revealed five main findings. First, 68.94% of hemispheres have two 111 

cortically separate face-selective regions. Second, in 26.48% of hemispheres, pFus-112 

faces/FFA-1 and mFus-faces/FFA-2 were identifiable and contiguous, but could be 113 

separated based on anatomical criteria (Weiner, 2019; Weiner et al., 2014). Third, in both 114 

the contiguous and separate groups, pFus-faces/FFA-1 was more face-selective than 115 

mFus-faces/FFA-2, and the two regions also had distinct functional connectivity 116 

fingerprints. Fourth, pFus-faces/FFA-1 in the posterior FG was cortically thinner and more 117 

heavily myelinated than the more anterior mFus-faces/FFA-2. Fifth, face-selective 118 
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patterns and functional connectivity fingerprints of each region were more similar in MZ 119 

than DZ twins and more so than structural gradients of thickness and myelination. 120 

Altogether, we show that pFus-faces/FFA-1 and mFus-faces/FFA-2 are 121 

dissociable based on functional, macroanatomical, microstructural, and connectivity 122 

features in over 1000 participants for the first time. As we share our areal definitions with 123 

the field (http://www.brainactivityatlas.org/atlas/atlas-download), future studies can 124 

perform novel multimodal analyses that leverage the rich multimodal HCP dataset to 125 

explore how structural and functional features of these regions relate to cognitive and 126 

behavioral metrics also acquired in each participant. Finally, to our knowledge, these 127 

results provide the first empirical modification of an area within the recently proposed 128 

multimodal map of the human cerebral cortex (“FFC” from Glasser et al., 2016) – 129 

importantly, this modification is at the level of individual participants, which we share with 130 

the field. 131 

  132 
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RESULTS 133 

 134 

95.42% of hemispheres have two face-selective regions on the FG 135 

We manually delineated face-selective regions on the lateral aspect of the fusiform 136 

gyrus (FG) in 1080 participants from the HCP and determined incidence rates regarding 137 

how often a hemisphere had 0, 1, or 2 FG face-selective regions in a large group of 138 

participants for the first time. At least one face-selective region, or “Fusiform Face Area” 139 

(FFA), was identifiable in every hemisphere in each participant and 95.42% of 140 

hemispheres had two face-selective regions on the FG. The spatial organization of FG 141 

face-selective regions could be categorized into one of three different types, or topological 142 

groups, in a given hemisphere: separate, continuous, or single. A majority of hemispheres 143 

belonged to the separate group in which 68.94% of hemispheres (left hemisphere [LH]: 144 

72.31%; right hemisphere [RH]: 65.56%) contained two face-selective regions that were 145 

separated by a cortical gap of several millimeters (Fig. 1B, top). In the continuous group, 146 

which consisted of 26.48% of cases (LH: 23.24%; RH: 29.72%), mFus-faces/FFA-2 and 147 

pFus-faces/FFA-1 were identifiable and contiguous, but could be separated based on 148 

previously proposed anatomical criteria based on cortical folding (Fig. 1B, middle). 149 

Specifically, mFus-faces/FFA-2 was identified as the functional region located adjacent 150 

to the anterior tip of the mid-fusiform sulcus (MFS), while pFus-faces/FFA-1 was identified 151 

as the functional region located adjacent to the posterior extent of the MFS extending into 152 

the lateral FG and nearby occipito-temporal sulcus (Weiner, 2019; Weiner et al., 2014). 153 

In the single group, which consisted of less than 5% of cases (LH: 4.44%; RH: 4.72%), 154 
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either mFus-faces/FFA-2 or pFus-faces/FFA-1, but not both, was identifiable in a given 155 

hemisphere based on the criteria just described (Fig. 1B, bottom). 156 

In the continuous and separate groups, there was a 2.27 centimeter cortical gap 157 

that separated (on average) the most face-selective vertex from pFus-faces/FFA-1 and 158 

that from mFus-faces/FFA-2 (Fig. 1C), measured by the geodesic distance. A 2-way 159 

between-subject ANOVA with hemisphere (LH, RH) and group (continuous, separate) as 160 

factors revealed that the distance increased when two cortically separate regions were 161 

present (F(1, 2057)=431.66, p<.001). Furthermore, the distance between the most 162 

selective vertices was larger in the LH compared to the RH within the separate group (F(1, 163 

2057)=17.26, p<.001), but not within the continuous group (F(1, 2057)=.18, p=.671). 164 

Additionally, within the separate group, there was a 0.59 centimeter cortical gap (on 165 

average) between mFus-faces/FFA-2 and pFus-faces/FFA-1 (Fig. 1D; measured by the 166 

minimum distance between the vertices of the two regions). This cortical gap was larger 167 

in the LH than that in the RH (t(1487)=9.22, p<.001), which supports previous qualitative 168 

observations in a much smaller sample size (N=7; Weiner and Grill-Spector, 2010). 169 

The surface area differences in FG face-selective regions were also revealed by a 170 

3-way between-subject ANOVA with hemisphere (LH, RH), group (single, continuous, 171 

separate), and region (pFus-faces/FFA-1, mFus-faces/FFA-2) as factors (Fig. 1E). 172 

Specifically, pFus-faces/FFA-1 was slightly larger in both hemispheres compared to 173 

mFus-faces/FFA-2 within the continuous (F(1, 4209)=4.04, p=.045) and separate groups 174 

(F(1, 4209)=4.16, p=.041), but not the single group (F(1, 4209)=1.10, p=.294). Moreover, 175 

both regions were larger in the RH compared to the LH across the three groups (F(1, 176 

4209)=12.11, p=.001). 177 
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 178 

Figure 1. Three topological groups of face-selective regions on the lateral fusiform gyrus (FG) 179 

in over 1000 participants. (A) Face-selective regions were manually delineated on the lateral aspect 180 

of the fusiform gyrus (FG) in 1080 participants from the HCP using structural (left) and functional (right) 181 

data. By taking both individual cortical landmarks (OTS: occipito-temporal sulcus; CoS: collateral 182 

sulcus; MFS: mid-fusiform sulcus (black dotted line)) and face-selective activation clusters (faces 183 

versus others, Z>1.65, p<0.05, uncorrected) into account, face-selective regions were labeled as 184 
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either mFus-faces/FFA-2 or pFus-faces/FFA-1 in each hemisphere based on previously published 185 

criteria differentiating the cortical location of these two regions. Specifically, pFus-faces/FFA-1 is 186 

located adjacent to the posterior extent of the MFS extending into the lateral FG and the nearby OTS, 187 

while mFus-faces/FFA-2 is located adjacent to the anterior tip of the MFS. A three round iterative 188 

delineation procedure was implemented for the definition of face-selective regions in each hemisphere 189 

(Materials and Methods). (B) Face-selective regions are depicted from 30 randomly chosen 190 

hemispheres (5 for each hemisphere and each group). Top row: separate group; Middle row: 191 

continuous group; Bottom row: single group. Incidence rates are included above each row for the RH 192 

and LH, respectively. (C) Cortical distance between the most face-selective vertices of the two face-193 

selective regions in separate and continuous groups. (D) Cortical gap between the two face-selective 194 

regions in the separate group, calculated as the minimum distance between them. (E) Surface areas 195 

of individual face-selective regions within the three groups. Error bars indicate the 95% confidence 196 

interval; *p<0.05; **p<0.01; ***p<0.001; n.s., not significant. LH: left hemisphere; RH: right hemisphere. 197 

 198 

The spatial distribution of face-selective regions is stable across groups, while pFus-199 

faces/FFA-1 is more face-selective than mFus-faces/FFA-2 200 

A group-specific probabilistic map was created for each FG face-selective region 201 

in each group (Fig. 2A), which provided a vertex-wise description for the spatial 202 

distribution of each region. We found that both FG face-selective regions showed high 203 

spatial consistency across groups in both hemispheres (Fig. 2B). Specifically, the 204 

Pearson correlation coefficients between probabilistic maps from the separate and 205 

continuous groups are greater than 0.95. As expected, the spatial consistency between 206 

the single group and either the continuous or separate group was lower because the 207 

probabilistic maps of the single group suffered from smaller sample sizes. 208 

After characterizing the stability of pFus-faces/FFA-1 and mFus-faces/FFA-2, we 209 

next tested if there were differences in face selectivity between the two regions. As pFus-210 

faces/FFA-1 and mFus-faces/FFA-2 are defined based on the HCP working memory task, 211 

we used face and shape conditions from the emotional processing task, which was also 212 
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included in the HCP dataset, as an independent dataset to compare face selectivity 213 

between the two face-selective regions in each of the three groups. Crucially, these data 214 

were acquired in nearly all participants and completely independent from the data used 215 

to define each face-selective region. We found that pFus-faces/FFA-1 is more face-216 

selective than mFus-faces/FFA-2, as well as differences across groups (Fig. 2C). 217 

Specifically, a 3-way between-subject ANOVA with hemisphere (LH, RH), group (single, 218 

continuous, separate), and region (pFus-faces/FFA-1, mFus-faces/FFA-2) as factors 219 

revealed a hemisphere x group x region interaction (F(2, 3665)=3.08, p=.046), which is 220 

largely driven by the single (region x hemisphere interaction: F(1, 75)=5.10, p=.027) and 221 

continuous (region x hemisphere interaction (F(1, 992)=4.94, p=.026) groups. In addition, 222 

there was also a region x group interaction in the right hemisphere (F(2, 1829)=8.91, 223 

p<.001). Further, we found that pFus-faces/FFA-1 is more face-selective than mFus-224 

faces/FFA-2 for the continuous and separate groups in both hemispheres (all Fs(1, 225 

3665)>=52.11; all ps<.001). 226 
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  227 

Figure 2. Spatial distribution and face selectivity of fusiform face-selective regions. (A) 228 

Probabilistic maps of face-selective regions in the three groups (separate, continuous, single). Top 229 

row: mFus-faces/FFA-2; Bottom row: pFus-faces/FFA-1. (B) Both face-selective regions showed high 230 

spatial consistency across groups in both hemispheres, measured by the Pearson correlation 231 

coefficient between the probabilistic maps of each pair of groups. The spatial consistency between the 232 

single group and either the continuous or separate group was lower because the probabilistic maps 233 

of the single group suffered from smaller sample sizes (Figure 1 and Results for incidence rates). Blue 234 

circle: mFus-faces/FFA-2; Green circle: pFus-faces/FFA-1. (C) pFus-faces/FFA-1 (green) is more 235 

face-selective than mFus-faces/FFA-2 (blue) in both the separate and continuous groups, but not the 236 

single group. ***p<0.001; n.s., not significant. LH: left hemisphere; RH: right hemisphere. 237 

 238 

mFus-faces/FFA-2 is cortically thicker and less myelinated than pFus-faces/FFA-1 239 

 Are there structural differences between pFus-faces/FFA-1 and mFus-faces/FFA-2 240 

that could serve as underlying anatomical substrates for the functional differences 241 
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between these two regions? Two complementary approaches from previous research 242 

suggests that pFus-faces/FFA-1 and mFus-faces/FFA-2 are likely macroanatomically and 243 

microstructurally distinct from one another. First, previous research showed that 244 

microstructurally, pFus-faces/FFA-1 and mFus-faces/FFA-2 are located in different 245 

cytoarchitectonic territories (Gomez et al., 2018; Weiner et al., 2017). Second, additional 246 

work showed that cytoarchitectonic regions early in the visual processing hierarchy were 247 

cortically thinner and more myelinated than cytoarchitectonic regions positioned later in 248 

the visual processing hierarchy in which the expression of a sparse subset of genes 249 

contributed to these differences (Gomez et al., 2019). However, these studies combined 250 

data from living and post-mortem individuals to draw these conclusions. Thus, building 251 

on these previous findings, we tested if pFus-faces/FFA-1 and mFus-faces/FFA-2 were 252 

anatomically distinct by calculating average macroanatomical (e.g., cortical thickness) 253 

and microstructural (e.g., myelination) values from each region in each individual 254 

participant for the first time.  255 

This approach revealed that mFus-faces/FFA-2 is cortically thicker and less 256 

myelinated than pFus-faces/FFA-1, but only when two face-selective regions on the FG 257 

are present (Fig. 3). Specifically, a 4-way between-subject ANOVA with metric 258 

(myelination, thickness), hemisphere (LH, RH), group (single, contiguous, separate), and 259 

region (pFus-faces/FFA-1, mFus-faces/FFA-2) as factors revealed a metric × region 260 

interaction (F(1,8418)=160.67, p<.001). This interaction is driven by the fact that pFus-261 

faces/FFA-1 is more myelinated than mFus-faces/FFA-2 across groups (F(1,8418)=5.35, 262 

p=.021) and mFus-faces/FFA-2 is cortically thicker than pFus-faces/FFA-1 across groups 263 

(F(1,8418)=243.76, p<.001).  264 
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As illustrated in Fig. 3A, a separate 3-way between-subject ANOVA with hemisphere 265 

(LH, RH), group (single, contiguous, separate), and region (pFus-faces/FFA-1, mFus-266 

faces/FFA-2) as factors showed an interaction in which when either mFus-faces/FFA-2 267 

or pFus-faces/FFA-1 was present (but not both; Fig. 3A, right)), there was no difference 268 

in myelin content (F(1,4209)=.57, p=.450), while for the continuous and separate groups, 269 

pFus-faces/FFA-1 had more myelin content than mFus-faces/FFA-2 (all 270 

Fs(1,4209)>514.32; all ps<.001; Fig. 3A, left, middle). Finally, we also found different 271 

degrees of myelination among the three groups for mFus-faces/FFA-2 (F(2, 4209)=23.93, 272 

p<.001) and for pFus-faces/FFA-1 (F(2, 4209)=5.76, p=.003), indicating that the spatial 273 

organization of face-selective regions on the FG also indicates individual differences in 274 

the underlying anatomy related to network connectivity such as the amount of myelination 275 

on the FG. 276 
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  277 

Figure 3. mFus-faces/FFA-2 is cortically thicker and less myelinated than pFus-faces/FFA-1. (A) 278 

pFus-faces/FFA-1 (green) has a higher myelin content than mFus-faces/FFA-2 (blue) in the separate 279 

and continuous groups, but not the single group. (B) mFus-faces/FFA-2 (blue) is cortically thicker than 280 

pFus-faces/FFA-1 (green) across groups. ***p<0.001; n.s., not significant. LH: left hemisphere; RH: 281 

right hemisphere. 282 

 283 

mFus-faces/FFA-2 and pFus-faces/FFA-1 have different functional connectivity 284 

“fingerprints” 285 

To quantify potential functional connectivity differences between these two face-286 

selective regions, we considered three scales: i) areal, ii) network, and iii) global. At the 287 

areal level, we quantified the intrinsic resting-state functional connectivity (RSFC) 288 

between face-selective regions and regions from the multimodal parcellation (MMP) of 289 

the human cerebral cortex by Glasser and colleagues (2016). We found that pFus-290 
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faces/FFA-1 was more strongly connected to a majority of regions compared to mFus-291 

faces/FFA-2 in both continuous and separate groups (all ts>2.05, ps<.046, FDR corrected; 292 

Fig. 4A), but not in the single group (all ts<2.82, all ps>.990, FDR corrected). Furthermore, 293 

we found that mFus-faces/FFA-2 was more strongly connected to a small number of 294 

regions compared to pFus-faces/FFA-1 with an effect of group. In the continuous group, 295 

mFus-faces/FFA-2 had stronger functional connectivity with ipsilateral TF and TE2p (Fig. 296 

S1-S2; all ts<4.09, all ps<.001, FDR corrected). In the separate group, left mFus-297 

faces/FFA-2 was more strongly connected to anterior temporal (L_TF, L_TE2p), 298 

orbitofrontal (L_47m), anterior cingulate (R_25, L_25), posterior cingulate (L_v23ab), and 299 

lateral parietal (L_PGs) cortices (Fig. S3; all ts<2.19, all ps<.035, FDR corrected), while 300 

right mFus-faces/FFA-2 was only more strongly connected to area R_TF (Fig. S4; t=13.39, 301 

p<.001, FDR corrected). 302 

At the network level, the RSFCs of all MMP areas were summarized into 12-303 

dimension RSFC “fingerprints” according to Cole-Anticevic Brain Network Parcellation 304 

(CAB-NP) (Ji et al., 2019). This approach revealed that in participants within the single 305 

group, there was no difference in the connectivity fingerprints between pFus-faces/FFA-306 

1 and mFus-faces/FFA-2 in both hemispheres (all ts<1.67, all ps>.85, FDR corrected), 307 

while these fingerprints were functionally distinct from one another when two regions were 308 

present (Fig. 4B, scatter plot). Specifically, in the continuous group, pFus-faces/FFA-1 309 

showed stronger RSFC than mFus-faces/FFA-2 to all networks with the exception of the 310 

default mode and the ventral multimodal networks (all ts>2.62, all ps<.011, FDR 311 

corrected). In the separate group, pFus-faces/FFA-1 showed stronger RSFC than mFus-312 

faces/FFA-2 to all networks with the exception of the default mode in the LH (all ts>5.93, 313 
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all ps<.001, FDR corrected) and of the ventral multimodal networks in both hemispheres 314 

(all ts>2.75, all ps<.006, FDR corrected). mFus-faces/FFA-2 showed stronger RSFC than 315 

pFus-faces/FFA-1 only in the ventral multimodal network (all ts<3.43, all ps<.001, FDR 316 

corrected) in both hemispheres.  317 

Finally, we examined global brain connectivity differences between pFus-318 

faces/FFA-1 and mFus-faces/FFA-2 by averaging RSFC values across 12 networks 319 

separately for each region to summarize these effects across networks. A 3-way 320 

between-subject ANOVA of the summarized RSFC with hemisphere (LH, RH), group 321 

(separate, continuous, single), and region (mFus-faces/FFA-2, pFus-faces/FFA-1) as 322 

factors (Fig. 4B, bar plot) revealed that across networks, pFus-faces/FFA-1 had a globally 323 

higher RSFC than mFus-faces/FFA-2 in the separate (F(1, 3872)=202.81, p<.001) and 324 

continuous group (F(1, 3872)=56.49, p<.001), but not the single group (F(1, 3872)=.08, 325 

p=.780). 326 
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 327 

Figure 4. mFus-faces/FFA-2 and pFus-faces/FFA-1 have different resting-state functional 328 

connectivity (RSFC) “fingerprints”. (A) pFus-faces/FFA-1 showed stronger RSFC than mFus-329 

faces/FFA-2 to most of 358 HCP MMP areas in the separate and continuous groups. However, no 330 

difference between the two regions was observed in the single group. After averaging the two 331 

hemispheres, 179 areas were displayed as points on each scatter plot with color coding shown in the 332 

brain map at left. (B) pFus-faces/FFA-1 showed stronger RSFC than mFus-faces/FFA-2 to most of the 333 

12 resting-state networks (RSNs) from (Ji et al., 2019) in the separate and continuous groups, and no 334 

difference between the two regions was found in the single group. Bar plots show global brain 335 

connectivity (GBC) for each face-selective region, calculated as mean RSFCs of each face-selective 336 

region across RSNs. Error bars indicate the 95% confidence interval; ***p<0.001; n.s., not significant; 337 

RSFCs displayed here were merged across hemispheres. 338 

 339 
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Spatial patterns of face selectivity and functional connectivity, but not anatomical features, 340 

in pFus-faces/FFA-1 and mFus-faces/FFA-2 were more similar between pairs of 341 

monozygotic than dizygotic twins 342 

Are there heritable components contributing to the functional, structural, and 343 

connectivity differences between pFus-faces/FFA-1 and mFus-faces/FFA-2? Previous 344 

research indicates a genetic contribution to face processing ability (Wilmer et al., 2010; 345 

Wu et al., 2020; Zhu et al., 2010) and to the broad cortical morphology of category-346 

selective regions in ventral temporal cortex (Abbasi et al., 2020). To test the above 347 

question that stems from these previous findings, we evaluated if spatial patterns of 348 

functional (face selectivity), connectivity (RSFC), macroanatomical (cortical thickness), 349 

and microstructural (myelination) features of pFus-faces/FFA-1 and mFus-faces/FFA-2 350 

were more similar in monozygotic (MZ) than dizygotic (DZ) twins. We were able to do so 351 

because a subset of the 1080 participants within the HCP dataset are from 133 MZ pairs 352 

and 78 DZ pairs. The similarity of the spatial patterns from each twin pair was assessed 353 

by the Pearson correlation coefficient for each of the four functional or structural 354 

characteristics (Fig. 5). We found that the spatial patterns of face selectivity and functional 355 

connectivity, but not macroanatomical or microstructural features, of pFus-faces/FFA-1 356 

and mFus-faces/FFA-2 were more similar between pairs of MZ than DZ twins. Specifically, 357 

significant main effects of zygosity were found for face selectivity (F(1, 209)=37.60, 358 

p<.001) and for RSFC (F(1, 181)=42.71, p<.001). Although there were interactions 359 

among zygosity, region, and hemisphere (Fs(1, 181)>8.37, ps<.005) for RSFC, the 360 

effects of zygosity within each level of hemisphere and region were significant (all Fs(1, 361 

181)>=13.04, all ps<.001). Comparatively, there was no significant main effect of zygosity 362 
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for either cortical thickness (F(1, 209)=1.50, p=.221) or myelination (F(1, 209)=3.39, 363 

p=.067). 364 

 365 

Figure 5. Spatial patterns of face selectivity and functional connectivity, but not anatomical 366 

features, in pFus-faces/FFA-1 and mFus-faces/FFA-2 were more similar between pairs of 367 

monozygotic (MZ) than dizygotic (DZ) twins. (A) MZ twins showed significantly higher spatial 368 

pattern similarity in face selectivity than DZ twins for both face-selective regions. (B) MZ twins showed 369 

significantly higher spatial pattern similarity in resting-state functional connectivity (RSFC) than DZ 370 

twins for both face-selective regions. (C) MZ twins and DZ twins showed no significant differences in 371 

spatial pattern similarity of cortical thickness within both face-selective regions. (D) MZ twins and DZ 372 
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twins showed no significant differences in spatial pattern similarity of myelination within both face-373 

selective regions.  Error bars indicate the 95% confidence interval; ***p<0.001; n.s., not significant. 374 

  375 
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DISCUSSION 376 

 377 

Parcellating the cerebral cortex into areas continues to be a major goal in 378 

neuroscience. Over the last twenty-five years, the Fusiform Face Area (FFA) is one of the 379 

most widely studied – and heavily debated – brain areas (Kanwisher, 2010, 2017; 380 

Kanwisher et al., 1997). In addition to many theories proposed to explain how and why 381 

humans and other mammals have neural responses selective for faces, researchers also 382 

debate if the FFA is one contiguous area or not. However, these previous studies have 383 

suffered from small sample sizes (often between 10 and 50 participants). Here, we 384 

defined 4,221 face-selective regions on the fusiform gyrus (FG) in 1080 participants and 385 

showed that 95.42% of hemispheres have not one, but two, face-selective regions on the 386 

FG that are dissociable based on functional, macroanatomical, microstructural, and 387 

connectivity features. Additionally, we showed that the spatial patterns of face selectivity 388 

and functional connectivity are more highly correlated in monozygotic than dizygotic twins, 389 

which was surprisingly not the case for anatomical features such as cortical thickness 390 

and myelination. Below, we consider these results in the context of i) future studies 391 

interested in the structure and function of face-selective regions on the FG, ii) individual 392 

differences in anatomy, face selectivity, and face perception, iii) understanding the 393 

complex relationship among genetics, anatomical gradients, and functional gradients, as 394 

well as how that relationship relates to perception, and iv) group averages vs. individual 395 

differences in neuroimaging studies. 396 

 397 
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Implications for future studies interested in the structure and function of face-selective 398 

regions on the FG 399 

For more than a decade, dozens of studies have identified at least two face-400 

selective regions on the FG (Çukur et al., 2013; Davidenko et al., 2012; Elbich & Scherf, 401 

2017; Engell & McCarthy, 2013; Finzi et al., 2021; Gomez et al., 2015, 2017, 2018; Julian 402 

et al., 2012; Kay et al., 2015; Kietzmann et al., 2012; McGugin et al., 2014, 2015, 2016; 403 

Natu et al., 2016, 2019; Nordt et al., 2021; Parvizi et al., 2012; Pinsk et al., 2009; Rosenke 404 

et al., 2020, 2021; Scherf et al., 2017; Stigliani et al., 2015, 2019; Weiner et al., 2010, 405 

2014, 2016, 2017; Weiner & Grill-Spector, 2010; Zhen et al., 2015) in addition to other 406 

face-selective regions in the core and extended systems of face processing (Haxby et al., 407 

2000). Yet, to our knowledge, only two of these studies included more than 100 408 

participants (N=121, Engell & McCarthy, 2013; N=202, Zhen et al., 2015) with the goal of 409 

generating probabilistic atlases. Critically, these two studies did not report individual 410 

differences in the structure or function of separate FG face-selective regions and the 411 

sample size was still a small percentage of that used in the present study. Here, we 412 

extend these previous studies by defining FG face-selective regions in over 1000 413 

participants and show that the more posterior pFus-faces/FFA-1 is cortically thinner and 414 

more myelinated than the more anterior mFus-faces/FFA-2. Additionally, pFus-415 

faces/FFA-1 is more face-selective with stronger functional connectivity to other cortical 416 

networks than mFus-faces/FFA-2. 417 

Together, these results are surprising considering that it is widely accepted that 418 

identifying a single FFA is the norm, not the exception. Yet, our results empirically support 419 

the opposite in the largest group of manually defined face-selective regions on the FG to 420 
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date (to our knowledge). The present findings in combination with previous findings 421 

showing cytoarchitectonic (Weiner et al., 2017) and functional differences between these 422 

two regions (Kay et al., 2015; Weiner et al., 2010; Weiner & Grill-Spector, 2013), indicate 423 

that our findings are not just a matter of splitting one FFA into two. Instead, a majority of 424 

hemispheres contain two face-selective regions on the FG that are dissociable based on 425 

functional, macroanatomical, microstructural, and connectivity features. Thus, a goal of 426 

future empirical studies is to test for further functional differences between these regions, 427 

as well as similarities and differences in their anatomical connectivity. Future theoretical 428 

and computational work should also consider the FFA as two distinct regions in their 429 

models, as well as a third region in the anterior FG that is often immeasurable with fMRI 430 

due to methodological limitations (Jonas & Rossion, 2021). Finally, even though FG face-431 

selective regions are most often non-contiguous, the two regions together may constitute 432 

a functionally distinct system separate from other face-selective regions as suggested 433 

previously (Kanwisher, 2010) or perform the same function under certain task conditions 434 

despite the structural and functional differences identified here (the idea of “degeneracy”; 435 

Price and Friston, 2002; Edelman and Gally, 2001), both of which can be tested in future 436 

studies. 437 

 438 

Genetics, anatomical gradients, and functional clusters on the human FG: Perceptual 439 

consequences? 440 

 Recent research indicates systematic relationships among gradients of genetic 441 

expression (e.g. transcriptomics) relative to macroanatomical (e.g. cortical thickness), 442 

and microstructural (e.g. myelination) cortical features (Burt et al., 2018; Gomez et al., 443 
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2019). Additionally, recent findings also show that genetic expression in the brain is 444 

consistent with broad spatial trends that align well with network and connectomic 445 

architecture (Fornito et al., 2020), as well as functional maps within cortical areas (Gomez 446 

et al., 2021). The present results add additional novel insights to these previous findings. 447 

For example, even though there is a relationship among transcriptomics, cortical 448 

thickness, and myelination in the FG and more broadly across the visual processing 449 

hierarchy in humans (Gomez et al., 2019), there is a stronger correlation in MZ than DZ 450 

twins for face selectivity and connectivity properties of FG face-selective regions, but not 451 

cortical thickness and myelination. The latter finding indicates the utility of using different 452 

types of complementary data to improve our understanding of the complex relationship 453 

among genetics, anatomical gradients, and functional representations (gradients, maps, 454 

and clusters) in the human brain. As previous research shows genetic contributions also 455 

to face perception (Wilmer et al., 2010; Zhu et al., 2010) and the neural processing of 456 

faces (Abbasi et al., 2020; Brown et al., 2012), future studies can examine genetic 457 

contributions relating the structural and functional features of these FG face-selective 458 

regions to face processing ability. 459 

 For instance, does genetic expression contribute to the number of face-selective 460 

regions on the FG, which in turn, contributes to face processing ability? More broadly, 461 

what are the behavioral implications for only having one of these face-selective regions 462 

on the FG – or none at all? For example, there is recent causal evidence showing that 463 

electrical brain stimulation (EBS) to mFus-faces/FFA-2 results in deficits in naming faces, 464 

while EBS to pFus-faces/FFA-1 results in face-specific perceptual distortions (Schrouff et 465 

al., 2020). Such a result suggests that only having either mFus-faces/FFA-2 or pFus-466 
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faces/FFA-1 could have an effect on neural representations of either faces themselves in 467 

pFus-faces/FFA-1 or the integration of information about person identity in mFus-468 

faces/FFA-2, which can be further examined in future studies. Additional recent findings 469 

also suggest that anatomical and morphological features of each region is related to face 470 

perception. For example, McGugin and colleagues (2016) showed that cortical thickness 471 

of pFus-faces/FFA-1 contributed more to behavioral performance on a face processing 472 

task than did mFus-faces/FFA-2 (McGugin et al., 2016). Additionally, the size of pFus-473 

faces/FFA-1 was more tightly linked to behavior on a face processing task than the size 474 

of mFus-faces/FFA-2 (Elbich & Scherf, 2017). The combination of these causal and 475 

correlational results are consistent with the present results showing that pFus-faces/FFA-476 

1 is more face-selective than mFus-faces/FFA-2. Taken together, the present findings lay 477 

the foundation for future work and mechanistic models linking genetics to face processing 478 

relative to underlying functional, structural, and connectivity differences between mFus-479 

faces/FFA-2 and pFus-faces/FFA-1. 480 

 481 

Averages vs. individual differences in neuroimaging studies 482 

 A continued debate in the broader neuroimaging field is the balance between 483 

averages and group analyses compared to individual differences and analyses at the 484 

level of individual participants (Coalson et al., 2018; Friston et al., 2006; Poldrack et al., 485 

2015; Saxe et al., 2006; Van Essen & Glasser, 2018). Directly related to this debate and 486 

the present findings, Van Essen and Glasser (2018) qualitatively showed that a group 487 

definition of the FFA (or what they referred to as a “strip-like” fusiform face complex, FFC) 488 

defined using the same dataset as used here does not align well with individual 489 
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differences in the definition of face-selective regions on the FG in individual hemispheres.  490 

This observation is consistent with the present results showing that a majority of 491 

participants have two cortically distinct face-selective regions on the mid and posterior 492 

FG and even when there is one “strip-like” activation, it can be subdivided into two 493 

components that are functionally, macroanatomically, and microstructurally distinct from 494 

one another with different functional connectivity profiles. 495 

 496 

Figure 6. Multimodal parcellation of area FFC. Inflated cortical surface reconstructions of the left 497 

and right hemisphere in 32k_fs_LR space. White lines are outlines of areas in the HCP MMP Atlas. 498 

Green and blue shaded areas indicate multimodal parcellations of area FFC into mFus-faces/FFA-2 499 

(blue) and pFus-faces/FFA-1 (green), which to our knowledge, is the first empirical modification of an 500 

area within the recently proposed multimodal map of the human cerebral cortex (Glasser et al., 2016), 501 

as well as the first conducted at the level of individual participants. 502 

 503 

 Moving forward, then, how do we i) strike a balance between group averages and 504 

individual differences (when both are necessary and complement one another) and ii) 505 

overcome the fact that defining regions of interest (ROIs) manually is monotonous, 506 

requires expertise, typically limits sample sizes, and limits the cortical expanse a 507 

particular study can explore? Here, we propose that a deep learning approach 508 

implemented previously on just the cortical anatomy, could also be implemented on 509 

functional definitions to improve the accuracy of automated definitions of functional brain 510 

regions in individual participants. Specifically, two recent studies (Borne et al., 2020; Lyu 511 
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et al., 2021) used deep learning approaches to define sulci in individual participants with 512 

significant success. Each study first used many trained raters to manually define 513 

thousands of sulci and then trained and tested deep learning algorithms to label each 514 

sulcus. The algorithms accurately defined all sulci, but were the most accurate for deeper 515 

sulci that often had larger surface areas. This would suggest that once functional regions 516 

are manually defined in individual participants, the same algorithms could be trained, 517 

tested, and used to define functional regions in new participants. As the algorithms often 518 

improve as more data are used for training, functional ROIs defined in large, freely 519 

available datasets such as the multimodal data of the HCP at 3T and the retinotopy data 520 

of the HCP at 7T are good starting points for future studies to test the feasibility of this 521 

proposal. If successful, this approach would allow relatively automated approaches for 522 

accurate definitions of functional regions in individual participants – we use “relatively” 523 

here because the algorithms will first need to be trained on manually defined functional 524 

regions. In the interim, as we share our definitions with the field (Fig. 6), future studies 525 

can perform novel multimodal analyses that leverage the rich multimodal HCP dataset to 526 

explore how anatomical and functional features of these face-selective regions relate to 527 

cognitive and behavioral metrics also acquired in each participant without needing the 528 

expertise to define each region manually. Finally, this approach also does not solve the 529 

balance between group analyses and analyses in individual participants for tasks, 530 

behaviors, and cognitive phenemona for which cortical regions and networks remain 531 

unknown.  532 

  533 
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CONCLUSION 534 

 535 

 In sum, we examined individual differences of fusiform face area(s) in a large group 536 

(N>1000) of participants for the first time. Our results show that identifying a single FFA 537 

is actually the exception, not the norm as described in the broader literature. Instead, it is 538 

most common to identify two face-selective regions on the lateral FG that are 2.27 cm 539 

apart on average between the most face-selective vertices, as well as are dissociable 540 

based on functional, macroanatomical, microstructural, and connectivity features. This 541 

organization of clustered regions or patches as opposed to a single larger area aligns well 542 

with face-selective patches identified in other species, such as macaques. Additionally, 543 

functional (face selectivity) and connectivity (RSFC) features are more highly correlated 544 

in monozygotic compared to dizygotic twins, while structural features (cortical thickness, 545 

myelination) are not. Future studies can leverage the fact that we are sharing our 4,221 546 

manual areal definitions with the field (http://www.brainactivityatlas.org/atlas/atlas-547 

download; Fig. 6) to further explore how functional, structural, and connectivity features 548 

of these regions relate to cognitive and behavioral metrics also acquired in each 549 

participant within the rich multimodal HCP dataset. 550 

  551 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 10, 2022. ; https://doi.org/10.1101/2022.04.08.487562doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.08.487562
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

MATERIALS AND METHODS 552 

 553 

Data overview 554 

HCP-Young Adult (HCP-YA, S1200 data release, 2017) data were used to define 555 

two face-selective regions on the fusiform gyrus (pFus-faces/FFA-1, mFus-faces/FFA-2) 556 

and to compare their i) macrostructure (cortical thickness), ii) microstructure (myelination), 557 

iii) face selectivity, and iv) resting-state functional connectivity (RSFC) profiles. 558 

Additionally, spatial patterns of these structural and functional features were compared 559 

between each region in pairs of monozygotic and dizygotic twins. The HCP-YA includes 560 

behavioral and multi-modal MRI data from 1206 healthy young adult participants (i.e., 561 

S1200). After excluding the subjects with incomplete MRI scans, 1080 participants (586 562 

females, ages 22 to 37) were retained, each of whom completed structural MRI (sMRI), 563 

resting-state functional MRI (rfMRI), and task functional MRI (tfMRI) scans (Van Essen et 564 

al., 2013). Among them, there are 211 twin pairs (133 monozygotic (MZ) twins and 78 565 

dizygotic (DZ) twins, M/F: 172/250). All participants provided written informed consent. 566 

MRI protocols were approved by the Institutional Review Board (IRB) of Washington 567 

University. 568 

 569 

MRI acquisition 570 

The HCP-YA MRI data were acquired on the HCP’s custom 3T Siemens Skyra 571 

scanner using a 32-channel head coil. T1-weighted (T1w) images were acquired using 572 

the 3D MPRAGE sequence (TR = 2400 ms, TE = 2.14 ms, voxel size = 0.7 mm isotropic, 573 

iPAT = 2). T2-weighted (T2w) images were acquired using the 3D SPACE sequence (TR 574 

= 3200 ms, TE = 565 ms, voxel size = 0.7 mm isotropic, iPAT = 2). Functional data were 575 
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acquired using gradient-echo EPI sequence (TR = 720 ms, TE = 33.1 ms, voxel size = 2 576 

mm isotropic, MB = 8). Four runs of rfMRI data were acquired for each participant from 577 

the HCP-YA, each of which were approximately 15 minutes. Details of the HCP-YA MRI 578 

acquisition can be found elsewhere (Barch et al., 2013; Glasser et al., 2013; Smith et al., 579 

2013; Uğurbil et al., 2013). 580 

 581 

Functional localizer 582 

Face-selective regions were localized using a working memory task in which four 583 

stimulus types (faces, places, tools, and body parts) were presented in separate blocks 584 

(Barch et al., 2013). The localizer consisted of two runs, and each run contained eight 585 

task blocks (10 trials of 2.5 s each, for 25 s) and 4 fixation blocks (15 s each). Within each 586 

run, half of the task blocks used a 2-back working memory task and the other half 587 

implemented a 0-back working memory task. A 2.5 s cue indicated the task type at the 588 

start of the block. For each trial, the stimulus was presented for 2 s, followed by a 500 ms 589 

inter-trial interval (ITI). 590 

 591 

Emotion processing paradigm 592 

In each of two runs, participants were presented with 3 face blocks and 3 shape 593 

blocks (21 s each) (Barch et al., 2013). Each block, preceded by a 3 s task cue (“shape” 594 

or “face”), had 6 trials (2 s each, with a 1 s ITI). When the stimulus was presented, 595 

participants decided which of two faces/shapes presented on the bottom of the screen 596 

matched the face/shape at the top of the screen. The faces had either angry or fearful 597 

expressions. 598 
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 599 

MRI preprocessing 600 

The MRI data of HCP-YA were preprocessed with the HCP minimal preprocessing 601 

pipelines (Glasser et al., 2013). The T1w and T2w images were used to i) reconstruct 602 

individual cortical surfaces, ii) estimate the T1w/T2w ratio (which is a measure of tissue 603 

contrast enhancement that is a proxy for myelination), and iii) cortical thickness. The 604 

individual surfaces and related maps were further registered to the standard fsLR surface 605 

via the multimodal surface matching (MSM) algorithm (Glasser et al., 2016; Robinson et 606 

al., 2014). All functional images from individual participants were motion corrected, 607 

temporally filtered (highpass filter, cutoff = 2000 s), spatially denoised via the ICA+FIX 608 

approach, and registered to the standard CIFTI grayordinate fsLR space using the MSM 609 

algorithm. The preprocessed task fMRI data were entered into a general linear model 610 

(GLM) to estimate fMRI activity at each vertex/voxel in each run with FSL (FMRIB’s 611 

Software Library, www.fmrib.ox.ac.uk/fsl) (Barch et al., 2013). The boxcar convolved with 612 

a double gamma hemodynamic response function, and its temporal derivative was used 613 

to model the BOLD responses. Linear contrasts were computed to estimate effects of 614 

interest (e.g., faces vs. others; faces vs. shapes). Fixed-effects analyses were conducted 615 

to estimate the average effects across runs within each participant. No spatial smoothing 616 

was implemented. 617 

 618 

Manual definition of mFus-faces/FFA-2 and pFus-faces/FFA-1 in over 1,000 participants 619 

Face-selective regions on the lateral fusiform gyrus (FG) were manually delineated 620 

for each hemisphere and each participant based on individual, thresholded (Z>1.65, 621 
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p<0.05, uncorrected) face-selective activation maps (faces versus others). From this 622 

thresholded map, face-selective regions were labeled as either mFus-faces/FFA-2 or 623 

pFus-faces/FFA-1 based on previously published criteria differentiating the cortical 624 

location of the two regions relative to sulci within and surrounding the FG (Fig. 1A). 625 

Specifically, mFus-faces/FFA-2 is coupled with the anterior tip of the mid-fusiform sulcus 626 

(MFS) whereas pFus-faces/FFA-1 is located on the posterior aspect of the FG, extending 627 

into the occipito-temporal sulcus (Weiner, 2019; Weiner et al., 2014). To define each 628 

region, we implemented a three-pronged approach. First, author X.C. labeled each region 629 

manually on the individual thresholded face-selective map with a customized software 630 

(FreeROI, https://github.com/BNUCNL/FreeROI). Second, author Z.Z. checked the 631 

regions and refined them together with X.C. Third, author K.S.W. finalized the regions. 632 

 633 

Incidence rates and surface area of mFus-faces/FFA-2 and pFus-faces/FFA-1 634 

Overall, we categorized the spatial organization of mFus-faces/FFA-2 and pFus-635 

faces/FFA-1 into three types, or topological groups, (Fig. 1B): separate, continuous, and 636 

single. The “separate” group consisted of two cortically distinct face-selective regions in 637 

a given hemisphere that were separated by a cortical gap. The “continuous” group 638 

consisted of two regions that were identifiable and contiguous, but could be separated 639 

based on previously proposed anatomical criteria based on cortical folding (Weiner, 2019; 640 

Weiner et al., 2014). The “single” group consisted of one region in which either mFus-641 

faces/FFA-2 or pFus-faces/FFA-1, but not both, was identifiable in a given hemisphere. 642 

After determining these three groups, we summarized the incidence rate of each group 643 

by counting how many hemispheres were in each group. The surface area of each region 644 
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was also quantified. A 3-way between-subject ANOVA with hemisphere (LH, RH), group 645 

(single, continuous, separate), and region (pFus-faces/FFA-1, mFus-faces/FFA-2) as 646 

factors was conducted to test the differences of surface area of each region among the 647 

three groups.   648 

 649 

Cortical distance between pFus-faces/FFA-1 and mFus-faces/FFA-2 650 

Geodesic distance was used to quantify the cortical distance between pFus-651 

faces/FFA-1 and mFus-faces/FFA-2 by using the tvb-gdist package 652 

(https://github.com/the-virtual-brain/tvb-gdist). Geodesic distance is the length of the 653 

shortest line between two vertices on a triangulated mesh in three dimensions, such that 654 

the line lies on the surface. The cortical distance between the most face-selective vertices 655 

(i.e., the activation peaks) of the two regions was calculated for hemispheres from 656 

continuous and separate groups and a 2-way between-subject ANOVA was conducted 657 

to test the effects of hemisphere (LH, RH) and group (continuous, separate) on the 658 

distance. In addition, the cortical gap between two regions was measured for the separate 659 

group by calculating the minimum geodesic distance between the vertices of the two 660 

regions, and a two-sample t-test was performed to test the interhemispheric differences 661 

of the gaps. 662 

 663 

The spatial consistency of mFus-faces/FFA-2 and pFus-faces/FFA-1 across groups 664 

A group-specific probabilistic map was created for each fusiform face-selective 665 

region in each group (separate, continuous, single) to characterize the likelihood that a 666 

given vertex belongs to that region across the participants on whom either pFus-667 
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faces/FFA-1, mFus-faces/FFA-2, or both had been identified. For each region, the spatial 668 

consistency was calculated as the spatial pattern similarity between each pair of group-669 

specific probabilistic maps. Specifically, the spatial patterns in the overlapped portion of 670 

each pair of group probabilistic maps were extracted to compute the Pearson correlation 671 

coefficient. 672 

 673 

Average cortical thickness and myelination of pFus-faces/FFA-1 and mFus-faces/FFA-2 674 

We tested if pFus-faces/FFA-1 and mFus-faces/FFA-2 were anatomically distinct 675 

by calculating average macroanatomical (e.g., cortical thickness) and microstructural 676 

(e.g., myelination) values from each region in each individual. The mean thickness and 677 

myelination values were generated by averaging each measurement across all vertices 678 

within each region in each hemisphere and participant within each of the three groups. A 679 

4-way between-subject ANOVA with metric (myelination, thickness), hemisphere (LH, 680 

RH), group (single, contiguous, separate), and region (pFus-faces/FFA-1, mFus-681 

faces/FFA-2) as factors was then conducted to test significant main effects and 682 

interactions of these factors. In addition, a separate 3-way between-subject ANOVA was 683 

conducted to further examine the effects of hemisphere (LH, RH), group (single, 684 

contiguous, separate), and region (pFus-faces/FFA-1, mFus-faces/FFA-2) on myelination 685 

content. 686 

 687 

Comparing face-selectivity between mFus-faces/FFA-2 and pFus-faces/FFA-1 688 

As pFus-faces/FFA-1 and mFus-faces/FFA-2 are defined based on the HCP 689 

working memory task, we used face and shape conditions from the emotional processing 690 
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task, which was also included in the HCP dataset, as an additional independent dataset 691 

to compare face selectivity between the two face-selective regions in each of the three 692 

groups. These data were acquired in nearly all participants (939/1080 participants) and 693 

were completely independent from the data used to define each face-selective region. 694 

Face selectivity was quantified as the average z-value of the contrast (faces vs. shapes) 695 

within each functional region in each individual participant. A 3-way between-subject 696 

ANOVA with hemisphere (LH, RH), group (single, continuous, separate), and region 697 

(pFus-faces/FFA-1, mFus-faces/FFA-2) as factors was conducted to test if pFus-698 

faces/FFA-1 or mFus-faces/FFA-2 differed in their mean face-selectivity. 699 

 700 

Comparing resting state functional connectivity profiles between mFus-faces/FFA-2 and 701 

pFus-faces/FFA-1 702 

To quantify network connectivity differences between these two face-selective 703 

regions, we considered three scales i) areal, ii) network, and iii) global. At the areal level, 704 

we quantified the resting-state functional connectivity (RSFC) from each FG face-705 

selective region to each of the HCP MMP areas (Glasser et al., 2016) except the FFC 706 

(which includes mFus-faces/FFA-2 and pFus-faces/FFA-1). In detail, for each participant, 707 

RSFCs between each face-selective region and each of HCP MMP cortical areas were 708 

derived for each run by calculating Pearson correlation coefficients between their resting-709 

state BOLD time courses, and then averaged across the four runs. At the network level, 710 

we characterized the connectivity of the two face-selective regions to the twelve large-711 

scale resting-state networks (RSNs) by summarizing the RSFCs to all MMP areas into 712 

12-dimension RSFC “fingerprints” according to Cole-Anticevic Brain Network Parcellation 713 
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(CAB-NP) (Ji et al., 2019). At the global level, we characterized the global brain 714 

connectivity (Cole et al., 2010) of each face-selective region by averaging RSFC values 715 

across the twelve large-scale networks. At both areal and network levels, two-sample t-716 

tests were conducted to compare RSFCs of pFus-faces/FFA-1 and mFus-faces/FFA-2, 717 

and false discovery rate (FDR) corrections were conducted for the 358/12 tests in each 718 

hemisphere and each group, respectively. At the global brain level, a 3-way between-719 

subject ANOVA with hemisphere (LH, RH), group (single, continuous, separate), and 720 

region (pFus-faces/FFA-1, mFus-faces/FFA-2) as factors was conducted to test the inter-721 

regional differences in connectivity. 722 

 723 

Comparing spatial patterns of functional, structural, and connectivity features of pFus-724 

faces/FFA-1 and mFus-faces/FFA-2 between pairs of monozygotic and dizygotic twins 725 

Are there heritable components contributing to the functional, connectivity, 726 

macroanatomical, and microstructural differences between pFus-faces/FFA-1 and mFus-727 

faces/FFA-2? To test this question, we evaluated if spatial patterns of functional (face 728 

selectivity), connectivity (RSFC), macroanatomical (cortical thickness), and 729 

microstructural (myelination) features of pFus-faces/FFA-1 or mFus-faces/FFA-2 were 730 

more similar in monozygotic (MZ) than dizygotic (DZ) twins. We were able to do so 731 

because a subset of the 1080 participants within the HCP dataset are from 133 MZ pairs 732 

and 78 DZ pairs. Since individual ROIs are different and we cannot quantitatively compare 733 

ROI matrices that are unequal in size, the maximum probability map (MPM) of mFus-734 

faces/FFA-2 and pFus-faces/FFA-1 were used for these analyses. Specifically, the spatial 735 

patterns of face selectivity, thickness, and myelination of pFus-faces/FFA-1 and mFus-736 
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faces/FFA-2 were directly extracted from the MPM masks and the spatial pattern of RSFC 737 

of each face-selective region was characterized as the RSFC fingerprint between its MPM 738 

mask and the 12 RSNs. The similarity of the spatial patterns from each twin pair was 739 

assessed by the Pearson correlation coefficient, and a 2 (zygosity: MZ, DZ; between-740 

subject) × 2 (region: pFus-faces/FFA-1, mFus-faces/FFA-2; within-subject) × 2 741 

(hemisphere: left, right; within-subject) ANOVA was conducted to statistically compare 742 

similarities in each anatomical (thickness, myelination) and functional (face selectivity, 743 

functional connectivity) feature. 744 

  745 
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