¢ Human Brain Mapping 33:1553-1581 (2012)
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Abstract: Autistics often exhibit enhanced perceptual abilities when engaged in visual search, visual
discrimination, and embedded figure detection. In similar fashion, while performing a range of percep-
tual or cognitive tasks, autistics display stronger physiological engagement of the visual system than
do non-autistics. To account for these findings, the Enhanced Perceptual Functioning Model proposes
that enhanced autistic performance in basic perceptual tasks results from stronger engagement of sen-
sory processing mechanisms, a situation that may facilitate an atypically prominent role for perceptual
mechanisms in supporting cognition. Using quantitative meta-analysis of published functional imaging
studies from which Activation Likelihood Estimation maps were computed, we asked whether autism
is associated with enhanced task-related activity for a broad range of visual tasks. To determine
whether atypical engagement of visual processing is a general or domain-specific phenomenon, we
examined three different visual processing domains: faces, objects, and words. Overall, we observed
more activity in autistics compared to non-autistics in temporal, occipital, and parietal regions. In con-
trast, autistics exhibited less activity in frontal cortex. The spatial distribution of the observed differen-
tial between-group patterns varied across processing domains. Autism may be characterized by
enhanced functional resource allocation in regions associated with visual processing and expertise.
Atypical adult organizational patterns may reflect underlying differences in developmental neural
plasticity that can result in aspects of the autistic phenotype, including enhanced visual skills, atypical
face processing, and hyperlexia. Hum Brain Mapp 33:1553-1581, 2012 © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Atypical perceptual processing, often manifested as
enhanced perceptual performance [Dakin and Frith, 2005],

is now included as an associated feature of the autistic phe-
notype [Belmonte et al., 2004]. Autistic visual strengths are
consistently reported for the Block Design subtest of the
Wechsler Intelligence Scales [Caron et al., 2006; Shah and
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Frith, 1993], the Embedded Figures Task [Jolliffe and
Baron-Cohen, 1997], visual search tasks [Joseph et al., 2009;
Kemner et al., 2008; O’Riordan, 2004; O’Riordan et al.,
2001], and visual discrimination tasks [Bertone et al., 2005;
Plaisted et al., 1998]. In addition, an increasing number of
studies have demonstrated autistic early sensory process-
ing advantages or atypicalities in stimulus dimension
extraction, with examples including crowding [Baldassi
et al., 2009; Keita et al., 2010], contour and texture process-
ing [Pei et al., 2009; Vandenbroucke et al., 2008] and spatial
frequency processing [Jemel et al., 2010; Milne et al., 2009].
These behavioral characteristics, along with other aspects
of the autistic perceptual phenotype, have been summar-
ized in the Enhanced Perceptual Functioning Model (EPF)
[Mottron et al., 2006]. Assuming generally stronger physio-
logical engagement of the visual system in autism, this
model predicts generally superior perceptual performance
and a wider role for perceptual processes in autistic cogni-
tion. It also incorporates the observation that autistics'
display better access to information typically masked by
top-down influences [Wang et al., 2007], as well as relative
autonomy of perceptual processes from top-down influen-
ces [Caron et al., 2006; Soulieres et al., 2009].

Several neuroimaging studies have revealed stronger
task-related activity in visual cortex in autism, evidenced
as either higher levels of activity associated with visual in-
formation processing, or as serendipitous findings in stud-
ies employing memory or language tasks. In association
with the Embedded Figures Test, autistic brain activity is
higher in right occipital cortex, left posterior parietal cortex,
bilateral occipital cortex, and bilateral cerebellar cortex, and
lower in frontal cortex [Lee et al., 2007; Manjaly et al., 2007;
Ring et al., 1999]. Higher occipital cortex activity in autistics
is seen in relation to faster and more accurate visual search
[Keehn et al., 2008]. These results suggest that the autistics’
behavioral advantages might arise from stronger and more
pervasive engagement of visual processing mechanisms.
Stronger occipital activity has also been reported in associa-
tion with reduced frontal activity in autism for tasks
incorporating a broad range of cognitive and perceptual
components, including embedded figure detection [Ring
et al., 1999], attention shifting [Belmonte and Yurgelun-
Todd 2003], word learning [Hazlett et al., 2004], saccades to
visual targets [Luna et al., 2002], working memory [Kosh-
ino et al., 2005], visuomotor learning [Muller et al., 2003],
face processing [Hubl et al., 2003], and social attribution
[Castelli et al., 2002]. The wide variety of tasks associated
with higher activity in autistics’ visual cortical areas sug-
gests that the atypical physiological processing mechanisms
may be related to task performance in a less straightfor-
ward way than initially posited by the EPF model.

Quantitative meta-analysis of functional neuroimaging
studies is one means to characterize the role of perceptual

"Throughout the report we respectfully use the term autistics, fol-
lowing Sinclair, J. (1999). Why I dislike “person first” language.
http:/ /www jimsinclair.org/person_first.htm

processes in autism. Neuroimaging meta-analysis combines
results from independent experiments to achieve a quanti-
tative summary of the state of research in a specific domain
[Turkeltaub et al., 2002]. It assesses the reliability of results
across imaging techniques, tasks, and laboratories by
revealing consistently modulated voxel activity in a collec-
tion of studies. In addition, meta-analysis can establish the
specificity of the relationship between a region or network
of regions and a particular task type [Wager et al., 2009].
Voxel-wise meta-analysis of neuroimaging studies, called
Activation Likelihood Estimation (ALE; Turkeltaub et al.,
2002] has recently been used in autism to document
between-group differences in activity related to social com-
pared to non-social tasks [Di Martino et al., 2009].

We used ALE meta-analysis to summarize patterns of activ-
ity related to visual processing by merging activity maxima
reported in experiments including both autistic and non-autis-
tic groups, a process that resulted in group maps assessing
the regions of common task-related modulation across stud-
ies. Maps revealing regions differently engaged between
groups were then generated by contrasting the within-group
ALE maps [Laird et al., 2005]. We included the coordinates of
activity increases for each group instead of using the reported
coordinates of differential activity between autistics and non-
autistics, an approach used in a recent autism meta-analysis
[Di Martino et al., 2009]. Our method allowed identification of
processing activity without any a priori bias that might result
from including only studies reporting higher or lower activity
in autistics compared to non-autistics. For instance, some
reports do not include tables listing coordinates related to
higher activity in autistics, even when such findings are
described in the body of the paper. To minimize regional
selection bias, we also limited our meta-analysis to studies
that reported coordinates resulting from whole-brain analysis,
as contrasted with region-of-interest (ROI) analysis. Because
the resource allocation proposition, stated as Principle 4 of the
EPF Model [Mottron et al., 2006], was primarily based on a
review of neuroimaging studies of visual perception in autis-
tics, and because there are only a limited number of neuroi-
maging studies of auditory processing, we limited the current
analysis to studies employing visual stimuli.

In this meta-analysis our aim was to quantitatively sum-
marize the neuroimaging findings concerning visual proc-
essing in autism in order to test the prediction that
autistics will exhibit generally stronger engagement of the
visual system. Additionally, we explored the relative do-
main specificity of atypical visual processes in autism, by
examining whether any differences between autistics and
non-autistics showed specificity for face, object, or word
stimulus classes.

MATERIALS AND METHODS
Literature Review and Contrast Selection

We performed a PubMed literature search (www.
pubmed.org) to identify functional neuroimaging studies
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TABLE I. Participant characteristics for the studies included in the meta-analysis

Reference N (nAUT) Age M (SD) (nAUT) N (AUT) Age M (SD) (AUT) AUT AS PDD
Bird et al., 2006 16 33.3 (11.5) 16 35.3 (12.1) 1 15
Bookheimer et al., 2008 12 11.9 24) 12 11.3 (4.0) Unspecified
Dapretto et al., 2006 10 12.38 (2.2) 10 12.05 (2.5) Unspecified
Ditcher and Belger, 2007 15 232 (5.7) 14 229 (5.2) 11 3

Gaffey et al., 2007 10 253 (9.8) 10 26.1 (10.5) 8 2

Greimel et al., 2010 15 15 (1.4) 15 14.9 (1.6) 3 12

Harris et al., 2006 2 31 (9) 14 36 (12) 7 5 2
Hubl et al., 2003 10 25.3 (6.9) 10 27.7 (7.8) 10

Just et al., 2004 17 N/A 17 N/A 17

Just et al., 2007 18 24.5 (9.9) 18 27.1 (11.9) 18

Kana et al., 2009 12 24.4 (3.7) 12 24.6 (6.9) 12

Kennedy et al., 2006 14 26.07 (7.95) 12 25.49 (9.61) 8 3 1
Kennedy et al., 2008 12 27.5 (10.9) 13 26.9 (12.3) 6 6 1
Kleinhans et al., 2008a 14 22.41 (8.67) 14 23.79 (9.58) 8 3 3
Kleinhans et al., 2008b 21 25.1 (7.6) 19 23.5 (7.8) 8 9 2
Knaus et al., 2008 12 14.94 (2.71) 12 15.45 (2.48) Unspecified
Koshino et al., 2007 11 28.7 (10.9) 11 24.5 (10.2) 11

Lee et al., 2007 14 10.85 (1.47) 17 10.37 (1.85) 8 9

Manjaly et al., 2007 12 143 (2.7) 12 14.4 (2.8) 3 9

Mason et al., 2008 18 274 (N/A) 18 26.5 (N/A) 18

Schmitz et al., 2006 12 39 (6) 10 38 (9) 2 8

Schmitz et al., 2008 10 20-50 (N/A) 10 20-50 (N/A) 3 7

Silani et al., 2008 15 33.7 (10.3) 15 36.6 (11.7) Unspecified
Solomon et al., 2009 23 159 (2.1) 2 152 (1.7) 10 12
Souliéres et al., 2009 13 20.15 (3.02) 12 22.08 (4.91) 12

Uddin et al., 2008 12 12.23 (2.10) 12 13.19 (2.61) Unspecified

published from 1995 to July 2009 in which visual stimuli
were presented to both autistic and non-autistic groups.
For this analysis, what we call the autistic group included
participants with diagnostic assignments falling within
what are generally referred to as autism spectrum condi-
tions. We used the following search terms: «(Autism OR
Asperger OR PDD) AND (fMRI OR PET OR Neuroimag-
ing)» and retrieved 787 articles. Among those, 692 were
excluded through an initial review of the abstracts. Studies
excluded were 217 reviews, 207 reports without an autistic
group, 255 reports not using PET or fMRI, and 19 reports
including no visual stimuli. Of the remaining 89 studies,
22 were rejected because of small sample size (n < 10), 21
because of partial brain coverage or analysis, 11 because
results were not reported in a standard anatomical space,
and 9 because only between-group contrasts were pre-
sented. The remaining 26 peer-reviewed fMRI articles
reporting within-group results using whole brain acquisi-
tion techniques in a standardized stereotaxic space were
included in the meta-analysis. Coordinates reported in
MNI space were converted to Talairach anatomical space
using the “Convert Foci” tool of the GingerALE 1.1 pro-
gram [Laird et al., 2005]. This tool uses the icbm2tal Lan-
caster transform [Lancaster et al., 2007]. The total number
of participants included 370 typical controls and 357 indi-
viduals with an autism spectrum condition determination.
Most studies were conducted on adults and all included
participants with Full Scale IQ in the normal range. Seven

out of the 26 studies included only autistics, while the
others included autistics, individuals with Asperger syn-
drome and Pervasive Developmental Disorder Not Other-
wise Specified (Table I).

A total of 48 contrasts (504 foci) for the non-autistic and
44 (415 foci) for the autistic group were identified in the
26 included studies. These contrasts were categorized
according to domain specificity into face, object, and word
categories. The contrasts for one study [Silani et al., 2008]
could not be classified, as the stimuli contained both faces
and animal pictures. These contrasts were eliminated from
the domain specific analysis. The face processing domain
included face viewing, discrimination, matching, recogni-
tion, imitation, and identification tasks as well as one task
involving facial emotional state inference and one task
involving gaze direction identification. Fourteen contrasts
(134 foci) for the autistic group and 14 contrasts (175 foci)
for the non-autistic group were included in this domain.
For the object processing domain, stimuli included pic-
tures of houses, arrows, geometric shapes, complex fig-
ures, letters, patterns, in addition to more complex stimuli,
including problems from the Tower of London task and
Raven’s Progressive Matrices. The tasks required match-
ing, response inhibition, interference, identification, mental
state attribution to shapes, and simple viewing. A total of
14 contrasts (123 foci) were assigned to the object process-
ing domain for the autistic group and 15 contrasts (166
foci) for the non-autistic group. Finally, the word
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processing domain included visually presented words or
sentences, with participants identifying word category,
making a semantic judgment, answering reading compre-
hension questions, counting words, or generating words in
a given category (verbal fluency). The word processing do-
main included 14 contrasts (137 foci) for the autistic group
and 17 contrasts (136 foci) for the non-autistic group. In
addition, we investigated the effect of contrasting high to
low level baselines across all tasks, by computing separate
ALE maps using either low level baselines, such as fixa-
tion or rest, or high level baselines such as complex figure
matching. Both types of maps yielded superimposable pat-
terns for both the autistic and non-autistic groups. There-
fore, in an effort to increase statistical power, contrasts
with both high and low level baselines were pooled for all
subsequent analyses.

ALE Meta-Analysis

ALE maps were computed using GingerALE (version
1.1 www.brainmap.org/ale) software [Laird et al., 2005],
based on methods introduced by Turkeltaub et al., [2002].
The ALE technique models the uncertainty in location of
task-related activity foci as Gaussian probability distribu-
tions, yielding statistical maps in which each voxel value
represents an estimate of the likelihood that activity
occurred in the studies included in the meta-analysis. The
critical threshold for the ALE map is set using a Monte
Carlo permutation analysis of sets of randomly distributed
foci. A FWHM of 8 mm was selected for the Gaussian
probability distributions to reflect the average smoothness
of the fMRI data from which the foci were derived. The
critical threshold was set using a 5,000 permutations test,
corrected for multiple comparisons (False Discovery Rate
(FDR); Laird et al., 2005]. The model is of the fixed-effects
class and permits inferences over the studies included in
the meta-analysis.

Maps reflecting regions of convergence across all
reported coordinates both within- and between-groups
were computed, using maxima drawn from all three proc-
essing domains. As there was an imbalance between the
total number of foci included for the non-autistic (48
experiments, 504 foci) and autistic (44 experiments, 415
foci) samples, it was necessary to randomly remove
experiments from the non-autistic group to equalize the
number of foci between groups (44 experiments, 438 foci),
increasing the possibility that the difference maps would
reflect activity differences between groups rather than an
imbalance in coordinate numbers between categories
[Laird et al., 2005]. Second, domain specific within-group
ALE maps for face, object, and word processing were com-
puted. For each domain, the number of experiments and
foci were similar enough for direct comparison. To com-
pare activity patterns between autistics and non-autistics,
the within-group ALE maps were subtracted from one
another and randomization testing with 5,000 permuta-

tions was performed. This procedure tests for the presence
of differences between the groups under the null hypothe-
sis that both sets of foci are uniformly distributed [Laird
et al., 2005]. The critical threshold was set at pppr (<0.05
(k = 250 voxels). To present results in the anatomical space
most commonly used in the current literature, the ALE
coordinate results were transformed into the MNI anatom-
ical space using the Lancaster transform [Lancaster et al.,
2007].

RESULTS
Behavior

Table II summarizes the behavioral findings for all stud-
ies included in the meta-analysis. In the majority of stud-
ies, autistics and non-autistics exhibited similar accuracies
or response times. There were no significant between-
group differences in performance in 69% of the studies
(18/26), whereas autistics showed better performance in
7.6% of the studies (2/26) and poorer performance in 23%
of the studies (6/26). Across domains, no between-group
behavioral differences were observed in 64% of the face
tasks (9/14 contrasts), 93% of the object tasks (14/15), and
71% of the word tasks (12/17 contrasts).

Five studies included information about eye movement
characteristics, reporting the number or duration of fixa-
tions or saccades or the eye movement related fluctuations
in the orbital BOLD-contrast signal. None of these studies
found any significant between-group differences in eye
movement measures acquired either during the scanning
sessions [Greimel et al., 2009; Soulieres et al., 2009] or in
separate experimental sessions [Bird et al., 2006; Dapretto
et al., 2006; Kleinhans et al., 2008b].

Combined Face, Object, and Word Processing
Within-group maps

We first analyzed the task-related activity across all
processing domains within each group. ALE maxima val-
ues for the autistic and non-autistic groups are presented
in Table III. Figures 1 and S1 show a broadly overlapping
pattern of activity in the two groups, with large clusters in
bilateral striate and extrastriate areas (BA 17, 18, 19); fusi-
form gyrus (BA 37); precuneus (BA 7); inferior (BA 44, 45,
47), middle (BA 46), and superior (BA 8, 9) frontal gyri;
precentral (BA 6) gyrus; and the insula (BA 13).

Between-group maps

Direct comparisons between autistic and non-autistic
group maps revealed differing ALE values in occipito-tem-
poral and frontal regions (Table IV; Fig. 1 and S1). Overall
higher ALE values in striate (BA 17) and extrastriate (BA
18, 19) cortex were found in autistics. Small bilateral clus-
ters in posterior extrastriate cortex (BA 18) exhibit lower

* 1556 ¢



suonewrue DDV 10 Iy s21n 31y [L21I}OWI09S JO JUIWDAOW U} 6002
e 41 $3109(q0 wopuey ‘SA Pury jo A109Y] Ul seouardpIp dnor-usomiaq ON  SoInSy [DLOWIOdD) 0} 91e)S [ejudw SUnNALIje [Purl JO A109Y], “Te 3o euey
uorem3yuod [eod
uonexi] sa ([eod o3 sdoys DDV 10 1Y uonemndyuod e yojew Koy [mun spreq ¢ jo uonrsod 2002
61 €1 $399[qO JO IdqUINU) UOPUOT JO IOMOL Ul saduaIdpIp dnoid-usamiaq oN [e08 pue Tenuy oy o8ueLIeas : Jse) UOPUOT JO IPMOT, “Te 32 3sn [
S[OTJUOD UBY]) 19)Se)
UuoTjeXT] papuodsar sonspne ng OOV aqoaxd aqoixd e 03 puodsar $002
01 8 SPIOM 'SA uoTsuayIdwod DUYUIG Ul sadudIayIp dnoid-usamiaq oN pue saduduag pue 90ULJUAS JATIOR 10 dAlssed e peay “Te 32 3sn[
sonspne ur samyord SYDO[q Sadk} PI[qUILIDS dY} 10§ St}
193U0[ 210M [ I9AIMOY DDV 20By PI[qUIBIDS ON /(SX[20[q Sa0®j [€dI B} J0J) UBWOM €002
48 48 sooeq palquieIdg "SA [edy Ul SaduaIdyIp dnoid-usamiaq oN pue Teuonowrg e jo aoey 10 aoey Addey 03 ssaxd uopng “Te 19 [qnH
(remydaorad)
¢ / SPIOM renydaoia g “sa onuewag DDV 10 1y ased 1omof/1addn ur 1o(onuewsas) 9002
¥ 8 SPIOA JORISAY 'SA 9}9IDU0D) Ul saduRIdIp dnoid-usamiaq oN SPIOA aanjedau/oantsod ST pIom e JTajedipur ‘[ 39 SHLIRH]
sadey [eONAU
‘suorssardxa yeam woiy aje}s JO yIpIm ay3 a3pn[ durpseq ‘(J[9S)
reuonows Surdpn( usym s1o1rd asuodsar umo 1y a3pnl 10 (1)
2l 61 sade juawSpn( Yipim ade] ‘sa J[og 2I0W opew SdUSHNE INg ‘1Y saoey 9)B3S [RUOHOWD dY} I9jul pue pajuasard 0102 T8 312
ford 61 saoey] juswBpn{ yypIm aoe] 'sa BYIO Ul saduareyip dnoid-usamiaq oN  remmau ‘pes ‘Addepy st a0ey asoym uosiad ayy ym aznredwyg [PwIreIn)
So110823e0 Sures,] Gurrs yueuosuod ue ur jussard
pue SI0[0D) 10§ 9}RINIOE dIOW SI 10339 3981e3 ® J1 9jedrpu] :enjdadio g
sem dnoi8 joruod oy} Inq ‘LY ‘spiom jo drysmoquowr (Sureaq £00T “Te 19
cl i SPIOM renidaorad sa opuewrag  ur seodouarayIp dnoid-usemiaq oN SI9)39] 10 SPIOA ‘10100 “100]) A10393€d 93LdIPU] DIIULWIG Aaxgyen
sarnyord
ozed ozed Aq payueyy 4811 a3 03 Jo PII ayy 03 jurod (rnuuns
4 8 saoe] JjuanIduo)) 'sA dzed Juanrduoduy sornyord azen) UOHOIIIP JUSIDJJIP 10 duwres Aq pasuery) /00T
Mmoure juaniguo)) DDV 10 1Y smouire snnuIys [eRuRd e IpyyMm ssaid uopng 19819g
o1 8 s302lqO "SA moiIe Jueniduoou]  ur saduarayIp dnoig-usemiaq oN £q paxueyy morry Aq @3edIpU] B{[SE} ISMUR[] W} UOTIRY pue 1y
UOTJEXT] "SA
01 it sade SaDBJ [EUOIIOWD JO UOHRAIISGQ)
uoTexL] DDV 10 1y Sa0By [PUOHOWID 900z “Te 319
91 9¢ saoe] "SA $90€J [RUOTIOW JO UORJIW]  UT SoduaIafjip dnoid-usamiaq oN JO SaIMOIJ S9OBJ )T IO JAIISAQ opaxdeq
Suryjew w0 ‘sa Iy ur (pajronur
IS} 6 saoey] 1o81€) 01 90€J pajIAAUT SUTYdIEI saouaayyIp dnoid-usamiaq ou 10 ySradn)
Surydrewr w0 ‘sa ng saoey Jydrrdn 10y sonsune saoey jo sarnjord adeys 1081e) /000] 800 “Te 19
9 o1 sooeq 1o81e) 03 2ovy JySudn Suryorey ur sasuodsar ayeIndoe ssa| pue swioj [eAQ  3981E) B DJRW 0} SIOIOUD OM] JO SUO JO3[3G IoWIAY00g
sasnoy (S90®y 10 SISNOY Y} 0} PIJOAIP
0 C $199lq0Q  papuLleu) SA SISNOY PIPUSY UOTJUD)E JIM ‘OwT) dwies je pajuasard
saoey DDV 10 1Y sainyord 1noy) JusrayIp I0 dwes ayy
z ¢ saoe] popuajjeu) SA Sa0BJ POpULPy Ul SaduaIayyIp dnoid-usamiaq ON 9I9M SISNOY OM] 10 SIOBJ OM] JT dRdIPU]
/ / s399lqO S90B "SA SISNOL] S90BJ puk SISNOY aamyord asnoy 10 a0y yoeo 9002
o o sade SISNOL] "SA Sa0€] se} ON jo sydeiBojoyg JO I9JUDD AU} UL SSOID UOTEXIJ B J© YOO| “1e 32 pig
1nv 1Nvu urewo(y jsenuo)) QOURWLIOJIS ] numg SseL ERICICIEN

sdnou8 (] nwu) 21n3spne-uou pue (] AV) 213siIne 3Yy) 40} BUIXEW JO Jaquunu
(£) pue ‘urewop Buissadoud (9) ‘sysesauod ysey (§) ‘@duewioyiad parsasqo () ‘nwns (g) ‘sysey (7) ‘sisAjeue-eyaw ayy ui papnjdui saipnis () 3o Sunsy v 11 319V.L



DDV 10 I ur 3 10 reusts oo ou/ OO uo Jurpuadap 900C “Te 3@
9 11 sp9lqO 09) ON 'SA 09) soouareyyIp dnoid-usemiaq oN  39[ Sunpurod morry PaIMdaxa 10 pajIqryur asuodsar 10j01 Zyunpg
dduURIdJUT
(uonjows s, 19)0RIEYD) [PUOROWD IO ([e03
s,I9)0eIeD) [eUOUSIUL ‘(dusnbasuod
9z /T SPIOM UOTJEXT] "SA 9DUDIDJUI [eISAYJ yoa11p) TeorsAyd e uo paseq uonsanb
/1 ST SPIOA UOTJEXI "SA 9DUSISJUI [EUOLOWH uonsanb uorsuayardwod ou/sak ofdwrs e 8002
0T 4 SPIOA  UOTJEXI "SA 9OUSISJUI [EUOT)U)U] V/N pue UUAG 0} Puodsar pue SILIO)S PIUSJUSS-IIY) PLIY  “[e }O UOSEIA
adeys 3081e) © paydIEWw
am8y xordwod e jo 1red payySiysy
© J1 93edIpu sse] Sungjep mdy
yse) Sunpiey DDV 10 I ur 28y xardwod e jo jredgns e paysjewr a1ndy £00T “Te 3@
¥ Z s39lq0 ‘SA Mse], 23] pappaquig saouarayyIp dnoid-usemiaq oN  31981e) pue xo[dwo) 1a81e) © J1 9pa(] st amIL] pappaquuig Areluely
adeys 308
-1} A} 0) [edUAPT ST jeyy amly aqoxd
sadeys 0M} JO dUO 303[3g se] Sumpiel ‘adeys
yse ] Suryojein DDV 10 1Y ur jo81e) pue sy 1981e) a3 paurejuod jeyy 2andy aqoxd 2002
€ 11 s303[qO 'SA yse] amS3L] pappaquig saouarayyTp dnoid-usamiaq oN xardwod jo sireg 0M} JO dUO }09]9G sk 2InSL] pappaquig “Te 30 9971
DDV 10 Iy ur saoey Jo a0ey Jo31e) pardqUIBWRI B AJiuap] £00T “Te 312
6 St saoeq UOTJEXT,] "SA UOTTUZ00I 208 soouaIeyjTp dnoid-usemiaq oN sarnyord oredsfern) :(3[oeg-g oeqg-T “oeq-() UonIud0o0a1 ade] ourysoy
ased 1omoy 10 1addn ur azom
s3urns 10139] IoyjeyMm ajedIpu] Juswdpnl
Juowdpn/ 193397 *S[OIU0D uey) sasuodsar sgurns 1197 ‘uondrosep sseryd piom-somyp 8002
8 / SPIOM 'sa Gurpuodsax pue Surpeay I9)SeJ puUe 19)39q dARY SONSHNY 19)39] IO SDUIUIG © Ojeul }s9q Jey) pIom e 109[as :Jurpeay ‘e 19 snewy
4800t
T z SREIlelg) S90B SA SISNOL] DDV 10 I ur SISNOY pue sa0€] (31oeq-T) uorssadons ur readde “Te 12
¢ 1 saoe] SISNOL] "SA S90B,] soouarayyTp dnoid-usamiaq oN [eTN3U JO SOINIOL ] I[NWIS [EDHUSPT JIOAIUSYM UOPN( B SSAIJ SuBYUISY]
19139] UaAIS e im SumIe)s ‘sa
0 e SPIOAM £10393€0 B UI SPIOM d)eIoUdr) (wsi3ofoau “wrayr J31e3-UoU
Sunpou,, yeadar 'sa L10393ed ‘uonedar pIom) sI011d JO
¢ ¢ SPIOA UdALS B UI SPIOM d)eIdudn) IdqUUINU Ul $adUIJIp dnoid
Bunpou, U99MJ}aq OU INq ‘SUORIPUOD A108938d U2AIS UI SWRYI 10 8007
yeadar 'sa 10139 UoAId 0q 103 dnoid jonuod ueyy sar10893ed 191397 UAIS e yim Suruurdaq aqqissod se “Te 3o
1 1 SPIOA e 3IM SurjIe)s SpIom djerausn) SpIOMm SSa] pajeraudd sonsyny 10 SIOPa] spiom Auew se djerauar) :Adusnyy [eqIdA sueyura[y|
9S[eJ 10 9NI) seM
uorenba yyew e Jr oyeorpur :uonenby
‘([euI19)X9) SONSLIdORIRYD J[RAIIS]O IO
¥ 9 SPIOAM J[9S "SA IO (reuzoyur) syren3 Ayeuosiod reordojoyodsd
4 / SPIOM [eUIoIU] "SA [EUIdIXH Gurqusap (1930) uoszad 1230 SO
0 ¥ SPIOA [PUIIXH"SA [eUIdjU] DDV 10 I ur suonenba © IO (J[OS) SOA[OSWAY} JNOJE SJUSWIDIL)S 800T “Te 39
8 11 SPIOAM uonenby ‘sa syjuswdyels [V soouaIeyyIp dnoid-usomiaq ON W IO SJUdWRIRIS 10§ syuawdpn( as[ey/oniy SeIA JUIUIIeIS Apauuay
spIom
0 ¢ s302[q0 [eINaU "SA [PUOLOWId JUNOD) ‘(spiom ¢ ‘¥ ‘g) asuodsaz 30a[as pue
UOTJeXT] DDV 10 Iy (SpIOM IDQUINU IO [EXNIU ‘TEUOTOUID) 900C “Te 19
8 8 [SRE](elg) "SA SPIOM JO IQUINU JUNOD)  UI saduardfjip dnoid-usamiaq oN SpIOp spiom pajuasaxd jo raquunu oy} junoD) Apauuay
1nv 1nvu urewo(| jsenuo)) QOURWIIONId ] numng Sser ERCICIEN

(penunuod) ‘|| 319V.L



uoszad 1oyjoue

90BJ PI[qUILIDS IO IdIoue o¥I|

9 4 saor] uoTeXL] "SA 90€) YO DDV 10 Iy ur pue juedonred SO0 31 JT UOHN] ISYJOUR PUe J[9s I 8002
81 4 saor] UOTJEXT{ "SA 90B] UMQ saouaIRpTp dnoid-usamiaq oN JO SoINIOIJ $00] pajuasard aoey AUy JT uoPnq € SSarJ  “Te 39 uIppn
Gursstuwr st Ajus [eUly S} YOTYM WOIJ
seoLiew 03 asuodsaI § JO JUO J09[9G
sao1oyD asuodsax ((INASY]) seomew aarssardord prepuess
81 0¢ SRElelg) UOTJEXT] "SA UDALY DDV 10 I ur g snid NJSY s,uaAey ‘u)ed e ydjewr 1saq jey 600 “Te 39
€z €€ s302[qO uonexi ‘sa Surydjew wayeJ saouaIayIp dnoid-usamiaq oN 10 wreped jo8re] asuodsa1 g Jo SUO 109[9G Surydyew UId}Ie ] S2I3I[NOg
uonIqryur
asuodsar urrmbar sperny uo 3o81e) Se 9PIS JUAIJJIP IO dures
SIOLID SI0WI dPeUl SOISHNE uo A3y ssa1 :(uoniqryur asuodsai) yse} 6007 “Te 39
¥ 91 SREIlelg) uonIqIyu ON "SA UOTIqIyu] INq ‘LY UI SOOUSIdJJIP ON  SMmoLIe pue sarenbg (dOd) Aouajodard swoorano 0y Surredaig uowo[og
sarnjord
[ennau 10 juesesdun ‘uesesrd ur
€1 ¢ N rennap 'sa jueseajdun DDV 10 I ur spoxtd 9j1ym /3de[q JO OBeI 9Y) IO dN[eA 8007
8 ¥ N Sumer 1070D) 'sA uonowryg souaIRpTp dnoid-usamiaq oN saanyord 9AROJY [euonows ayj (9[eds andofeue [ensia) ey “Te 39 Tue[Ig
popiemaiun DDV 10 Iy ur PpIemal A1ejouowr 0} payUI[ Sem UdIym 800T “Te 39
¥ S $102[qO  [NJSSADONG "SA PIEMII [NISSAONG saouaIRpTp dnoid-usamiaq oN 19197 JO 9UO ‘SIOPI J98IL} OM] 0} UOYNN( B SSILJ Z)Tuydg
DDV 10 I sarenbs surajed uOTIRIDOSSE MIU 0)
6 6 SRElelg) srersy 39s jeaday 'sa yoymg  ur saduaiarp dnoid-usamiaq oN INoj pue Jop pay asuodsar Yojms pue uonuLpe Piyg
(3431 10) 339 uo pakerdsip
juaniduo)) DDV 10 1Y oprs ySu st (3811 10) 3501 Sunyedrpur
6 o SRElelg) 'sa uogiqryur dooxs 30a110) Ut saduaIRyIp dnoid-usamiaq oN 10 3J3] U0 MOIIY MoILIR Ue JI uoyng e ssai] :dooyg
1nv 1nvu urewo | jsenuo)) OUBWLIOJId ] mumng JseL, ERCICIEN

(panunuo)d) ‘|| 319VL



¢ Samson et al. ¢

TABLE Ill. ALE maxima of regions showing within-group effects for combined «FACES, OBJECTS and WORDS»
processing domains (pgpr< 0.05, k = 250vx)

Left Right
Region BA x y z ALE (x107%) x y z ALE (x107°)
Non-autistic
Occipital
Inferior occipital gyrus 18 —18 -95 —4 39.10 14 -95 -7 30.83
Fusiform gyrus 19 =31 —87 -9 36.88 42 —74 -9 33.00
19 —42 —-81 -12 34.62
Lingual gyrus 17 —18 —94 7 22.00
18 —-18 —-78 -10 27.02
Temporal
Fusiform gyrus 37 —42 —54 -19 53.51 41 -59 —13 28.54
42 —47 -21 40.38
Middle temporal gyrus 21 —53 -35 -7 30.23 59 -37 -2 29.67
21 —55 —32 2 21.62
21 —61 —47 —4 20.19
Parietal
Precuneus 7 -1 —59 35 30.21 32 —65 42 32.15
Superior parietal lobule 7 26 —62 50 26.13
Angular gyrus 39 =30 —58 44 26.23
Frontal
Precentral gyrus 6 —46 1 34 37.45 47 7 28 63.17
Middle frontal gyrus 46 42 33 12 40.01
9 —46 15 30 31.66 42 26 21 24.04
9 -1 57 17 29.53
9 —46 23 25 20.22
Superior frontal gyrus 6 0 15 52 39.52
6 -5 9 57 38.34
8 -11 55 37 29.90
8 -3 29 42 28.23
9 -25 51 27 27.14
Inferior frontal gyrus 47 —47 27 —4 35.11
45 —53 22 10 27.29
44 —55 14 -1 25.92 53 9 9 21.71
Insula 13 —-31 23 0 24.50 31 26 -1 52.71
13 44 14 9 24.94
Subcortical
Cingulate gyrus 31 -1 —47 31 43.46
Parahippocampal gyrus 37 =27 —46 —11 27.81 29 —46 -12 37.16
27 -25 -31 -8 29.53
Thalamus 27 —26 -3 34.68
Caudate 21 —24 18 34.23
Putamen -23 0 3 25.61
Autistic
Occipital
Fusiform gyrus 19 —48 -72 -5 24.78 38 —74 -9 46.87
19 —40 —66 —18 48.79 29 —83 -15 23.81
19 —20 —81 —-10 24.48
Middle occipital gyrus 18 =31 -85 -7 42.92 34 —87 10 27.23
18 -22 —93 18 26.71 23 —98 -9 25.31
19 32 —80 23 21.51
Cuneus 17 -12 -99 3 32.31
Lingual gyrus 19 23 —71 -2 28.53
18 8 =77 3 2237
Temporal
Fusiform gyrus 37 —44 —51 -17 34.13 31 —47 —-16 51.51
37 -33 —63 -7 29.81 46 —49 —16 36.56
37 —-33 —48 -22 26.59
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¢ Enhanced Visual Functioning in Autism ¢

TABLE Ill. (Continued)

Left Right
Region BA x y z ALE (x107%) x y z ALE (x107°%)
Superior temporal gyrus 39 60 —60 25 27.09
22 —50 —55 20 23.97
Parietal
Precuneus 7 —26 —67 41 39.29 4 —55 37 27.34
7 30 —65 42 27.23
Superior parietal lobule 7 —22 —64 51 15.04
Frontal
Inferior frontal gyrus 47 —49 22 —-10 44.14
Middle frontal gyrus 9 —48 19 26 30.82 56 23 35 32.84
9 47 6 39 16.45
Superior frontal gyrus 6 -7 10 60 39.76
6 -3 15 43 19.38
9 3 59 18 23.42
Precentral gyrus 6 51 7 27 35.58
6 40 11 32 26.44
Insula 13 =31 24 5 36.79 36 24 1 45.55
Subcortical
Putamen -25 6 4 32.22
Globus pallidus —25 —10 -10 29.41
Cingulate gyrus 31 2 —51 32 27.35
24 3 43 0 26.35
Parahippocampal gyrus 28 -25 —27 -8 25.76
19 27 —54 —6 23.02
37 —27 —46 -11 21.69
Thalamus -12 —-19 9 24.20 27 -30 0 25.57
25 —24 -5 22.32

ALE values in autistics. While both groups showed strong
activity in BA 37, lower ALE values were found in autis-
tics bilaterally in the anterior fusiform gyrus and in the
medial part of the left fusiform gyrus. Additionally, autis-
tics had lower ALE values in left middle temporal gyrus
(BA 21) and higher ALE values in the left precuneus and
intraparietal sulcus (BA 7).

In the frontal cortex, lower ALE values were observed
in autistics in bilateral precentral (BA 4, 6), superior frontal
(BA 6, 8, 9) and inferior frontal (BA 45, 47) gyri. Higher
ALE values in autistics were limited to small regions in
the posterior part of the left inferior frontal gyrus (BA 47)
and in right medial frontal gyrus (BA 8). Clusters of lower
activity in the autistics were also observed in bilateral
insula (BA 13) and in cingulate cortex (BA 24) (Fig. S1).

To better visualize the spatial pattern of the differential
visual activity in both groups, we computed the number
of voxels for which ALE values differed between autistics
and non-autistics in the left and right hemispheres for the
frontal, parietal, occipital, temporal and subcortical regions
(Table V). Combining counts across all tasks, 6368 voxels
had higher ALE values, and 2016 voxels had lower ALE
values in the temporal, occipital and parietal lobes of the
autistics compared to the non-autistics. In contrast, the
frontal lobes of the autistics exhibited a reversed pattern,
with higher ALE values in 1360 voxels and lower ALE val-
ues in 4808 voxels (see Fig. 2). The associated analysis of

variance revealed a significant effect of Region, F (4, 10) =
6.4, p = 0.008 and a Region x Group interaction F (4, 10) =
6.2, p = 0.009. These patterns reveal an atypical spatial dis-
tribution of visual processing in autism, seen as a posterior
to anterior gradient of group activity differences, with the
autistics exhibiting generally higher ALE values in poste-
rior regions and lower ALE values in frontal regions.

Face Processing
Within-group maps

We then restricted the analysis to the face processing
domain (Table VI). Figures 1 and S2 show partially over-
lapping clusters of group activity. While both groups had
high ALE values bilaterally along the fusiform gyrus (BA
19, 37), the largest overlap was observed in the anterior
and middle fusiform gyrus, involving more posterior and
lateral regions on the left than on the right. Additionally,
both groups had high ALE values in right superior tempo-
ral gyrus (BA 22) and medial parietal cortex (BA 7). More-
over, both groups displayed activity in the posterior
cingulate, the globus pallidus and at the temporo-occipital
junction (BA 21, 39). Significant ALE values in frontal cor-
tex were more numerous in non-autistics (BA 4, 6, 9, 10,
44, 45, 46) and overlap between the groups was limited to
ALE values in precentral gyrus (BA 6) and insula (BA 13).
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FACES, OBJECTS AND WORDS

Figure 1.

Within- and between-group distribution of task-related activity
in inferior occipital and inferotemporal cortex. A: Regions
showing increases in autistics (RED), non-autistics (GREEN), and
their overlap (YELLOW) for «FACES, OBJECTS and WORDS»
tasks combined. B: Regions showing more task-related activity
in autistics vs. non-autistics (RED-YELLOW) and less task-
related activity in autistics vs. non-autistics (BLUE-GREEN) for
the combined «FACES, OBJECTS, and WORDS» tasks. C:

Between-group maps

Between-group comparisons of face processing revealed
areas of differential activity in occipital, temporal and
frontal cortex (Table VIL; Figs. 1, 3, and S2). First, higher
ALE values in autistics were found in the fusiform gyrus
(BA 37) bilaterally, while regions immediately posterior
showed lower ALE values. Autistics also had higher ALE
values in the middle portion of the left fusiform gyrus,

Regions showing increases in autistics (RED), non-autistics
(GREEN), and their overlap (YELLOW) for the «FACES» tasks.
D: Regions showing more task-related activity in autistics vs.
non-autistics (RED-YELLOW) and less task-related activity in
autistics vs. non-autistics (BLUE-GREEN) for the «FACES» tasks.
ALE maps (prpr < 0.05) are superimposed on axial slices from
a gray matter template in MNI space. Anatomical left is image
left.

the right lingual gyrus (BA 18, 19) and primary visual
cortex (BA 17), with below threshold clusters at —20,
—95, +3; vx = 48 and —14, —99, +1; vx = 32. Maxima
were also seen in left middle temporal gyrus (BA 21),
with greater ALE values for autistics in the extreme ante-
rior portion and lower values in autistics in the posterior
part of the gyrus. The autistics had lower ALE values in
left superior temporal gyrus (BA 39), while the corre-
sponding region on the right had higher ALE values. The
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TABLE IV. ALE maxima of regions showing between-group differences for combined «FACES, OBJECTS and
WORDS» processing domains (pgpr< 0.05, k = 250vx)

Left Right
Region BA x y z ALE (x107°) x y z ALE (x107%)
Non-autistic > Autistic
Occipital
Fusiform gyrus 19 29 —66 -17 27.25
Inferior occipital gyrus 18 —18 -95 —4 31.23
Temporal
Fusiform gyrus 37 —40 —56 -19 34.50
37 —44 —63 =25 18.35
Middle temporal gyrus 21 -51 -35 -7 29.58
21 —55 -33 2 21.12
Frontal
Precentral gyrus 4 —44 1 34 25.73 47 7 30 38.91
Superior frontal gyrus 6 4 13 52 35.91
9 -25 51 27 27.14
8 -3 29 42 27.51
Inferior frontal gyrus 45 44 31 12 33.29
47 —44 29 -5 26.21
Insula 13 31 25 -3 37.00
Subcortical
Cerebellum 18 —74 -35 31.99
Autistic > Non-autistic
Occipital
Fusiform gyrus 19 -29 —86 -2 25.97 38 —74 -9 35.29
38 —68 -12 31.87
Middle occipital gyrus 18 -22 -93 18 26.27 34 -85 10 22.62
19 32 -82 19 19.26
19 32 —-80 23 19.14
Parietal
Precuneus 7 —28 —67 41 32.61
Temporal
Fusiform gyrus 37 —38 —67 —-18 43.26 32 —49 —14 30.20
37 -33 —63 -5 27.91 36 —49 —14 37.16
37 —34 —48 =22 24.89
Frontal
Inferior frontal gyrus 47 —49 22 —-10 37.33
Middle frontal gyrus 8 55 23 35 29.17

between-group differences in frontal cortex all involved
lower ALE values in the autism group. For instance, dif-
ferences were observed in right dorsolateral cortex (BA 9,
46), right anterior prefrontal cortex (BA 10), bilateral infe-
rior frontal cortex (BA 44), bilateral premotor cortex (BA
6) and left primary motor cortex (BA 4). The autistics
also exhibited lower ALE values in right anterior insula
(BA 13).

Voxel count in the fusiform gyrus for faces

To visualize the differential activity related to visual
processing, we computed the number of voxels in the fusi-
form gyrus for which ALE values differed between autis-
tics and non-autistics for the face, object and word
processing domains in both hemispheres (Table VIII). The

TABLE V. Autistics show a rightward shift of temporal
and parietal lobe visual activity when compared with
non-autistics

Autistics > Non-autistics >

Non-autistics Autistics
Left Right Left Right
Temporal lobe 1,384 2,960 1,216 200
Occipital lobe 968 904 384 96
Parietal lobe 96 296 552 80
Frontal lobe 872 488 2,104 2,704
Subcortical 448 392 264 617

The differential between-group voxel counts for the left and right
hemisphere lobes are shown for the combined «FACES, OBJECTS,
and WORDS» domains (prpr< 0.05).
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TABLE VI. ALE maxima of regions showing within-group effects for the «<FACES» processing domain
(Prpr< 0.05, k = 250vx)

Left Right
Region BA x y z ALE (x107%) x y z ALE (x107%)
Non-autistic
Occipital
Fusiform gyrus 19 —42 —81 -12 26.88 42 —74 -9 32.95
19 -29 —86 -16 22.67 29 —64 -17 22.24
19 31 -59 -15 20.76
Middle occipital gyrus 18 -31 —84 4 16.47
18 -33 —87 -7 14.62
Lingual gyrus 18 -18 -79 —-10 22.79
18 —12 -76 -1 13.52
Temporal
Fusiform gyrus 37 —42 —56 -19 38.18 42 —47 -21 30.45
42 -59 -13 28.37
Superior temporal gyrus 22 —61 —45 30 22.40 53 —45 19 17.40
Middle temporal gyrus 21 —62 —42 —4 19.84 59 -39 -2 20.53
57 —44 8 14.18
Parietal
Precuneus 19 34 —65 42 18.74
Frontal
Middle frontal gyrus 46 42 33 12 35.95
10 40 48 10 22.27
Precentral gyrus 6 —44 -2 34 13.81 47 5 28 33.36
4 —44 -7 42 17.49
Inferior frontal gyrus 44 —55 14 -1 25.53 53 9 9 21.70
45 55 30 -2 23.20
Insula 13 44 14 9 24.89
13 33 28 5 24.36
Subcortical
Cingulate gyrus 31 -1 —47 31 31.16
Globus Pallidus —18 -10 -10 24.02
Autistic
Occipital
Fusiform gyrus 19 =31 -85 -9 25.30 40 —74 -9 32.96
19 -36 —61 -9 25.12 29 —83 —15 23.02
19 —38 —62 -16 23.30
19 —42 -79 —14 19.35
Lingual gyrus 18 -25 ~74 -6 14.38 23 —71 -2 28.33
17 8 -77 3 18.32
Middle occipital gyrus 19 —51 -76 -3 19.38
Temporal
Fusiform gyrus 37 —44 —51 -17 29.61 36 —49 —14 47.93
—34 —48 —22 24.63
Superior temporal gyrus 39 62 —60 23 21.50
22 —48 —54 20 20.01 59 -39 -2 21.21
Middle temporal gyrus 21 -36 0 —42 21.04
38 35 2 —26 22.85
Parietal
Precuneus 19 —28 —67 43 22.15
Frontal
Precentral gyrus 6 42 10 34 17.78
Insula 13 36 24 1 20.12
Subcortical
Cerebellum -5 —67 2 15.25 3 —67 -3 13.23
Cingulate gyrus 31 2 —51 32 22.74 12 —51 32 12.66
31 -9 —49 30 12.77
Globus Pallidus -25 -10 -10 16.25
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TABLE VII. ALE maxima of regions showing between-group differences for the «<FACES» processing domain
(PFDR < 0.05, k = 250VX)

Left Right
Region BA x y z ALE (x107%) x y z ALE (x107%)
Non-autistic > Autistic
Occipital
Fusiform gyrus 19 38 —69 -3 13.75
19 34 —69 -5 13.50
19 29 —64 -17 21.13
Temporal
Fusiform gyrus 37 —40 —54 -19 25.06
37 —42 —63 =25 19.96
37 —42 —55 -7 13.25
Superior temporal gyrus 39 —61 —45 30 22.40
Middle temporal gyrus 21 —62 —42 —4 19.85
Frontal
Middle frontal gyrus 46 42 33 9 29.05
10 40 48 10 22.22
9 51 13 29 13.10
Inferior frontal gyrus 44 —55 14 -1 25.50 53 9 9 21.63
Precentral gyrus 6 —44 -2 34 13.80 47 5 28 24.78
4 —44 -7 42 17.45
Insula 13 44 14 9 24.70
13 31 28 5 20.41
Autistic > Non-autistic
Occipital
Lingual gyrus 19 23 -71 -2 27.89
Fusiform gyrus 19 -33 —61 -7 22.15
—-36 —66 -15 13.21
Temporal
Fusiform gyrus 37 —34 —47 -23 23.30 33 —46 -14 41.65
Middle temporal gyrus 21 —36 0 —42 21.04
Superior temporal gyrus 39 62 —60 22 21.41

associated analysis of variance revealed higher ALE values
for the autistics F (1 ,6) = 9.12, p = 0.023, such that more
voxels had ALE values that were greater in the autistic vs.
non-autistic groups and a trend for the largest between
group differences to be associated with face processing
tasks, F (2, 6) = 4.64, P = 0.060 (see Fig. 4).

Object Processing
Within-group maps

The within-group analysis for contrasts involving object
processing revealed a roughly overlapping pattern of activ-
ity in both groups (Table IX; Figs. 5 and S3), including bilat-
eral clusters in the anterior fusiform gyrus (BA 37) and
posterior extrastriate cortex (BA 18, 19). In contrast, most of
the activity in the occipital gyri did not exhibit overlap
between groups. In the parietal cortex, overlapping ALE val-
ues were seen in medial parietal cortex (BA 7), while activity
was observed in slightly different portions of the inferior pa-
rietal lobule (BA 40) in each group. Overlapping activity
was also seen bilaterally in anterior insula (BA 13), and pre-
central and middle frontal (BA 6) gyri.

Between-group maps

Widespread between-group differences in visual object
processing were seen in occipital, temporal, parietal and
frontal cortex (Table X; Figs. 5, 3, and S3). In occipital
regions, the autistic group had greater ALE values bilater-
ally in the posterior fusiform gyrus (BA 19) and the mid-
dle occipital gyrus (BA 19). Conversely, autistics had lower

TABLE VIII. Autistics exhibited relatively stronger
engagement of the fusiform gyrus for face processing
compared with objects and words

Autistics >

Non-autistics Non-autistics > autistics

Domain LEFT FG RIGHT FG LEFT FG RIGHT FG
Faces 1440 2688 592 168
Objects 1136 1616 1232 952
Words 624 520 496 8

The differential between-group voxel counts for the «FACES»,
«OBJECTS», and «WORDS» processing domains are shown for
the left and right hemispheres (prpr< 0.05, k = 250vx).
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TABLE IX. ALE maxima of regions showing within-group effects for the «OBJECTS» processing domain
(Pepr < 0.05, k = 250vx)

Left Right
Region BA x y z ALE (x107%) x v z ALE (x107°%)
Non-autistic
Occipital
Inferior occipital gyrus 18 —16 -93 -2 27.07
Cuneus 17 —18 —94 9 21.79
Middle occipital gyrus 18 -29 -92 3 13.08
Fusiform gyrus 19 =27 —68 -13 20.46
19 -29 —87 -9 12.49
Parietal
Precuneus 7 —-18 —66 52 24.86 28 —63 39 26.33
7 —24 —61 44 15.97
7 -13 =72 57 13.05
Precuneus 31 —26 -75 30 22.48
Superior parietal lobule 7 26 —62 50 26.09
Inferior parietal lobule 40 -35 —41 47 21.36
40 —50 —48 44 14.12
40 —44 —54 46 13.67
Frontal
Precentral gyrus 6 47 7 30 30.85
60 9 23 14.31
Superior frontal gyrus 6 2 13 52 30.01 4 19 45 13.63
6 —24 -2 54 26.45 28 0 53 21.70
Middle frontal gyrus 9 42 23 24 19.53
Insula 13 =31 25 0 20.93 31 25 -3 36.33
Subcortical
Parahippocampal gyrus 36 =27 —46 —11 26.33 29 —44 -12 35.78
Putamen -25 -1 -2 17.34
Brainstem 3 —36 —41 23.45
Autistic
Occipital
Fusiform gyrus 19 -36 —81 -9 19.43 36 —76 -9 21.79
Middle occipital gyrus 19 32 -84 17 18.92
19 38 —81 9 13.38
18 —22 -93 16 2411 32 —87 10 16.55
18 —27 —88 -2 15.57 34 —88 1 1591
18 —27 -90 2 15.55
18 -31 —87 11 13.23
Inferior occipital gyrus 18 38 -84 —4 15.21
18 24 -93 -3 14.87
Cuneus 17 25 -97 0 14.31
Lingual gyrus 17 —11 -97 1 20.34
Parietal
Superior parietal lobule 7 —22 —64 51 14.52 32 —51 49 23.13
Inferior parietal lobule 40 —44 —26 —48 18.64 36 -39 43 19.40
40 36 —33 56 13.64
40 56 —26 46 14.65
Precuneus 7 —24 —63 42 15.51 23 —59 55 22.32
7 -15 —66 51 13.99
31 30 —75 25 12.65
Frontal
Precentral gyrus 6 —48 9 31 13.64 53 7 30 25.69
6 —46 3 34 14.25
6 —55 2 31 13.00
Middle frontal gyrus 6 —24 -2 54 19.13
Insula 13 -31 23 3 22.89 38 24 1 16.74
Subcortical
Cingulate gyrus 24 -3 —6 30 23.85
24 -3 5 31 13.34
32 8 25 40 15.49
Parahippocampal gyrus 36 —27 —46 -11 20.42
Thalamus —14 -19 9 19.83
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Figure 2.

In both hemispheres, autistics exhibit more activity in temporal
and occipital cortex. Between-group differences in task-related
effects related to the combined «FACES, OBJECTS and WORDS»
processing domains are shown with individual bars representing

ALE values in left lingual gyrus (BA 18) and the right ante-
rior fusiform gyrus (BA 37). Additionally, autistics had lower
values in the left mid-fusiform gyrus (BA 19; +29, —68, —14),
in an area anterior and medial to the area in which autistics
had higher values. Both groups had ALE value maxima in
the medial (precuneus) and lateral parietal cortex. Higher
ALE values in autistics were more medial than those of non-
autistics in right inferior parietal cortex (BA 40) and anterior
to those of controls in right lateral and medial superior parie-
tal cortex (BA 7). As for frontal cortex, lower ALE values
were observed in superior frontal gyrus (BA 6) in the autis-
tics. Additionally, the autistic group exhibited lower ALE val-
ues in the right anterior insular cortex (BA 13) and higher
ALE values in the cingulate gyrus (BA 24).

Word Processing
Within-group maps

ALE maps were computed for contrasts involving word
processing (Table XI; Fig. 5 and S4). In both groups, activ-
ity was observed in striate (BA 17) and extrastriate cortex
(BA 18), overlapping mostly in the right hemisphere, while
left hemisphere activity was slightly more anterior in
autistics. In parietal cortex, both groups showed overlap-
ping activity in the medial parietal cortex (BA 7), while ac-
tivity in left middle temporal gyrus (BA 21) was observed
in a more posterior location in autistics. In frontal cortex,
both groups had significant ALE values in inferior (left BA
45, 47), middle (BA 6, 46), and superior frontal (BA 6, 8, 9)
gyri, with overlapping activity in the left inferior and
superior frontal gyri. We observed group overlap in sub-
cortical activity in the thalami, right cingulate gyrus (BA
31), and left parahippocampal gyrus (BA 36).

Between-group maps

Between-group ALE maps revealed differences in word
processing activity (Table XII; Figs. 3, 5 and S4). First, ALE

the number of suprathreshold voxels for autistics vs. non-autistics
(BLACK) and non-autistics vs. autistics (WHITE) (pepr < 0.05).
Voxel counts are presented separately for the left and right
temporal, occipital, parietal and frontal lobes.

values differed between groups in occipitotemporal areas,
with lower activity in bilateral striate cortex in autistics,
just under the critical threshold on the right (+16, —95,
—7), and higher activity in autistics in extrastriate cortex
(BA 18, —14, —87, —5 and +25, —98, —9). Autistics also
had higher activity in both the right fusiform gyrus (BA
19, 37) and, more ventrally, in the left ventral fusiform
gyrus (BA 19). In parietal cortex, the autistics had higher
ALE values in bilateral medial parietal cortex (BA 7),
although the values were subthreshold on the left (—28,
—68, +38; vx = 144). Between-group differences were also
seen in the middle temporal gyrus, with higher ALE val-
ues found posteriorly in autistics and anteriorly in non-
autistics on the left.

A more complex pattern of effects was observed in fron-
tal and subcortical regions. For example, while autistics
generally had more areas exhibiting lower ALE values in
frontal cortex compared to non-autistics, the lower ALE
values were seen primarily in left inferior, superior frontal,
and precentral gyri (BA 4, 8, 47) and higher ALE values
were found bilaterally in left posterior inferior frontal
gyrus (BA 47), left superior frontal gyrus (BA 6), as well
as left and right middle frontal gyri (BA 8, 9, 46). At the
subcortical level, the right caudate nucleus, and bilateral
thalami (sub-threshold cluster on the right; +29, —26, —2;
vx = 120) exhibited lower ALE values in autistics, while
the left putamen had higher ALE values in autistics.

DISCUSSION
Summary of Findings

On the basis of the behavioral, cognitive and physiologi-
cal phenomena previously summarized in the enhanced
perception function model, we predicted that autistics
would exhibit stronger engagement of the visual system
across a range of tasks. In addition, we were interested in
whether any observed atypical visual activity patterns in
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TABLE X. ALE maxima of regions showing between-group differences for the «OBJECTS» processing domain
(Pepr < 0.05, k = 250vx)

Left Right
Region BA x y z ALE (x107%) x y z ALE (x107%)

Non-autistic > Autistic
Occipital
Lingual gyrus 18 -18 -93 —4 25.07

18 -18 —-94 7 17.91
Temporal
Fusiform gyrus 37 29 —44 —10 24.82
Parietal
Precuneus 7 28 —61 39 26.12
Superior parietal lobule 7 28 —62 48 20.65
Inferior parietal lobule 40 -35 —41 47 20.89

40 —50 —48 —43 14.10

40 —43 —54 46 13.67
Frontal
Superior frontal gyrus 6 2 13 52 30.02
Insula 13 31 25 -3 33.33
Subcortical
Putamen -25 0 0 16.75
Autistic > Non-autistic
Occipital
Middle occipital gyrus 19 —-24 -91 16 22.78
Fusiform gyrus 19 —36 -79 —10 19.16 36 -76 -9 21.24
Parietal
Superior parietal lobule 7 32 —51 49 22.99
Inferior parietal lobule 40 34 -39 43 17.32

40 36 -32 47 14.72
Subcortical
Cingulate gyrus 24 -3 —6 30 23.39

autism were specific to particular processing domains. We
compared the magnitude and spatial distribution of brain
activity associated with visual processing in autistics and
non-autistics using ALE meta-analysis, including data
drawn from 26 neuroimaging studies using visual stimuli.
The analysis provided information about between-group
differences with respect to location and amplitude of task-
related activity. Combining all visual tasks, we observed
widespread effects in both groups in regions spanning
temporal, occipital, parietal, and frontal cortex. However,
compared to non-autistics, autistics displayed generally
higher task-related activity in posterior regions, and lower
task-related activity in frontal cortex. In addition, for each
processing domain, we observed spatial overlap in activity
in autistics and non-autistics, accompanied by an atypical
functional spatial distribution of domain-specific responses
in autism.

Domain-Independent Similarities and Differences

As visual stimuli were used in all studies, large clusters
of activity were found in both groups in the cortical areas

involved in the first visual processing stages, namely
striate (BA 17) and extrastriate (BA 18, 19) cortex. Both
groups had responses in inferotemporal cortex, a region
involved in recognition and identification of visually pre-
sented animate or inanimate objects [Op de Beeck et al.,
2008]. Both groups also displayed posterior parietal cortex
activity mainly in the medial parietal cortex (BA 7), an
associative region involved in visuospatial information
processing [Cavanna and Trimble 2006]. In addition, both
groups exhibited activity in the dorsal (BA 6, 8, 9, 46) and
ventral (BA 44-47) prefrontal cortex, regions involved in
multiple aspects of sensorimotor and cognitive control
[D’Esposito et al., 2000; Duncan and Owen 2000; Petrides
1996; Petrides 2005]. The high ALE values seen in both
groups across a broad network comprising temporal, occi-
pital, parietal, and frontal regions were consistent with the
wide range of visual processing tasks included in the
study.

Between-group comparisons using the combined face,
object, and word processing tasks revealed an atypical pat-
tern of resource allocation in autistics, with relatively
higher activity in posterior visual processing regions and
lower activity in frontal regions, as demonstrated by voxel
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Figure 3.
Spatial distribution of regions showing more task-related activity
in autistics than non-autistics for the three processing domains:
«FACES» in RED, «OBJECTS» in GREEN, and «WORDS» in
BLUE. ALE maps (prpr < 0.05) are superimposed on slices from
a gray matter template in MNI space. LEFT, a right hemisphere
sagittal slice at x = +35; RIGHT, an axial slice at z = —18.

count lobar distributions (see Fig. 2). In inferotemporal,
occipital, and inferior parietal regions, more voxels
showed higher ALE values in autistics than in non-autis-
tics in areas subserving integration of local visual features,
manipulation of visual features, object recognition and
object identification [Wandell et al., 2007]. Moreover, autis-
tics displayed higher activity bilaterally in the precuneus
(BA 7), a region subserving visual imagery [Suchan et al.,
2002], visual search and detection [Brown et al., 2006; Huf-
ner et al., 2008; Patel and Sathian, 2000], and the mainte-
nance of visual information in working memory [Owen,
2004; Suchan et al., 2006; Yeh et al., 2007].

Conversely, ALE values in more anterior frontal regions
(BA 4, 6, 8, 9, 45, and 47) were mostly lower in autistics.
These areas include a range of regions with specialization
for movement execution, movement planning, and cogni-
tive control. The most posterior frontal region (BA 4) in
the precentral gyrus is involved in fine motor control and
sensorimotor transformations [He et al.,, 1993; Rizzolatti
and Luppino 2001]. The posterior part of the dorsolateral
prefrontal cortex (DLPFC; BA 6, 8) is responsible for
response selection, attention shifting between alternative
stimuli or responses in visuomotor tasks [Petrides, 1994,
2005]. The mid-DLPFC (BA 9) is involved in planning and
monitoring of behavior in accordance with internal goals
[Petrides, 1991, 2000]. The adjacent mid-ventrolateral pre-
frontal cortex (VLPFC; BA 45, 47) plays an important role
in decision making [Petrides, 2002], response comparison,
selection and inhibition based on stored stimulus represen-
tations [Badre and Wagner, 2007; Petrides, 2005]. Finally,
BA 6 and 9 are believed to be involved in cognitive con-
trol, mainly through the activation of task representations
to adjust behavior to changing contexts [Brass et al., 2005].

Our principal finding resulting from the examination of
results from the pooled face, object and word domains is
that, in performing predominantly visual tasks, autistics

exhibit a consistent pattern of stronger engagement of pos-
terior cortical regions known to support visual processes
of varying complexity. In addition, autistics exhibit lower
activity in frontal regions subserving motor and cognitive
control functions across a wide range of stimulus and task

types.

Domain-Specific Similarities and Differences

Although our results are largely consistent across the
three visual processing categories, examining the domain-
specific patterns of differential activity informs the under-
standing of specific atypical functional resource allocation
patterns in autism. The decision to classify the included
tasks broadly by stimulus type rather than by specific cog-
nitive operation was dictated by our difficulty in identify-
ing sufficient numbers of studies utilizing tasks employing
comparable cognitive operations. As the number of papers
using functional neuroimaging to explore the neural mech-
anisms of perception and cognition in autism is expanding
rapidly, it may soon be possible to attempt meta-analysis
of particular cognitive processes in autism.

Face processing

Much effort has been directed towards identifying the
nature of face processing in autism. Our meta-analysis of
face processing tasks revealed strong, and partially over-
lapping, occipital and temporal activity in both groups.
Face processing involves occipital and temporal cortical
areas that show selectivity for face versus nonface stimuli
in typical groups [Haxby et al.,, 2000; Kanwisher et al.,
1997]. Consistent identification of preferential activity for
face stimuli have been observed in the middle and lateral
fusiform gyri, sometimes referred to as the Fusiform Face
Area (FFA). This region generally shows stronger
responses to faces compared to objects. Activity in the
FFA correlates with successful face detection [Andrews
and Schluppeck 2004; Grill-Spector et al., 2004]. A region
in the lateral inferior occipital gyrus, referred to as the
occipital face area (OFA), also shows selectivity for faces
[Gauthier et al., 2000]. While the OFA is mostly sensitive
to the individual physical features of faces, the FFA shows
strong responses to both face parts and configurations
[Liu et al., 2010; Rotshtein et al., 2005]. The third face-
selective region is found in the posterior superior temporal
sulcus and is called fSTS, showing stronger responses to
more complex aspects of face processing, such as eye-gaze
direction [Hoffman and Haxby 2000] and emotional
expression [Haxby et al., 2000].

With regards to face processing, spatial overlap in activity
for autistics and non-autistics was observed in the FFA
[Kanwisher et al., 1997; Lehmann et al., 2004; Rhodes et al.,
2009; Scherf et al., 2010]. Activity was also seen in the OFA
[Rhodes et al., 2009; Rotshtein et al., 2005]. In addition, activ-
ity in fSTS was seen in both groups on the right, but only in
non-autistics on the left. Therefore, the results of our meta-
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TABLE XIl. ALE maxima of regions showing within-group effects for the «\WORDS» processing domain
(PFDR< 0.05, k= 250VX)

Left Right
Region BA x y z ALE (x107%) x y z ALE (x107%)
Non-autistic
Occipital
Inferior occipital gyrus 17 —18 -97 —4 20.85 14 -96 -7 30.74
Lingual gyrus 18 -10 -96 —11 19.55
Temporal
Middle temporal gyrus 21 —51 -35 -5 24.30
21 —55 —-33 2 21.16
39 56 —66 26 17.94
Parietal
Precuneus 7 2 -59 37 18.08
Frontal
Superior frontal gyrus 8 —18 28 47 25.57
8 -12 55 37 21.17
8 -7 47 45 16.68
8 -13 33 53 13.59
9 -1 60 19 20.53
8 -1 34 44 18.88
6 -5 9 57 26.20
Inferior frontal gyrus 45 —49 24 12 20.48
47 —47 27 —6 23.50
47 —40 29 -5 19.21
47 -32 33 -12 13.18
Middle frontal gyrus 46 —46 21 23 13.18
6 —44 8 49 13.95
Precentral gyrus 4 —55 -3 46 24.87
6 =50 6 45 14.62
6 —44 0 50 13.59
Subcortical
Parahippocampal gyrus 27 -25 -31 -8 29.49
36 -21 —42 -9 13.71
Caudate 21 —24 18 33.27
Thalamus —18 —47 5 21.50 27 —27 7 31.97
Cingulate 29 -5 —51 10 17.58
30 -3 —62 8 13.10
Autistic
Occipital
Fusiform gyrus 19 —40 —69 -17 37.16 38 —68 —12 25.65
Inferior occipital gyrus 17 23 —98 -9 23.84
Lingual gyrus 18 —14 —87 -7 16.75
Temporal
Middle temporal gyrus 21 —57 —42 -2 17.79
21 —61 —47 8 13.87
Fusiform gyrus 37 46 —49 —14 23.50
Parietal
Precuneus 7 -5 -59 37 13.96 4 —57 37 20.54
7 -9 —54 41 13.62 30 —65 42 22.02
Frontal
Inferior frontal gyrus 47 —49 22 —-10 42.79
45 —49 24 5 13.28
Superior frontal gyrus 6 -7 10 60 36.64
8 -9 50 38 20.25 12 45 49 17.32
9 1 58 26 18.25
Middle frontal gyrus 46 —44 21 21 26.65
9 56 23 35 20.67
8 28 28 44 19.59
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TABLE XI. (Continued)

Left Right
Region BA X y z ALE (x107%) x Y z ALE (x107%)
Subcortical
Putamen -25 6 4 32.21
—25 -8 -8 13.34
Thalamus -5 -12 12 15.07 27 -30 0 25.37
-7 -16 13 14.99
Parahippocampal gyrus 35 —25 —27 —-10 24.76 12 —51 5 13.20
Insula 13 -31 24 5 13.82
13 —40 23 3 13.81
13 -31 27 0 13.05
Amygdala —23 -10 -12 14.30
-29 -8 —-14 13.41
Cingulate 30 4 —-53 7 15.25

TABLE XIl. ALE maxima of regions showing between-group differences for the «WORDS» processing domain

(PFDR < 0-05, k = 250VX)

Left Right
Region BA x y z ALE (x107%) x y z ALE (x107%)
Non-autistic > Autistic
Occipital
Inferior occipital gyrus 17 —18 -97 -4 20.28
Lingual gyrus 18 —-10 —96 -11 19.32
Temporal
Middle temporal gyrus 21 —51 -36 -7 23.83
21 —55 -33 2 20.66
39 56 —66 26 17.94
Frontal
Precentral gyrus 4 —55 -3 46 24.85
Superior frontal gyrus 8 —18 26 47 22.24
8 -1 34 44 18.88
Inferior frontal gyrus 47 —40 31 -5 18.21
Subcortical
Caudate 21 —24 18 24.97
Thalamus -27 -33 -5 19.14
Parahippocampal gyrus 36 =21 —42 -9 13.67
36 —18 -36 —14 13.61
Autistic > Non—autistic
Occipital
Fusiform 19 —40 —69 —-17 36.82
Temporal
Middle temporal gyrus 21 —59 —44 -2 17.03
Fusiform gyrus 37 46 —49 -14 23.50
Parietal
Precuneus 7 30 —65 42 22.02
Frontal
Inferior frontal gyrus 44 —49 22 —-10 36.82
Superior frontal gyrus 6 -7 81 55 23.15
Middle frontal gyrus 46 —42 29 18 13.09
8 56 23 35 20.66
9 —51 17 26 19.91
9 —42 21 21 17.23
Subcortical
Putamen -25 6 4 30.20
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Figure 4.

In the fusiform gyrus, more suprathreshold voxels are found for
the autistic vs. non-autistic than the non-autistic vs. autistic
contrasts. Between-group differences in effects related to the
«FACES», «OBJECTS», and «WWORDS» processing domains are

analysis do not support the notion that autism is character-
ized by an overall hypoactivation in face-selective areas. We
believe that the reported reduction of FFA activity in autism
in response to face images [Dalton et al., 2005; Pierce et al.,
2001; Schultz et al., 2000] could be dependent on specific
task properties, rather than related to a generalized dysfunc-
tion of fusiform gyrus mechanisms or stemming from a lack
of face expertise [Hadjikhani et al., 2004; Hadjikhani et al.,
2007; Pierce et al., 2004].

However, our results do suggest that face stimuli are
processed in an atypical fashion in autism, such that stron-
ger, but less category-specific, occipital and temporal activ-
ity may underlie face processing in this population.
Specifically, compared with non-autistics, autistics showed
bilateral clusters of higher ALE values in the anterior fusi-
form gyrus, extending into the posterior part of the para-
hippocampal gyrus (see Fig. 3). In typical individuals,
these areas are thought to be important for face recogni-
tion [Hudson and Grace, 2000], perceptual expertise
[Gauthier et al., 1999], and object processing [Grill-Spector,
2003]. Moreover, previous studies have identified func-
tional response selectivity for places and spatial layout in
the posterior parahippocampal cortex [Epstein and Kanw-
isher, 1998]. In our results, autistics showed greater activ-
ity bilaterally in extrastriate (BA 18, 19) and striate (BA 17)
cortex compared to non-autistics. Therefore, face process-
ing in autistics seems to rely on a large network of occipi-
tal and temporal areas specifically responsive to other
visual categories in non-autistics. Interestingly, the more
anterior inferotemporal areas were more responsive to
nonface objects in non-autistics. A recent fMRI study look-
ing at response specificity to faces, objects, and places in
autism reported a similar atypical distribution of activity,
in the form of bilateral displacement of the face-specific
response to the postero-ventral fusiform gyrus in autistics,
while  non-autistics showed greater object-related
responses in the same region [Scherf et al., 2010]. These
findings are consistent with the results of our meta-analy-

shown with bars representing the number of suprathreshold
voxels for autistics vs. non-autistics (BLACK) and non-autistics
vs. autistics (WHITE) (prpr < 0.05). The voxel counts are pre-
sented separately for the left and right hemispheres.

sis, indicating a general pattern of atypical facial response
selectivity in autism, with a corresponding atypical spatial
distribution of place- and object-specific responses.

The differential activity we observed in autistics could
reflect an atypical processing strategy for facial stimuli.
Langdell [1978] first reported superior performance in judg-
ing face identity based on the presentation of elementary fa-
cial features such as the eye or mouth in autistic children
compared with non-autistics. More recent studies confirmed
that autistics rely to a greater extent on individual features
to process faces [Deruelle et al., 2004; Lahaie et al., 2006; Pel-
phrey et al., 2002]. However, these atypical processing strat-
egies are not necessarily detrimental to performance, as
autistics and non-autistics exhibited similar performance in 9
out of 14 contrasts included in the meta-analysis.

We observed generally lower activity in prefrontal cortex in
autistics during face processing, consistent with previous
reports [Di Martino et al., 2009; Scherf et al., 2010]. It is known
that frontal top-down mechanisms may modulate extrastriate
and inferotemporal activity during “deep” processing of faces,
facilitating facial feature recognition [Haxby et al., 2000; John-
son et al., 2007; Li et al., 2009; Mechelli et al., 2004] and visual
category determination [Jiang et al., 2007; Jiang et al., 2006].
Our findings suggest that, although frontal processes are con-
sistently engaged for face processing in non-autistics, the per-
ceptual mechanisms in temporal, occipital, and parietal
regions may be sulfficient to allow for successful face process-
ing in autistics. Although it is possible that the lack of task-
related frontal activity in autistics could result from localized
dysfunction of the frontal cortex, suggested by some current
models [e.g. Courchesne and Pierce 2005], an alternative
account is that utilization of frontal processing mechanisms
may not be mandatory under some circumstances in autistics
due to the existence of more efficient perceptual processing
resources available in posterior cortical structures [Souliéres
et al, 2009]. Finally, the reduced engagement of frontal
regions may reflect atypical connectivity between anterior and
posterior regions, resulting in reduced functional coupling
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OBIJECTS

Figure 5.

Within- and between-group distribution of task-related activity in
inferior occipital and inferotemporal cortex. A: Regions showing
increases in autistics (RED), non-autistics (GREEN), and their
overlap (YELLOW) for the «OBJECTS» tasks. B: Regions showing
more task-related activity in autistics vs. non-autistics (RED-YEL-
LOW) and less task-related activity in autistics vs. non-autistics
(BLUE-GREEN) for the «OBJECTS» tasks. C: Regions showing

and regional interaction during visual processing. As our
results are consistent with all of these hypothetical mecha-
nisms, further studies are warranted to better delineate the
physiological basis of the generalized frontal cortical hypoac-
tivity commonly seen in autism.

Object processing

Autistics often exhibit unexpectedly strong and atypical
abilities in visual tasks involving object detection or

increases in autistics (RED), non-autistics (GREEN), and their spa-
tial overlap (YELLOW) for the «VWORDS» tasks. D: Regions
showing more task-related activity in autistics vs. non-autistics
(RED-YELLOW) and less task-related activity in autistics vs. non-
autistics (BLUE-GREEN) for the «WORDS» tasks. ALE maps
(Pepr < 0.05) are superimposed on axial slices from a gray matter
template in MNI space. Anatomical left is image left.

manipulation. For object processing, we observed activity
in both groups in occipital (BA 17, 18, 19), temporal (BA
37), medial and lateral superior parietal (BA 7), inferior
parietal (BA 40), and dorsal and ventral lateral prefrontal
cortex (BA 6, 9 46, 47). Object processing is typically asso-
ciated with activity in occipital and temporal cortex, with
previous studies identifying responses in lateral occipital
cortex to pictures of common objects [Malach et al., 1995],
line drawings of objects [Kanwisher et al., 1996] and
shapes [Hayworth and Biederman 2006]. We observed
activity in both groups that was located more medially
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than previously reported, possibly due to the heterogene-
ity of stimuli and tasks combined in the current analysis.
While the lateral occipital region plays a specific role in
object recognition [Grill-Spector et al., 2001], object recog-
nition as such was not a prominent component of all the
tasks included in the meta-analysis. Activity common to
both groups was also observed in the anterior fusiform
gyrus, another area involved in object processing [Grill-
Spector, 2003] and spatial relations [Epstein and Kanw-
isher, 1998]. Overall, both groups showed occipital and
temporal activity in brain regions typically recruited by
material-independent visual information processing, such
as integration of local visual features and manipulation of
visual properties [Wandell et al., 2007].

Both groups also showed responses in prefrontal corti-
cal regions, consistent with cognitive control requirements
of the object processing tasks. For instance, lateral pre-
frontal cortex activity has been reported in relation to set
shifting [Rogers et al., 2000], inhibitory control [Konishi
et al, 1999], and category discrimination [Jiang et al.,
2007; Jiang et al., 2006], processes common in object proc-
essing tasks [Dichter and Belger, 2007; Schmitz et al.,
2006; Schmitz et al., 2008, Solomon et al.,, 2009]. The
observed prefrontal activity could also be related to plan-
ning and categorization [Petrides 2005], processes critical
to tasks such as the Embedded Figure Test [Lee et al.,
2007; Manjaly et al., 2007], the Tower of London task
[Just et al., 2007], spatial reasoning, and pattern matching
[Soulieres et al., 2009].

Both groups showed activity in superior parietal cortical
areas involved in visuospatial attention [Corbetta et al.,
1993; Nobre et al., 1997] and manipulation of information
in working memory [Cabeza, 2008; Cabeza et al., 2008].
Despite the variability of the tasks and stimuli combined
within the object category, we observed a pattern concord-
ant with the previous literature.

Regarding between-group differences in activity related
to object processing, autistics had higher ALE values in
occipital (BA 19) and parietal (BA 7, 40) areas and lower
values in the fusiform gyri (BA 37). The clusters of
between-group differential activity were smaller for the
object than the face domains, which may be explained by
greater task and stimulus variability for the object vs.
face domain. Greater task variability within each domain
might be expected to lead to a greater degree of spatial
variability and consequently weaker constructive interfer-
ence among the local maxima. As with face processing,
autistics performed similarly to non-autistics while dis-
playing lower ALE values in the superior frontal gyrus
(BA 6). Enhanced autistic performance has been reported
in a broad range of visual perceptual tasks based on pat-
tern detection, matching, and manipulation of objects,
aspects encompassed here in the very general object proc-
essing domain. Therefore, we tentatively relate the atypi-
cal functional allocation of activity in visual perceptive
regions in autism to enhanced performance in object
processing.

Word processing

Some autistics acquire reading skills at an unexpectedly
early age, a phenomenon known as hyperlexia. It is possi-
ble that these atypical reading skills result from differen-
tial organization in the visual areas responsible for
processing letters or words. In our meta-analysis results,
group activity distributions related to word processing
corresponded well to the known functional neuroanatomy
of reading systems. A first level of word analysis in the
occipito-temporal junction supports word identification; a
second level at the parieto-temporal junction supports
phonological processing; and a third level in the inferior
frontal cortex supports semantics, phonology, and articula-
tion [Shaywitz and Shaywitz, 2008]. Both groups displayed
bilateral posterior fusiform and lingual activity, presum-
ably associated with word form analysis [Fiez and
Petersen, 1998; Price, 2000]. Also consistent with this find-
ing are the previous studies that have reported occipito-
temporal and lateral occipital sensitivity to letter strings
[Puce et al., 1996] and written words [Baker et al., 2007].
In addition, both groups displayed activity in regions typi-
cally associated with semantic processing [Howard et al.,
1992; Martin and Chao, 2001; Petersen et al., 1988; Pol-
drack et al., 1999], verbal fluency [Abrahams et al., 2003;
Gaillard et al.,, 2000], and sentence comprehension [Just
et al., 1996; Roder et al.,, 2002], including the left middle
temporal gyrus, the left superior temporal gyrus, the left
inferior frontal gyrus and multiple lateral prefrontal
regions. The word processing tasks included semantic de-
cision [Gaffrey et al.,, 2007; Harris et al.,, 2006], sentence
judgment and comprehension [Just et al., 2004; Kennedy
and Courchesne, 2008; Mason et al., 2008], word counting
[Kennedy et al., 2006], and verbal fluency [Kleinhans et al.,
2008a], for which we observed the expected activity in a
number of left hemisphere language regions.

We observed group differences for the word processing
tasks, with higher task-related ALE values in autistics in
the fusiform gyrus (mostly on the right; BA 19, 37), medial
parietal cortex (BA 7), middle posterior temporal gyrus
(BA 21), left inferior frontal gyrus (BA 44), and bilateral
lateral prefrontal cortex (BA 6, 8, 9, 46). Many of these
areas are also part of the reading network seen in non-
autistics. However, predominantly left lateralization, expected
based on previous studies of language in typical samples,
was not seen here in autism, in line with reports of
reduced leftward hemispheric response lateralization for
speech processing in autism [Boddaert et al., 2003;
Boddaert et al., 2004; Lepisto et al., 2005]. Higher activity
for words in the fusiform gyrus and medial parietal cortex
supports the hypothesis that autistics more strongly
engage mental imagery and visualization to process writ-
ten sentences [Just et al., 2004] and words [Gaffrey et al.,
2007; Toichi and Kamio, 2001]. In addition, we observed
lower activity in the autistic group in many reading
regions, including occipital (BA 17, 18), left parieto-tempo-
ral (BA 21, 39) and left inferior frontal (BA 47) cortex. In
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summary, the regional functional allocation of word
related activity is clearly atypical in autism, as we
observed more right-lateralized activity in autistics related
to reading as well as stronger involvement of regions typi-
cally involved in broader aspects of perceptual expertise
(BA 19, 37).

This atypical activity pattern could explain the emer-
gence of hyperlexic abilities in some autistics. Hyperlexia
is defined as reading skills exceeding those predicted by
an individual’s general intelligence or language compre-
hension capacities [Grigorenko et al.,, 2003]. Hyperlexia
occurs in about 5-10% of autistic children [Burd et al.,
1985]. While it has been suggested that enhanced visual
pattern recognition may underlie hyperlexia [Cobrinik,
1982], heightened phonological and orthographic abilities
may also contribute to precocious reading skills [Goldberg
and Rothermel, 1984]. Although hyperlexic children could
engage typical reading strategies to attain superior word
recognition abilities, word recognition mechanisms could
operate more autonomously from more abstract word
comprehension mechanisms in this group [Newman et al.,
2007]. The atypical pattern of occipital and temporal word
processing activity seen in our meta-analysis might under-
lie this autonomy, a phenomenon that we called functional
independence in a different cognitive context [Soulieres
et al., 2009].

Alternative Interpretations of the
Between-Group Differences

Could atypical saccades cause the observed atypical
occipital and parietal activity?

Differences in brain activity apparently associated with
visual processing might trivially result from differences in
eye movements used to explore the stimuli, rather than
from differences in perceptual processing per se. We argue
that this is not the case for the following reasons. First, all
studies included in the meta-analysis that reported eye
movement data found no differences between the autistic
and non-autistic groups [Bird et al., 2006; Dapretto et al.,
2006; Greimel et al., 2009; Kleinhans et al., 2008b; Soulieres
et al., 2009], in line with other studies reporting no differ-
ences in visual saccade or fixation properties between
autistics and non-autistics [Dalton et al.,, 2005; Kemner
et al.,, 2004; Luna et al.,, 2007; Luna et al.,, 2002; Takarae
et al., 2004; Takarae et al., 2007]. Second, the spatial pat-
tern of activity across tasks for the between-group differ-
ences reported here does not overlap with the network
thought to control visual search and saccades. For
instance, both groups exhibited activity in lateral prefron-
tal cortex in the frontal eye fields [FEF; Amiez and Pet-
rides 2009; Grosbras et al., 2005]. This area is consistently
involved in controlling saccade and pursuit eye move-
ments [Astafiev et al., 2003; Ettinger et al., 2008; Grosbras
et al., 2005]. It is also active in tasks requiring changes in
visuospatial attention, even in the absence of saccades

[Armstrong et al., 2009]. Nevertheless, no significant
between-group differences were observed in this region.
Similarly, regions previously reported as less active in au-
tism in association with visually-guided saccades [Takarae
et al., 2007] do not correspond to the areas of lower activ-
ity reported here in autistics across all visual tasks. Lower
ALE values in non-autistics were observed in the dorsal
part of the medial frontal gyrus, anterior to the supple-
mentary eye fields [Grosbras et al., 1999]. However, this
region is known to be less active in autism well beyond
the context of saccade generation, specifically during exec-
utive and working memory tasks [Gilbert et al., 2008; Silk
et al., 2006]. Therefore, the pattern of between-group dif-
ferences reported here is unlikely to be related to oculomo-
tor effects.

Are the observed activity patterns explained by
differences in task complexity?

Another interpretation of the differential engagement of
cortical regions in autistics across a range of visual tasks
could be that these differences are driven mainly by tasks
incorporating more substantial perceptual complexity.
However, the autistic pattern of relative posterior hyperac-
tivity was consistently found for a range of tasks involving
visual information ranging from simple to complex, and
cognitive complexity ranging from low to high. For
instance, our meta-analysis included stimuli varying from
simple shapes (i.e. letters in Keehn et al., 2008] to more
complex visual patterns (i.e. facial stimuli in Hall et al.,
2003; Raven’s Progressive Matrices in Souliéres et al.,
2009]. Tasks of varying complexity were included as well,
ranging from passive viewing of faces (e.g. Bird et al.,
2006] and stimulus matching (e.g. Bookheimer et al., 2008;
Lee et al, 2007] to sentence comprehension (e.g. Mason
et al., 2008], mental state inference (e.g. Kana et al., 2009]
and abstract reasoning [Soulieres et al., 2009]. In sum,
more strongly engaged perceptual processing regions
engaged across a disparate collection of tasks indicates a
greater role for perceptual processes in autism for tasks
not necessarily incorporating complex perceptual or cogni-
tive components.

Does differential between-group performance explain
the observed activity patterns?

It is possible that performance differences could be re-
sponsible for atypical neural activity patterns in autistics.
However, autistics and non-autistics exhibited similar per-
formance levels in 18 of the 26 included studies, compared
to two studies with enhanced and six studies with dimin-
ished performance in autistics. While enhanced autistic
performance was seen in the form of faster responses for
sentence comprehension tasks [Just et al., 2004; Knaus
et al., 2008], diminished performance was mainly observed
in the form of reduced accuracy. Even in studies where ac-
curacy was significantly reduced, the autistics still

¢ 1575 o



¢ Samson et al. ¢

performed fairly well. While one study reported 93% cor-
rect responses in autistics compared with 100% in non-
autistics [Bookheimer et al.,, 2008], another observed
reduced but significantly greater than chance (81.9% and
73.8%) accuracy for a semantic decision task in autistics
[Gaffrey et al., 2007]. Kleinhans et al. [2008a] reported that
autistics generated fewer words than non-autistics in a
verbal fluency task, while no group differences in error
number were seen. One study [Hubl et al., 2003] reported
longer response times for autistics detecting the sex of real
and scrambled faces, but the task instructions did not ex-
plicitly require participants to respond as quickly as possi-
ble. Other studies reported more errors when autistics
were asked to judge emotional states from weak facial
expressions [Greimel et al., 2009] or when they had to
overcome an automatic response tendency [Solomon et al.,
2009]. Given that atypical visual processing is observed in
association with mostly typical performance levels in au-
tism, we suggest that autistics make more use of percep-
tual processes than do non-autistics in executing cognitive
tasks involving complex operations.

Is Hemispheric Asymmetry for Visual Processing
Atypical in Autism?

Face processing was associated with generally similar
hemispheric effects in autistics and non-autistics, with
both groups showing bilateral activity in the FFA and the
OFA. However, while activity increases were seen in pos-
terior fSTS in both groups on the right, it was observed
only in non-autistics on the left. For face processing in
autistics, some have hypothesized atypical regional alloca-
tion of activity, not necessarily reflecting reduced laterali-
zation of the face-specific activity compared to non-
autistics [Pierce et al.,, 2001]. In addition, recent studies
have demonstrated displacement of the face-specific
response in autism to regions typically responsive to non-
face visual stimuli in non-autistics in both hemispheres
[Humphreys et al., 2008; Scherf et al., 2010]. One other
meta-analysis of functional neuroimaging studies looking
at social vs. non social tasks did not report activity laterali-
zation differences between autistics and non-autistics [Di
Martino et al., 2009]. For object processing, hemispheric ac-
tivity was similarly distributed in both groups. The lateral-
ity of word processing is atypical in autism, as evidenced
by more symmetric activity in autistics related to reading.
Predominantly left lateralization, expected based on previ-
ous studies of language in typical samples, does not
appear to characterize autism. With respect to language
tasks in general, some studies have suggested that atypical
hemispheric specialization might be related to the commu-
nication difficulties observed in autistics. Atypical leftward
lateralization in autism has been most consistently
observed at the structural level in frontal language areas
[Herbert et al., 2005] and in temporal regions such as pla-
num temporale, middle and inferior temporal gyri [Her-

bert et al., 2005; Rojas et al., 2002]. Some functional
imaging studies have reported reduced left frontal activity
associated with language tasks [Gaffrey et al., 2007; Just
et al., 2004; Kana et al.,, 2006] and others have reported
reduced leftward temporal response lateralization for au-
ditory language tasks in autism [Boddaert et al., 2003; Bod-
daert et al., 2004; Lepisto et al., 2005]. It is possible that the
lateralization effects related to language might be task-de-
pendent, as the hemispheric differences between autistics
and non-autistics were not the same for two language
tasks examined in a study in which autistics showed
reduced leftward asymmetry for one task (fluency) and
typical lateralization for the other (categorization) [Klein-
hans et al., 2008a].

In summary, while we observed a trend for decreased
hemispheric asymmetry in autism for word processing,
the left/right differences in associated ALE values were
more subtle than the more consistent finding of higher
ALE values across all three task domains in posterior com-
pared to frontal cortical regions.

Are the Results Consistent With the Predictions
of the EPF Model?

Our ALE meta-analysis results both confirm and extend
the original EPF Model, demonstrating that: (1) perceptual
processing in autistic individuals plays an enhanced role
across a wide range of visual tasks and (2) that the neural
organization of perceptual processing is atypically organ-
ized, extending to areas involved in the development of
perceptual expertise. The first major finding of this study
consists of evidence for generally stronger engagement of
visual processing regions in autism across a range of tasks,
consistent with our previous non-quantitative review of
brain imaging results [Mottron et al., 2006]. In addition,
the observed stronger engagement of visual areas emerges
despite multiple sources of noise introduced by variations
in matching strategies, participant age and general intelli-
gence, and whether group assignment was defined using a
specific diagnosis of autism versus the broader classifica-
tion of autism spectrum condition. Our findings are con-
sistent with the hypothesis that autistics rely more heavily
on visual processing mechanisms regardless of the stimu-
lus domain, particularly for language functions [Gaffrey
et al, 2007; Just et al, 2004, Lambert et al., 2004].
Enhanced activity in brain regions related to visual proc-
essing may therefore represent a core atypicality in autistic
neural organization.

However, while behavioral evidence for visuospatial
strengths in autism is now strong, it is not possible to sim-
ply associate higher levels of neural activity with superior
behavioral performance, a relationship that has been
clearly demonstrated in only a limited number of studies.
For instance, we recently reported increased extrastriate
(BA 18) combined with reduced prefrontal (BA 9) and pa-
rietal (BA 7) activity during performance of a matrix
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reasoning task in a group of autistics who had been
matched with a non-autistic group on both accuracy and
response time [Soulieres et al, 2009]. In this study, an
autistic behavioral advantage, as evidenced by faster per-
formance, and enhanced occipital activity both increased
as task complexity increased. The relative independence of
the observed occipital findings with respect to task per-
formance in the present study indicates that higher levels
of neural activity may be associated with more efficient
task performance in only some circumstances.

The second main finding of this meta-analysis is that
atypical regional functional resource allocation, involving
both primary and associative cortical areas across a range
of visual processing tasks, engages mechanisms responsi-
ble for the development of perceptual expertise in areas
such as the fusiform gyrus. This important finding allows
an extension of the original EPF Model that suggests that
the overall process of perceptual expertise development,
as well as the specific nature of related category-specific
responses, may be atypical in autism. Material-independ-
ent variations in the acquisition of autistic perceptual
expertise, their reciprocal interactions with low-level per-
ceptual processes, and their involvement in a broad range
of both social and non-social atypical behaviors character-
istic of autism, may all represent promising fields for
future investigation.

Lastly, considering that atypical spatial allocation of
brain resources may be an indication of developmental
functional plasticity, our results indicate that enhanced
cortical plasticity may be beneficial to visual perception in
autism, in the light of preliminary findings of greater corti-
cal plasticity, including enhanced long-term potentiation
of synaptic strength in an animal model of autism [Rinaldi
et al., 2008], and more lasting changes in cortical excitabil-
ity following in vivo theta burst stimulation in a few autis-
tics [Oberman et al., 2010].
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