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1  |  INTRODUC TION

Most adults are better at recognizing recently encountered faces of 
their own race, relative to faces of other races (Malpass & Kravitz, 
1969; Sauerland & Sporer, 2009; Sporer, 1991). Evidence of a race 
effect in face perception is found in infancy (Heron-Delaney et al., 

2011; Markant et al., 2016; Sangrigoli & Schonen, 2004; Vogel et al., 
2012; Wheeler et al., 2011; Xiao et al., 2013) and in adults, it is at-
tributed to a combination of perceptual and motivational factors, 
such as greater levels of perceptual experience and social salience 
(see review (Young et al., 2012)). Also in adults, the neural sub-
strates of face processing differently represent faces of own- vs. 
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Abstract
Most adults are better at recognizing recently encountered faces of their own race, 
relative	 to	 faces	of	other	 races.	 In	adults,	 this	 race	effect	 in	 face	 recognition	 is	as-
sociated with differential neural representations of own- and other-race faces in 
the fusiform face area (FFA), a high-level visual region involved in face recognition. 
Previous research has linked these differential face representations in adults to view-
ers’ implicit racial associations. However, despite the fact that the FFA undergoes a 
gradual development which continues well into adulthood, little is known about the 
developmental time-course of the race effect in FFA responses. Also unclear is how 
this race effect might relate to the development of face recognition or implicit asso-
ciations with own- or other-races during childhood and adolescence. To examine the 
developmental trajectory of these race effects, in a cross-sectional study of European 
American (EA) children (ages 7–11), adolescents (ages 12–16) and adults (ages 18–35), 
we evaluated responses to adult African American (AA) and EA face stimuli, using 
functional magnetic resonance imaging and separate behavioral measures outside the 
scanner. We found that FFA responses to AA and EA faces differentiated during de-
velopment from childhood into adulthood; meanwhile, the magnitudes of race effects 
increased in behavioral measures of face-recognition and implicit racial associations. 
These three race effects were positively correlated, even after controlling for age. 
These findings suggest that social and perceptual experiences shape a protracted de-
velopment of the race effect in face processing that continues well into adulthood.
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other-races along the fusiform gyrus, a region collectively known as 
“the fusiform face area” (FFA) and specialized in face-identity rec-
ognition (Brosch et al., 2013; Golby et al., 2001; Grill-Spector et al., 
2000;	Kanwisher	et	al.,	1997).	Importantly,	in	adults	differential	rep-
resentation of own- and other-race faces correlates with behavio-
ral measures of race effect in face recognition (Golby et al., 2001), 
and of negative implicit associations with other-race faces (Brosch 
et	al.,	2013).	In	other	words,	the	greater	the	FFA’s	responses	are	to	
own- relative to other-race faces, the better individuals are at rec-
ognizing own-race faces relative to other-race faces, and the more 
positive their associations with their own race relative to other-race 
associations.	In	adults,	these	FFA	responses	to	own-	and	other-race	
faces are thought to reflect both the cumulative effect of perceptual 
expertise (Gauthier et al., 2000; Golby et al., 2001; McGugin et al., 
2011), and also the transient effects of recent face-to-face interac-
tions, social affiliation, and context (Bernstein et al., 2007; Blandon-
Gitlin et al., 2014; Guassi Moreira et al., 2017; Marsh et al., 2016; 
Van Bavel & Cunningham, 2009; Van Bavel et al., 2008). However, 
little is known about the developmental time-course of differential 
representation of faces of own- and other-races in the FFA, or how it 
might relate to the developmental trajectories of the race effects in 
face recognition and implicit racial associations.

One	possibility	is	that	the	race	effect	in	face	processing	devel-
ops in early childhood and remains stable thereafter. Supporting this 
hypothesis, a few studies reported an adult-like magnitude of the 
race effect in face-recognition memory after age 7 (Anzures et al., 
2014;	Goodman	et	al.,	2007;	Pezdek	et	al.,	2003).	Indeed,	some	au-
thors have suggested a lasting and disproportionate effect of experi-
ence during the first years of life (Cassia et al., 2009; Macchi Cassia, 
2011), perhaps leading to an early and persistent own-race prefer-
ence in face recognition. Also, implicit associations with own- and 
other-races are reportedly adult-like after age six (Baron & Banaji, 
2006). Given the reported correlation between implicit racial atti-
tudes and the FFA’s differential responses to race of faces in adults 
(Brosch et al., 2013), these findings suggest a fixed magnitude of the 
race effect in face processing across age groups, implying little cu-
mulative influence by perceptual and social experiences in shaping 
FFA representations of race of faces after age 7.

Alternatively, the race effect in FFA responses may develop 
progressively from childhood through adolescence and into adult-
hood.	Indeed,	several	lines	of	evidence	show	substantial	malleability	
in face processing and its neural substrates well into adolescence 
and adulthood. For example, behavioral studies based on large sam-
ples, wide age ranges (Chance et al., 1982), and sensitive measures 
of face discrimination (Chien et al., 2018), found a protracted de-
velopment of the race effect in face processing that increased with 
age	at	least	until	age	12.	In	addition,	other	studies	have	found	that	
face-recognition ability for own-race faces improves with the age of 
viewers well into adulthood (Germine et al., 2011). Moreover, the 
FFA undergoes a prolonged development in response to own-race 
faces (Cantlon et al., 2011; Gathers et al., 2004; Golarai et al., 2007, 
2010, 2015; Peelen et al., 2009; Scherf et al., 2007, 2012), involv-
ing age-related increases in the spatial extent and magnitude of face 

selectivity that continues well into adolescence. The development 
of FFA correlates with the development of behavioral measures of 
recognition	ability	for	own-race	faces	(Golarai	et	al.,	2007,	2010).	In	
fact, other evidence suggests that FFA development is associated 
with a progressive differentiation in how faces of various categories 
are represented. For example, the adult FFA responded differently 
to faces of different ages, in contrast with children's FFAs, which re-
sponded similarly to own- and other-age faces (Golarai et at, 2015). 
Generalizing from these findings, one might expect the race effect 
in FFA responses to continue to develop during childhood and ad-
olescence before becoming adult like. Given FFA’s key role in face 
recognition, the development of the race effect in FFA responses 
may mediate a concurrent increase in the magnitude of race effect 
in face-recognition memory.

Other	 lines	 of	 behavioral	 evidence	 also	 favor	 the	 idea	 that	
face-recognition ability remains malleable during childhood de-
velopment and well into adulthood, due to various forms of social 
and perceptual experiences with faces of different groups. For ex-
ample, the race effect in face recognition was reportedly reversed 
in adults who were adopted at ages 3–9 years old into other-race 
families (Sangrigoli et al., 2005), suggesting the malleability of the 
race	effect	after	age	9.	In	other	studies,	elementary	school	teachers	
exhibited strong memory for child faces (Harrison & Hole, 2009) 
and maternity-ward nurses showed strong memory for infant faces 
(Cassia et al., 2009), contrasting with most adults’ low recognition 
ability for other-age faces (Hills & Lewis, 2011). Furthermore, brief 
perceptual training among adults reduced the race effect in face 
recognition (Tanaka & Pierce, 2009). Even laboratory-created group 
affiliation rapidly induced an own-group preference in face pro-
cessing (Bernstein et al., 2007; Blandon-Gitlin et al., 2014; Marsh 
et al., 2016; Van Bavel & Cunningham, 2009; Van Bavel et al., 
2008).	Importantly,	the	magnitude	of	this	laboratory-induced	pref-
erence increased with participants’ age during childhood and ado-
lescence (Guassi Moreira et al., 2017). Thus, during this period of 
development there may be an increase in own-group preference 
and a related enhancement in the neural representations of such 
group preferences, even in the context of recent group affiliation. 

Research Highlights

• We found evidence of own-race preferences in neural 
and behavioral measures of face processing, manifest-
ing as higher responses in FFA, better face-recognition 
memory, and more positive implicit associations for own- 
than for other-race faces among European American 
children (ages 7–11), adolescents (ages 12–16), and 
adults (ages 18–35).

•	 Our	 cross-sectional	 data	 revealed	 substantial	 age-re-
lated increases in the magnitude of all three race effects 
from childhood into adulthood.

• The three measures of race effect were positively cor-
related, after controlling for age.
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Together, these findings suggest a model of development of race ef-
fects whereby cumulative social and perceptual experiences along 
with current racial attitudes and social context, jointly shape the 
race effects in FFA responses and face-recognition performance to 
a degree that may increase with the age of viewers. However, the 
developmental trajectory of the race effect in FFA responses, and 
its links to measures of face recognition or racial attitudes during 
childhood or adolescence, remain untested.

In	 the	 present	 cross-sectional	 study,	 European	 American	 (EA)	
children, adolescents and adults, each participated in a three-part 
experiment.	We	used	functional	magnetic	resonance	imaging	(fMRI)	
to measure FFA responses to EA and African-American (AA) faces. 
Outside	the	scanner,	we	examined	recognition	memory	and	implicit	
associations for own- (EA) and other-race (AA) faces. For each mea-
sure, we estimated a race effect, using own- and other-race faces. 
Then, we asked how the race effects changed with age, and exam-
ined their relationships across and within age groups.

2  |  METHODS

2.1  |  Participants

Healthy EA children (ages 7–11, N = 20, 13 females), adolescents 
(ages 12–16, N = 10, 4 females) and adults (ages 19–35, N = 15, 8 fe-
males)	participated	in	fMRI	and	behavioral	tests	outside	the	scanner,	
and were included in the final data analysis reported in our study. 
Another three children and two adults were removed due to exces-
sive	motion	during	the	fMRI	scan	(see	below).

Participants were right-handed with normal or corrected vision, 
and reported no history of neurological or psychiatric conditions 
or structural brain abnormalities. Children and adolescents were 
recruited from Palo Alto schools. Adult participants were Stanford 
University	students.	Informed	consent	conformed	to	requirements	
of the Stanford Panel on Human Subjects in Medical Research.

2.2  |  FMRI

2.2.1  |  Methodological considerations

One	of	our	goals	in	the	design	and	analysis	of	fMRI	experiments	was	
to minimize systematic, between-group differences that could con-
found the race effects we measured. These methodological consid-
erations	are	detailed	in	SuppInfo	1.

2.2.2  |  Choice of stimuli

All faces were of adult males in a frontal view, displaying a neu-
tral expression with no eye-glasses or jewellery and minimal facial 
hair. This choice was motivated by two considerations: Firstly, it 
enabled us to relate present results to previous developmental 

findings on the FFA that used all adult male faces (Cantlon et al., 
2011; Golarai et al., 2007, 2010, 2015; Peelen et al., 2009; Scherf 
et al., 2007). Secondly, this stimulus set minimized stimulus vari-
ation and any potential interactions between age of viewers 
with stimulus attributes that were not the focus of our study. 
Specifically, various behavioral studies suggest interactions be-
tween age of viewers and facial attributes such as age, expres-
sion and paraphernalia (Freire & Lee, 2001; Harrison & Hole, 2009; 
Hills & Lewis, 2011). Also, there are conflicting reports regarding 
‘gender effects’ in face processing, as some studies report that 
adult females display better recognition memory for female com-
pared	to	male	faces	(Lewin	&	Herlitz,	2002;	Ino	et	al	2010),	while	
others found no evidence of a gender effect (Scherf et al., 2017). 
In	our	study,	evaluation	of	these	factors	and	their	potential	inter-
action with the race of face or age of viewers would require sub-
stantially longer experimental sessions, rendering them unfeasibly 
taxing for the youngest children.

Face images were matched for distinctiveness and attractive-
ness by four adult observers. Then, we measured image similarity 
for faces of each race, based on the average of a pixel-wise inten-
sity-discrepancy measure applied to all within-race pairs of images 
(Grill-Spector et al., 1999), and found no significant differences in 
the within-race, face similarity among AA versus EA faces (AA faces: 
0.30 ± 0.01 (M ± SD); EA faces: 0.31 ± 0.01 (M ± SD)). We used pic-
tures of abstract sculptures in order to equate stimulus novelty and 
level of verbal labeling across categories and age groups (Gauthier 
et al., 2000; McGugin et al., 2012).

2.2.3  |  Stimulus presentation during fMRI

During	fMRI,	participants	viewed	60	gray-scale	photographic	unique	
exemplars of each stimulus category (i.e., AA faces, EA faces and 
abstract sculptures, see Figure S1). Each image was presented only 
once (except for ~14% of images that repeated for a one-back task, 
see below). Each stimulus category was presented in five pseudo-
randomly ordered blocks. Blocks were 14 s long, followed by 14 s 
of	fixation.	Images	were	presented	every	1	s,	for	970	ms,	followed	
by a 30 ms fixation baseline. All images were projected via a mirror 
mounted	on	the	MRI	coil	(visual	angle	~15°).	Images	were	presented	
and responses were recorded, using a Macintosh G3 computer with 
Matlab 5.0 (Mathworks) and Psychtoolbox extensions (http://www.
psych toolb ox.org).

2.2.4  |  Task during fMRI

Participants were instructed to fixate on each image and press a 
button whenever they detected identical images appearing suc-
cessively (a one-back task). Data on the accuracy and response 
times during performance of the 1-back task is plotted in Figure 
S1. Responses during the one-back task in the scanner were highly 
accurate (>90%) and similar across age groups (Figure S1A). A 

http://www.psychtoolbox.org
http://www.psychtoolbox.org
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two-way	rmANOVA	on	response	accuracy	including	factors	of	age	
group and stimulus image category showed no significant main ef-
fects of age, image category, or age by image-category interaction 
whether we included responses to images of objects or only AA and 
EA faces (F2,42 < 0.6, p	>	0.5).	In	contrast,	response	times	(RT)	were	
longer among children than for adolescents (t28 = 4.6, p < 0.0001) 
or adults (t33 = 5.67, p < 0.0001, Figure S1B), as expected (Kail & 
Salthouse 1994; Ratcliff et al., 2012; Cromer et al., 2015; Egami 
et	al.,	2015;	Golarai	et	al.,	2015).	Importantly,	however,	there	were	
no interactions between age of participants and race of faces in ac-
curacy or response times (F2,42 < 0.95, p	>	0.8,	two-way	rmANOVA,	
Figure S1B).

2.2.5  |  Scanning

Brain imaging was performed on a 3-Tesla whole-body General 
Electric	 Signa	MRI	 scanner	 (General	 Electric)	 at	 the	 Lucas	 Center	
for	Imaging,	Stanford	University,	equipped	with	a	quadrature	bird-
cage head coil. Participants were instructed to relax and stay still. 
We placed ample padding around each participant's head and also 
made	use	of	a	bite	bar	(made	of	Impression	Compound	Type	I,	Kerr	
Corporation) to stabilize head position and reduce motion-related 
artifacts during the scans. First, a high-resolution three-dimen-
sional Fast “SPGR” anatomical scan (124 sagittal slices, 0.938 mm 
×0.938 mm, 1.5-mm slice thickness, 256 × 256 image matrix) of the 
whole brain was obtained. Next, a T2-weighted, fast-spin-echo, in-
plane scan with a slice prescription identical to that of the functional 
scan was acquired. Functional images were obtained with a T2* sen-
sitive,	gradient	echo,	spiral-in/out,	pulse	sequence	using	BOLD	con-
trast. Full brain volumes were imaged using 21 slices (4 mm thick plus 
1 mm skip), oriented parallel to the line connecting the anterior and 
posterior commissures. Brain volume images were acquired continu-
ously	with	the	following	parameters:	1,400	ms	TR,	30	ms	TE,	70°	flip	
angle, 240 mm field of view, 3.75 mm × 3.75 mm in-plane resolution, 
and 64 × 64 image matrix.

2.2.6  |  Pre-processing

The first ten functional volumes were discarded to allow for T1 
equilibration. Functional scans were (1) ‘median-filtered’ with an in-
house	algorithm	to	remove	any	transient	BOLD	artifacts	that	devi-
ated	more	than	2	SD	from	the	global	(i.e.	whole-brain)	mean	of	BOLD	
time-series	in	each	participant	(detailed	in	SuppInfo	2),	and	replace	
by the mean of neighboring images in the time series; (2) realigned to 
the first image of the run to correct for participant's motion during 
the scan (SPM, Wellcome Department of Cognitive Neurology, see 
SuppInfo	2);	 and	 (3)	 co-registered	 to	 the	subject-specific	high-res-
olution whole brain anatomical volume (SPGR) in the native space. 
Data were not spatially smoothed or normalized to a template. All 
analyses were conducted in participants’ native brain space. Data 
from three children and two adults were excluded due to excessive 

motion (>2 mm translation). For the remaining participants, the aver-
age	motion	or	 total	 number	 of	 excluded	BOLD	 images	 during	 the	
time series, and the average motion during the scan were similar 
across	age	groups	(Ps	<0.5,	see	SuppInfo	2).

2.2.7  |  General linear model

For each participant, statistical modeling was performed using a 
GLM on motion-corrected functional images (without smoothing or 
spatial normalization). The fit of the GLM (as measured by the aver-
age % residual error of GLM within the individually- and anatomi-
cally-defined regions of interest of mid fusiform gyrus, see below), 
was similar across age groups (p	<	0.3,	see	SuppInfo	2).

2.2.8  |  Individually defined regions of interest 
(ROIs)

We	used	single-subject	analysis	of	fMRI	data.	 In	each	participant's	
native	brain	space,	we	individually	defined	(1)	anatomical	ROIs	(based	
on	anatomical	 landmarks),	 (2)	functional	ROIs	based	a	combination	
of anatomical landmarks and a functional contrast (see ‘peak’ and 
‘functional	ROIs’	in	2	and	4	below),	and	(3)	concentric	ROIs	based	on	
a combination of anatomical landmarks, a functional contrast, and 
volumetric constrains. We used these complementary analyses with 
individually	 defined	 ROIs	 in	 each	 participants’	 native	 brain	 space	
in order to minimize spatial distortions and volume averaging (es-
pecially given the smaller size of the FFA in younger participants), 
following best practices in developmental studies of category se-
lective regions in the ventral stream (Cantlon et al., 2011; Centanni 
et al., 2018; Golarai et al., 2007, 2010, 2015; Lafer-Sousa et al., 2016; 
Peelen et al., 2009; Scherf et al., 2007), as detailed below.

1.	 Anatomical	 ROIs:	 We	 created	 anatomical	 ROIs	 of	 the	 mid	 fu-
siform gyrus (mFG) in order to increase the precision of our 
search space for face-selective voxels (see below). Previous 
studies	with	high	resolution	fMRI	indicate	that	multiple	face-se-
lective patches may be found along the length of the mFG 
(reviewed in Grill-Spector et al., 2017). Thus, the anatomical 
ROIs	 of	 mFG	 allowed	 inclusion	 of	 all	 face-selective	 voxels	 in	
this region, regardless of the specific location within the mFG. 
The	 anatomical	 ROIs	 were	 hand	 drawn	 with	 MRIcro	 (http://
www.mricro.com) on subject-specific high-resolution anatomical 
images by a well-trained person, who was blind to the identity 
and age of the brains. The boundaries of each individual's 
mFG	ROIs	 included	 (1)	 the	 lateral	 bank	of	 the	 collateral	 sulcus,	
(2)	 the	 lateral	 bank	 of	 the	 occipito-temporal	 sulcus	 (OTS),	 (3)	
the fundus of the posterior transverse collateral sulcus, and a 
coronal plane tangent to the posterior edge of the amygdala, 
similar to previous publications (Golarai et al., 2007, 2015).

2.	 Peak	ROI:	We	individually	defined	the	peak	of	face	selectivity	(i.e.,	
the voxel with highest t-value for the contrast [(AA +EA faces) > 

http://www.mricro.com
http://www.mricro.com
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objects])	within	the	subject-specific	anatomical	ROI	of	mFG	(de-
scribed above).

3.	 Concentric	ROIs:	We	individually	defined	three	non-overlapping,	
concentric	ROIs,	 all	 centred	at	 the	peak	of	 face-selectivity	 (i.e.,	
the voxel with highest t-value for the contrast [(AA +EA faces) > 
objects])	within	the	subject-specific	anatomical	ROI	of	mFG	(de-
scribed	above).	The	three	non-overlapping	concentric	ROIs	were	
defined	in	each	hemisphere	as	follows	(see	Figure	1):	 (1)	an	ROI	
consisting of three contiguous voxels, including the most face-
selective (“peak”) voxel in the individual's FFA (‘P3’); (2) a “shell 
volume” lying between P3 and a sphere equal to the average vol-
ume of the FFA in children (‘C’); (3) a shell volume lying between 
the outer bound of ‘C’ and a larger sphere equal to the average 
volume of the FFA in adults (‘A’).

These	concentric	ROIs	minimized	age-related	confounds	 in	es-
timating the race effect across age groups. Note that differential 
responses to own- versus other-race faces may be less pronounced 
at the edges of the FFA due to volume averaging in all participants. 
However, due to the smaller volume of the FFA in children, this 
boundary effect could disproportionately influence the overall mag-
nitude	of	the	race	effect	in	children's	FFA.	The	concentric	ROIs	min-
imized such age related confounds by enabling us to (1) select voxels 
independently of their response properties (except for a single voxel 
with highest face selectivity in each hemisphere) and (2) evaluate 
the spatial extent of the race effect at and around the FFA, by com-
paring responses near the peak of face selectivity and at increasing 
distances from the peak, providing an estimate of the spatial organi-
zation of the race effect across age groups. 

4.	 Functional	 (cluster)	 ROIs:	 We	 functionally	 defined	 the	 FFA	 as	
clusters of supra-threshold voxels, using the contrast ([AA +EA 
faces >objects], at p < 10−4, voxel level) within the anatomical 
ROI	 of	 mFG	 in	 each	 hemisphere	 (see	 Figure	 S2).	 These	 face-
selective voxels (i.e. the FFA) tended to be found more reliably 
in the right than the left hemisphere and in adults and ado-
lescents than in children. Namely, we found the right FFA 
(rFFA) in 17/20 children, 10/10 adolescents, 15/15 adults; and 
the left FFA (lFFA) in 14/20 children, 8/10 adolescents, and 
14/15 adults. The volume of the FFA was smaller in children 
(rFFA: 853 ± 58 mm3; lFFA: 798 ± 35 mm3) compared to 
adolescents (rFFA: 1,984 ± 103 mm3; lFFA: 1,326 ± 112 mm3) 
and adults (rFFA: 3,132 ± 206 mm3; lFFA:1,296 ± 136 mm3). 
These data are consistent with previous reports of a substantial 
age-dependent increase in the magnitude and spatial extent 
of face selectivity in the fusiform gyrus from childhood into 
adulthood (Cantlon et al., 2011; Golarai et al., 2007, 2010, 
2015; Peelen et al., 2009; Scherf et al., 2007).

Note	that	the	functional	ROIs	were	used	for	a	dependent analy-
sis, as the data extracted for analysis were the same as those used 
to	define	the	ROIs.	The	criterion	for	voxel	selection	was	agnostic	to	
the relative response magnitudes to AA or EA faces, which was the 

main	focus	of	our	analyses.	These	functional	ROIs	provided	a	more	
conventional means of assessing FFA responses and completed our 
analysis	of	the	concentric	ROIs.

2.2.9  |  Extraction of BOLD signals and a measure of 
race-effect in ROI responses

We	 extracted	 BOLD	 signals	 from	 the	 concentric	 and	 functionally	
defined	ROIs	to	find	the	percent	signal	change	in	response	to	visual	
stimuli (AA, EA, objects; e.g. Figure S3) and a measure of race effect 
(e.g. Figure 1). The raw time-course data were extracted from each 
voxel, high-pass filtered (0.0052 Hz cut-off) and shifted in time by 3 
seconds to account for hemodynamic lag. We measured the mean 
BOLD	signal	during	 the	entire	period	of	each	block	after	account-
ing for hemodynamic lag. These data were averaged across voxels 
within	 the	 ROI.	 The	 percent	 BOLD	 signal	 change	 for	 each	 image	
category	was	 calculated	 relative	 to	 the	 average	 BOLD	 signal	 dur-
ing fixation blocks as: 100 ⋅

( category− fixation )

fixation
 (Figure S3). We also cal-

culated	a	measure	of	race	effect	 in	BOLD	signals	based	in	percent	
signal change as [(EA–AA)/(EA+AA)] in each participant and hemi-
sphere and averaged data across participants for each hemisphere 
and age group (Figure 1).

2.3  |  Face-recognition memory

2.3.1  |  Experimental procedures

Outside	the	scanner,	participants	performed	a	recognition-memory	
task	using	 images	similar	to	but	not	overlapping	with	fMRI	stimuli.	
This approach enabled us to use a sufficiently small number of face 
stimuli for recognition memory to avoid a “floor effect” in children 
(see McKone et al., 2012). Alternative approaches (e.g. performing 
the	face	recognition	task	during	fMRI)	would	require	at	least	50–60	
remembered	 exemplars	 for	 reliable	 BOLD	 signals,	 which	 would	
overwhelm children's memory capacity based on our pilot studies. 
We extrapolated from the reported positive correlations between 
FFA	responses	during	fMRI	and	face-recognition	memory	ability	for	
own-race faces during separate behavioral tests (Golarai et al., 2007, 
2010), expecting to find analogous links between FFA responses and 
face recognition ability for own- and other-race faces in data ob-
tained from each participant in separate sessions.

During encoding, participants performed a one-back task, while 
viewing 10 AA and 10 EA face images in blocks (similar to the block 
design	during	fMRI).	Each	image	was	presented	for	2	seconds	during	
the encoding phase. About 15 min after the conclusion of the encod-
ing phase, participants were presented with a surprise recognition 
test, and viewed all the 20 images from the encoding session plus 20 
new faces (half AA and half EA). These images were presented one 
at a time, in random order and at a self-paced rate. Participants were 
instructed to indicate if they had seen the image before (‘old’) or not 
(‘new’) by pressing one of two computer keyboard buttons.
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2.3.2  |  Data analysis and a measure of race effect 
in face recognition

Performance for the recognition task was calculated for each face 
type and participant as Performance=[hits – false alarms]/[number of 
old images], (see Figure S4). We also calculated a measure of race ef-
fect in face-recognition performance as a difference in performance 
for own- versus other-race faces (Performance [EA-AA]=(Performance 
[EA] – Performance [AA]), see Figure 2B) for each participant, then 
averaged participants’ data within each age group (Figure 2A).

Recognition-memory data (see Figure S4) showed that performance 
across all age groups was (1) matched on at least one set of face stimuli 
(AA faces) and (2) significantly above zero for both AA and EA faces, al-
lowing meaningful between group comparisons for both races of faces.

2.4  |  Implicit Association Test (IAT)

2.4.1  |  Experimental procedures

Using a test of implicit racial associations and following published 
procedures (Baron & Banaji, 2006; Greenwald et al., 2003), we ex-
amined each participant's response times (RT) to images of own- or 
other-race	 faces	 (not	 seen	 during	 fMRI	 or	 face	 recognition	 experi-
ments) in association with positive or negative written words. We 
verbally instructed participants to view faces or words on the screen. 
Their task was to classify faces according to race, and words accord-
ing to their positive or negative meaning, by pressing one of two keys, 
quickly and accurately. Participants viewed 8 images of adult faces 
(half AA, half EA, and half female for each race of faces) and 8 written 
words (half positive (e.g., flower, love, joy, nice) and half negative [e.g., 
hate, vomit, bomb, hell]) that presented one-at-a-time on the screen. 
The order of presentation of all stimuli was randomized.

During an initial block of practice trials participants viewed only 
faces	and	categorized	them	according	to	the	race	of	face.	In	another	
block of practice trials, participants viewed only words and catego-
rized them according to positive or negative meaning of the word. 

The order of face or word blocks was randomized and counter-bal-
anced across participants. After these practice blocks, participants 
performed	 the	 critical	 trials	 for	 IAT	where	words	 and	 faces	were	
presented in an intermixed sequence. Participants were again asked 
to classify the race of each face (AA or EA) or valence of each word 
(positive or negative). During one block participants used the same 
key to indicate EA faces and positive words and another key for AA 
faces and negative words (i.e., consistent with positive own-race as-
sociations).	 In	 another	 block	 participants	 used	 the	 reverse	 pairing	
of race and words (i.e., inconsistent with positive own-race associa-
tions). The order of consistent vs. inconsistent blocks were counter 
balanced across participants. We recorded accuracy and response 
times for each stimulus during a total of 144 trials (72 faces, half AA, 
half EA; 72 words, half positive, half negative).

2.4.2  |  Data analysis and measure of race effect 
in IAT

Reaction times (RTs) from consistent and inconsistent trials were 
used to assess the strength of positive or negative implicit associa-
tions with own- or other-race faces. Shorter RTs suggest stronger 
associations. We excluded trials with incorrect classification or la-
tencies outside the range of mean (all consistent & inconsistent trials) 
±2 (standard deviation of mean) in each participant. Then we cal-
culated D’ for RTs of consistent vs. inconsistent trials in each par-
ticipant (Figure 2D), and averaged data by age group (Figure 2C). 
Inclusion	of	responses	with	incorrect	categorizations	did	not	change	
the	group	averaged	IAT-D’	scores	(see	Figure	S5,	red	triangles).

2.5  |  Statistical analysis of measures of race effect

For	each	of	the	fMRI	and	behavioral	measures	of	race	effect,	we	exam-
ined between age-group differences after binning the data into three 
age	groups	and	submitting	to	analysis	of	variance	(ANOVA),	repeated	
measures	ANOVAs	 (rmANOVAs)	and	 t-tests, analogous to previous 

F I G U R E  1 Race	effect	in	BOLD	responses	from	mid	fusiform	gyrus.	The	magnitude	of	race	effect	[(EA	–	AA)/(EA+AA)]	in	response	to	
face	stimuli	from	individually	defined	ROIs	in	each	hemisphere.	Positive	values	along	the	y-axis	indicate	higher	responses	to	own-	than	to	
other-race faces; negative values indicate the reverse. (a) The magnitude of race effect in responses were extracted from three individually 
defined,	concentric	and	non-overlapping	ROIs	that	were	centered	at	the	peak	of	face	selectivity	in	the	mid	fusiform	gyrus	(i.e.	highest	t-value	
for	the	contrast	[EA+AA	faces	>object])	in	each	participant.	The	magnitude	of	the	race	effect	in	responses	from	each	ROI	was	averaged	
for each age group. Dashed lines: children (ages 7–12, n = 20); solid gray lines: adolescents (ages 12–16, n = 10). Black lines: adults (19–35, 
n = 15). Error bars: group SEM. ‘P3’: Three adjacent voxels including the peak of face-selectivity. ‘C’: a shell volume lying between P3 and 
a sphere equal to the average volume of the FFA in children. ‘A’: a shell volume lying between the outer bound of ‘C’ and a larger sphere 
equal	to	the	average	volume	of	the	FFA	in	adults.	rmANOVA	revealed	significant	main	effects	of	age	(p	=	0.0005),	of	ROI	(p = 0.0005) and of 
hemisphere (p	<	0.05).	See	Table	1.	(b)	The	magnitude	of	race-effect	in	responses	from	the	P3	ROI	from	Figure	1a	(above)	in	each	participant	
is plotted along the y-axis and age of participants along the x-axis for each hemisphere. Pearson correlation values (r) are listed for each 
hemisphere, which was significant in the left hemisphere (p = 0.0005). See Table 10. (c) The magnitude of the race effect from a dependent 
analysis of responses from the individually-defined FFA (i.e., all supra-threshold voxels in mid fusiform gyrus for contrast [EA +AA > objects], 
p < 10−4, voxel level) is averaged for each age group and separately plotted for each of the right and left FFAs (rFFA, lFFA). Note that no 
supra-threshold voxels were found in a subset of participants. Gray bars: children (ages 7–12, rFFA: n = 17/20; lFFA: n = 14/20). Dark gray 
bars: adolescents (ages 12–16, rFFA n = 10/10; lFFA: n = 8/10). Black bars: adults (19–35, rFFA n = 15/15; lFFA n = 14/15). Error bars: group 
SEM.	2-way	ANOVA	revealed	a	significant	main	effect	of	age	(**p = 0.02). See Table 3
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studies on the development of the FFA (Cantlon et al., 2011; Golarai 
et al., 2007, 2010, 2015; Peelen et al., 2009; Scherf et al., 2007). We 
also examined the Pearson correlations between (1) the magnitude of 
the race effect versus age of participants as continuous measures and 
(2) among measures of race effect after controlling for age.

2.5.1  |  Exploratory mediation analysis

We focused an exploratory mediation analysis on the hypothesis 
that the FFA mediates the influence of implicit associations on face 

recognition memory, given (1) FFA’s key role in face perception and 
recognition (Golby et al., 2001; Grill-Spector et al., 2004; Kanwisher 
et al., 1997), (2) the association between the developments of the 
FFA and face-recognition ability (Golarai et al., 2007, 2010), (3) the 
potential role of the FFA in mediating top-down modulations on 
face processing (Wojciulik et al., 1998) and (4) the correlation be-
tween implicit racial association and FFA responses to race of faces 
(Brosch et al., 2013). We performed the mediation analysis on the 
entire data set from children, adolescents and adults by applying a 
standard multiple-regression and bootstrapping procedures (5,000 
iterations;	PROCESS	method,	model	6,	Hayes,	2013)	in	SPSS	(IBM).	
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The results of this exploratory analysis supported correlations be-
tween the three measures of race effect, and a model where the FFA 
mediates the influence of implicit racial associations on racial bias in 
recognition	memory,	as	summarized	in	SuppInfo	3.	Given	the	cross-
sectional nature of our data, our analyses do not establish causal 
relations. Also, given the limits of our statistical power we did not ex-
tend our analyses to compare all alternative models of how the three 
race effects may relate. Thus, we consider our analyses and their 
results exploratory. Yet, our findings confirm the statistical links 
among the three measures of race-effect that we report in Figure 3.

3  |  RESULTS

In	each	EA	participant	we	examined	(1)	brain	responses	to	AA	and	EA	
faces	in	individually	defined	ROIs	in	the	fusiform	gyrus	during	fMRI;	
then outside the scanner we used new face stimuli and measured (2) 
face-recognition performance for AA and EA faces, and (3) implicit 
racial	associations	during	the	IAT.	For	each	measure	we	determined	
the magnitude of the race effect by contrasting responses to own- 
versus other-race faces. We asked if the magnitude of race effects 
varied across age groups (Figures 1 and 2) and examined the rela-
tionship among these measures after controlling for age (Figure 3).

3.1  |  The magnitude and spatial extent of the race 
effect in the fusiform gyrus increased with age

To test the hypothesis that FFA responses to own- versus other-race 
faces differentiate progressively with age, we examined the magni-
tude	and	spatial	extent	of	the	race	effect	in	BOLD	responses	to	AA	
and EA faces at and around the FFA among EA children, adolescents, 
and	adults.	First,	we	defined	three	concentric,	non-overlapping	ROIs	
of prespecified sizes, all centred on and at increasing distances from 
the most face-selective voxel in the mid fusiform gyrus (mFG) in each 
hemisphere and participant (see Methods). Then, we extracted sig-
nals	from	these	ROIs	and	calculated	a	measure	of	race	effect	in	their	
response amplitudes [(EA – AA)/(EA+AA)] (see Figure 1). These pre-
specified	concentric	ROIs	enabled	unbiased	measurement	and	test-
ing of age-related changes in the magnitude and spatial organization 
of responses to own- and other-race faces with uniform volumes and 
distances from peak of the FFA in every participant, circumventing 
potential confounds arising from the larger volume of the FFA in 
adults compared to children and adolescents (see Methods).

Figure 1a shows the magnitude of the race effect in each con-
centric	ROI	and	age	group.

To test the hypothesis that the magnitude of the race effect in 
responses	within	 concentric	ROIs	 at	 and	 around	 the	FFA	 increased	
with age, we used a three-way repeated-measures analysis of vari-
ance	(rmANOVA)	on	the	magnitude	of	the	race	effect	with	factors	of	
age	group	(children,	adolescents,	adults),	ROI	(‘P3’,	 ‘C’,	 ‘A’)	and	hemi-
sphere (right, left). We found significant main effects of age group 
(p <	0.0005),	ROI	(p < 0.0005), and hemisphere (p < 0.05), but the 2- or 

3-way interactions among these factors did not reach significance (see 
Table 1). Specifically, the magnitude of the race effect increased pro-
gressively from childhood into adulthood, as post hoc pair-wise com-
parisons among age groups showed significantly higher race effects 
in	ROI	responses	among	adults	compared	to	children	or	adolescents,	
and among adolescents compared to children (Ps<0.014, see Table 2).

Regardless of age and hemisphere, the magnitude of the race 
effect was higher near the peak of face selectivity and declined 
in	 ROIs	 farther	 from	 this	 peak.	 Namely,	 pair-wise	 comparisons	 of	
ROIs	 showed	 significantly	 higher	 magnitudes	 of	 the	 race	 effect	
at ‘P3’ compared to ‘C’ and ‘A’ and at ‘C’ compared to ‘A’ (t89> 6.5, 
Ps<0.0001). Finally, the overall magnitude of race effect was higher 
in the right than the left hemisphere (p < 0.05, Table 1). This hemi-
spheric effect may be driven by differences in the magnitude of 
the	race	effect	 in	the	‘P3’	ROI	across	the	two	hemispheres	among	
children and adults (Figure 1A), consistent with a trend towards a 
three-way	interaction	between	factors	of	age,	ROI	and	hemisphere	
(p = 0.09, Table 1).

Next, we examined the correlation between participants age (as 
a continuous variable) and the magnitude of the race effect at each 
ROI.	Consistent	with	the	results	of	the	ANOVA	analysis,	we	found	
positive correlations between participants’ age and the magnitude 
of	the	race	effect	among	a	subset	of	concentric	ROIs	bilaterally	(see	
Figure 1B, Table 10). Furthermore, we found evidence of different 
spatial patterns in this age-related increase, depending on the hemi-
sphere. Namely, in the left hemisphere this age effect was evident 
at	ROIs	that	were	close	to	the	peak	of	face	selectivity	in	mFG	at	‘P3’	
(Figure	1B)	and	‘C’	ROIs	(Table	10)	and	in	the	right	hemisphere	at	the	
ROIs	farther	from	the	peak	(i.e	‘C’	and	‘A’;	Table	10).

3.2  |  The magnitude of the race effect in 
functionally defined FFA increased across age groups

Our	analysis	of	the	concentric	ROIs	supported	the	hypothesis	that	
the magnitude of the race effect in responses of face-selective 
voxels of the FFA is greater in adults compared to the younger age 
groups. We further tested this hypothesis in functionally defined 
FFAs. We individually defined the FFA as the collection of all supra-
threshold, face-selective voxels ([EA +AA > objects], p < 10−4, voxel 
level) within the subject-specific, anatomical boundaries of the mFG 
in each hemisphere and then examined the magnitude of the race 
effect among these face-selective voxels (see data in Figure 1C). A 
two-way	ANOVA,	using	the	factors	of	age	group	(children,	adoles-
cents, adults) and hemisphere (right FFA, left FFA), showed a signifi-
cant main effect of age group (p = 0.02, Table 3), but no effects of 
hemisphere or interactions between age group and hemisphere (see 
Table 3). Post hoc analyses showed a significantly higher race effect 
in adults compared to children (p = 0.002), and for adults compared 
to adolescents (p < 0.05–1-tailed, Table 4). Thus, the race effect in 
FFA responses increased from adolescence into adulthood.

Although our analysis did not show a significant main effect of 
hemisphere, separate post hoc analyses within each hemisphere 



    |  9 of 17GOLARAI et AL.

revealed an age-related increase in the magnitude of the race ef-
fect that was statistically significant in the left but not in the right 
FFA (left FFA: F2,33 = 5.1, p = 0.002; right FFA: F2, 39 = 2.66, p = 0.16, 
Bonferroni corrected for multiple comparisons, Figure 1C).

3.3  |  Differentiation of responses to race of faces 
in functionally-defined FFA

We asked if the age-related increase in the magnitude of race effect 
in FFA responses was due to a race-of-face specific differentiation 
in these responses, or instead associated with a more general age-
related change in the overall magnitude of FFA responses to both 
races of faces. Thus, we examined the percent signal change to each 
race	of	face	(see	Figure	S3A).	A	3-way	rmANOVA	on	FFA	response	
amplitudes to faces with factors of age group (children, adolescents, 
adults), race of faces (AA, EA), and hemisphere (right, left) showed a 
significant main effect of race of faces (p < 0.001) and a significant 
interaction between age group and race of faces (p < 0.002, Table 5, 
Figure S3A), consistent with an age-related differentiation in FFA 
responses to AA versus EA faces. Post-hoc comparisons revealed 
that this interaction was driven by significantly higher response am-
plitudes to EA versus AA faces among adult participants in the left 
hemisphere (t13 = 5.0, p < 0.003, 2-tailed paired t-test, Figure S3B). 
In	contrast	the	difference	 in	response	amplitudes	to	AA	versus	EA	
faces was marginally significant among adolescents (t7 = 1.7, p = 0.05, 
1-tailed paired t-test) and not significant among children (t13 = 0.11, 
p	=	0.91).	Importantly,	there	were	no	significant	effects	of	age	group	
on the overall response amplitudes to faces (p = 0.45, Table 5), ruling 
out a generally lower responsiveness to faces in the FFA of younger 
age groups. Together, these findings suggest an age-related increase 
in the degree to which FFA responses to faces of own- versus other-
races differ; likely due to age related increases in response ampli-
tudes to own-race faces.

3.4  |  The race effect in face-recognition 
performance increased across age groups

Face-recognition memory was overall better for own- than for other-
race faces across the entire set of participants (t44 = 5.6, p = 0.0001 
paired t-test, Figure 2A) and this race effect increased with the age of 
participants (p = 0.001, Table 6). Post hoc analysis showed a signifi-
cantly higher race effect in adults compared to children (p = 0.001, 
Table 7). Likewise, there was a trend toward a positive correlation 
between age and the magnitude of race effect in face-recognition 
memory (Figure 2B, see Table 10). These data support an age-related 
increase in the magnitude of the race effect in face recognition dur-
ing development from childhood into adulthood.

We asked if the age-related increase in this race effect was due 
to a differentiation in recognition memory for AA versus EA faces, 
or instead was associated with a general age-related change in the 
overall recognition performance for both race of faces. Thus, we 

examined a measure of recognition memory performance for each 
race of face in each individual and age group (Figure S4). A 2-way 
rmANOVA	 on	 recognition	 memory	 performance	 with	 factors	 of	
age group (children, adolescents, adults) and race of faces (AA, EA) 
showed a significant main effect of race of face stimuli (p < 0.0001, 
Table 8) and an interaction between age of participant and race of 
face stimuli (p	<	0.003,	Table	8).	Importantly,	however,	the	main	ef-
fect of participants’ age did not reach significance, as recognition 
memory improved with age only for EA faces (p < 0.0001, Table 9), 
but not for AA faces (p	 =	 0.43,	 Table	 9).	 Indeed,	 there	 were	 no	
age-related changes in recognition memory for AA faces in our data 
(see Figure S4). Thus, the age-related increase in the race effect in 
recognition memory was associated with an improvement in recog-
nition performance for own-race faces contrasting with relatively 
stagnant recognition performance for other-race faces across age 
groups.

3.5  |  Negative implicit racial associations increased 
across age groups

Scores	from	the	 implicit	association	test	 (IAT-D’)	revealed	an	own-
race preference that was significantly higher than zero in each age 
group (ts>3.24, ps <0.013 2-tailed paired t-test, Figure 2C). This own-
race	preference	in	IAT-D’	scores	increased	significantly	with	age,	as	
shown	by	a	one-way	ANOVA	(F2, 42 = 6.67, p = 0.003). Post hoc analy-
sis showed a significantly higher race effect in adults compared to 
children (p = 0.0001, 2-tailed t-test), and in adolescents compared to 
children (p = 0.05, 1-tailed t-test), but no difference between adults 
compared to adolescents (p	 =	 0.23).	 Thus,	 the	 race	 effect	 in	 IAT	
scores became adult-like in adolescence.

We also found a corresponding trend toward a positive cor-
relation	between	participants’	age	and	the	magnitude	of	the	IAT-D’	
(Figure 2D, Table 10). These data are consistent with a progressive 
increase in the magnitude of the race effect in implicit racial associ-
ations during development from childhood into adolescence, likely 
reflecting social and cultural learning of group attitudes.

3.6  |  Neural and behavioral measures of race effect 
were correlated

The three measures of race effect increased in magnitude across the 
age groups in our cross-sectional study (summarized in Figure S5). 
Moreover, the three measures of race effect were positively cor-
related across the entire group of participants after controlling for 
participants’ age, (see Figure 3, Table 11). Namely, (after controlling 
for age) the magnitude of race effect in recognition memory was cor-
related with the magnitudes of race effect in the left FFA (Figure 3A) 
and the right FFA (data not shown), as well as the magnitude of race 
effect	in	IAT	scores	(Figure	3B).	Meanwhile,	(after	controlling	for	age)	
IAT	scores	were	positively	correlated	with	the	magnitude	of	race	ef-
fect in the left FFA (Figure 3C) but not the right FFA (see Table 11).
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To test if the strength of these correlations varied with age, we 
also examined and compared the correlations among these mea-
sures of race effect within each age group. However, we found no 
statistically significant differences among these correlations across 
age groups, despite of age group related numerical variations (Figure 
S6). These statistical links support the gradual development during 
childhood and adolescence of the three measures of race effect in 
our cross-sectional study. These findings are consistent with our 
working model of race-effect development, in which long-term and 
cumulative social and perceptual experiences along with current ra-
cial attitudes (e.g., implicit racial attitudes) together shape the race 
effects in FFA responses and face-recognition performance.

4  |  DISCUSSION

We found that among EA participants who viewed faces of adult AAs 
and EAs, the magnitude of race effects increased with age during child-
hood and adolescence and into adulthood, manifesting as an advantage 
for own- over other-race faces in terms of (1) higher FFA response ampli-
tudes, (2) better recognition memory performance, and (3) more positive 
implicit	associations.	Importantly,	these	three	measures	were	correlated	
after	 controlling	 for	 age.	Our	 results	 point	 to	 specific	 age-related	 in-
creases in the magnitude of race effects that cannot be attributed to 
general maturational processes, such as improvements in task compli-
ance, FFA responsiveness, or memory for all faces regardless of race. 

F I G U R E  2 Race effect in behavioral measures. The magnitude of race effect in recognition-memory performance (top row) and implicit 
association	test	(IAT,	bottom	row)	are	each	plotted	as	averages	for	each	age	group	(left),	and	for	each	individual	against	participants’	age	
(right). Gray bars: children (n = 20). Dark gray bars: adolescents (n = 10). Black bars: adults (n = 15). Error bars: group SEM. (a) Averaged 
recognition memory performance (defined in Methods) is plotted for each age group. Recognition memory was measured during a forced 
choice recognition test for AA and EA faces. A race effect was calculated as the difference scores in recognition memory performance for 
each	race	of	face	in	each	participant	and	averaged	for	each	age	group.	One-way	ANOVA	revealed	a	significant	main	effect	of	age	(*p = 0.001, 
Table 6). (b) Data from (A) are plotted for each individual as a function of participants’ age. There was a trend toward a positive correlation 
between age and race effect in recognition memory (r = 0.41, p = 0.005), after Bonferroni correction for multiple comparisons, Table 10). 
(c)	Average	scores	for	the	implicit	association	test	(IAT)	are	plotted	for	each	age	group.	IAT-D’	was	measured	based	on	each	participant's	
reaction times to AA and EA faces in association to positive or negative words. A race-effect was calculated as D’ for each participant, 
and averaged for each age group. Pair-wise tests revealed significant differences between children and the other two age-groups, but no 
difference	between	adolescents	and	adults.	One-way	ANOVA	revealed	a	significant	main	effect	of	age	(***p = 0.003). (d) Data from (C) are 
plotted	for	each	individual	as	a	function	of	participants’	age.	The	correlation	between	age	and	IAT-D’	did	not	reach	statistical	significance	
(r = 0.42, p = 0.01) after Bonferroni correction for multiple comparisons (see Table 10)
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Our	findings	reveal	a	gradual	development	of	own-race	preference	in	
face processing and race-related implicit associations, suggesting that 
these differential responses to race of faces are shaped well into adoles-
cence before becoming adult like among EA participants.

4.1  |  Age-dependent differentiation in FFA 
representations of own-versus other-race faces

We found an age-related increase in differential responses of FFA to 
own- versus other-race faces in two complementary analyses. First, 

in	a	series	of	expanding	concentric	ROIs	centered	at	the	peak	of	each	
participant's FFA (otherwise independent of response properties of 
the selected voxels), we found higher response amplitudes to own- 
than to other-race faces, and this race effect increased in magnitude 
and spatial extent from childhood into adulthood. Then, in a second 
(dependent) analysis based on functionally-defined FFA in each par-
ticipant, we found a similar increase in the magnitude of the race 
effect in FFA responses in adults compared to children.

Together, these analyses revealed several features of the race ef-
fect in FFA responses and its development. First, response amplitudes 
tended to be higher to own- than to other-race faces among all age 

F I G U R E  3 Correlations among measures of race effect. Plots show correlations among three measures of race effect. Each dot represents 
a single participant's score: red are children; blue are adolescents; black are adults. Each line represents the correlation among the measures 
of race-effect across all participants. The magnitude of race-effect in face recognition memory performance is plotted along the y-axis as 
a	function	of	the	race	effect	in	(a)	lFFA	responses	along	the	x-axis;	and	(b)	IAT-D’	scores	along	the	x-axis.	(c)	The	magnitude	of	race	effect	
in	lFFA	responses	is	plotted	along	the	y-axis	as	a	function	of	race	effect	in	IAT-D’	scores	along	the	x-axis.	All	Pearson	correlations	were	
controlled for age of participants and were statistically significant after Bonferroni correction for multiple comparisons (p < 0.004, Table 10).
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groups	in	the	most	face-selective	voxels	of	the	FFA	(i.e.,	in	ROIs	near	
the peak of face selectivity), consistent with an early onset of a race 
effect in higher order visual cortex before age 7. Second, the magni-
tude and spatial extent of this race effect in the mid fusiform gyrus 
increased with the age of participants during childhood and adoles-
cence before reaching the adult level, consistent with the reported age 
related development of the FFA and its differential responses to face 
categories (Aylward et al., 2005; Cantlon et al., 2011; Gathers et al., 
2004; Golarai et al., 2007, 2010, 2015; Peelen et al., 2009; Scherf 
et al., 2007, 2012). Third, this development was evident as an age-re-
lated increase in how differently the FFA responded to AA versus EA 
faces, and was not due to an overall lower responsiveness to faces in 
younger participants. Fourth, this development was associated with 
an age-related increase in the amplitude of responses to own-race 
faces.	In	contrast,	the	amplitude	of	responses	to	other-race	faces	was	
similar (and significantly above baseline) across all age groups. Thus, 
our findings could not be explained by a general inattention to face 
stimuli	or	lower	BOLD	signal	quality	in	children	during	fMRI.

We found evidence of the development of a race effect in FFA 
responses in both hemispheres. However, we cannot rule out hemi-
spheric differences in the magnitude and developmental trajectory 
of	this	race	effect.	Indeed,	we	found	trends	in	our	data	suggesting	a	
more protracted development of the race effect in the left than the 
right FFA, especially at the peak of face selectivity in the left mFG 
(e.g. Figure 1b). Previous studies found evidence of left lateralization 
of the race effect in FFA responses in adults (Golby et al., 2001), 
consistent with a role for the left hemisphere in categorization, in 
contrast with a role for the right hemisphere in fine-grain percep-
tual	processes	(Kosslyn	et	al.,	1989).	Future	fMRI	studies	with	higher	
spatial resolution and statistical power are needed to elucidate more 

fully the anatomical details and hemispheric differences in the devel-
opment of this race effect.

In	adults,	the	FFA	is	involved	in	several	stages	of	face	process-
ing, namely face perception, encoding, and recognition memory 
(Golby et al., 2001; Grill-Spector et al., 2004; Kanwisher et al., 
1997). Behavioral studies report that the race effect in adults is 
evident during perceptual discrimination (Walker & Tanaka, 2003) 
and identity encoding and recognition (Ho & Pezdek, 2016). Given 
that participants in our study viewed unfamiliar faces and per-
formed	 a	 one-back	 task	 during	 fMRI,	 the	 race	 effect	 in	 FFA	 re-
sponses that we found may reflect differences in perception of 
own- versus other-race faces. However, we cannot rule out the 
contribution of cognitive or mnemonic processes, such as au-
tomatic categorization of faces by race or incidental encoding, 
respectively.

The greater FFA responses to own- than to other-race faces 
could result from a combination of cumulative and short-term fac-
tors, such as viewers’ greater perceptual expertise for faces of their 
own race (McGugin et al., 2011; Tanaka&, 2009; Yovel et al., 2012), 
and social motivation due to a culturally learned higher affinity for 
own-, as opposed to other-race, faces (Van Bavel et al., 2011; Young 
et	al.,	2012).	Our	 findings	suggest	 that	cumulative	perceptual	and	
cultural experience may increasingly differentiate FFA responses 
to own- versus other-race faces during development that contin-
ues well into adulthood. This age-related increase in responsiveness 
to own-age faces is akin to experience-dependent enhancements 
associated with perceptual narrowing in visual or phoneme process-
ing during infancy (Kelly et al., 2009; Nelson, 2001). Notably, we 
found that FFA’s responses to other-race faces were stable across 
age groups, contrasting models of perceptual narrowing, involving 
loss of responsiveness to less frequently experienced categories 
(Maurer & Werker, 2014).

Other	evidence	suggests	that	development	of	the	race	effect	in	FFA	
responses is likely part of a broader process of perceptual specialization 
and socialization, involving a gradual differentiation in processing of 
own- versus other-group faces across a wide network of brain regions. 

TA B L E  2 Pair-wise,	post	hoc	comparisons	(Bonferroni	corrected	
for multiple comparisons) for data in Table 1

Age groups
Mean 
difference SE p

Adults vs. Children −0.11 0.01 0.0005

Adults vs. Adolescents −0.06 0.02 0.007

Adolescents vs. Children −0.05 0.02 0.013

TA B L E  3 Results	from	2-way	ANOVA	on	magnitudes	of	race-
effect in FFA (in percent signal change) responses to AA and EA 
face stimuli, including factors of age group and brain hemisphere

Source F p

Age group 6.57 0.02

Hemisphere 0.01 0.92

Age group × hemisphere 0.32 0.73

TA B L E  1 Results	from	a	3-way	repeated	measures	ANOVA	
on magnitudes of race effect, including factors of age group, 
concentric	ROI,	and	brain	hemispheres

Source F p

Age group 25.53 0.0005

Concentric	ROI 44.62 0.0005

Hemisphere 4.11 0.046

Age	group	×	concentric	ROI 0.37 0.83

Age group × hemisphere 2.04 0.14

Concentric	ROI	×	Hemisphere 0.15 0.86

Age	group	×	concentric	ROI	×	
Hemisphere

2.52 0.09

Significant effects are in bold. All p values are based on 2-tailed 
comparisons.
Concentric ROIs were centered at the voxel with the highest T value 
for the contrast [(EA+AA)>object, at p < 0.0001] within the mid fusiform 
gyrus, and included all voxels within the predefined volumes, regardless 
of	functional	properties.	All	concentric	ROIs	were	defined	in	each	
hemisphere and in all participants: 20/20 children, 10/10 adolescents 
and 15/15 adults.
Age group: children, adolescents, adults.
Race of face: AA, EA.
Hemisphere: right, left.
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For example, previous studies reported a similar development in the 
dependence of FFA responses on the age of faces, as adults responded 
more strongly to own- than other-age faces, but this own-age bias was 
weaker in children (Golarai et al., 2015). Likewise, a study that mea-
sured amygdala responses during a task involving matching facial emo-
tions found a race effect that increased with the age of viewers, and 
correlated with their level of interracial contact (Telzer, Flannery, et al., 
2013;	Telzer,	Humphreys,	et	al.,	2013).	In	contrast,	the	present	study	
was limited to analysis of FFA responses to adult male faces with neu-
tral expression. Future studies with faces of different ages, expressions 
and genders, along with individual measures of perceptual expertise, 
social motivation and history of social contact, are needed to evaluate 
more fully the development of the race effect in relation to a wider 
range of neural substrates, affective contexts and social experience.

4.2  |  The race effect in recognition of adult faces 
becomes more pronounced with age

A race effect in face-recognition memory was evident in all age 
groups and increased well into adolescence before reaching the 

adult level. The age-related increase in the race effect reflected im-
provement in recognition memory for EA faces with age, consist-
ent with previous findings (Chance et al., 1982; Chien et al., 2018; 
Golarai et al., 2007, 2010; Goldstein & Chance, 1980; Weigelt et al., 
2014).	In	contrast,	we	found	that	recognition	memory	for	AA	faces	
was relatively low and stable across age groups. Thus, recognition 
ability for own-race faces increased with age; recognition ability for 
other-race faces did not.

Although our findings suggest an age-related divergence in 
recognition ability for own- vs. other-race faces increasing into 
adulthood, published reports are inconsistent regarding the devel-
opmental trajectory of the race effect in face-recognition memory. 
Similar to our findings, some studies found an age-related increase 
in the magnitude of the race effect in face-recognition memory after 
age 7 (Chance et al., 1982; also see Chein et al., 2018) that was mal-
leable to the changing racial composition of the social milieu during 
childhood and adolescence (Feinman & Entwisle, 1976; Sangrigoli 
et	al.,	2005).	In	contrast,	others	have	reported	stable	levels	of	this	
race effect after age 7 (Anzures et al., 2014; Goodman et al., 2007; 
Pezdek et al., 2003), suggesting that early experience establishes a 
race effect that is relatively fixed and insensitive to subsequent ex-
perience (de Heering et al., 2010).

These contradictory findings may stem from variation in exper-
imental design (e.g. in the number of faces presented during encod-
ing or choice of encoding task). For example, some authors have 
questioned the reliability of reported measures of face-recognition 
memory in developmental studies due to between age-group differ-
ences in task difficulty, ability to maintain attention, memory or task 
compliance, and floor or ceiling effects (Crookes & McKone, 2009; 
McKone	et	al.,	2012).	In	our	study,	the	substantial	and	stable	level	
of recognition-memory performance on AA faces across age groups 
suggests that none of these confounds could account for our devel-
opmental findings.

The development of face recognition memory for own-race 
faces reportedly lags the earlier development of face perception 
(Weigelt et al., 2014). Future studies are needed to elucidate the 
distinct contributions by perceptual and mnemonic processes in the 
development of the race effect in face recognition.

TA B L E  6 Results	from	a	1-way	ANOVA	on	magnitudes	of	race-
effect in recognition memory

Source F p

Age group 8.41 0.001

TA B L E  7 Pair-wise post-hoc comparisons on data from Table 6

Age groups Mean difference SE p

Adults vs. Children −0.41 0.1 0.001

Adults vs. Adolescents −0.15 0.11 0.559

Adolescents vs. 
Children

−0.25 0.12 0.12

TA B L E  4 Pair-wise	post-hoc	comparisons	on	data	from	Table	3

Age groups Mean difference SE p

Adults vs Children −0.11 0.03 0.002

Adults vs. Adolescents −0.08 0.04 0.098

Adolescents vs. 
Children

−0.03 0.04 1.0

TA B L E  5 Results	from	a	3-way	repeated	measures	ANOVA	on	
magnitudes of percent signal change to AA and EA face stimuli, 
extracted from the right and left FFA, including factors of age 
group, race of face, and brain hemisphere

Source F p

Age group 0.79 0.45

Race of face 11.35 0.001

Hemisphere 0.16 0.69

Age group × Race of face 6.59 0.002

Age group × hemisphere 0.12 0.89

Age group × Race of face × Hemisphere 0.34 0.71

Significant effects are in bold. All p values are based on 2-tailed 
comparisons.
The FFA was defined as all supra-threshold voxels within the anatomical 
boundaries of the mid fusiform gyrus for the contrast [(EA+AA)>object, 
at p < 0.0001].
The right FFA was found in 17/20 children, 10/10 adolescents and 
15/15 adults.
The left FFA was found in 14/20 children, 8/10 adolescents and 14/15 
adults.
Age group: children, adolescents, adults.
Race of face: AA, EA.
Hemisphere: right, left.
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4.3  |  An own-race preference in implicit racial 
associations becomes more pronounced with age

We found that all age groups favored own- vs. other-race faces dur-
ing an implicit association test. However, the magnitude of this race 
effect increased across age groups from childhood to adolescence 
before reaching the adult level.

The early onset of implicit racial bias in our data is consistent 
with previous findings in 6 year olds (Baron & Banaji, 2006; reviewed 
in Dunham et al., 2008), and may reflect differential contact, famil-
iarity, and associations with own- versus other races, starting in 
early	life.	However,	the	increase	in	the	magnitude	of	IAT-D’	with	age	
in	our	study	contradicts	earlier	findings	of	adult-like	IAT-D’	among	
6 and 10 year olds (Baron & Banaji, 2006). These divergent results 
may be due to cross-study variations in the age of face stimuli. 
Namely,	we	used	adult	faces	for	all	participants	during	IAT,	whereas	
Baron and Banaji (2006) used children's faces for all participants. 
One	possibility	is	that	negative	racial	attitudes	are	more	evident	in	
the context of own-age peers than other-age groups, involving an 

interaction between the age of viewer and age of face stimuli in the 
IAT	scores.	Future	developmental	 studies	with	 face	stimuli	 from	a	
range of ages are needed to determine the overall effect of age, and 
the potential interactions between the factors of age and race of 
participants	and	of	 target	 faces	on	 IAT	measures.	Similarly,	a	vari-
ety of factors, such as social context (Lowery et al., 2001), percep-
tual experience (Lebrecht et al., 2009), familiarity with individuals 
of other races (Lebrecht et al., 2009; Roos et al., 2013), and beliefs 
about race (Hong et al., 2009), all reportedly influence measures of 
racial associations in adults. Future studies are needed to examine 
the influence of these factors in children.

The	 psychological	 processes	 underlying	 IAT	 performance,	 and	
the impact of implicit associations on social behavior, are currently 
debated (Carlsson & Agerstrom, 2016; Greenwald et al., 2009, 2015; 
Oswald	et	al.,	2015).	For	example,	implicit	associations	may	reveal	sub-
jective feelings or attitudes towards a race, or instead reflect learn-
ing of cultural stereotypes - which may either align with or contradict 
personal	beliefs	and	feelings.	Our	study	was	not	designed	to	resolve	
this debate. However, our findings contribute to this literature by fur-
ther	 establishing	 reported	 links	 between	 IAT	 scores	 and	behavioral	
(Lebrecht et al., 2009) and neural (Brosch et al., 2013) measures of 
face processing in adults. Critically, our data revealed that race-related 
implicit associations with unfamiliar adult faces are not fixed in early 
childhood, but instead develop during childhood and into adolescence, 
consistent with the cumulative influence of social learning.

4.4  |  Relations among FFA responses, recognition 
memory performance, and implicit associations

The three measures of race effect in our study were correlated with one 
another even after controlling for age. Accordingly, we hypothesized 
that implicit racial associations are statistically linked to differential 
neural representation of own- and other-race faces in the FFA. These 
representations are thought to contribute to the race effect in face rec-
ognition	memory	(Golby	et	al.,	2001).	Our	exploratory	mediation	analy-
sis supported this hypothesis. Future longitudinal studies are needed to 
determine the causal relations between implicit racial associations and 
the race effect in recognition memory, and the potential role of the FFA.

TA B L E  1 0 Correlation	of	participants’	age	with	measures	of	race-effect

Right fusiform gyrus Left fusiform Gyrus

Memory IAT3P C A 3P C A

age
r

0.160.20.440.640.480.036 
0.41 0.42

       

P 0.29 0.003 0.002 0.0005 0.001 0.016 0.005 0.01

Significant effects are in bold. All P values are based on two-way comparisons, and Bonferroni corrected significance for two-way tests at alpha 
=0.05 based on 14 correlation tests (p = 0.05/14 = 0.0036).
Data are from 20 children, 10 adolescents, 15 adults.
Concentric	ROIs	(P3, C, A) were defined in the right and left fusiform gyrus as described in methods.
Memory : race effect in face recognition memory performance.
IAT : race effect in implicit association test.

TA B L E  9 Results	from	separate	1-way	ANOVAs	on	recognition	
memory performance for AA or EA face stimuli for the factor of 
age group

Source F p

Age group: performance on AA faces 0.85 0.43

Age group: performance on EA face 11.83 0.0001

Significant effects are in bold. All p values are based on 2-tailed 
comparisons.
Age group: children, adolescents, adults.
Race of face: AA, EA.

TA B L E  8 Results	from	a	2-way	repeated	measures	ANOVA	
on recognition memory performance for AA and EA face stimuli, 
including factors of age group and race of face

Source F p

Age group 1.89 0.16

Race of face 36.5 0.0001

Age group × Race of face 6.80 0.003
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The influence of implicit racial attitudes on face processing may 
involve recursive interactions among a combination of short- and long-
term	mechanisms.	 In	 the	 short-term,	 racial	 attitudes	 may	modulate	
viewers’ attention and social motivation and shape the quality and 
quantity of face-to-face interactions, influencing face perception and 
memory.	In	other	words,	implicit	racial	attitudes	may	reflect	aspects	of	
cognitions and motivations that influence if and how people take ad-
vantage of possibilities for interaction with individuals of other races. 
Over	time	and	with	repetition,	the	short-term	influences	of	implicit	at-
titudes may cumulatively shape habitual patterns of face viewing, and 
long-term face representations (Valentine et al., 2016), leading to rela-
tively persistent differences in processing of own- vs. other-race faces. 
Moreover, the interactions between implicit associations and face per-
ception may be bidirectional (e.g., Lebrecht et al., 2009), consistent with 
a number of psychological models of recursive interactions between 
perception, affect and cognition (Cunningham & Zelazo, 2007; Gross, 
2015;	Walton	&	Wilson,	2018).	Our	experiments	were	not	designed	
to resolve the developmental roles of the various short- vs. long-term 
influences on race effects in face processing. Nonetheless, our findings 
clearly show that racial attitudes and a difference in processing of own- 
and other-race faces develop during childhood and adolescence before 
becoming adult-like among our EA participants.

Future studies that include individuals from more racial groups 
(e.g. African-American, Asian-American) would be crucial to deter-
mine the developmental trajectories of these race effects across 
groups, and to test for any variations in these trajectories aris-
ing from differences in socio-cultural experiences across groups. 
Furthermore, studies with larger sample sizes are needed to deter-
mine more precisely the temporal trajectory of the various measures 
of race effect and any developmental changes in the strength of their 
correlations. Finally, longitudinal studies are needed to (1) determine 

the contribution of generational differences in our findings of age-re-
lated increases in the measures of race effect, (2) parse the contri-
bution of short- vs. long-term processes of these race effects during 
development, and (3) elucidate their underlying causal mechanisms.

In	 conclusion,	 we	 found	 evidence	 among	 EA	 participants	 that	
race effects involving AA and EA face representations in FFA, per-
formance in face-recognition memory, and implicit associations all 
developed during childhood and well into adolescence and adult-
hood, and were statistically linked. These findings suggest that so-
cial and perceptual experiences shape a protracted development of 
race effects in face processing well into adulthood.
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