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Developmental prosopagnosia is a neurodevelopmental condition characterized by difficulties in recognizing the identity of a person
from their face. While current theories of the neural basis of developmental prosopagnosia focus on the face processing network,
successful recognition of face identities requires broader integration of neural signals across the whole brain. Here, we asked whether
disruptions in global functional and structural connectivity contribute to the face recognition difficulties observed in developmental
prosopagnosia. We found that the left temporal pole was less functionally connected to the rest of the brain in developmental
prosopagnosia. This was driven by weaker contralateral connections to the middle and inferior temporal gyri, as well as to the medial
prefrontal cortex. The pattern of global connectivity in the left temporal pole was also disrupted in developmental prosopagnosia.
Critically, these changes in global functional connectivity were only evident when participants viewed faces. Structural connectivity
analysis revealed localized reductions in connectivity between the left temporal pole and a number of regions, including the fusiform
gyrus, inferior temporal gyrus, and orbitofrontal cortex. Our findings underscore the importance of whole-brain integration in
supporting typical face recognition and provide evidence that disruptions in connectivity involving the left temporal pole may underlie
the characteristic difficulties of developmental prosopagnosia.
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Introduction

Prosopagnosia refers to the inability to recognize the identity of a

person from their face despite intact visual acuity and otherwise

typical perceptual abilities. In cases of acquired prosopagnosia,

individuals initially develop normal face recognition abilities, but

following damage to regions of the occipital and temporal lobes,

experience profound difficulties in recognizing people from their

faces (Barton 2008). In contrast, a subset of the population expe-

riences significant lifelong difficulties in face recognition without

any history of brain injury or trauma (Duchaine and Nakayama

2006a; Susilo and Duchaine 2013). This condition, termed devel-

opmental prosopagnosia (DP), is characterized by face-processing

difficulties that are thought to emerge early in childhood and

persist throughout life, suggesting a neurodevelopmental basis for

the disorder.

Several studies have investigated the neural basis underly-

ing face recognition difficulties in individuals with DP, focus-

ing on face-selective regions of the human brain (Duchaine and

Nakayama 2006a; Avidan and Behrmann 2014). The occipital face

area (OFA), fusiform face area (FFA), and superior temporal sulcus

(STS) comprise a core network that is preferentially involved

in face perception (Kanwisher et al. 1997; Haxby et al. 2000;

Kanwisher 2010). Some studies have found reduced activity in the

core face-selective areas when viewing faces in DP (Hadjikhani

and De Gelder 2002; Furl et al. 2011; Jiahui et al. 2018); however,

others find activity comparable to that of neurotypical individuals

(Hasson et al. 2003; Avidan et al. 2005; Rivolta et al. 2014). The

core face regions in the posterior temporal lobe are connected

to an extended network of regions in the brain that process

faces (Haxby et al. 2000; Gobbini and Haxby 2007; Ishai 2008;

Davies-Thompson and Andrews 2012). The interaction between

the core and extended networks in the temporal lobe is thought

to be important for specific aspects of face perception, such as

identity (Rotshtein et al. 2005) and expression (Harris et al. 2012).

An alternative explanation for the deficit in face recognition in

DP is that it results from a disruption in the connectivity between

the core and extended regions of the face network (Fox et al. 2008;

Thomas et al. 2009; Behrmann and Plaut 2013; Avidan et al. 2014;

Zhao et al. 2018; Sokolowski and Levine 2023). Recently, Levakov

et al. (2023) demonstrated that less functional connectivity to the

anterior temporal cortex is associated with worse face recognition

performance in a neurotypical population. Consistent with this,

DPs also show reduced functional connectivity to the anterior

temporal cortex (Rosenthal et al. 2017). Noad et al. (2024) reported

even more widespread reductions of connectivity in DP involving

both the core face network and an extended familiarity network

across the whole brain. Evidence supports the idea that this

reduction in functional connectivity, to some extent, might be a

consequence of a structural alteration in white matter tracts. Two

large white matter tracts—the inferior longitudinal fasciculus

(ILF) and the inferior fronto-occipital fasciculus (IFOF) connect
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the occipital to the temporal and frontal cortex, respectively.

Alterations in the structure of these long-range tracts (Thomas

et al. 2009; Grossi et al. 2014;) as well as local reductions in the

vicinity of face-selective regions along the tracts (Gomez et al.

2015; Song et al. 2015) have been reported in DP.

The ability to recognize and then interact appropriately with

people that we know requires the integration of visual informa-

tion with nonvisual episodic, semantic, and affective information

(Gobbini and Haxby 2007; Shoham et al. 2022). Because previ-

ous studies investigating neural differences in DP have primarily

focused on the core and extended face networks or on connec-

tivity between pairs of regions, it is unclear whether interactions

across a wider network of the brain, including regions outside

the core and extended face network may also account for the

difficulties evident in DP.

In this study, we used data-driven analyses to investigate dif-

ferences in whole-brain functional and structural connectivity

between individuals with DP and neurotypical Controls. Whole-

brain connectivity approaches offer a comprehensive means to

examine how neural responses are integrated across the brain

and identify functional and structural alterations in brain orga-

nization that may not be evident when the analysis is restricted

to specific pairs of regions (Martuzzi et al. 2011;Whitfield-Gabrieli

and Nieto-Castanon 2012; Nieto 2022). Specifically, we conducted

whole-brain analyses by quantifying the magnitude and pattern

of functional connectivity between each voxel and all other vox-

els in the brain. A key aspect of our design is the comparison

between functional connectivity patterns elicited during the view-

ing of face stimuli versus nonface stimuli (flowers), allowing us to

assess the functional specificity of any connectivity differences

observed in DP.Additionally, to determinewhether potential func-

tional connectivity alterations are coupled with disruptions in

the underlying structural connectivity,we comparedwhitematter

connectivity between DPs and neurotypical Controls.

Materials and methods
Participants
Twenty-two DPs (4 males, Mage =41.59, SDage =11.82) and 20

typical Controls (8 males, Mage =34.10, SDage =12.62) participated

in the study. DP participants were recruited through www.

troublewithfaces.org. Diagnostic evidence for the presence of DP

was collected using the PI20 questionnaire—a 20-item self-report

measure of face recognition abilities (Shah et al. 2015) and the

Cambridge Face Memory Test (CFMT)—an objective measure of

face recognition (Duchaine and Nakayama 2006b). The use of

convergent diagnostic evidence from self-report and objective

computer-based measures of face recognition ability is thought

to provide reliable identification of DP (Gray et al. 2017). The

inclusion criteria for DP individuals was to score>2 SDs from

the typical mean on the PI20 and<2SD on the CFMT. All DPs in

the final sample scored at least 2.8 standard deviations above

the typical mean on the PI20 and at least 2.3 standard deviations

below typicalmean on the CFMT. Supplementary Tables S1 and S2

show demographic and diagnostic information for individual

DP and Control participants. Typical Controls were recruited

from the local community. As expected, the DPs and Controls

differed significantly in terms of their PI20 (MDP =78.36, SD=7.20,

Mcontrol =36.55, SD=8.29, t(40) = 17.50, P<0.001) and CFMT scores

(MDP =55.43, SD=6.99, Mcontrol =81.04, SD=8.89, t(40) = 10.43,

P< 0.001). The groups did not differ significantly in terms of

their age, t(40) = 1.99, P> 0.05, or proportion of males [X2
(1) =2.44,

P> 0.05].

All participants were over 18 yr old, had normal or corrected-

to-normal vision and had no history of psychiatric, neurolog-

ical conditions, and autism. All participants provided written

informed consent and the experiment was approved by the York

Neuroimaging Centre (YNiC) Ethics Committee.

Experimental design and statistical analysis
Fifteen different face images and 15 flower images were used

for the face and flower scans, respectively (Fig. 1a). All images

were gray-scale on a mid-gray background with a resolution of

400 × 400 pixels. Face images were taken from the Radboud

face database (Langner et al. 2010). All faces were front-facing

white males, had neutral facial expression and were unknown

to the participants. All flowers were from the Asteraceae family

and were taken from the SOLID database (Frank et al. 2020).

Examples of face and flower images are shown in Fig. 1a.

Images were presented using a blocked design. Within each

scan, each unique face/flower image was presented for 4 blocks

(in pseudorandomized order such that all 15 identities are

presented before repeating an identity).Within a block, individual

faces/flowers were repeated 4 times for 600 ms, with a 200 ms

inter-stimulus-interval. This was followed by an inter-block

interval lasting 6 s. In total, each of the unique face/flower

identities were seen 16 times (4 presentation × 4 repetition

within a block). The face scan was always presented before the

flowers scan for all participants. To maintain attention during

the scan, participants were required to press a button when

the fixation cross changes from black to green, which occurred

randomly 60 times throughout the scan. There was no significant

difference between the accuracy of responses to fixation cross

changes between the face (mean=94.8%, SEM=0.15%) and

flower (mean=95.5%, SEM=0.14%) scans (t(118) = 0.37, P>0.05).

There was also no significant difference in the reaction times

between the face (mean=567 ms, SEM=22 ms) and flowers

(mean=558 ms, SEM=21 ms) scans (t(118) = 1.06, P>0.05). The

total length of each scan was 9 min. In choosing the number and

repetition frequency of images, we aimed for control participants

to achieve visual familiarity to the face identities in order to

capture functional connectivity between regions that are involved

in this process and find neural differences in DPs who are

behaviorally impaired at achieving familiarity for faces.

To ensure that the face and flower exemplars were compa-

rable in low-level similarity, we measured their low-level prop-

erties using GIST (Torralba and Oliva 2001). The GIST descriptor

measures the spectral and spatial properties of an image. Each

image was spatially divided into 64 (8 × 8) locations. The GIST

descriptor calculates low-level properties by convolving the image

with 32 Gabor filters at 4 spatial scales, each with 8 orientations,

producing 32 feature maps for each of the 64 spatial locations.

This produces a total of 2,048 values describing the low-level

properties of each image. First, we measured the GIST for all 15

face and flower images. Next, we correlated the resulting vector

of each face with the other 14 faces and each flower with the

other 14 flowers, producing 105 values describing the similarity

in low-level properties between each pair of images for the face

and flower categories. Next, we compared the similarity between

faces and the similarity between flowers and found there was

no significant difference between the face and flower categories,

t(208) = 0.03, P=0.979 (Fig. 1b).

fMRI data acquisition
fMRI data were acquired with a GE 3 T HD Excite MRI scanner

at YNiC (University of York) using an 8-channel phased-array,
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Fig. 1. (a) Fifteen face and flower images used in the fMRI experiment. (b) The average similarity between exemplars was similar for faces and flowers.
Each dot represents the similarity in image statistics between a pair of images measured using correlation.

head-dedicated gradient insert coil tuned to 127.4 Hz. A gradi-

ent echo-planar imaging (EPI) was used to collect data from 38

contiguous slices (TR=3000 ms, TE=25 ms, FOV=288 × 288 mm,

matrix size = 128 × 128, slice thickness= 3 mm). High-resolution

T1-weighted anatomical images were acquired (TR=2300 ms,

TE=2.26ms, FOV=256× 256mm,matrix size = 256× 256, 1mm3).

Functional connectivity analysis
Preprocessing and analysis of functional connectivity was carried

out with the CONN toolbox (https://web.conn-toolbox.org/fmri-

methods; Whitfield-Gabrieli and Nieto-Castanon 2012) using

the default preprocessing pipeline, which includes realignment

and unwrapping, slice-timing correction, outlier detection,

structural and functional segmentation and normalization

and spatial smoothing (8 mm Gaussian kernel). Functional

and anatomical data were normalized into standard Montreal

Neurological Institute (MNI) space and segmented into gray

matter, white matter, and CSF tissue classes using the CONN

in-built statistical parametric mapping 12 (SPM12) unified

segmentation and normalization procedure (Ashburner and

Friston 2005). Functional connectivity analyses used the time

series from the graymatter voxels only.Next, functional datawere

denoised by applying the default denoising pipeline. This included

the anatomical component-based noise correction aCompCor

(Behzadi et al. 2007) by modeling out the sources of noise from

white matter, gray matter, and cerebrospinal fluid as nuisance

parameters within the first-level general linear model (GLM).

Scrubbing,motion regression (12 regressors: 6 motion parameters

+ 6 first-order temporal derivatives), and temporal band-pass

filtering (0.008 to 0.09 Hz) were applied. Scrubbing is a process in

which a number of contaminated volumes (change in bold signal

attributed to head motion) are regressed out at the denoising

state of CONN. There were no significant differences in head

movement between the groups in the face [t(40) = 0.70, P=0.488]

or flowers [t(40) = 1.00, P=0.323] scans. One Control participant

was excluded from further analysis for excessive head motion

(Supplementary Fig. S1).

To measure global connectivity, a voxel-based functional

intrinsic connectivity contrast (ICC) was used to measure the

strength of functional connectivity between each voxel and every

other voxel during the full duration of each scan (Martuzzi et al.

2011). The strength of connectivity between each voxel and the

average of the rest of the voxels in the brain (root mean square

of correlation coefficient values between a voxel and the rest

of the brain) provided a measure of the functional centrality at

each voxel. Voxels with higher connections to the rest of the

brain are regarded as functionally central and thus more globally

connected. Individual-level ICCs were calculated and combined

into Control and DP group-level analyses. To determine if there

were voxels that showed a different level of connectivity in DPs,

we performed a group contrast using the CONN in-built cluster-

level inference based on Gaussian Random Field theory with

voxel-thresholding at P< 0.005 and a cluster-size false discovery

rate (FDR)-corrected at P<0.05. We chose a voxel-threshold of

P<0.005 based on the consideration that a voxelwill be differently

(less or more) globally connected in DPs only if it is significantly

less or more connected to a sufficiently large number of other

voxels. As such, if an area had decreased/increased connectivity

to only one other area, this might not be sufficient to result in

reduced global connectivity; thus, in choosing P<0.005, we aimed

to strike a balance between the most conservative threshold and

false-positives.

Changes in connectivity may not only be based on overall

changes in the magnitude of connectivity but also on the pattern

of connectivity. That is, the connectivity of a particular area does

not necessarily need to be lower, but the pattern of functional

projections might be different. To address this, we used func-

tional connectivity multivariate pattern analysis (fc-MVPA). This

analysis computes the connectivity patterns characterizing the

connectivity between each voxel and the rest of the brain (Nieto

2022). The fc-MVPA calculates functional connectivity between

each voxel and the rest of the voxels in the brain for each subject

and computes a reduced set of eigenpattern (principal compo-

nent) scores best characterizing relevant spatial features of these

maps across subjects. In the current analysis, we used the first

4 components. Cumulatively, the first 4 components explained

90.02 and 89.70% of the variance in connectivity profiles across

all participants in the faces and flowers scans, respectively. Once

each subject’s functional connectivity profiles are represented in

terms of the 4 lower-dimensional eigenpattern scores, group-level
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functional connectivity analyses are computed by entering these

scores into a standard GLM that evaluates the hypothesis that

there will be a group difference (Control vs DP) in the connectiv-

ity pattern of a given voxel using the likelihood-ratio test. This

procedure is repeated for each voxel sequentially, constructing

a statistical parametric map across the entire brain. A group

contrast was used to identify any regions with different patterns

of connectivity in DPs compared to Controls (voxel-threshold

P< 0.005, cluster-size FDR-corrected P< 0.05).

Diffusion MRI (dMRI) data acquisition and
preprocessing
We investigated structural connectivity across the brain using

diffusion tensor imaging (DTI). DTI is an MRI technique that mea-

sures the directionality of water molecule diffusion to determine

the structure of white matter tracts in the brain (Basser et al.

2000). Diffusion-weighted MRI (dMRI) data were acquired with a

GE 3 T HD Excite MRI scanner with an 8 channel whole head high-

resolution brain array. Two dMRI scans were acquired,with oppos-

ing phase encoding directions. The first dMRI scan lasted ∼9 min

with posterior-to-anterior phase encoding direction. A single-shot

pulsed gradient spin-echo EPI sequence was used with the follow-

ing parameters: b = 1,000 s/mm2, 25 unique diffusion directions,

60 slices, FOV=192 mm, TR=12 s, TE=88.5 ms (minimum full),

voxel size = 2 × 2 × 2 mm3, matrix size = 96× 96, flip angle = 90◦.

Three volumes without diffusion weighting (b0) were acquired at

the start of the scan. The second dMRI scan was ∼4.5 min with

anterior-to-posterior phase encoding direction and was used to

correct distortion and had only 12 diffusion directions. All other

scan parameters were the same as the first dMRI scan. Data were

split across time and the first 3 baseline volumeswith no diffusion

were extracted. The b0 volumes were merged across the 2 scans

to estimate the amount of susceptibility-induced distortion and

Topup (Andersson et al. 2003) was used to correct it by applying

the distortion field to the scans and combining them together.

Nonbrain tissue removal was applied using BET (Smith 2002).

The diffusion data were reconstructed using generalized

q-sampling imaging (Yeh et al. 2010) with a diffusion sampling

length ratio of 1.25. The tensor metrics were calculated using

DWI with a b-value of 1000 s/mm2. Generalized q-sampling

imaging first reconstructs diffusion-weighted images in native

space and computes the quantitative anisotropy (QA) in each

voxel. These QA values are used to warp the brain to a template

QA volume in MNI space using the SPM nonlinear registration

algorithm. Once in MNI space, spin density functions were

again reconstructed with a mean diffusion distance of 1.25mm.

A deterministic fiber tracking algorithm (Yeh et al. 2013) was

used with augmented tracking strategies (Yeh 2020) to improve

reproducibility. The anisotropy threshold was randomly selected.

The angular threshold was randomly selected from 15◦ to 90◦.

The step size was randomly selected from 0.5 voxels to 1.5 voxels.

Tracks with lengths shorter than 30 or longer than 300 mm were

discarded. The Harvard-Oxford parcellation was registered to the

b0 volume from each subject’s diffusion data. A total of 1,000,000

seeds were placed. Whole-brain tractography was conducted

using DSI Studio (http://dsi-studio.labsolver.org).

Connectome construction and topological
measures
The connectome model was constructed by parcellating the

whole-brain tracts with 96 cortical regions derived from the

Harvard-Oxford atlas. The connectivity matrix was calculated

by using the number of tracts connecting each pair of anatomical

regions. The weighted connectivity matrix for each participant

was thresholded at 10% of the overall count sum to preserve

the strongest anatomical connection and then binarized. At this

threshold, mean densities of 7.48 and 7.12% were calculated

across connectomes in Controls and DPs, respectively.

A DTI-derived brain network for each subject can be described

as a graph with set of nodes representing regions of brain and

edges that form the white matter connections between the nodes.

Topological measures of brain networks can be represented in

a number of ways, all of which capture different features of

connectivity. In the current study, we used the graph measures

of degree at the whole network and nodal levels to ensure the

structural connectome analysis is consistent with the global func-

tional connectivity analysis. The degree represents the number

of edges connected to a node (brain region). The degree of each

node measures its integration with the broader network (global

connectivity to the rest of the brain regions). The degree of a node

i is given by:

k(i) =
∑

j∈N

a
(

i, j
)

where a
(

i, j
)

is the connection status between the pair of regions

i and j.

Results
Analysis of functional connectivity
We measured whole-brain global connectivity differences

between Controls and DPs during the face and flower scans.

Areas with significantly lower global connectivity in DP compared

to Controls when viewing faces are shown in Fig. 2a, Table 1 and

Supplementary Fig. S2. The overlap of the areas with cortical

and subcortical parcellations from the Harvard-Oxford atlas is

shown in Supplementary Table S2. The majority of voxels with

lower global connectivity in DPs fell within the left temporal pole

(LTP). The peak location of these voxels on the dorsal surface

of the temporal pole is distinct from location of the anterior

temporal face patch, which appears on the ventral surface of

the temporal lobe (Rajimehr et al. 2009). We also found lower

global connectivity in voxels within the right putamen, left

and right amygdala, left orbitofrontal cortex and left and right

insula. In contrast, there was no difference in global connectivity

between Controls and DPs in any region when viewing flowers

(Fig. 2a), suggesting a selective reduction in global connectivity

during face processing for DP.We found no significant voxels that

showed greater global functional connectivity for DPs compared

to Controls.

To determine which functional connections are lower in DPs,

we performed a seed-based analysis. We focused on the LTP as

this region showed the greatest difference in global functional

connectivity. Seed-based connectivity with the other significant

regions (right putamen and left and right amygdala) are shown in

Supplementary Fig. S3 and Supplementary Table S3.The reference

time series for the LTPwas obtained by averaging the time series of

all voxels within the seed region. A seed-to-voxel functional con-

nectivity was calculated for Controls and DPs, and then a group

contrast was carried out (voxel-threshold P<0.005, cluster-size

FDR-corrected P<0.05). In DPs, the LTP had weaker contralateral

connections to the anterior regions of the superior, middle, and

inferior temporal gyri, as well as weaker bilateral connections to

the medial prefrontal cortex when viewing faces (Fig. 2b, Table 1

and Supplementary Fig. S4). Supplementary Table S4 shows the

full list of Harvard-Oxford parcellations that overlap with the
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Fig. 2. (a) Analysis of global functional connectivity. Difference in whole-brain global connectivity between Control and DP groups for the faces and
flowers scans. The LTP showed a significant difference in global connectivity between Controls and DPs. Differences in connectivity were evident when
viewing faces but not flowers. (b) Analysis of seed-based functional connectivity. Regions showing lower connectivity between the LTP (seed) in DPs
compared to control participants for the faces and flowers scans. Reduced connectivity was evident in the medial prefrontal cortex and within regions
of the temporal lobe when viewing faces but not flowers.

Table 1. Peak MNI coordinates, P value (FDR-corrected), top anatomical region (region containing the most overlapping significant
voxels), and number of overlapping voxels of the significant clusters from the ICC analysis, LTP seed-based analysis, and MVPA faces
and flower analyses.

Peak coordinates P value Top anatomical region Overlapping voxels

x y z (FDR)

ICC faces −44 12 −26 0.003 LTP 187

33 0 −12 0.004 Right putamen 106

LTP (seed) 12 36 48 0.007 Left frontal pole 190

50 −16 −22 0.028 Right posterior middle temporal gyrus 219

MVPA faces −60 −58 4 <0.001 Left middle temporal gyrus 225

38 −54 −12 0.005 Right temporal occipital fusiform cortex 109

6 −74 32 0.009 Precuneus cortex 127

−40 −8 −28 0.016 LTP 69

−2 −36 −54 0.035 Brain stem 111

MVPA flowers 8 −64 30 0.023 Precuneus cortex 130

18 −12 −10 0.023 Brain stem 25

−38 −64 −24 0.023 Cerebellum 83

22 −44 −8 0.042 Lingual gyrus 97

significant voxels. Next, we asked whether the seed-based reduc-

tions in connectivity to the LTPwere specific for faces by repeating

the seed-based connectivity analysis while participants viewed

flowers. When viewing flower images, we found that the LTP

showed no difference in connectivity in DPs compared to Controls

(Fig. 2b). Again, this suggests that the change in connectivity with

the LTP is specific to face processing.

Multivariate analysis of functional connectivity
The global connectivity analysis aims to uncover quantitative

group differences in the strength of connectivity. However,

functional connectivity may also differ qualitatively; i.e. different

patterns of connectivity may be seen in DPs and Controls. That

is, the strength of connectivity of a particular voxel does not

necessarily need to be lower or higher in one group, but the

pattern of functional projections might be different. To address

this possibility, we performed a multivariate analysis of the

patterns of functional connectivity (fc-MVPA). The multivariate

connectivity analysis addresses this by considering separately

for each voxel the entire multivariate pattern of functional

connections between this voxel and the rest of the brain. In

particular, for any individual hypothesis (e.g. DP �= Control),
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Fig. 3.Multivariate analysis of functional connectivity. Differences in the whole-brain global functional connectivity patterns between DPs and Controls
when viewing faces and flowers. Different patterns of global connectivity were evident in posterior and anterior regions of the middle temporal gyrus,
the posterior superior temporal gyrus, the fusiform gyrus and the precuneus when viewing faces. A different pattern of change was evident when
viewing flowers.

the multivariate connectivity analysis will produce a statistical

parametric map evaluating that hypothesis separately at each

individual voxel. Voxels with a significantly different pattern

of functional connections in DP are shown in Fig. 3 and Table 1

(Supplementary Tables S5 and S6, Figs. S5 and S6).

Again, we found that voxels in the LTP showed a different

pattern of connectivity in DPs compared to Controls when viewing

faces. We also found different cortical patterns of connectivity in

the posterior and anterior regions of the temporal lobe, namely in

the left middle temporal gyrus and right fusiform cortex. These

regions were not found in a corresponding analysis of patterns of

connectivity when viewing flowers. Posterior regions (precuneus

and lingual gyrus) also showed a different pattern of connectivity

in DPs compared to Controls. However, it is difficult to assess

face-selective nature of these effects as differences between DPs

and Controls were also evident in similar regions when viewing

flowers.

Whole-brain structural connectivity
We first calculated global structural connectivity across thewhole

brain. We measured the number of connections (edges) to each

region (node) at the whole network level to give a value for

the degree of connectivity. There was no overall difference in

the degree (number of structural connections) between Controls

(M=6.73, SD=0.92) and DPs (M=6.41, SD=0.92) across the whole

brain (t(39) = 1.10, P=0.274). Next, we determined if there were

group differences in the degree of connectivity across different

regions from the Harvard-Oxford atlas (Supplementary Fig. S7).

Although the majority of regions had a higher degree of connec-

tivity in Controls, none of the regions were significantly different

at P< 0.05 (FDR-corrected for multiple-comparisons). The struc-

tural connectivity did not reveal any voxels that showed greater

structural connectivity for DPs compared to Controls.

The degree of a region measures the overall connectivity of

that region to the rest of the regions in the brain. However, as DPs

have selective face recognition deficits, it is possible that DPs’ poor

recognition abilities are associated with reductions in connectiv-

ity to a limited number of regions. To explore this possibility, we

carried out a seed-based structural connectivity analysis in which

we measured the number of connections between the seed and

each of the other brain regions. We chose the LTP as a seed based

on the fact that it showed consistently reduced connectivity in

both functional connectivity analyses and allowed us to explore

whether the observed reduction in strength and pattern of func-

tional connectivity is mirrored by structural underconnectivity.

We askedwhether the number of fibers between the LTP and other

brain regions is lower in DPs. Three regions showed significantly

lower connections to the LTP in DPs: the left anterior inferior

temporal gyrus (P=0.004, FDR-corrected), the left orbitofrontal

cortex (P< 0.0001, FDR-corrected), and the left anterior temporal

fusiform cortex, (P=0.031, FDR-corrected) (Fig. 4).

A consistent finding across the functional and structural con-

nectivity analyses has been the lower connectivity of the LTP in

DP. A summary of regions with reduced functional and structural

connectivity to the LTP in DP found across the current functional

and structural seed-based analyses are presented on Fig. 5.

Discussion

We used data-driven analyses to explore differences in whole-

brain functional and structural connectivity in individuals with

DP. Our findings revealed significant global changes in both the

strength and pattern of functional brain connectivity in DPs com-

pared to neurotypical Controls. These changes were predomi-

nantly driven by the LTP, which showed both weaker connections

and atypical connectivity patternswith the rest of the brain.These

connectivity differences were specific to face stimuli and were

not observed when participants viewed nonface stimuli, such

as flowers. These results suggest that typical face recognition

depends on the integration of information across many brain

regions and that disruptions to the integration of information can

give rise to the deficits characteristic of DP.

Previous studies that have explored the neural basis of DP have

predominantly focussed on face-selective regions of the human

brain (Duchaine and Nakayama 2006a; Avidan and Behrmann

2014). However, recognizing and appropriately interacting with

familiar individuals requires the integration of visual informa-

tion with nonvisual episodic, semantic, and affective information

(Gobbini and Haxby 2007; Shoham et al. 2022). To address whether

more global deficits in integrating information might explain the

deficits in DP, we measured whole-brain connectivity across the

whole brain. Our analysis revealed global changes in functional

connectivity in the LTP of individuals with DP, consistent with

the region’s role in the recognition of identity. Activity in the

anterior temporal cortex increases when viewing familiar faces

(Gorno-Tempini et al. 1998; Leveroni et al. 2000; Sugiura et al.

2001; Gobbini and Haxby 2007; Collins and Olson 2014) and this

region can support fine-grained perceptual discrimination of face

identities (Kriegeskorte et al. 2007; Anzellotti et al. 2014; Yang et al.

2016). The temporal pole has also been proposed to serve a critical

link between perception andmemory systems (Collins et al. 2016).

Our results align with previous findings showing that deficits in
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Fig. 4. Structural connectivity with the temporal pole. Number of fibers linking the LTP and the rest of the brain regions in Controls, DPs, and Control >

DP contrast. DPs had fewer connections with the anterior inferior temporal gyrus, the orbitofrontal cortex, and the anterior temporal fusiform cortex.

Fig. 5. Schematic representations of the regions with reduced functional and structural connectivity with the LTP in DP.

connectivity with the anterior temporal lobe are linked to face

recognition ability in DP and neurotypical populations (Rosenthal

et al. 2017; Levakov et al. 2023).

Seed-based connectivity analyses showed that the observed

global reduction in connectivity of the LTP in DPs reflected inter-

hemispheric connections with regions in the right temporal lobe.

Previous research has established the significance of interhemi-

spheric connectivity, demonstrating that connectivity between

corresponding face-processing regions across the hemispheres is

greater than within the same hemisphere (Davies-Thompson and

Andrews 2012; Zhen et al. 2013). Interhemispheric connectivity

has been linked to the integration of perception with memory

formation. Notably, an increase in interhemispheric functional

connectivity following incidental learning of faces has been asso-

ciated with successful memory outcomes (Geiger et al. 2016).

Furthermore, a recent study by Levakov et al. (2023) found that

the connectivity between left anterior temporal lobe and the

right temporal lobe predicted face recognition performance. Col-

lectively, these results underscore the critical role of interhemi-

spheric integration in supporting face recognition abilities.

Reduced connectivity was also evident between the LTP and

medial prefrontal cortex. Personally familiar faces compared elicit

increased responses in the medial prefrontal cortex compared

to visually familiar faces (Gobbini et al. 2004; Leibenluft et al.

2004; di Oleggio et al. 2021). This region is involved in associating

person traits with faces (Gobbini and Haxby 2007; Ramon and

Gobbini 2018). The observed reduction in connectivity between

the LTP and the medial prefrontal cortex suggests that typical

face recognition relies on the integration of information across

these regions. The fact that alterations in connectivity were

present during the viewing of unfamiliar faces indicates that

DPs’ deficits involve an impaired ability to acquire perceptual

familiarity. Future research directly comparing connectivity

patterns between familiar and unfamiliar faces will be important

for elucidating the nature of the deficit in DP.

When we get to know a person, we develop associations

between their face and the affective response that is elicited.

Previous studies have shown that the regions involved in

affective processing and making emotional responses include

the amygdala, insula, orbitofrontal cortex, and regions of the

striatal reward system (Gobbini and Haxby 2007; Ramon and

Gobbini 2018).We found reduced global connectivity in DPs in the

amygdala, putamen, insula, and orbitofrontal cortex—regions

involved in affective processing and making emotional responses

(Gobbini and Haxby 2007; Ramon and Gobbini 2018).

Changes in connectivitymay not only reflect overall changes in

the magnitude of connectivity but may also involve differences in

the pattern of connectivity. That is, the connectivity of a particular

area does not necessarily need to be lower, but the pattern of

functional projections might be different. The aim of our MVPA
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connectivity analysis was to transcend the traditional approaches

and investigate changes in the pattern of connectivity. Our anal-

ysis revealed altered patterns of global connectivity in the LTP. In

addition, we also identified altered connectivity patterns in the

middle temporal cortex, the posterior superior temporal cortex,

and the fusiform cortex. Areas within these regions are typically

associated with selectivity for faces relative to nonface objects

and form the core face-selective network (Kanwisher et al. 1997;

Haxby et al. 2000; Kanwisher 2010). These findings suggest that

disruptions in the functional integration of these key regions may

contribute to the face recognition deficits observed in DP.

A fundamental aspect of familiarity involves the acquisition

of biographical and episodic memories associated with individ-

uals. Regions implicated in episodic memories include the medial

temporal lobe and the precuneus (Squire et al. 2004; Trimble and

Cavanna 2008). Previous research has demonstrated that famil-

iar faces elicit heightened responses in the precuneus (Leveroni

et al. 2000; Gobbini et al. 2004; Visconti di Oleggio Castello et al.

2021).Our analysis revealed the pattern of functional connectivity

between the precuneus and the rest of the brain differed in

individuals with DP compared to neurotypical Controls during

face viewing.However,we also found a difference in the pattern of

connectivity while viewing flowers. This suggests a more general

deficit in processing in DP and may be linked to the impairments

in recognizing various nonface categories frequently reported in

individualswithDP (Behrmann et al. 2005; Biotti et al. 2017; Geskin

and Behrmann 2018).

To evaluate the selectivity of the effects observed with faces,

we compared connectivity while viewing flowers. Our findings

indicate that within-exemplar variation of image properties was

comparable between face and flower stimuli. Nevertheless, inher-

ent differences in complexity and visual properties exist between

faces and flowers. A potential limitation of using flowers is that

they may lack the complexity of visual properties found in faces.

If the more complex image properties of faces, relative to flowers,

were driving our effects, it would imply that DPs have a deficit

with more complex images. However, this is not supported by

the literature, with DPs showing normal recognition performance

with complex nonface images (Duchaine et al. 2004; Fry et al.

2020). Furthermore, the most consistent effect throughout our

analyses is the difference in connectivity of the LTP—a region not

typically associated with image complexity. Given the established

role of the anterior temporal pole in high-level perceptual and

mnemonic representations, alongwith the established face recog-

nition deficit in DP, our results argue against an explanation based

on differences in image complexity between the categories. Future

studies examining DP could benefit from comparing connectivity

using a wider range of faces and objects that vary along different

perceptual and conceptual properties.

The observed differences in functional connectivity could

reflect alterations in functional connectivity or be driven by

changes in the signal strength of the seed region. Disentangling

these effects is inherently challenging, as functional connectivity

is predicated on the similarity of neural signals across regions.

A reduction in signal amplitude within the temporal pole

could, in theory, influence inter-regional correlations, potentially

allowing noise to dominate the connectivity estimates. Under

such circumstances, one might anticipate a more generalized

disruption, wherein connectivity between the LTP and a broad

array of brain regions would be uniformly affected. Contrary to

this expectation, our findings demonstrate that the connectivity

deficit is predominantly driven by specific regions of the brain.

Moreover, this effect is not evident when viewing flowers,

suggesting that the observed changes are not simply a by-product

of diminished signal in the seed region but likely reflect targeted

disruptions in the neural networks implicated in face processing.

In addition to our functional connectivity analyses, we also

investigated global structural connectivity. Our results indicated

that the overall structural brain organization was similar between

individuals with DP and neurotypical Controls, suggesting that

DP is characterized by typical whole-brain structural organization

but atypical functional organization. Previous studies have shown

that structural connectivity can only explain 50% of the variance

in functional connectivity (Honey et al. 2009), indicating that a

significant portion of functional connectivity cannot be directly

attributed to underlying structural connections. For example,

Wang et al. (2020) functionally defined face-specific network of

areas and measured the similarity of functional and structural

connections between these areas but only found a weak to mod-

erate correlation. Given the large gap in correspondence between

structural and functional connectivity, a critical question con-

cerns which connectivity measure has a better predictive power

for cognitive abilities and behavior. While numerous studies have

independently linked functional (Wang et al. 2009; Seo et al. 2013;

Qian et al. 2019) and structural (Contreras et al. 2015; Bathelt et al.

2019) whole-brain connectivity to cognitive variability, relatively

few studies have directly compared them in predicting cognition.

Consistent with our current results, these studies demonstrated

that whole-brain functional connectivity is a better predictor than

structural connectivity of a range of cognitive abilities (Dhamala

et al. 2021; Ooi et al. 2022). Our results contribute to a growing

literature by showing that deficits in face recognition in DP are

better captured by whole-brain functional, rather than whole-

brain structural connectivity. However, we did find local reduc-

tions in structural connectivity in DP. DPs had fewer projections

between the LTP and left anterior temporal and orbitofrontal

cortex. These connectivity reductions overlap with the uncinate

fasciculus and ILF and align with previous reports of structural

alterations in the temporal lobe in DP (Thomas et al. 2009; Grossi

et al. 2014; Gomez et al. 2015; Song et al. 2015; Metoki et al. 2017).

In conclusion, our results provide compelling evidence that

deficits in face recognition associated with DP are linked to global

changes in the strength and pattern of functional connectivity.

Our findings demonstrate that these connectivity changes are

evident at a whole-brain level without restricting analyses to

predefined face-selective regions. Changes in connectivity were

particularly evident in the LTP. We found that these connectivity

changes were specifically associated with viewing faces, indicat-

ing that the integration of information over a wider network of

regions is necessary to support typical face recognition.

Acknowledgments

We would like to acknowledge all DP and Control participants for

their continuous contribution to our research. We would also like

to thank Dr Holly Brown and Dr Andre Gouws for their help in

data acquisition.

Author contributions

Gabriela Epihova (Conceptualization, Data curation, Formal

analysis, Funding acquisition, Investigation, Methodology, Project

administration, Writing—original draft, Writing—review &

editing), Timothy J. Andrews (Conceptualization, Methodology,

Project administration, Resources, Supervision, Validation,

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/3
4
/1

1
/b

h
a
e
4
3
5
/7

8
8
5
1
2
5
 b

y
 g

u
e
s
t o

n
 2

2
 N

o
v
e
m

b
e
r 2

0
2
4



Epihova et al. | 9

Writing—review & editing), and Richard Cook (Methodology,

Resources, Writing—review & editing).

Supplementary material

Supplementary material is available at Cerebral Cortex online.

Funding

This works was supported by an ESRC doctoral studentship to G.E.

Conflict of interest statement: None declared.

Data availability

Raw fMRI and dMRI data are not publicly available due to research

participants not providing consent to share their data publicly.

Pre-processed data and code are publicly available at https://osf.

io/7kf4u/.

References

Andersson JLR, Skare S, Ashburner J. How to correct susceptibility

distortions in spin-echo echo-planar images: application to dif-

fusion tensor imaging. NeuroImage. 2003:20:870–888. https://doi.

org/10.1016/S1053-8119(03)00336-7.

Anzellotti S, Fairhall SL, Caramazza A. Decoding representations of

face identity that are tolerant to rotation. Cereb Cortex. 2014:24:

1988–1995. https://doi.org/10.1093/cercor/bht046.

Ashburner J, Friston KJ. Unified segmentation. NeuroImage. 2005:26:

839–851. https://doi.org/10.1016/j.neuroimage.2005.02.018.

Avidan G, Behrmann M. Impairment of the face processing network

in congenital prosopagnosia. Front Biosci (Elite Ed). 2014:6:236–257.

https://doi.org/10.2741/e705.

Avidan G, Hasson U, Malach R, Behrmann M. Detailed exploration

of face-related processing in congenital prosopagnosia: 2. Func-

tional neuroimaging findings. J Cogn Neurosci. 2005:17:1150–1167.

https://doi.org/10.1162/0898929054475145.

Avidan G, Tanzer M, Hadj-Bouziane F, Liu N, Ungerleider LG,

Behrmann M. Selective dissociation between core and extended

regions of the face processing network in congenital prosopag-

nosia. Cereb Cortex. 2014:24:1565–1578. https://doi.org/10.1093/

cercor/bht007.

Barton JJS. Structure and function in acquired prosopagnosia:

lessons from a series of 10 patients with brain damage. J Neuropsy-

chol. 2008:2:197–225. https://doi.org/10.1348/174866407X214172.

Basser PJ, Pajevic S, Pierpaoli C, Duda J, Aldroubi A. In vivo fiber

tractography using DT-MRI data. Magn Reson Med. 2000:44:

625–632. https://doi.org/10.1002/1522-2594(200010)44:4<625::

AID-MRM17>3.0.CO;2-O.

Bathelt J, Scerif G, Nobre AC, Astle DE. Whole-brain white

matter organization, intelligence, and educational attainment.

Trends Neurosci Educ. 2019:15:38–47. https://doi.org/10.1016/j.

tine.2019.02.004.

Behrmann M, Plaut DC. Distributed circuits, not circumscribed cen-

ters, mediate visual recognition. Trends Cogn Sci. 2013:17:210–219.

https://doi.org/10.1016/j.tics.2013.03.007.

Behrmann M, Avidan G, Marotta JJ, Kimchi R. Detailed exploration

of face-related processing in congenital prosopagnosia: 1. Behav-

ioral findings. J Cogn Neurosci. 2005:17:1130–1149.

Behzadi Y, Restom K, Liau J, Liu TT. A component based

noise correction method (CompCor) for BOLD and perfusion

based fMRI. NeuroImage. 2007:37:90–101. https://doi.org/10.1016/

j.neuroimage.2007.04.042.

Biotti F, Gray KLH, Cook R. Impaired body perception in developmen-

tal prosopagnosia. Cortex. 2017:93:41–49. https://doi.org/10.1016/

j.cortex.2017.05.006.

Collins JA, Olson IR. Beyond the FFA: the role of the ventral ante-

rior temporal lobes in face processing. Neuropsychologia. 2014:61:

65–79. https://doi.org/10.1016/j.neuropsychologia.2014.06.005.

Collins JA, Koski JE, Olson IR. More than meets the eye: the merg-

ing of perceptual and conceptual knowledge in the anterior

temporal face area. Front Hum Neurosci. 2016:10:189. https://doi.

org/10.3389/fnhum.2016.00189.

Contreras JA, Goñi J, Risacher SL, Sporns O, Saykin AJ. The structural

and functional connectome and prediction of risk for cogni-

tive impairment in older adults. Curr Behav Neurosci Rep. 2015:2:

234–245. https://doi.org/10.1007/s40473-015-0056-z.

Davies-Thompson J, Andrews TJ. Intra- and interhemispheric

connectivity between face-selective regions in the human

brain. J Neurophysiol. 2012:108:3087–3095. https://doi.org/10.1152/

jn.01171.2011.

Dhamala E, Jamison KW, Jaywant A, Dennis S, Kuceyeski A. Dis-

tinct functional and structural connections predict crystallised

and fluid cognition in healthy adults. Hum Brain Mapp. 2021:42:

3102–3118. https://doi.org/10.1002/hbm.25420.

Duchaine BC,NakayamaK.Developmental prosopagnosia: awindow

to content-specific face processing. Curr Opin Neurobiol. 2006a:16:

166–173.

Duchaine B, Nakayama K. The Cambridge Face Memory Test: results

for neurologically intact individuals and an investigation of its

validity using inverted face stimuli and prosopagnosic partici-

pants. Neuropsychologia. 2006b:44:576–585.

Duchaine BC, Dingle K, Butterworth E, Nakayama K. Normal

greeble learning in a severe case of developmental

prosopagnosia. Neuron. 2004:43:469–473. https://doi.org/10.1016/

j.neuron.2004.08.006.

Fox CJ, Iaria G, Barton JJ. Disconnection in prosopagnosia and face

processing. Cortex. 2008:44:996–1009. https://doi.org/10.1016/j.

cortex.2008.04.003.

Frank D, Gray O, Montaldi D. SOLID-similar object and lure

image database. Behav Res Methods. 2020:52:151–161. https://doi.

org/10.3758/s13428-019-01211-7.

Fry R, Wilmer J, Xie I, Verfaellie M, DeGutis J. Evidence for normal

novel object recognition abilities in developmental prosopag-

nosia. R Soc Open Sci. 2020:7:200988. https://doi.org/10.1098/

rsos.200988.

Furl N, Garrido L, Dolan RJ, Driver J, Duchaine B. Fusiform gyrus

face selectivity relates to individual differences in facial recog-

nition ability. J Cogn Neurosci. 2011:23:1723–1740. https://doi.

org/10.1162/jocn.2010.21545.

Geiger MJ, O’Gorman Tuura R, Klaver P. Inter-hemispheric connec-

tivity in the fusiform gyrus supports memory consolidation for

faces. Eur J Neurosci. 2016:43:1137–1145. https://doi.org/10.1111/

ejn.13197.

Geskin J, Behrmann M. Congenital prosopagnosia without

object agnosia? Cogn Neuropsychol. 2018:35:4–54. https://doi.

org/10.1080/02643294.2017.1392295.

Gobbini MI, Haxby JV. Neural systems for recognition of familiar

faces. Neuropsychologia. 2007:45:32–41. https://doi.org/10.1016/j.

neuropsychologia.2006.04.015.

Gobbini MI, Leibenluft E, Santiago N, Haxby JV. Social and emotional

attachment in the neural representation of faces. NeuroImage.

2004:22:1628–1635. https://doi.org/10.1016/j.neuroimage.2004.

03.049.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/3
4
/1

1
/b

h
a
e
4
3
5
/7

8
8
5
1
2
5
 b

y
 g

u
e
s
t o

n
 2

2
 N

o
v
e
m

b
e
r 2

0
2
4



10 | Cerebral Cortex, 2024, Vol. 34, No. 11

Gomez J, Pestilli F, Witthoft N, Golarai G, Liberman A, Poltoratski S,

Yoon J, Grill-Spector K. Functionally defined white matter reveals

segregated pathways in human ventral temporal cortex associ-

ated with category-specific processing. Neuron. 2015:85:216–227.

https://doi.org/10.1016/j.neuron.2014.12.027.

Gorno-Tempini ML, Price CJ, Josephs O, Vandenberghe R, Cappa

SF, Kapur N, Frackowiak RS, Tempini ML. The neural systems

sustaining face and proper-name processing. Brain. 1998:121:

2103–2118. https://doi.org/10.1093/brain/121.11.2103.

Gray KLH, Bird G, Cook R. Robust associations between the 20-item

prosopagnosia index and the Cambridge Face Memory Test in

the general population. R Soc Open Sci. 2017:4:160923. https://doi.

org/10.1098/rsos.160923.

Grossi D, Soricelli A, Ponari M, Salvatore E, Quarantelli M, Prinster

A, Trojano L. Structural connectivity in a single case of pro-

gressive prosopagnosia: the role of the right inferior longitudi-

nal fasciculus. Cortex. 2014:56:111–120. https://doi.org/10.1016/j.

cortex.2012.09.010.

Hadjikhani N, De Gelder B. Neural basis of prosopagnosia: an fMRI

study. Hum Brain Mapp. 2002:16:176–182. https://doi.org/10.1002/

hbm.10043.

Harris RJ, Young AW, Andrews TJ. Morphing between expressions

dissociates continuous from categorical representations of facial

expression in the human brain. Proc Natl Acad Sci. 2012:109:

21164–21169. https://doi.org/10.1073/pnas.1212207110.

Hasson U, Avidan G, Deouell LY, Bentin S, Malach R. Face-selective

activation in a congenital prosopagnosic subject. J Cogn Neurosci.

2003:15:419–431. https://doi.org/10.1162/089892903321593135.

Haxby JV, Hoffman EA, Gobbini MI. The distributed human neu-

ral system for face perception. Trends Cogn Sci. 2000:4:223–233.

https://doi.org/10.1016/S1364-6613(00)01482-0.

Honey CJ, Sporns O, Cammoun L, Gigandet X, Thiran JP, Meuli R,

Hagmann P. Predicting human resting-state functional connec-

tivity from structural connectivity. Proc Natl Acad Sci. 2009:106:

2035–2040. https://doi.org/10.1073/pnas.0811168106.

Ishai A. Let’s face it: it’s a cortical network. Neuroimage. 2008:40:

415–419. https://doi.org/10.1016/j.neuroimage.2007.10.040.

Jiahui G, Yang H, Duchaine B. Developmental prosopagnosics

have widespread selectivity reductions across category-selective

visual cortex. Proc Natl Acad Sci USA. 2018:115:E6418–E6427.

https://doi.org/10.1073/pnas.1802246115.

Kanwisher N. Functional specificity in the human brain: a win-

dow into the functional architecture of the mind. Proc Natl

Acad Sci. 2010:107:11163–11170. https://doi.org/10.1073/pnas.100

5062107.

Kanwisher N, McDermott J, Chun MM. The fusiform face area: a

module in human extrastriate cortex specialized for face per-

ception. J Neurosci. 1997:17:4302–4311. https://doi.org/10.1523/

JNEUROSCI.17-11-04302.1997.

Kriegeskorte N, Formisano E, Sorger B, Goebel R. Individual faces

elicit distinct response patterns in human anterior temporal

cortex. Proc Natl Acad Sci. 2007:105:20600–20605. https://doi.

org/10.1073/pnas.1802246115.

Langner O, Dotsch R, Bijlstra G, Wigboldus DHJ, Hawk ST, van

Knippenberg A. Presentation and validation of the radboud

faces database. Cognit Emot. 2010:24:1377–1388. https://doi.

org/10.1080/02699930903485076.

Leibenluft E, Gobbini MI, Harrison T, Haxby JV. Mothers’ neural

activation in response to pictures of their children and other

children. Biol Psychiatry. 2004:56:225–232. https://doi.org/10.1016/

j.biopsych.2004.05.017.

Levakov G, Sporns O, Avidan G. Fine-scale dynamics of func-

tional connectivity in the face-processing network during

movie watching. Cell Rep. 2023:42. https://doi.org/10.1016/j.

celrep.2023.112585.

Leveroni CL, Seidenberg M, Mayer AR, Mead LA, Binder JR, Rao SM.

Neural systems underlying the recognition of familiar and newly

learned faces. J Neurosci. 2000:20:878–886.https://doi.org/10.1523/

JNEUROSCI.20-02-00878.2000.

Martuzzi R, Ramani R, Qiu M, Shen X, Papademetris X, Constable

RT. A whole-brain voxel based measure of intrinsic connectivity

contrast reveals local changes in tissue connectivity with anes-

thetic without a priori assumptions on thresholds or regions of

interest. NeuroImage. 2011:58:1044–1050. https://doi.org/10.1016/

j.neuroimage.2011.06.075.

Metoki A, Alm KH, Wang Y, Ngo CT, Olson IR. Never forget

a name: white matter connectivity predicts person memory.

Brain Struct Funct. 2017:222:4187–4201. https://doi.org/10.1007/

s00429-017-1458-3.

Nieto-Castanon A. Brain-wide connectome inferences using func-

tional connectivity MultiVariate Pattern Analyses (fc-MVPA). PLoS

Comput Biol. 2022:18:e1010634. https://doi.org/10.1371/journal.

pcbi.1010634.

Noad KN, Watson DM, Andrews TJ. Familiarity enhances functional

connectivity between visual and nonvisual regions of the brain

during natural viewing.Cereb Cortex. 2024:34:bhae285.https://doi.

org/10.1093/cercor/bhae285.

Ooi LQR, Chen J, Zhang S, Kong R, Tam A, Li J, Dhamala E, Zhou

JH, Holmes AJ, Yeo BTT. Comparison of individualized behavioral

predictions across anatomical, diffusion and functional connec-

tivity MRI. NeuroImage. 2022:263:119636. https://doi.org/10.1016/

j.neuroimage.2022.119636.

Qian X, Castellanos FX, Uddin LQ, Loo BRY, Liu S, Koh HL, Poh

XWW, Fung D, Guan C, Lee TS, et al. Large-scale brain func-

tional network topology disruptions underlie symptom hetero-

geneity in children with attention-deficit/hyperactivity disor-

der. Neuroimage Clin. 2019:21:101600. https://doi.org/10.1016/j.

nicl.2018.11.010.

Rajimehr R, Young JC, Tootell RB. An anterior temporal face patch

in human cortex, predicted by macaque maps. Proc Natl Acad Sci.

2009:106:1995–2000. https://doi.org/10.1073/pnas.0807304106.

Ramon M, Gobbini MI. Familiarity matters: a review on prioritized

processing of personally familiar faces.Vis Cogn. 2018:26:179–195.

https://doi.org/10.1080/13506285.2017.1405134.

Rivolta D, Woolgar A, Palermo R, Butko M, Schmalzl L, Williams

MA. Multi-voxel pattern analysis (MVPA) reveals abnormal fMRI

activity in both the “core” and “extended” face network in con-

genital prosopagnosia. Front Hum Neurosci. 2014:8:925. https://doi.

org/10.3389/fnhum.2014.00925.

Rosenthal G, Tanzer M, Simony E, Hasson U, Behrmann M, Avidan G.

Altered topology of neural circuits in congenital prosopagnosia.

Elife. 2017:6:e25069. https://doi.org/10.7554/eLife.25069.

Rotshtein P, Henson RN, Treves A, Driver J, Dolan RJ. Morphing

Marilyn into Maggie dissociates physical and identity face repre-

sentations in the brain. Nat Neurosci. 2005:8:107–113. https://doi.

org/10.1038/nn1370.

Seo EH, Lee DY, Lee JM, Park JS, Sohn BK, Lee DS, Choe YM,

Woo JI. Whole-brain functional networks in cognitively normal,

mild cognitive impairment, and Alzheimer’s disease. PLoS One.

2013:8:e53922. https://doi.org/10.1371/journal.pone.0053922.

Shah P, Gaule A, Sowden S, Bird G, Cook R. The 20-item prosopag-

nosia index (PI20): a self-report instrument for identifying devel-

opmental prosopagnosia. R Soc Open Sci. 2015:2:140343. https://

doi.org/10.1098/rsos.140343.

Shoham A, Kliger L, Yovel G. Learning faces as concepts improves

face recognition by engaging the social brain network. Soc

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/3
4
/1

1
/b

h
a
e
4
3
5
/7

8
8
5
1
2
5
 b

y
 g

u
e
s
t o

n
 2

2
 N

o
v
e
m

b
e
r 2

0
2
4



Epihova et al. | 11

Cogn Affect Neurosci. 2022:17:290–299. https://doi.org/10.1093/

scan/nsab096.

Smith SM. Fast robust automated brain extraction. Hum Brain Mapp.

2002:17:143–155. https://doi.org/10.1002/hbm.10062.

Sokolowski HM, Levine B. Common neural substrates of diverse

neurodevelopmental disorders. Brain. 2023:146:438–447. https://

doi.org/10.1093/brain/awac387.

Song S, Garrido L, Nagy Z, Mohammadi S, Steel A, Driver J, Dolan

RJ, Duchaine B, Furl N. Local but not long-range microstruc-

tural differences of the ventral temporal cortex in developmen-

tal prosopagnosia. Neuropsychologia. 2015:78:195–206. https://doi.

org/10.1016/j.neuropsychologia.2015.10.010.

Squire LR, Stark CE, Clark RE. The medial temporal lobe. Annu

Rev Neurosci. 2004:27:279–306. https://doi.org/10.1146/annurev.

neuro.27.070203.144130.

Sugiura M, Kawashima R, Nakamura K, Sato N, Nakamura A, Kato T,

Hatano K, Schormann T, Zilles K, Sato K, et al. Activation reduc-

tion in anterior temporal cortices during repeated recognition

of faces of personal acquaintances.NeuroImage. 2001:13:877–890.

https://doi.org/10.1006/nimg.2001.0747.

Susilo T, Duchaine B. Advances in developmental prosopag-

nosia research. Curr Opin Neurobiol. 2013:23:423–429. https://doi.

org/10.1016/j.conb.2012.12.011.

Thomas C, Avidan G, Humphreys K, Jung KJ, Gao F, Behrmann

M. Reduced structural connectivity in ventral visual cortex in

congenital prosopagnosia. Nat Neurosci. 2009:12:29–31. https://

doi.org/10.1038/nn.2224.

Torralba A, Oliva A. Modeling the shape of the scene: a holistic

representation of the spatial envelope. Int J Comput Vis. 2001:42:

145–175. https://doi.org/10.1023/A:1011139631724.

Trimble MR, Cavanna AE. The role of the precuneus in episodic

memory. Handbook Behav Neurosci. 2008:18:363–377. https://doi.

org/10.1016/S1569-7339(08)00220-8.

Visconti di Oleggio Castello M, Haxby JV, Gobbini MI. Shared neu-

ral codes for visual and semantic information about familiar

faces in a common representational space. Proc Natl Acad Sci.

2021:118:e2110474118. https://doi.org/10.1073/pnas.2110474118.

Wang L, Zhu C, He Y, Zang Y, Cao Q, Zhang H, Zhong Q, Wang Y.

Altered small-world brain functional networks in children with

attention-deficit/hyperactivity disorder.HumBrainMapp. 2009:30:

638–649. https://doi.org/10.1002/hbm.20530.

Wang Y, Metoki A, Smith DV, Medaglia JD, Zang Y, Benear S,

Popal H, Lin Y, Olson IR. 2020. Multimodal mapping of the face

connectome. Nat Hum Behav 4:397–411. https://doi.org/10.1038/

s41562-019-0811-3.

Whitfield-Gabrieli S, Nieto-Castanon A. Conn: a functional con-

nectivity toolbox for correlated and anticorrelated brain net-

works. Brain Connect. 2012:2:125–141. https://doi.org/10.1089/

brain.2012.0073.

Yang H, Susilo T, Duchaine B. The anterior temporal face area con-

tains invariant representations of face identity that can persist

despite the loss of right FFA and OFA. Cereb Cortex. 2016:26:

1096–1107. https://doi.org/10.1093/cercor/bhu289.

Yeh FC. Shape analysis of the human association pathways.Neuroim-

age. 2020:223:117329. https://doi.org/10.1016/j.neuroimage.2020.

117329.

Yeh FC, Wedeen VJ, Tseng W-YI. Generalized q-sampling imag-

ing. IEEE Trans Med Imaging. 2010:29:1626–1635. https://doi.

org/10.1109/TMI.2010.2045126.

Yeh FC, Verstynen TD, Wang Y, Fernández-Miranda JC, Tseng WYI.

Deterministic diffusion fiber tracking improved by quantita-

tive anisotropy. PLoS One. 2013:8:e80713. https://doi.org/10.1371/

journal.pone.0080713.

Zhao Y, Zhen Z, Liu X, Song Y, Liu J. The neural network for

face recognition: insights from an fMRI study on develop-

mental prosopagnosia.Neuroimage. 2018:169:151–161. https://doi.

org/10.1016/j.neuroimage.2017.12.023.

Zhen Z, Fang H, Liu J. The hierarchical brain network for face recog-

nition. PLoS One. 2013:8:e59886. https://doi.org/10.1371/journal.

pone.0059886.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
e
rc

o
r/a

rtic
le

/3
4
/1

1
/b

h
a
e
4
3
5
/7

8
8
5
1
2
5
 b

y
 g

u
e
s
t o

n
 2

2
 N

o
v
e
m

b
e
r 2

0
2
4


	 Global changes in the pattern of connectivity in developmental prosopagnosia
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgments
	Author contributions
	Supplementary material
	Funding
	Data availability


