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a b s t r a c t 

The composite face effect (CFE) is recognized as a hallmark for holistic face processing, but our knowledge re- 

mains sparse about its cognitive and neural loci. Using functional magnetic resonance imaging with independent 

localizer and complete composite face task, we here investigated its neural-behavioral correspondence within face 

processing and attention networks. Complementing classical comparisons, we adopted a dimensional reduction 

approach to explore the core cognitive constructs of the behavioral CFE measurement. Our univariate analyses 

found an alignment effect in regions associated with both the extended face processing network and attention 

networks. Further representational similarity analyses based on Euclidian distances among all experimental con- 

ditions were used to identify cortical regions with reliable neural-behavioral correspondences. Multidimensional 

scaling and hierarchical clustering analyses for neural-behavioral correspondence data revealed two principal 

components underlying the behavioral CFE effect, which fit best to the neural responses in the bilateral insula 

and medial frontal gyrus. These findings highlight the distinct neurocognitive contributions of both face process- 

ing and attentional networks to the behavioral CFE outcome, which bridge the gaps between face recognition 

and attentional control models. 
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. Introduction 

The concept of holistic processing is central to face recognition re-

earch ( Richler et al., 2011 ). It is generally believed that faces are per-

eived as indecomposable wholes rather than as a collection of sepa-

ate parts ( Richler et al., 2012 ; Rossion, 2013 ; Tanaka & Farah, 1993 ).

olistic processing can be characterized by multiple different phenom-

na ( Maurer et al., 2002 ; Richler et al., 2012 ), such as the “face inver-

ion effect ” where people recognize upright faces better than inverted

aces ( Yin, 1969 ), and the “whole-part effect" where the recognition of

 face part is better when presented in a whole face compared to when

resented in isolation ( Tanaka and Farah, 1993 ). In the current study

e investigate the composite face effect (CFE) which has gained grow-

ng interest and provides one of the most powerful pieces of evidence

or holistic processing ( Hole, 1994 ; Rossion, 2013 ; Young et al., 1987 ).
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nlike the whole-part effect which emphasizes the facilitation effect of

olistic processing on immediate and long-term face memories, the CFE

ffect emphasizes holistic attention ( Richler et al., 2012 ; Tanaka and

imonyi, 2016 ). It describes a difficulty in selective processing of a tar-

et face part (e.g. the top half) while ignoring the remaining part of a

ace (e.g. the bottom half), probably due to the interference of the latter

 Richler et al., 2012 ). 

The CFE effect is named after the composite face paradigm which has

een refined over the past three decades ( Gauthier and Bukach, 2007 ;

ole, 1994 ; Young et al., 1987 ). In the original version of this paradigm

he top halves are either identical or different but the bottom halves

re always different, and the CFE is indexed by an alignment effect in

rials with identical tops ( Rossion, 2013 ; Young et al., 1987 ): partici-

ants are prone to errors when matching two identical target halves that

re aligned with different irrelevant halves, but show high performance
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Fig. 1. Design and example stimuli of the complete composite face paradigm 

(CCP). Participants are asked to match the top halves of two composite faces 

indicated by the brackets. In the congruent condition the top and bottom halves 

are either both identical or both different, whereas in the incongruent condition 

they are identical at one location but different in the other location. The top and 

bottom halves are either aligned or misaligned. Portrait rights were consented 

by the persons depicted. 
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hen the target and irrelevant halves are misaligned. To minimize the

onfound of response bias, an additional manipulation of “congruency ”

s later included in research articles ( “complete composite paradigm ”,

CP, see Fig. 1 , Gauthier and Bukach, 2007 ). In the “congruent ” trials

he top and bottom halves are either both identical or both different,

hereas in the “incongruent ” trials the two parts are identical in one

ocation (e.g., the top) but different in the other (e.g., the bottom). Re-

earchers have repeatedly observed the modulation of congruency and

patial alignment: the response is facilitated (higher discrimination in-

ex and shorter reaction time) in the “congruent ” than the “incongru-

nt ” trials when faces are aligned, while this congruency effect is re-

uced or disappears when faces are misaligned (Cheung et al., 2008;

ichler and Gauthier, 2014). 

Since its introduction, the CFE effect has emerged as one of the tried-

nd-true measures of holistic processing ( Richler and Gauthier, 2013 ;

ossion, 2013 ; Young et al., 1987 ). It has been intensively investi-

ated, stimulating ongoing interests and discussions about the nature

f holistic processing, such as its domain-specificity ( Chua and Gau-

hier, 2020 ; Gauthier and Tarr, 2002 ; Rossion, 2013 ; Bauser et al.,

011 ; Zhao et al., 2015 , 2016 ), development ( Grand et al., 2004 ;

entura et al., 2018 ), association with face recognition ability (sig-

ificant in DeGutis et al., 2013 ; Richler et al., 2011 ; Wang et al.,

012 ; but null in Konar et al., 2010 ; Rezlescu et al., 2017 ; Zhao et al.,

014 ) and its link to perceptual expertise ( Gauthier and Bukach, 2007 ;

authier and Tarr, 1997 ; Zhao et al., 2015 ). It has also become

 paradigm with much potential in delineating emotion recognition

 Calder et al., 2000 ; Xie and Zhang, 2016 ), social cognition ( Chen et al.,

018 ; Todorov et al., 2010 ), modelling of face processing ( Dailey and

ottrell, 1999 ; Fitousi, 2013 ), aberrant face perception in clinical pop-

lations such as autism ( Gauthier et al., 2009 ) and prosopagnosia

significant in Avidan et al., 2011 ; Busigny et al., 2010 ; Liu and

ehrmann, 2014 ; Ramon et al., 2010 , but null in Biotti et al., 2017 ;

e Grand et al., 2006 ; Susilo et al., 2010 ), contributing substantially to

ur understanding of face and object recognition ( Murphy et al., 2017 ).

ut along with the popularity of the CFE effect is its unresolved neu-

ocognitive operations, especially how it is affected by perceptual and

ttention processes. 

According to the template hypothesis ( Jacques and Rossion, 2009 ;

ossion, 2013 ; Tanaka and Farah, 1993 ), face recognition relies heav-

ly on simultaneous perceptual integration of separate features which
2 
uses facial parts into a quintessential whole (Gestalt), it is realized by a

emplate-matching process guided by an inherently holistic internal rep-

esentation (page 145, Rossion, 2013 ). In some articles the CFE is argued

s a perceptual illusion (page 140, Rossion, 2013 ) unique in upright

aces ( McKone et al., 2013 ), and roles of factors like object-based at-

ention or decisional components are rejected as “they are unable to ac-

ount for the CFE effect ” (page 191, Rossion, 2013 ; McKone et al., 2013 ).

n terms of its dynamics, the template hypothesis proposes that the

FE is initiated by perpetual integration from early onset ( Jacques and

ossion, 2009 ; Rossion, 2013 ) implemented in face-sensitive areas in-

luding the fusiform and occipital face areas along the ventral occipito-

emporal cortex ( Schiltz et al., 2010 ; Schiltz and Rossion, 2006 ). Con-

istent with this, fMRI studies with block-design ( Schiltz and Ros-

ion, 2006 ) and event-related design ( Schiltz et al., 2010 ) find neural

daptations in the bilateral middle fusiform gyrus and inferior occip-

tal gyrus when identical top halves were aligned with different bot-

om halves than the condition where identical tops were aligned with

dentical bottoms, but not in misaligned or inverted faces. Electrophys-

ological studies observed an increase in the N170 component in the

ccipto-temporal cortex following changes of identity in the top and

ottom halves ( Kuefner et al., 2010 ; Von Der Heide et al., 2018 ). The

ithin-network connectivity in the rFFA correlates negatively with the

omposite-face effect, and the functional connectivity between rFFA and

ilateral posterior superior temporal sulcus is also negatively linked to

he behavioral CFE effect (Li et al., 2019). The CFE effect is reduced fol-

owing transcranial direct current stimulation (tDCS) over the occipito-

emporal cortex ( Yang et al., 2014 ), or lesions in the anterior region

f the right temporal lobe ( Busigny et al., 2014 ). However, it is worth

oting that face processing in the OFA is more part-based ( Liu et al.,

010 ; Zhang et al., 2015 ) and there is coexistence of both part-based and

hole-based representation of the FFA ( Harris and Aguirre, 2008 , 2010 ;

iu et al., 2010 ). Differences in neural response between aligned and

isaligned composite faces are also reported in regions including the

ateral occipital complex, parahippocampal gyrus ( Foster et al., 2015 )

nd even the prefrontal cortex ( Schiltz et al., 2010 ). Mixed pictures are

uggested about the neural correlates of the CFE effect, within and out-

ide the face network. 

In parallel, the CFE effect is also observed in non-face objects such as

reebles ( Gauthier and Tarr, 1997 ; Gauthier et al., 1998 ), visual words

 Wong et al., 2012 ) or even inverted faces ( Susilo et al., 2013 ). The

xpertise hypothesis proposes that holistic face processing arises from

 learned strategy of attending to all parts due to substantial experi-

nce in face individuation ( Gauthier and Bukach, 2007 ; Gauthier and

arr, 1997 ; Gauthier et al., 1998 ). Specifically, because “individuation

n everyday life encourages attention to all parts ” ( Chua et al., 2014 ), the

ttentional strategy to full face becomes automatic and cannot be easily

turned off” after extensive experience in face individuation. The CFE

ffect then arises as a failure of selective attention because of the “inflex-

bility in attentional weightings on facial parts ” (page 4, Richler et al.,

012 ). According to this view, holistic processing can be observed both

n faces and non-face objects given a massive amount of individuation

xperience ( Gauthier and Tarr, 1997 ; Wong et al., 2012 ). In line with

his, individuation experience attending to the whole face particularly

he diagnostic features lead to holistic processing ( Chua et al., 2014 ;

hua et al., 2015 ) and the level of experience in individuating objects of

 category determines the extent of holistic processing in new objects of

hat category ( Chua and Gauthier, 2020 ). fMRI studies also show neural

orrelates of expertise in FFA. There is, for instance, higher FFA response

o objects of expertise in experts than novices ( Gauthier et al., 2000 ), as

ell as correlation between FFA response to the expertise objects and

ehavioral indices of holistic processing of those objects ( Gauthier and

arr, 2002 ; Ross et al., 2018 ; Wong et al., 2009 ). 

Nevertheless, the CFE effect is also observed in non-face object with-

ut expertise such as line patterns ( Zhao et al., 2015 ). The shape-based

ccount proposes there might be two routes for the holistic processing

 Foster et al., 2021 ; Zhao et al., 2016 ): it can arise either via a top-down
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xpertise route or via a bottom-up route relying merely on Gestalt infor-

ation. This account suggests holistic processing is tuned to facial shape

nformation as “shape information alone is sufficient to elicit the com-

osite face effect ” regardless of its origins from innate face template

r automatized attention ( Zhao et al., 2016 ). Recruiting the complete

omposite paradigm, Foster et al. (2021) observed higher activities to

olistic versus part-based processing in areas within the face-responsive

etwork (e.g. FFA2) and areas outside such as the lateral occipital com-

lex, transverse occipital sulcus, retrosplenial cortex and the parahip-

ocampal place area. 

An additional hypothesis ( Fitousi, 2015 , 2016 ) also agrees with the

omain-generality of the CFE effect, but surmises CFE reflects a gen-

ral attentional strategy akin to object-based attention. Different from

he aforementioned “integrating ” hypotheses, Fitousi and colleagues

ropose the CFE effect does not necessitate the integration of infor-

ation in the top and bottom face halves, but could be due to dif-

erences in the relative discriminability between them ( Fitousi, 2016 ;

itousi and Algom, 2006 ), or due to decisional factors across condi-

ions ( Fitousi, 2016 ). The reduction in the congruity composite ef-

ect with misalignment is likely due a similar disruption of objecthood

 Fitousi, 2015 ) as in object-based attention all constituent features or

arts can be activated once an object has been selected. Computational

odelling based on multidimensional signal detection theory suggests

he CFE is affected by not only perceptual, but also attentional and deci-

ional components ( Richler et al., 2009 ; Richler et al., 2008 ). Analysis of

heoretical ex-Gaussian parameters of RT distributions ( Fitousi, 2020 )

lso reveals that the CFE effect is generated by pure changes in the

xponential component of the ex-Gaussian distribution, suggesting the

nvolvement of attentional and working memory processes in the com-

osite face effect regardless of partial and complete designs. Other study

lso revealed behavioral evidence for violations of perceptual separabil-

ty, decisional separability, and believed that “holistic processing could

ery well be a product of both perceptual and decisional influences even

hen overt response is not required ” ( Von Der Heide et al., 2018 ). The

nvolvement of these loci can be further supported by neuroimaging ob-

ervation that the change of identity of the top of the composite face is

ssociated with a signal increase at the later decisional P3b component

nd the lateralized readiness potential (LRP) ( Kuefner et al., 2010 ). 

Taken together, these studies generally agree on the involvement of

 perceptual component in the CFE effect, but hold different views about

he role of other cognitive processes such as attentional, decisional or

orking memory. It is theoretically interesting to admit and elaborate

n the contribution of perceptual components to the CFE effect, but

ncreasing evidence shows clearly that the composite face effect is to

ome degree modulated by other sources of influence ( Liu et al., 2020 ;

urphy et al., 2017 ; Von Der Heide et al., 2018 ). Therefore, to get a fair

nderstanding of the CFE effect, we believe it is of equal importance to

dopt a more inclusive approach, targeting the debated cognitive pro-

esses directly and weighing their neural substantiation in the composite

ace task. However, till now the majority of existent studies emphasize

he role of face regions, though a few studies have inspected regions be-

ond the face network their interests are still restricted to regions within

he ventral or dorsal perceptual streams ( Foster et al., 2021 ), the neural

perations beyond remains also largely unknown. 

Meanwhile, methodologically most of the previous studies examined

he neural correlates of the CFE via top-down approaches ( Foster et al.,

021 ; Schiltz et al., 2010 ; Schiltz and Rossion, 2006 ), using univari-

te statistical parametric mapping methods contrasting conditions crit-

cal for a theoretical inference. While informative, these approaches

re subject to limitations in the ability to explore representation of

ultidimensional data ( Popal et al., 2020 ) and may overlook valu-

ble information in condition-rich designs like the complete compos-

te paradigm. Sophisticated multivariate, model-free techniques such

s representational similarity analysis (RSA, Kriegeskorte et al., 2006 ;

riegeskorte et al., 2008 ) can make the enrichment. The RSA uses

istance measures such as response-pattern dissimilarities (1 - corre-
3 
ation) or the Euclidean distance among the experimental conditions

 Kriegeskorte et al., 2008 ) to characterize the high-order representa-

ional space. Combining with second-level reduction techniques such as

ultidimensional scaling, it can reveal the relationship among multiple

xperimental conditions/manipulations and visualize the internal struc-

ure of mental operations ( Kriegeskorte et al., 2008 ). It can be used to

t neural activities in cortical regions to behavioral profiles or compu-

ational models ( Arbula et al., 2021 ; Qin et al., 2014 ). During the past

ecade, the RSA has been widely used to explore the response similarity

etween species ( Kriegeskorte et al., 2008 ), stages of cognitive process-

ng ( Tzagarakis et al., 2009 ), cortical regions and modalities of brain-

ctivity measurement ( Benjaminsson et al., 2010 ; Kriegeskorte et al.,

008 ), being particularly beneficial in condition-rich experimental de-

ign ( Kriegeskorte et al., 2008 ). 

Given these theoretical and methodological concerns, the current

tudy investigated the roles of the face-processing network and the at-

entional network in the CFE, with especial interest in which networks

emonstrate satisfactory neural-behavioral fitting. We conducted mag-

etic resonance imaging when participants received the complete com-

osite task, and independent face localizer scanning to define these two

etworks. The attentional interference network was defined by the Erik-

en Flanker task —a popular paradigm measuring attentional interfer-

nce ( Eriksen and Eriksen, 1974 ), and the face processing network was

dentified by the one-back recognition task involving face and non-face

timuli. Complementing the conventional univariate analysis, we re-

ruited the representational similarity analysis to assess the relationship

etween behavioral and neural activity patterns. Based on the Euclidian

istances among all eight conditions, we conducted multidimensional

caling analysis and hierarchical clustering to explore the principal com-

onents underlying the experimental conditions and to visualize the re-

pectively behavioral and neural representational (dis)similarity struc-

ure. We then explored behavioral-neural correspondence via ROI-based

nalyses and whole-brain searchlight analysis, based on Spearman’s-

ank correlation between the dissimilarity matrices. The results are ex-

ected to shed light on the implementation of perceptual and attentional

rocesses in the CFE effect, and contribute to the neurocognitive frame-

ork of face processing. 

. Methods 

The study was approved by the Brain Imaging Center Institutional

eview Board of Southwest University, China. Informed consent was

btained in written form from all participants prior to the study. 

.1. Participants 

Twenty-two undergraduate or graduate students (13 females,

1.451.37 years old) from a university in mainland China participated in

ll the tasks and MRI scanning as detailed below (also see supplementary

aterials). Satisfactory statistical power was expected in the current de-

ign as a previous study reported a sample size of 15 participants could

etect acceptable effect size both in behavioral and fMRI measurements

sing the same complete composite face paradigm ( Foster et al., 2021 ).

one of the participants had a history of neurological or psychiatric ill-

ess, or reported difficulty in recognizing faces and everyday objects.

hey were right-handed and had normal or corrected-to-normal visual

bility. They scored 59.36 ± 8.91 (range: 41–72, total score:72) in the

hinese version of the Cambridge Face Memory Test ( McKone et al.,

012 ) and 45.86 ± 7.09 (range: 35–65, total score:72) in the Cambridge

ar Memory Test ( Dennett et al., 2012 ). 

.2. The experimental design 

The fMRI scanning was carried out in two sessions. The first session

onsisted of high-resolution structural imaging, face-network localizer

nd Eriksen Flanker localizer tasks, as well as rest-state and DTI scanning
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not reported here). The second session was carried out later within

hree days, where participants received 4 runs of functional imaging

hen performing the complete composite face task. Stimuli used in the

econd session were not seen in the first session. 

.3. Tasks and materials 

Face-network Functional Localizer Task: The localizer scanning con-

isted of 3 runs. Each run lasted for 5 min 12 secs and presented the

ollowing five categories in blocks: faces, houses, words, cars and scram-

led words. Participants were asked to perform a one-back task detect-

ng stimulus repetition, where the occurrence of repetition was no more

han twice in each block. All the blocks were 12-s long and sandwiched

y 8-s fixations. In each block 10 stimuli were presented sequentially:

ach was presented for 600 ms and followed by a 600 ms fixation. In

otal, there were 9 blocks for each category. The order of the categories

as counterbalanced across runs and participants. 

Eriksen Flanker Task: In this task, participants were asked to judge the

rientation of the central arrow, which was flanked by two stimuli on

ach side. The flanker stimuli were either arrows orienting to the same

irection (congruent trials), or arrows orienting to the opposite direction

o the central arrows (incongruent trials) or stars (neutral trials). These

hree trial types were interspersed randomly across two runs. Each run

asted for 6 min 20 s, and contained 40 trials for each trial type. The

rials from the three conditions showed up in a pseudo-random way

uch that there were no more than 3 consecutive trials with the same

esponse. In each trial, the arrow image was presented for 500 ms, and

ollowed by a fixation for either 1500 ms or 3500 ms. 

Complete Composite Face Task: A total of 16 grayscale young adult

hinese faces (8 females) were used to create the composite faces. All

he raw faces had neutral expressions, were the same age, grayscale,

nd equalized in physical properties like luminance and contrast. Ex-

ernal features such as hair, eye glasses, and earrings were removed.

here were no distinguishing features (moles or scars) that could facili-

ate feature-based face recognition. To generate the composites, all faces

ere horizontally divided into two halves in the middle, the top half of

ach face was aligned with the bottom half of two others of the same gen-

er. Composites with unsatisfactory face configuration were discarded

ccording to the following criteria: misalignment in the contours of the

op and lower halves, misalignment between the nose from the center

f the mouth, irregular ratio of upper lip height to mouth width ( < 0.3

r > 0.7) based on a norm of Chinese population ( Wang et al., 2019 ).

hirty-two aligned composite faces were constructed following this pro-

edure. Misaligned faces were then generated from these composites by

hifting the bottom half 70 pixels rightward and inserting a horizontal

ed line (3 pixels) at the conjunction of two halves. We also added a

hite bracket over the head of all pictures to signify the target location.

ll stimuli were presented at the center of the screen at a distance of

00 cm. All the aligned composites were 130 × 170 pixels (visual angle:

.76 o × 2.29 o ), and the misaligned composites were 200 × 170 pix-

ls (visual angle: 2.70 o × 2.29 o ). Participants were asked to match the

op halves of the two composite faces (see Fig. 1 b). There were 4 runs

f scanning. Each run lasted for 9 min 56 s and contained 144 trials,

ith 18 trials in each of the 8 conditions (aligned/misaligned × congru-

nt/incongruent × same/different response). At the beginning of each

un, a white bracket showed up in the upper half of the screen to no-

ify participants that the top halves should be compared. Each trial be-

an with a study face (300 ms), then a mask (120 ms), the cue bracket

280 ms), and finally a test face (300 ms). Between each two trials there

as a fixation for either 1000, 3000 or 5000 ms. 

.4. Imaging parameters 

Whole-brain anatomical and functional images were collected us-

ng a 12-channel head coil on a 3.0-T Siemens Trio MRI scanner

Siemens Medical, Erlangen, Germany). The functional images were
4 
ollected with a T2 ∗ -sensitive Echo Planar Imaging sequence (Se-

uence = epfid2d1.64), with equal parameters for all three tasks:

R/TE = 2000 ms/30 ms, flip angle = 90°, number of slices = 32, slice

hickness = 3.0 mm, slice gap = 1.00 mm, matrix = 64 × 64, voxel

ize = 3.4375 × 3.4375 × 3 mm 

3 . The whole-brain High-resolution

1-weighted anatomical images were collected using a magnetization-

repared rapid gradient echo (MPRAGE) sequence, with parameters as

elow: TR/TE/TI = 1900 ms / 2.52 ms / 900 ms, flip angle = 9°, num-

er of slices = 176, slice thickness = 1.0 mm, matrix = 256 × 256, voxel

ize = 1 × 1 × 1 mm 

3 . 

.5. Image preprocessing and GLM analysis 

Data were analyzed using the Analysis of Functional NeuroImages

oftware (AFNI, http://afni.nimh.nih.gov/afni/ ) and in-house Matlab

odes (Mathworks, MA). Functional images in all three tasks were pre-

rocessed following the same pipeline. The first four volumes of each

un were discarded for stabilization of magnetic resonance signal. The

emaining were corrected for slice acquisition timing, and spatially re-

ligned to correct for head movement. Data for all the tasks were aligned

o the first volume of the face network localizer, and then scaled against

he mean value of each run. In the univariate analysis, the scaled time

ourses were smoothed by a Gaussian Kernel of 6 mm FWHM. Deconvo-

ution analyses were then conducted to estimate the regression beta val-

es for conditions in each task based on GLM theory. The basis function

or the 5 categories in face network localizer task was BOX(1,12), and

he basic function for predictors in other two tasks was GAMA. Six pa-

ameters of head movement were also included in the regression model.

he beta value maps were then normalized to the Talairach space and

esampled into resolution of 3 × 3 × 3 mm 

3 . 

.6. ROI analysis 

Definition of regions of interest ROIs in the face network were iden-

ified by contrasting BOLD response for faces versus houses and cars,

ach ROI was extracted at the individual level at the height threshold

f p < 0.05. ROIs in the Eriksen Flanker Task were regions with higher

OLD response to the “incongruent ” than the “congruent ” trials based

n the results of group analysis, corrected by FDR method at p < 0.05. 

Similar to other studies using the complete composite face paradigm,

he trials were grouped into four categories at the combination of align-

ent and congruency, collapsing top-same and top-different trials in

ach category to obtain the discrimination index and mean reaction

ime. However, as the top-same and top-different trials contribute differ-

ntially to the behavioral composite face effect and share distinct neural

epresentations, it is recommended that separate analysis of these two

ypes of trials may help clarify their roles in measuring holistic process-

ng ( Foster et al., 2021 ). Therefore, we grouped the trials into 8 condi-

ions at the combination of the three factors: alignment (aligned, mis-

ligned) × congruency (congruent, incongruent) × response type (same,

ifferent) and first ran univariate analyses on the BOLD signal estimated

y general linear model. 

Additionally, we ran a representational similarity analysis (RSA) to

uantitatively explore how well neural responses in regions of face pro-

essing and attentional interference networks fit the behavioral results.

n each region, we constructed the activity-pattern dissimilarity ma-

rix of the 8 conditions based on the Euclidean distance, and visual-

ze the similarity structure of neural activities of the conditions com-

ining multidimensional scaling with hierarchical clustering. The refer-

nce behavior-based dissimilarity matrix was estimated in the same way

ased on the inverse efficiency score (IES = RT/ACC), which takes the

oint contribution of accuracy and reaction time into consideration. The

ehavioral-neural correspondence in each region of interest was then

stimated by Spearman’s rank correlation between the upper triangular

lements of the two matrices. The neural-behavioral correspondence in a

egion was assessed by a random permutation simulation (10000 times),

http://afni.nimh.nih.gov/afni/
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Fig. 2. The behavioral results in the complete composite paradigm (CCP). There is (A) significant main effect of congruency, main effect of alignment and the 

interaction between alignment and congruency in the discrimination index, (B) significant main effects of congruency and alignment in reaction time. (C) The 

accuracy and (D) reaction time of the 8 conditions in the CCP task. (E) The three major clusters among the 8 conditions revealed by hierarchical clustering analysis, 

and (F) the distribution of these clusters along the two major dimensions from multidimensional scaling analysis. (legend labels denote the 8 conditions, ACS: 

aligned congruent same, ACD: aligned congruent different, AIS: aligned incongruent same, AID: aligned incongruent different, MCS: misaligned congruent same, 

MCD: misaligned congruent different, MIS: misaligned incongruent same, MID: misaligned incongruent different). 
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here elements in the neural dissimilarity matrix were randomized and

orrelated to the behavioral matrix in each permutation. The correspon-

ence was significant if the output index was among the lowest 50 in

he permutation results (equal to q ≤ 0.05 by Bonferroni correction). 

.7. Whole-brain searchlight analysis 

To explore regions outside the above-identified ROIs that also

emonstrated significant behavioral-neural correspondence, we con-

ucted whole-brain searchlight analyses with the afore-mentioned mul-

idimensional scaling and Spearman’s-rank correlation. Specifically, the

eta values of the 8 conditions were estimated by GLM analysis based

n normalized but spatially unsmoothed images and extracted from a

earchlight with radius of 3 voxels ( Anzellotti et al., 2014 ). The vox-

ls by conditions matrix within the searchlight was then centralized

o compute the dissimilarity matrix based on the Euclidean distance,

hich was then correlated with the reference behavioral dissimilarity

atrix by Spearman’s Rank correlation. The correlation parameters im-

ges were then spatially smoothed with a kernel of FWHM of 6 mm.

ignificant clusters were determined based on Monte-Carlo simulation

ith the 3dClustSim function in AFNI, where the spherical autocorrela-

ion –acf function parameters were determined by 3dFWHMx. 

.8. Data and code availability statement 

Behavioral data, scripts for data analysis is available via

ttps://osf.io/fsqaj/ , fMRI Data can be accessed from the first au-

hor on request upon a formal data usage agreement. 

. Results 

.1. Behavioral results 

We first analyzed the effect of alignment and congruency on dis-

rimination sensitivity following the conventional procedure. Discrim-

nation index was estimated individually for each of the alignments
5 
y congruency combinations by the following formula: ( Stanislaw and

odorov, 1999 ): 𝐴 

′ = 0 . 5 + 𝑠𝑖𝑔𝑛 ( 𝐻 − 𝐹 ) ( 𝐻− 𝐹 ) 2 + |𝐻− 𝐹 |
4 𝑚𝑎𝑥 ( 𝐻,𝐹 )−4 𝐻𝐹 

, where H indi-

ated hit rate and F indicated false alarm rate. Two-way ANOVA

nalysis (see Fig. 2 A) revealed a significant main effect of align-

ent ( F (1,21) = 23.794, p < 0.001, 𝜂2 
𝑝 
= 0 . 531 ) and congruency

 F (1,21) = 22.317, p < 0.001, 𝜂2 
𝑝 
= 0 . 515 ), the discrimination sensitiv-

ty was generally higher in the misaligned trials than aligned trials,

nd higher in congruent trials than incongruent trials. There was also

 significant alignment by congruency interaction ( F (1,21) = 28.142,

 < 0.001, 𝜂2 
𝑝 
= 0 . 573 ). Further analysis showed that the discrimina-

ion index was significantly lower in the incongruent condition than in

he congruent condition when faces were aligned ( F (1,21) = 26.833, p

 0.001, 𝜂2 
𝑝 
= 0 . 561 ), but with no congruency effect when faces were

isaligned ( F (1,21) = 0.165, p = 0.689 , 𝜂2 
𝑝 
= 0 . 008 ). As for reaction

ime (see Fig. 2 B), there was a significant main effect of alignment

 F (1,21) = 46.992, p < 0.001, 𝜂2 
𝑝 
= 0 . 691 ), main effect of congruency

 F (1,21) = 85.635, p < 0.001, 𝜂2 
𝑝 
= 0 . 803 ), and significant alignment by

ongruency interaction ( F (1,21) = 25.189, p < 0.001, 𝜂2 
𝑝 
= 0 . 545 ). The

eaction time was generally slower in the aligned than the misaligned

ondition, and slower in the incongruent trials than congruent trials.

t was slower in the “incongruent ” than the “congruent ” condition both

hen the face parts were aligned ( p < 0.001) and misaligned ( p < 0.001),

he interaction however, suggested the congruency effect in misaligned

rials was smaller than that in the aligned trials. 

To characterize in-detail the response pattern, we conducted a

epeated-measures ANOVA on accuracy and reaction time of all 8 condi-

ions. The analysis revealed a significant three-way interaction in accu-

acy ( F (1,21) = 25.292, p < 0.001, 𝜂2 
𝑝 
= 0 . 546 , Figure 2 C) and reaction

ime ( F (1,21) = 59.462, p < 0.001, 𝜂2 
𝑝 
= 0 . 739 , Fig. 2 D). A simple ef-

ect analysis on accuracy found a congruency by response interaction

hen faces were aligned ( F (1,21) = 18.191, p < 0.001, 𝜂2 
𝑝 
= 0 . 464 ) but

ot misaligned ( F (1,21) = 2.522, p = 0.127). When faces were aligned,

esponse accuracy in congruent trials was higher than the incongruent

rials regardless of the response type ( “same ”, F (1,21) = 23.412, p <

https://www.osf.io/fsqaj/
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Fig. 3. The ROIs identified by idenpen- 

dent localizer scanning. The face recogni- 

tion task revealed 5 regions of the face net- 

work: the right Fusiform Face Area (rFFA), 

the left Fusiform Face Area (lFFA), the right 

Superior Temporal Sulcus (rSTS), the left 

Superior Temporal Sulcus (lSTS) and the 

right Occipital Face Area (rOFA). The erik- 

sen flanker task identified 5 ROIs within 

the attention network: right anterior in- 

sula, left anterior insula, dorsal medial pre- 

frontal cortex (mPFC), left inferior parietal 

lobe (lIPL) and left precentral gyrus (lPCG). 
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.001, 𝜂2 
𝑝 
= 0 . 527 , “different ”, F (1,21) = 5.29, p = 0.032, 𝜂2 

𝑝 
= 0 . 201 ),

ut the significant interaction indicated a higher congruency effect

n aligned over misaligned faces. As for the three-way interaction in

T, there was an interaction between congruency and response when

aces were aligned ( F (1,21) = 87.672, p < 0.001, 𝜂2 
𝑝 
= 0 . 807 ), but not

hen they were misaligned ( F (1,21) = 0.878, p = 0.359). In the

ligned trials, RT in the incongruent condition was longer than that

n the congruent condition when the correct response was “the same ”

 F (1,21) = 111.908, p < 0.001, 𝜂2 
𝑝 
= 0 . 842 ), but there was no congru-

ncy effect when the correct response was “different ” ( F (1,21) = 1.098,

 = 0.307). In both accuracy and reaction time, there was also a main

ffect of alignment (ACC: F (1,21) = 23.193, p < 0.001, 𝜂2 
𝑝 
= 0 . 525 ,

T: F (1,21) = 53.245, p < 0.001, 𝜂2 
𝑝 
= 0 . 717 ), as well as alignment

y congruency interaction (ACC, F (1,21) = 36.184, p < 0.001, 𝜂2 
𝑝 
=

 . 633 , RT: F (1,21) = 42.916, p < 0.001, 𝜂2 
𝑝 
= 0 . 671 ), alignment by

esponse interaction (ACC: F (1,21) = 21.546, p < 0.001, 𝜂2 
𝑝 
= 0 . 506 ,

T: F (1,21) = 34.735, p < 0.001, 𝜂2 
𝑝 
= 0 . 623 ), and congruency by re-

ponse interaction (ACC, F (1,21) = 11.851, p < 0.001, 𝜂2 
𝑝 
= 0 . 361 , RT:

 (1,21) = 45.359, p < 0.001, 𝜂2 
𝑝 
= 0 . 684 ). 

Next, we employed hierarchical clustering and multidimensional

caling analysis to explore the structure among the 8 conditions. These

imension reduction techniques enable us to explore relationships

mong conditions via a data-driven approach. Dissimilarity matrices

or these two analyses were built based on the inverse efficiency score

RT/ACC) in each condition, which has the advantage of combining

he effect of both indices (Bruyer and Brysbaert, 2011; Townsend and

shby, 1978). We also estimated the percentage of variance explained

y each component based on the eigenvalues available in multidimen-

ional scaling analysis. The results showed that the first dimension ac-

ounted for 95.18% and the second dimension accounted for 3.93% of

he total variance in the inverse efficiency score. It is worth noting that

imilar results were also obtained in analysis on accuracy, with 85.50%,

0.53% of the variance explained by the first and second components

espectively (see supplementary materials). 

As shown in Fig. 2 E, we identified three clusters from behavioral re-

ponse of the 8 conditions. The first cluster contained only the AIS con-

ition (alignment: aligned, congruency: incongruent, response: same),

hich was distant from all other conditions. The second included the

CD (aligned, congruent, different), AID (aligned, incongruent, differ-

nt), MCD (misaligned, congruent, different), and MID (misaligned, in-

ongruent, different) conditions, where the target halves were all “dif-

erent ”. The third cluster contained the MCS (misaligned, congruent,

ame), MIS (misaligned, incongruent, same) and ACS (aligned, congru-

nt, same) conditions where the target halves were all “the same ”. We

ould see in Fig. 2 F the first dimension generated by multidimensional

caling analysis was largely characterized by how far away the AIS con-

ition was from all other 7 conditions, while the second dimension re-

ected largely the type of response, with all conditions of the response

different ” at one end and most conditions of the response “same ” at the
6 
ther end. Similar dimensions and clusters were replicated in analyses

n accuracy (see supplementary materials). 

.2. FMRI results in localizer scanning 

Face processing network: Five major regions, including the right

usiform Face Area (rFFA), the left Fusiform Face Area (lFFA), the right

uperior Temporal Sulcus (rSTS), the left Superior Temporal Sulcus

lSTS) and the right Occipital Face Area (rOFA) were identified individ-

ally for the participants (see Fig. 3 ). The average coordinates, number

f voxels, and ratio of positive participants are available in Table 1 , de-

ailed information including the coordinates, number of voxels, thresh-

ld of each participant can be seen in the supplementary materials (see

lso in Tables S2–8). 

Attentional Network : Group analysis revealed 5 major clusters after

DR correction ( Table 2 , Fig. 3 ), which included the right anterior in-

ula, left anterior insula, dorsal medial prefrontal cortex (mPFC), left

nferior parietal lobe (lIPL) and left precentral gyrus (lPCG). These re-

ions replicated the classical results found in previous studies (Casey

t al., 2000). 

.3. Univariate analysis in the composite face task 

Next, we ran a 2 by 2 by 2 ANOVA analysis to explore the impact

f the three factors (alignment, congruency, response type) on BOLD

esponse in each ROI ( Fig. 4 , Figures S5-1-10). In regions of the face

etwork, there were significant main effects of alignment in left FFA

 F (1,21) = 15.217, p = 0.001, 𝜂2 
𝑝 
= 0 . 420 ), right STS ( F (1,21) = 12.224,

 = 0.002, 𝜂2 
𝑝 
= 0 . 368 ), both survived Bonferroni-correction for N = 10

OIs. There was main effect of alignment in right FFA ( F (1,20) = 9.553,

 = 0.006, 𝜂2 
𝑝 
= 0 . 323 ), right OFA ( F (1,19) = 5.500, p = 0.030, 𝜂2 

𝑝 
=

 . 224 ) which did not survive the Bonferroni-correction (N = 10 ROIs).

n the first four regions, the BOLD response was generally higher in the

ligned trials than the misaligned trials. There was also a main effect of

esponse type in the right OFA ( F (1,19) = 10.877, p = 0.004, 𝜂2 
𝑝 
= 0 . 364 ),

ith higher beta value in trials with the response “different ” than those

ith the response “the same ”. No other effects were observed within the

ace network, p > 0.100. 

As for regions in the attention network, there were main ef-

ects of alignment in the left anterior insula ( F (1,21) = 11.671,

 = 0.003, 𝜂2 
𝑝 
= 0 . 357 , surviving Bonferroni-correction for N = 10 ROIs),

ight anterior insula ( F (1,21) = 7.884, p = 0.011, 𝜂2 
𝑝 
= 0 . 273 ) and

PFG ( F (1,21) = 5.086, p = 0.035, 𝜂2 
𝑝 
= 0 . 195 ) which did not survive

onferroni-correction, with higher response in the aligned trials over

he misaligned trials. There were also main effects of congruency in the

ight anterior insula ( F (1,21) = 18.622, p < 0.001, 𝜂2 
𝑝 
= 0 . 470 ), mPFG

 F (1,21) = 17.593, p < 0.001, 𝜂2 
𝑝 
= 0 . 456 ). In all three areas, BOLD re-

ponse in the incongruent trials was higher than that in the congruent

rials. There were main effects of response type in the right anterior in-
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Table 1 

The characteristics of face processing areas. 

ROI X Y Z voxels ratio 

rFFA 40.5 ± 3.55 -45.929 ± 5.418 -15.5 ± 3.674 60.222 ± 41.347 21/22 

lFFA -39.545 ± 4.572 -47.591 ± 8.047 -15.909 ± 7.249 40.182 ± 29.936 22/22 

lSTS -47.318 ± 8.342 -57.545 ± 11.086 8.773 ± 7.685 90.455 ± 72.072 22/22 

rOFA 37.95 ± 6.329 -74.85 ± 7.631 -11.15 ± 5.284 46.9 ± 61.068 20/22 

rSTS 52.364 ± 7.882 -52.091 ± 10.404 6.591 ± 6.248 126.857 ± 89.337 22/22 

Table 2 

The characteristics of the attentional net- 

work. 

ROI X Y Z voxels 

rInsula 34.5 16.5 14.5 54 

lInsula -31.5 16.5 14.5 39 

lPCG -25.5 -7.5 53.5 117 

lIPL -46.5 -37.5 44.5 134 

mPFG -10.5 4.5 50.5 55 
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c  

a  
ula ( F (1,21) = 13.328, p = 0.001, 𝜂2 
𝑝 
= 0 . 388 ), and left anterior insula

 F (1,21) = 12.343, p = 0.002, 𝜂2 
𝑝 
= 0 . 370 ) where neural activity in the

same ” trials was higher than that in the “different ” trials. There were

lso alignment by congruency interactions in the right anterior insula

 F (1,21) = 8.410, p = 0.009, 𝜂2 
𝑝 
= 0 . 286 ) and mPFG ( F (1,21) = 4.312,

 = 0.05, 𝜂2 
𝑝 
= 0 . 170 ) which did not survive Bonferroni-correction. In

oth areas, the incongruent trials elicited relatively higher response

han the congruent trials (right anterior insula, p < 0.001, mPFG,

 = 0.001) when face halves were aligned, but not when faces were

isaligned (right anterior insula, p = 0.409, mPFG, p = 0.301). We also

bserved interactions between alignment and response type in right an-

erior insula ( F (1,21) = 9.137, p = 0.006, 𝜂2 
𝑝 
= 0 . 303 ), left anterior insula

 F (1,21) = 6.026, p = 0.023, 𝜂2 
𝑝 
= 0 . 223 ), and mPFG ( F (1,21) = 5.025,

 = 0.036, 𝜂2 
𝑝 
= 0 . 193 ) which did not survive Bonferroni-correction. In

ll three areas, trials with the response “same ” induced higher re-

ponse than those with the response “different ” when face halves were

ligned (right anterior insula, p < 0.001, mPFG, p < 0.001, the left an-

erior insula, p < 0.001), but not when face halves were misaligned

right anterior insula, p = 0.077, mPFG, p = 0.67, left anterior in-

ula, p = 0.147). The response type also interacted with congruency
Fig. 4. Beta values of the co

7 
n right anterior insula ( F (1,21) = 4.666, p = 0.042, 𝜂2 
𝑝 
= 0 . 182 ). Trials

ith the response “same ” induced higher response than the trials with

he response “different ” in the incongruent condition ( p < 0.001), but

id not differ from each other in the congruent condition ( p = 0.370).

here was no response by congruency interaction in left anterior insula

 F (1,21) = 3.473, p = 0.076), nor mPFG ( F (1,21) = 0.504, p = 0.485). As

or the other two regions identified by Eriksen Flanker task, namely the

eft inferior parietal lobule and left precentral gyrus, there was no main

ffect of alignment, congruency, or response, nor interaction between

ny two factors or three factors (p > 0.05 uncorrected). 

Importantly, there were three-way interactions in right ante-

ior insula ( F (1,21) = 7.239, p = 0.014, 𝜂2 
𝑝 
= 0 . 256 ) and mPFG

 F (1,21) = 5.042, p = 0.036, 𝜂2 
𝑝 
= 0 . 194 ), though both failed surviving the

onferroni correction for 10 ROIs. Simple effect analysis showed that in

hese areas, there was a significant interaction between congruency and

esponse type in aligned faces (right anterior insula, F (1,21) = 9.058,

 = 0.007, 𝜂2 
𝑝 
= 0 . 301 , mPFG ( F (1,21) = 4.121, p = 0.055 , 𝜂2 

𝑝 
= 0 . 164 ),

ut not in misaligned faces (right anterior insula, F (1,21) = 0.184,

 = 0.672, mPFG, F (1,21) = 0.909, p = 0.351). The interaction in aligned

aces was characterized by higher BOLD response in incongruent condi-

ion over the congruent condition when the top halves were “the same ”

right anterior insula ( F (1,21) = 25.93, p < 0.001 , 𝜂2 
𝑝 
= 0 . 552 ), and mPFG

 F (1,21) = 18.487, p < 0.001, 𝜂2 
𝑝 
= 0 . 468) , but no congruency effect when

he top halves were “different ” (right anterior insula, F (1,21) = 0.249,

 = 0.623, mPFG, F (1,21) = 0.557, p = 0.464). 

.4. Behavioral-neural correspondence in ROIs 

The results of multidimensional scaling analysis and hierarchical

lustering on BOLD signal in the ten ROIs are available in Fig. 5 . Hier-

rchical clustering revealed three consistent clusters among the 8 con-
nditions in each ROI. 
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Fig. 5. The clustering revealed by dendrograms among the experimental conditions in each ROI. The right insula, left insula and medial prefrontal gyrus demonstrate 

similar proximity structure among the 8 experimental conditions as in the behavioral response. 

Fig. 6. Distribution of the 8 conditions along the two principal dimensions by the multidimensional scaling analysis. blue dots: conditions in behavioral data, red 

dots: conditions in neural data. 
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n  
itions in areas including the bilateral insula and the mPFG. In all three

reas, the first cluster included only one condition: (AIS), which was

istant from all the other conditions. The second cluster consisted of

he ACD, MCD and MID conditions, where the correct response was all

different ”. The third condition contained the ACS, AID, MCS and MIS

onditions, where the correct response was mostly “the same ” except

he AID condition. The patterns of clustering in the other areas did not

onvey explicit information either about response type or attentional

ontrol. Multidimensional scaling analysis on dissimilarity matrix ex-

racted two major dimensions among neural response of these 8 con-

itions in bilateral insula and the mPFG. As can be seen in Fig. 6 , the

rst dimension generated by the multidimensional scaling analysis was

argely characterized by the distance of the AIS condition away from all

ther 7 conditions. The second dimension reflected mainly the type of

esponse, with most of the conditions with the response “different ” at

ne end and most conditions with the response “same ” at the other end.

To explore brain regions where the neural activities fit satisfactorily

o the behavioral results, we estimated the behavioral and neural dissim-
8 
larity matrices of the 8 conditions, and matched them by the Spearman’s

ank correlation. Permutation simulation analysis ( n = 10,000) on the

orrelation, as plotted in Fig. 6 , showed significant neural-behavioral

orrespondence in the right anterior insula ( p < 0.001), left anterior in-

ula ( p < 0.001), both survived the Bonferroni multiple correction for

 = 10 ROIs. The neural pattern in mPFG also matched that of the be-

avioral results ( p = 0.006), with a significance trending to q < 0.05

y Bonferroni correction. In contrast, the neural-behavioral conforma-

ion was not significant in any of the 5 face processing regions (for right

FA, p = 0.113, right STS, p = 0.319, left FFA, p = 0.391, left STS,

 = 0.329, right FFA, p = 0.856). These results suggested the neural re-

ponse in the bilateral insula areas showed better fitting to the pattern

n the behavioral data than areas in the face processing network. It is

lso worth noting that similar results were obtained when the reference

ehavioral dissimilarity was estimated based on response accuracy (see

upplementary information). 

To assess the reliability of clustering across participants, we used a

-fold cross-validation technique ( Chen et al., 2015 ; Qin et al., 2014 )
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Fig. 7. Inter-subject reliability in clustering tested by the N-fold cross-validation. Regions including right insula, left Insula, left OFA showed consistency across 

participants in the clustering. ( P < 0.005, corrected for multiple comparison of N = 10 ROIs). 
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1  
ased on the dissimilarity indices as recommended in previous stud-

es ( Walther et al., 2016 ). The Euclidean distances among the 8 exper-

mental conditions, based on of beta values in unsmoothed first-level

LM statistical maps, were divided into a learning set and a test set. We

sed a four-fold strategy ( Qin et al., 2014 ; Varoquaux, 2018 ) that 3/4

f the participants were assigned to the learning set and the remain-

ng 1/4 to the test set via a random permutation procedure. The aver-

ged Euclidean distances ( n = 28) in the learning set were then corre-

ated with those in the test set based on the Spearman Rank ( Levine and

chwarzbach, 2021 ; Popal et al., 2020 ). This procedure was iterated for

0,000 times to generate a distribution of correlation coefficients from

he observed data (R observed ). The same procedure was used to obtain

he distribution under the null hypothesis that there was no consistency

mong participants, where the correlation was carried out after random-

zing elements of the Euclidean distances (R null ). The inter-participant

tability was indexed by percentage of cases in R null higher than the

ode of R observed , and the significance was determined at p < 0.005

orrected for multiple comparisons of n = 10 ROIs. As shown in Fig. 7 ,

here was significant inter-subject stability in the region of the right in-

ula ( p = 0.0006), left insula ( p = 0.001), left OFA ( p = 0.0026), which

urvived the correction for multiple comparisons. Other regions, includ-

ng medial prefrontal cortex ( p = 0.083), left inferior parietal lobule

 p = 0.022), left precentral gyrus ( p = 0.026), left FFA ( p = 0.456), right

FA ( p = 0.521), left STS ( p = 0.067), right STS ( p = 0.008) did not

how satisfactory inter-subject stability. Clustering i of each participant

s available in Figs. S6-2 to S6-11. 

.5. Whole-brain searchlight based on behavioral-neural correspondence 

To explore cortical regions with significant behavioral-neural cor-

espondence outside the ROIs identified by the localizer scanning, we
9 
onducted searchlight analysis across the whole-brain gray matter ar-

as based on Spearman’s rank correlation between response dissimilar-

ty matrices. This revealed significant neural-behavioral conformation

n additional areas encompassing frontal cortices including bilateral su-

erior frontal gyrus (SFG), middle frontal gyrus (MFG), and the right

nferior frontal gyrus (rIFG), the anterior cingulate cortex (ACC), pos-

erior cingulate cortex (PCC), the cuneus and precuneus, and right in-

erior temporal gyrus (rITG, Fig. 8 ). The significance was decided us-

ng a stringent height-threshold of p < 0.0001 and extent threshold of

t least 42 continuous voxels, based on Monte-Carlo simulation with

he 3dClustSim function in AFNI (for the acf parameter in 3dClustSim:

 = 0.343981, b = 7.37927, c = 23.8731, with alpha = 0.01). When the

uclidean distances in the primary visual cortex were used as a co-

ariate, multiple regression analyses revealed significant association be-

ween the behavioral dissimilarity pattern and the neural dissimilarity

n right insula, t (25) = 3.482, p = 0.002; left insula, t (25) = 3.293,

 = 0.003; PCC, t (25) = 2.952, p = 0.007, medial prefrontal gyrus,

 (25) = -2.125, p = 0.044; and inferior temporal gyrus, t (25) = 5.377,

 < 0.001, left middle PFG, t (25) = 2.458, p = 0.021; right middle PFG,

 (25) = 3.197, p = 0.004; right inferior PFG, t (25) = 5.642, p < 0.001,

hich suggested robustness of predictability of these regions even after

ontrolling for low-level information. The regression was not significant

n ACC, t (25) = 0.038, p = 0.970; medial PFG, t (25) = -0.347, p = 0.732;

eft SFG, t (25) = -0.543, p = 0.592; right SFG, t (25) = -1.692, p = 0.103.

.6. Whole-brain searchlight on the neural RSA relevance of the alignment 

ffect 

Since the alignment effect is one of the frequently cited features of

olistic face processing ( Foster et al., 2021 ; Rossion, 2013 ; Young et al.,

987 ), we then explored the cortex where the neural representational
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Fig. 8. Searchlight analysis based on the dissimilarity among all 8 conditions. This reveals significant behavioral-neural conformation in the bilateral prefrontal 

cortex, the cuneus and precuneus, and the right inferior temporal gyrus along with bilateral insula. 
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imilarity was organized along the aligned versus misaligned conditions

ia a whole-brain searchlight analysis with model driven representa-

ional dissimilarity matrix (RDM). We constructed a candidate RDM

see in Fig. 9 A) that assumed separate clusters within the aligned and

isaligned conditions (intra-cluster dissimilarity indices of 0, and inter-

luster indices of 1; Kriegeskorte et al., 2008 ). The candidate RDM

as then correlated with the neural dissimilarity based on the Spear-

an Rank, through a whole-brain searchlight procedure. The search-

ight analysis revealed two significant clusters in the occipital cortex, at

he height threshold of p < 0.001 and the extent threshold of 70 vox-

ls, with alpha = 0.05 by 3dClustSim function in AFNI. The dendrograms

mong the conditions are shown in ( Fig. 9 B): in both regions all the

ligned conditions cluster together and all the misaligned conditions

ormed another cluster. 

. Discussion 

In this study, we investigated the neurocognitive relevance of the

haracteristic behavioral CFE effect using the complete composite

aradigm (CCP task). There were two features worth-noting. First, going

eyond previous research that focused primarily on the perceptual net-

ork ( Foster et al., 2021 ; Schiltz et al., 2010 ; Schiltz and Rossion, 2006 ),
10 
e explored the contribution of the face network and attention net-

ork via independent localizer scanning. Second, complementing con-

entional results based on univariate contrasts, we used dimension re-

uction techniques to reveal the relationship among all the experimental

onditions in the CCP measurement, and identified the major contribu-

ors to the observed behavioral performance. We conducted ROI-based

nd whole-brain searchlight analysis based on behavioral-neural corre-

pondence to explore the cortical hubs whose neural response best fit

he pattern of behavioral responses. The results form a bridge between

ttention and holistic face processing, and provided a more comprehen-

ive picture about the neurocognitive operations underlying the com-

osite face effect. 

.1. Contribution of attentional inference and response decision as revealed

y model-free analyses on behavioral data 

The clusters and dimensions revealed by our data-driven analy-

is provide a new line of evidence for the coexistence of attentional

 Boutet et al., 2002 ; Fitousi, 2015 , 2016 ) and decisional components

 Fitousi, 2020 ; Richler et al., 2008 ) in the composite face effect. We

dentified three distinct clusters among the 8 experimental conditions

n the behavioral data via hierarchical clustering analysis and extracted
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Fig. 9. Searchlight results on alignment effect. (A) the candidate representational dissimilarity matrix, (B) two clusters in the cuneus were found with neural similarity 

organized along the aligned versus misaligned dimension. 
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wo principal dimensions by classical multidimensional scaling analysis.

he first cluster consisted of the AIS condition only, the second cluster all

he remaining conditions with correct response “same ”, while the third

luster all conditions with correct response “different ”. Importantly, the

istribution profile of the three clusters revealed by the multidimen-

ional scaling analysis suggest the contributing factors to the behavioral

ata. Since the first dimension is characterized mainly by the distance

etween AIS (the first cluster) and all other conditions (the latter two

lusters), it probably reflects attentional interference or cognitive con-

rol because in the composite face task because the AIS results into sig-

ificantly more failure in selective attention over all the other condi-

ions. The first dimension cannot be explained by perceptual operations,

ecause the AIS condition is distinguishably distant from ACS, AID and

CD despite the faces in all the four conditions are spatially aligned.

he second dimension is probably driven by response decision in the

CP paradigm as it is characterized mainly by the proximity between

he conditions requiring “same ” response and those requiring “different ”

esponse. 

The contribution of these two cognitive loci could be ideally sup-

orted by existent findings from computational modelling. Employing

 multidimensional generalization of signal detection theory that can

istinguish between perceptual and decisional loci of holistic effects

 Ashby and Townsend, 1986 ; Richler et al., 2008 , 2009) observed con-

istent violations of perceptual separability and decisional separability

ut little violation of perceptual independence. This was observed both

n the composite face tasks requiring divided attention and those re-

uiring selective attention. The perceptual and decisional separability

ere also observed in a later set of behavioral and ERP studies ( Von Der

eide et al., 2018 ). Consistent with a mechanism rooted in category-

pecific learned attention, it was further found that learned attention

o parts or components was sufficient to result in holistic processing

 Gauthier, 2020 ). Analyses on the theoretical ex-Gaussian parameters of

T distributions ( Fitousi, 2020 ) also indicate that the CFE effect is gen-

rated by pure changes in the exponential component of the ex-Gaussian

istribution, which suggests the involvement of attentional and working

emory processes in the composite face effect regardless of partial and

omplete designs. 

.2. The behavioral-neural correspondence in attention network 

The involvement of attentional and cognitive control is further sup-

orted by the significant behavioral-neural correspondence observed

n the anterior insula and medial prefrontal cortex (mPFC). Our data

evealed two interesting lines of behavioral-neural correspondence in

hese two regions. First, the triple-interaction in BOLD signals mirrored

hat found in the behavioral inverse efficiency score and accuracy. In

oth modalities, the congruency effect was stronger in aligned over mis-
11 
ligned faces when the top halves were “the same ” but there was no

lignment by congruency interaction when the top halves were “dif-

erent ”. Second, the proximity of neural signals of the 8 experimental

onditions was similar to that found in the behavioral responses, as vi-

ualized by the hierarchical clustering and strengthened by the signifi-

antly high Spearman’s rank correlation between the behavioral and the

eural dissimilarity structures. 

The involvement of insula and prefrontal cortex are consistent with

ndings that have frequently been reported in previous studies on

olistic or configural face processing ( Rotshtein et al., 2007 ). For in-

tance, these are activated both at long and short intervals when par-

icipants temporally integrate facial parts ( Lee et al., 2012 ), and there

s significant correlation between the behavioral and neural sensitivity

o second-order configural relations in inferior frontal gyrus, superior

rontal gyrus, cingulate gyrus and insula ( Rotshtein et al., 2007 ). Areas

ncluding bilateral dorsolateral prefrontal cortex show highest response

o the MIS condition than other conditions ( Schiltz et al., 2010 ). When

aking same-different face judgements, there is higher activation in ar-

as including the fusiform gyrus, medial frontal gyrus, inferior frontal

ortex in the right hemisphere when the faces differed in terms of rela-

ional rather than featural aspects ( Maurer et al., 2007 ). Critically, TMS

ver the right inferior frontal gyrus selectively interferes with configu-

al processing of faces ( Renzi et al., 2013 ). In a study using the partial

omposite face paradigm, Paparello (2007) found an alignment effect

n the right anterior insula and medial frontal gyrus. The insular and

refrontal sensitivity to holistic face processing was correlated with the

FE effect: the activation in right insula was higher to aligned over mis-

ligned faces in children performing better in the composite face task,

ut for children scoring lower in the task there was higher activation for

isaligned than aligned trials in the medial frontal gyrus and anterior

ingulate ( Paparello, 2007 ). 

Potential candidates such as working memory or emotion, which also

licit activation in insula and prefrontal cortex during face processing,

re insufficient to explain the behavioral-neural correspondence in our

ata. First, all the face stimuli in our study were emotionally neutral,

nd second, working memory load was comparable for all 8 conditions

ecause their intervals between study and test images were identical.

e argue instead that it is attentional and cognitive control that most

ikely account for the response dissimilarity in these two regions. The

uman insular cortex is a heterogeneous brain structure that plays an

ntegrative role in guiding behavior. The insula, especially the anterior

ortion of the insula, is critical for identifying salient sensory, affective,

nd cognitive cues for goal-directed attention ( Craig, 2009 ; Menon and

ddin, 2010 ), conscious awareness ( Huang et al., 2021 ). It is connected

tructurally and functionally with areas including the anterior cingulate,

rontal, orbitofrontal areas ( Uddin et al., 2017 ), constituting an integral

art of the well-known salience network ( Menon and Uddin, 2010 ) for
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etecting and filtering salient stimuli and initiating attentional control

ignals ( Uddin et al., 2017 ). The anterior insula is also a key structure

f the cingulo-opercular network (CON), a subnetwork of the cogni-

ive control circuit for conflict monitoring and resolution ( Fan, 2014 ;

u et al., 2021 , 2020 ). The anterior insula as a hub that integrates inter-

ctions with large-scale brain networks ( Menon et al., 2020 ; Menon and

ddin, 2010 ), volleying external sensory information with internal emo-

ional and bodily state signals to coordinate brain network dynamics and

o initiate switches between the default mode network (underlying self-

elated and social cognitive processes) and central executive network

which implements the maintenance and manipulation of information

nd decision making). This makes the anterior insula critical in identi-

ying the most relevant information among multiple competing internal

nd external stimuli. This region plays a general role in task-level control

nd focal attention capture (Nelson et al., 2010), and links to executive

ontrol of attention ( Eckert et al., 2009 ; Nee et al., 2007 ). As for the

edial frontal gyrus, it plays a role in activities like attentional control

 Nagahama et al., 1999 ) and decision making ( Talati and Hirsch, 2005 ).

here has been emerging evidence that the neural response in insular

nd frontal cortex to face processing is susceptible to attentional ma-

ipulations. For instance, participants with generalized social anxiety

isorder exhibited greater insular activation compared to controls when

ttending to emotional faces ( Klumpp et al., 2013 ). The magnitude of

nterior insular response to facial signals of disgust was substantially

educed with reduced attention ( Anderson et al., 2003 ). 

Turning to the complete composite face paradigm, when the partic-

pants receive the task, their mission is to compare the target parts or

omponents. However, the information from the irrelevant location is

utomatically activated due to holistic face processing ( Rossion, 2013 ).

hen competing information or response tendencies are elicited in such

ircumstances, there arises pre-response conflict ( Tso et al., 2017 ) and

ecision uncertainty ( Botvinick et al., 2001 ), which herald an increased

ikelihood of failure. To solve conflict or gather necessary information

or uncertainty reduction, additional attentional and control processes

re imperative ( Ullsperger et al., 2010 ). The participants have to in-

ibit concomitantly the interference from either the distractor parts

 Richler et al., 2009 ; Richler et al., 2012 ) or from the global gestalt

 Rossion, 2013 ) in order to best focus on the targets. These cognitive

emands dovetail the functions of the anterior insula and medial frontal

ortex, which, as reviewed briefly below, are consistently activated in

ircumstances calling for adjustments, specifically pre-response conflict

nd decision uncertainty ( Ullsperger et al., 2010 ). Moreover, the activa-

ion of the right anterior insular cortex (AIC) has been established to in-

rease monotonically as a function of cognitive load, reaching its plateau

arly and showing a significant correlation to the capacity of cognitive

ontrol ( Wu et al., 2019 ). This may explain why the AIS (aligned, in-

ongruent, same) condition, which is accompanied by the strongest re-

ponse conflict and uncertainty, elicits the highest activation in the in-

ula and medial prefrontal cortex than over all other conditions. 

.3. Holistic processing in both the “core ” and “extended ” face processing 

etworks 

The alignment effect in regions like FFA, pSTS, precuneus suggests

olistic face processing in not only the “core ” but also the “extended ”

ace processing networks. Classical theories about face processing pro-

ose a hierarchically-organized system extending bilaterally from the

nferior occipital gyri to the ventral anterior temporal lobes, with fa-

ial representations becoming increasingly complex and abstracted from

ow-level perceptual features as they move forward along this network

 Nasr and Tootell, 2012 ). The “core system ” consists of the fusiform face

rea (FFA), the occipital face area (OFA) and the posterior temporal sul-

us (pSTS), whereas the “extended system ” includes areas such as amyg-

ala, precuneus, insula, anterior temporal lobe ( Avidan et al., 2014 ;

obbini and Haxby, 2006 ). There has been a wealth of evidence for

olistic processing in the “core ” system. For instance, transcranial direct
12 
urrent stimulation (tDCS) ( Yang et al., 2014 ) or lesion ( Busigny et al.,

010 ; Ramon et al., 2010 ) over occipito-temporal cortex would result

n impairment of holistic face perception. The FFA is believed to host

oth holistic ( Goffaux et al., 2013 ; Schiltz et al., 2010 ) and part-based

epresentations of faces ( Harris and Aguirre, 2008 ; Liu et al., 2010 )

nd is sensitive to changes in both external and internal facial features

 Andrews et al., 2010 ; Axelrod and Yovel, 2010 ; Kamps et al., 2019 ). In

articular, previous studies using composite faces have found an align-

ent effect ( Foster et al., 2021 ) or release of adaptation ( Harris and

guirre, 2010 ) in the FFA, positive association between the behav-

oral composite-face effect (CFE) and face selectivity in the right FFA

 Li et al., 2017 ). The superior temporal sulcus (STS) is one of the cere-

ral cortices processing changeable facial aspects, such as facial expres-

ion, gaze ( Kamps et al., 2019 ). It shares rich connections with the FFA

 Zhang et al., 2009 ). Previous studies have shown activation when tem-

orally integrating face parts ( Lee et al., 2012 ), as well as robust sensi-

ivity to face inversion ( Chen et al., 2007 ) in bilateral superior temporal

ulcus. The resting-state connection between bilateral pSTS and the FFA

s closely linked to the behavioral composite face effect ( Li et al., 2017 ).

Regions in the extended system are found to process semantic infor-

ation and personal knowledge of faces ( Gobbini and Haxby, 2006 ).

he precuneus region displays functional connectivity with adjacent vi-

ual cortical regions ( Margulies et al., 2009 ), it responds stronger to

he visually familiar faces and plays a role in the retrieval of informa-

ion from long-term memory and imagery ( Gobbini and Haxby, 2006 ).

lthough the precuneus is among the consistently activated areas in

ace recognition ( Gobbini and Haxby, 2006 ; Nasr and Tootell, 2012 ),

ts role in holistic face processing remains sparsely known. The signif-

cant behavioral-neural conformation observed in our study provides

ew evidence of holistic face processing in this region. It echoes previ-

us findings that the precuneus is sensitive to face inversion, another

allmark of holistic face processing ( Chen et al., 2007 ). 

Though both are involved in the composite face effect, it is interest-

ng that we see differentiable profiles between the “core ” and “extended ”

ace processing systems. The involvement of rFFA, STS is characterized

rimarily by a significant main effect of alignment, whereas the pre-

uneus and insula demonstrate both a main effect of alignment and

lignment by congruency interaction. One possible explanation would

e that the face recognition in the extended system is more susceptible

o attentional and cognitive control than regions in the “core ” system

ecause of their functional adjacency and connectivity to the cognitive

ontrol network. Another possibility is that, relative to rFFA and OFA,

hich process mainly perceptual inputs, the regions of the extended sys-

em per se are typically hubs of multiple functions. For instance, besides

ts role in face recognition, the precuneus is also a hub of the default

ode network ( Utevsky et al., 2014 ). Our results, from the perspec-

ive of the composite face effect, provide fresh evidence for the func-

ional discrepancies between these two systems during face processing

 Wang et al., 2017 ). However, the mechanisms underlying the differen-

ial participation between these two systems in holistic face processing

equires further investigation. 

.4. The disproportional contribution of attentional, decisional and 

erceptual components 

Moreover, we extended previous findings by quantitatively estimat-

ng the relative contribution of each component. Our results showed

hat the first dimension, probably attentional interference, accounts for

ver 86% of the behavioral variance in the composite face task. Mean-

hile, the second dimension, probably response decision, accounts for

nother 4% - 10%. The percentages of variance accounted, together with

ignificant neural-behavioral conformation in areas like the insula, me-

ial frontal cortex and cingulate cortex, mirrors Paparello’s findings.

aparello (2007) found the most intense CFE occurred in frontal and

arietal areas that are typically associated with working memory and

patial attention tasks, but not the temporo-occipital areas for percep-



C. Chen, Y. Lou, H. Li et al. NeuroImage 246 (2022) 118756 

t  

s  

p  

p  

i  

C  

s  

r  

b  

r  

o  

i  

t  

t

4

 

p  

c  

t  

2  

c  

o  

o  

s  

f  

i  

h  

h  

F  

n  

m  

i  

t  

s  

i  

t  

s  

2

5

 

c  

m  

i  

s  

w  

f

D

C

 

W  

c  

s  

R  

&  

Q

A

 

t  

3  

(  

f  

m  

P  

e

D

 

s

S

 

t

R

A  

 

A  

 

A  

 

A  

 

A  

A  

 

A  

 

 

A  

 

B  

 

B  

 

B  

 

B  

B  

 

B  

 

 

B  

 

 

C  

 

C  

C  

 

C  

 

ual face recognition. These observations suggest attentional and deci-

ional operations are noticeably implicated in the outcomes of the com-

osite face effect, at least when it is measured by the complete com-

osite paradigm. However, our results do not mean that the low-level

nformation is insignificant. Actually, the alignment effect in the right

uneus, rFFA and rSTS suggested the involvement of the primary vi-

ual cortex and face network in the CFE effect. We interpreted these

esults as the orchestration of multiple cognitive operations behind the

ehavioral CFE effect. While it is meaningful to discern the perceptual

elevance of in composite face effect, taking attentional and decisional

perations into consideration in the CCP paradigm is also important in

nterpreting the outcome of the measurements. This may help reconcile

he discrepancies in previous studies on face recognition, particularly

hose on the hotly-debated holistic face processing. 

.5. Limitations 

Though the composite face effect provides one of the most com-

elling illustrations of holistic processing, the concept of holistic pro-

essing is multi-faceted and has been characterized by multiple tasks

hat may target different mechanisms ( Li et al., 2017 ; Richler et al.,

012 ). The observations in the current study should be interpreted with

aution as they do not necessarily generalize to other measurements

f the holistic processing. Meanwhile, since the current study included

nly upright face materials, it is unclear if the cortical areas would be

imilarly involved in composite task of non-face materials or inverted

aces. As reviewed in the introduction, the CFE effect has been reported

n non-face stimuli ( Bukach et al., 2010 ; Wong et al., 2009 ) and there are

ot-debates about the “domain-specificity ” and “domain-generality ” of

olistic processing ( Gauthier and Bukach, 2007 ; McKone et al., 2013 ).

uture work could explore the neural response patterns across face and

on-face stimuli. Third, although decisional processes are not equal to

otor commands ( Richler and Gauthier, 2013 ), it is still interesting to

nvestigate if cortices identified in the current study are still involved in

asks where participants match face parts covertly without a motor re-

ponse, or in an experimental design where a motor response is required

n only a small subset of trials and analysis of BOLD signal is restricted

o the remaining trials with no overt response, which can help under-

tand the relevant controversies ( Richler and Gauthier, 2013 ; Rossion,

013 ). 

. Conclusion 

Our study demonstrates the involvement of both extended face pro-

essing and attention networks in the composite face effect (CFE), with

ost prominent neural-behavioral correspondence in distributed areas

ncluding the bilateral insula and medial frontal gyrus. These findings

uggest the distinct contributions of face processing and attentional net-

orks to the behavioral CFE outcome, and provide implications into

ace recognition and attentional control models for the CFE effect. 
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