
this omnibus test in which co-activation data were
collapsed across all possible pairings of brain
regions, the �ve sibs remaining after exclusion of two
behavioural outlier sibs manifested functional
co-activation slightly greater than controls’, unlike
the ASC probands in whom functional co-activation
was markedly less than controls’. (Despite this
increase in overall co-activation across all pairs, the
exclusion of outliers actually produced fewer indi-
vidual pairs of regions that reached the uncorrected
signi�cance threshold a = .05, owing to the decrease
in the number of observations in the sib sample.)

Figure 6 presents graphically the results of com-
parisons within region pairs, uncorrected for multi-
ple comparisons and (for conservatism) without
exclusion of outliers. Most evident in the control
group was a strong coupling between dorsal anterior
cingulum, cerebellum, superior parietal lobule, and
lingual gyrus and other occipital regions. This group
also manifested strong correlations within a visual
processing network comprising fusiform gyrus,
cuneus, precuneus, and posterior superior temporal
gyrus, a stimulus evaluation network comprising
superior temporal gyrus, insula, and inferior frontal
gyrus, and a response network comprising middle
frontal gyrus, dorsal anterior cingulum, and left
medial and precentral gyri. The ASC group, in con-

trast, was typi�ed by correlations between cuneus,
precuneus, and middle frontal gyrus, and quies-
cence of dorsal anterior cingulum. Signi�cant cor-
relations in ASC also existed between middle frontal
gyrus and rostral anterior cingulum and orbitofron-
tal cortex, regions involved in affective control. The
complete sib group activated a dorsal anterior
cingulum network similar to that of the control
group, albeit one with lesser correlation with middle
frontal gyrus and superior parietal lobule.

Relation to psychometric measures of autistic traits

In the model of normality of brain activation as a
function of AQ score, t scores for all middle frontal
gyrus (MFG) regions in all participant groups –
including the control group – were negative. This
relationship was signi�cant in posterior MFG in ASC
(left MFG region #4 Kenward-Roger t(45 .7) = )2.09,
p = .0421; right MFG region #3 t(45 .7) = )2.22,
p = .0315), and in anterior and posterior MFG in sibs
(region #1 left and right t(56 .6) = )3.56, p = .0008
and t(56 .6) = )2.00, p = .0502, respectively; region
#3 left and right t(56 .6) = )3.21, p = .0022 and
t(56 .6) = )2.11, p = .0392; region #4 left and right
t(56 .6) = )2.48, p = .0160 and t(56 .6) = )4.29,
p < .0001). Similarly, in the ASC group t scores for

Figure 5 Relationship of behavioural accuracy to differences in fMRI time course. Each participant has one datum
on the abscissa ( d¢) and two on the ordinate (Fisher’s z-transforms of correlations with the participant’s own group’s
average fMRI time series (circles) and with the control group’s (triangles)). Regression curves are illustrated where
signi�cant relationships between d¢ and zgroup ) znormal have been detected
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cortices subserving lower levels of processing (Haist,
Adamo, Wester�eld, Courchesne, & Townsend,
2005; Silk et al., 2006; Belmonte et al., 2004b), as
well as results on orbitofrontal activation possibly
related to arousal (Belmonte & Yurgelun-Todd,
2003b), anterior cingulate hypoactivation (Mundy,
2003; Gomot et al., 2006), and hypoactivation in the
cerebellar attention region with hyperactivation of
other cerebellar regions (Allen & Courchesne, 2003;
Allen, Mu¨ ller, & Courchesne, 2004). In the sibs, in
contrast, differential activations between the con-
gruence conditions were limited to only two regions:
rostral anterior cingulum and retrosplenial cortex.

These modelled activations, however, do not tell
the whole story. Atypical activation maps may arise
because the activation really isn’t there, or because
the activation is atypically timed and fails to onset
and/or to resolve within the modelled time interval.
Examination of time courses revealed ASC and
sib activations whose atypically delayed and pro-
longed timing had prevented detection in the whole-
brain analysis. 6 That is, the ASC and sib groups did
activate fronto-cerebellar attention systems, but
these activations arose too late to be useful dur-
ing behavioural response to the trial of interest,
instead manifesting during the trials immediately
subsequent. 7

It is notable that sibs do not attain normative lev-
els of performance: the difference in BOLD response
in a direction aligned with that of behavioural per-
formance between the sib and ASC groups but still
opposite that of behavioural performance between
the sib and control groups is what suggests the
operation of a compensatory process. Also of interest
is that these delayed activations are even greater in
magnitude in sibs than in ASC, suggesting that the
sibs may more ef�ciently or completely implement
this putative compensatory process. This difference
may re�ect either the absence in the sibs of some of
the genetic or environmental factors that confer lia-
bility to autism, or the presence of genetic or envi-
ronmental factors that protect against autism.

These �ndings of differential timing form an
important counterpoint to the oft-repeated conten-
tion that people with autism simply do not activate
many of the same brain regions activated in controls.
This delayed response is consistent with delayed
activation in an evoked-potentials study of response
to peripheral visual stimuli (Townsend et al., 2001),
and with studies of attention shifting showing that

impaired performance normalises when two to three
seconds are allowed in which to accomplish the shift
(Townsend, Singer-Harris, & Courchesne, 1996). It
is also consistent with many clinical behavioural
observations and self-reports highlighting the
importance of having explicit instruction and time to
prepare responses to unpredictable stimuli.

It is important to note that the ASC group’s pattern
of prolonged response could not have been directly
associated with motor activation, since the ASC
group’s motor responses were faster than normal.
Group differences in accuracy also are unlikely to be
a causal factor in these physiological differences,
since only the trials associated with correct
behavioural responses were included in the aver-
ages. It is, of course, possible that group differences
in impulse control, distractibility and concentration
may be seen as a confound in the current results, if
such differences are not viewed as part of the syn-
drome of ASC. In any case, although the group dif-
ferences in brain response that we have presented
might permit stronger inferences in the context of
equal behavioural responses between groups, such
behavioural equality is often not the case in studies
of autism and other clinical populations, and brain
differences may cause behavioural differences just
as well as the converse.

The quadratic effect of d¢ on the abnormality of
fMRI time series in key prefrontal and posterior brain
regions suggests that at least in the sibs, the group’s
atypical physiology was not driven solely by abnor-
mally low behavioural performers – indeed, Figure 5
illustrates that the participants with the greatest d¢
scores, those that fell within the normal range (see
Table 1), were amongst those with the most delayed
and prolonged physiological responses – a relation-
ship veri�ed by inspection of each individual
participant’s time series in comparison to the group
and normal control averages. The quadratic nature
of this relationship further suggests the intriguing
possibility of a heterogeneous effect of atypical
physiology on behaviour, one in which heightened
prefrontal activation can either succeed or fail in
compensating for atypical neural and cognitive pro-
cesses. With regard to right intraparietal sulcus in
particular, it is interesting to speculate that the
negative linear effect in ASC might be akin to the left
side of the sibs’ quadratic effect.

The negative t scores in all four bilateral (eight
total), distinct middle frontal gyrus (MFG) regions in
all three groups suggest a general relationship
between AQ and frontal activation: the greater the
AQ, the more delayed and prolonged the fMRI time
course. This relationship manifested in posterior
MFG (Brodmann area 9) for the ASC and sib groups,
and also in anterior MFG for the sib group. Within
the ASC group, ADI-R subscores for social and
communicative but not repetitive behaviours were
similarly related to MFG atypicality. These relation-
ships to social and communicative impairments

6 Our chosen contrast cannot, of course, distinguish between
hyperactivation following incongruent trials and hypoactiva-
tion following congruent trials. In either case, though, the
resemblance between ASC and sibs is of interest.
7 Note that our constraint on the separation of congruent and
incongruent events allows us to meaningfully subtract
responses up to two trials out. The resulting 9 s interval
(current trial plus two subsequent trials) includes the onset of
the second phase of the response.
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arise in the context of a non-social task of visual
attention, suggesting a common substrate for social
and non-social applications of cognitive control.
Such a commonality between social and non-social
domains makes sense in the context of Minshew
et al.’s notion of a domain-general impairment in
complex processing, and in the context of abnormal
neural connectivity which has been suggested as a
basis for that impairment. It also �ts with Dawson et
al.’s notion of perceptual abnormality as a contrib-
uting cause of autistic social de�cits, and with the
possibility of remediating those de�cits by slowing
the physical presentation of social stimuli (Tardif,
Lainé , Rodriguez, & Gepner, 2007) to match the
slowed pace of frontal activation.

A limit to this study is the lack of gaze tracking
during performance of the task. Gaze monitoring
within the scanner environment was a dif�cult
technical obstacle at the time these data were col-
lected, and without gaze data one cannot absolutely
rule out the possibility that group behavioural and
neurophysiological differences may have been driven
by group differences in eye direction. However, a
combination of features of the experimental para-
digm, the analytical procedure, and the brain acti-
vation data seem to render this possibility unlikely:
since stimuli were presented only for 167 ms, par-
ticipants would not have had time to implement
saccades away from the stimulus location; further-
more, since the analysis included only the trials
associated with correct responses, during these
analysed trials participants were likely to have been
looking at the stimulus location when the stimulus
was presented; and in addition, the ASC group’s
strong activations in the visual regions left fusiform
gyrus and right posterior intraparietal sulcus (V7)
suggest that visual stimuli were indeed being pro-
cessed during these trials.

The qualitative resemblances between ASC and
sibs that we have presented, though interesting,
raise a troubling question: if clinically unaffected
sibs of people with ASC are ‘slightly autistic’ on these
behavioural and physiological measures of visual
attention (as has already been shown in the case of
higher-level social cognitive measures (Constantino
et al., 2006)), then what is it that makes some people
in these families autistic and some not? As noted
above, we and many others have suggested that
functional connectivity may be an important metric
in autism. We found anatomically distributed pat-
terns of functional correlation in the control and sib
groups, including a visual attention network com-
prising many frontal, cerebellar, parietal, and
occipital regions. The ASC group, in contrast, man-
ifested overall much lower functional correlation (in
an analysis pooled across all region pairs), and what
correlation did exist seemed concentrated (in an
exploratory analysis uncorrected for multiple com-
parisons) between middle frontal gyrus, cuneus and
precuneus – a pattern that seemingly bypasses most

of the frontal processing resources brought to bear in
the control and sib groups, and is consistent with a
recent result on fronto-posterior connectivity in ASC
during a task of facial emotion recognition (Wicker
et al., 2008).

This result of reduced inter-regional correlation is
consistent with a previous �nding of high variability
and low correlation of resting-state metabolism
between brain regions (Horwitz, Rumsey, Grady, &
Rapoport, 1988), and with recent results of
decreased functional connectivity in autism during a
variety of cognitive tasks (Just et al., 2004; Koshino
et al., 2005; Kana, Keller, Cherkassky, Minshew, &
Just, 2006; Just, Cherkassky, Keller, Kana, & Min-
shew, 2007). Importantly, although the sibs did
resemble the ASC group in terms of activations, they
did not measurably resemble the ASC group in terms
of overall inter-correlation. If there is any bifurcation
in the developmental landscape, beyond which one
path converges to autism and another escapes it, the
current study suggests that this distinction may be
most expressed in terms of long-range functional
correlations, re�ecting co-activation between brain
regions. Activity within regions, on the other hand,
may form more of a continuum in keeping with the
behavioural measures of this and other studies, and
may be permissive of ASC but not determinative. As
attention is known to act at least in part by modu-
lating functional connectivity between brain regions
(Friston & Bu ¨ chel, 2000;Wang et al., in press), per-
haps the particularly strong (albeit abnormally
timed) activations in non-ASC sibs in brain regions
associated with attentional/executive functions may
be what preserves functional connectivity in these
sibs, rescuing them from the ASC phenotype.

A perennial question in fMRI studies of ASC is the
extent to which the high-functioning subpopulation
that is capable of tolerating the scanner environ-
ment may generalise to the wider ASC population.
This is an especial concern in the context of the
current study, where six of the eight participants
with ASC had VIQ > PIQ, with two in the very
superior range of VIQ. Overall, IQ measures in the
ASC group had four times the variance of those in
the other two groups, and even by this larger vari-
ance measure mean VIQ and PIQ in the ASC group
were half a standard deviation lower than in the
other two groups. Despite this peculiarity of our
sample, the results seem consistent with previous
�ndings of altered attention and altered patterns of
brain activation and brain connectivity in autism,
and are at least useful in establishing a hypothesis
of familial patterns of atypical fronto-cerebellar
activation and more ASC-speci�c patterns of
decreased functional correlation.

It is also important to note that the alterations in
functional co-activation that we have described do
not necessarily re�ect alterations in functional
connectivity. Whereas functional connectivity as
measured by fMRI was originally described as
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low-frequency signal correlation during rest, our
measure of functional co-activation is driven by task
events, localised in higher frequency bands, and
dependent on the identi�cation of activated brain
regions. Our result of decreased co-activation in the
ASC group therefore may re�ect a signi�cantly lower
number of activated regions, a signi�cantly greater
variability in the anatomical loci of activation across
individuals, or atypically low functional connectivity
– all of which �ndings have been reported in autism
(Mü ller, 2007). Although sorting out these potential
mechanisms of apparently decreased co-activation
remains a topic for further study, the speci�city of
this effect to ASC and its absence in the sib group
may prove to be a signi�cant clue as to the process of
autistic brain development.

The current study establishes several imperatives
for future neurophysiological investigations of aut-
ism. First, familial endophenotypes are signi�cant
and span task domains and levels of analysis. Much
can be gained from combining behavioural and
physiological methods, correlating across social and
non-social task domains, and comparing ASC and
non-ASC family members. At the time of this writing,
only two other functional imaging studies have
examined clinically unaffected family members:
Baron-Cohen et al. (2006b) studied parents of
children with ASC and reported preliminary �ndings
of hypoactivation of extrastriate cortex during the
Embedded Figures Test and hyperactivation of left
inferior frontal gyrus during the Reading the Mind in
the Eyes Test; however, as this study included neither
an ASC comparison group nor an age-matched con-
trol group, it is dif�cult to make inferences regarding
group similarities. Dalton et al. (2007) studied sibs in
an age range slightly broader than this study’s, and
found decreased amygdala volume, along with de-
creased gaze �xation on eyes and decreased activa-
tion of right fusiform gyrus during a face recognition
task. Future studies of brain activation and func-
tional connectivity might very usefully address the
possible relationships between such social percep-
tual characteristics and non-social traits, in family
members with and without ASC. Second, in studies of

autistic functional anatomy – as in studies of devel-
opmental disorders in general (Johnson, Halit, Grice,
& Karmiloff-Smith, 2002) – differences in the timing
of activations may be even more important than dif-
ferences in their anatomical loci, and models based
on normal time courses may miss out the most
interesting results. In future, model-free analyses
using multivariate methods such as partial least
squares or independent components analysis will be
crucial to such investigations. Third, both abnor-
malities in regional time courses and abnormalities in
inter-regional functional connectivity may be more
precisely characterised by complementing fMRI with
more temporally speci�c methods such as quantita-
tive EEG (Brock et al., 2002) and MEG. These tech-
niques bene�t from recent advances in high-density
recording hardware and multivariate analysis. We
hope that autism research as a �eld will take up these
imperatives, as we intend to do.
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Key points

• In addition to abnormalities of social cognition, people with autism spectrum conditions manifest ab-
normalities of non-social attention and sensory perception.

• Similar traits in non-autism-spectrum relatives suggest a continuity between clinically affected and un-
affected family members.

• In autism-spectrum individuals, in the context of a non-social task of visual attention, activation within
prefrontal cortex is abnormally delayed and prolonged, and the functional connectivity between brain
regions is abnormally low.

• Unaffected sibs show similarly abnormal prefrontal activation, but intact functional connectivity. Greater
magnitude of prefrontal activation in unaffected sibs suggests successful compensatory processing.

• In individuals both on and off the autism spectrum, delayed prefrontal activation in this non-social task
correlates with psychometric measures of autistic social and communicative traits.
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