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Advancing our understanding of the 
brain in autism: contribution of functional 
MRI and diffusion tensor imaging

Neuroimaging research in the last two decades has contributed significantly in illuminating our knowledge 
of the neurobiology of autism spectrum disorders. Using modern brain imaging methods, particularly 
functional MRI and diffusion tensor imaging, researchers have examined the make-up and functioning 
of the brain in autism. Findings of widespread functional, anatomical and connectional abnormalities in 
the brains of individuals with autism spectrum disorders have helped in conceptualizing autism as a system-
wide neural disorder. This review explores the results of functional MRI and diffusion tensor imaging 
studies to characterize the brain organization in autism spectrum disorders, to establish brain–behavior 
relationship, to apply the knowledge gained from neuroimaging research to diagnostic classification and 
to design effective treatment for individuals with autism.
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“We must, then, assume that these children have 
come into the world with innate inability to form 
the usual, biologically provided affective contact 
with people, just as other children come into the 
world with innate physical or intellectual handi-
caps. If this assumption is correct, a further study 
of our children may help to furnish concrete cri-
teria regarding the still diffuse notions about the 

constitutional components of emotional reactivity. 
For here we seem to have pure-culture examples 

of inborn, autistic disturbances of affective 
contact.” 

– Leo Kanner (1943)

In the first historical reference to autism spec-
trum disorder (ASD), Kanner emphasized the 
potential biological association of the disorder, 
describing how some inborn abnormalities must 
be driving the behavioral impairments seen in 
the affected children studied [1]. Since 1943, 
the quest for understanding the biological basis 
of ASD has been the focus of autism research. 
Although such neurobiological pursuits have not 
resulted in establishing a firm etiology of the 
disorder, significant strides have been made in 
these areas have been made. Neuroscience and 
genetics research have certainly illuminated our 
understanding of the biological underpinnings 
of ASD and the nature of brain functioning in 
ASD. Although electrophysiological, cellular 
and animal models have significantly contrib-
uted to a better conceptualization of ASD, the 
advent of modern neuroimaging techniques 
have revolutionalized neuroscience research in 

autism. Specifically, the development and imple-
mentation of functional MRI (fMRI) and dif-
fusion tensor imaging (DTI) techniques have 
facilitated an explosion of research and discov-
ery in the field. Within the last few decades, 
fMRI and DTI have provided scientists with 
sophisticated neuroimaging tools to study the 
live human brain in vivo, thus paving the way 
for neurobiologically informed characterization 
of the biological basis of ASD. 

Despite Kanner’s early suggestion of a biologi-
cal cause for ASD, decades of research have not 
provided a single and widely accepted etiology of 
ASD. This may perhaps reflect the inherent dif-
ficulty in explaining a complex multidimensional 
disorder such as ASD, which is essentially a 
constellation of a wide range of impairments in 
social, communicative and behavioral domains. 
Shortly after Kanner’s original paper, psycho-
analytic theories emerged, rejecting the possibil-
ity of a biological role in the etiology of ASD. 
Indeed, it should be noted that Kanner himself 
came to dismiss a biological link for the disor-
der, favoring an etiology for ASD founded in 
familial relationships and behavioral upbringing 
[2]. This view was then popularized by the pub-
lication of Bettelheim’s famous book The Empty 
Fortress. Bettelheim’s controversial view focused 
on ‘refrigerator’ mothers who are cold, distant 
and do not provide their babies with adequate 
stimulation and affection, causing their chil-
dren to withdraw into an autistic state [3]. At a 
time when Freudian psychology ruled, such a 
proposition emphasizing the mother–child bond 
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seemed, to many, to be a logical progression of 
thought, on how one could become autistic. By 
contrast to popular psychological theories blam-
ing inefficient parenting as the cause of ASD, 
Rimland published his neurobiological theory 
of ASD in 1964 [4]. Rimland argued that there 
was no evidence proving the refrigerator mother 
theory, thus the etiology of ASD must have a dif-
ferent source. He believed physiological factors, 
specifically physical abnormalities in the brain 
(possibly the reticular formation) were respon-
sible for the symptoms of ASD. This was the first 
significant step in eroding the negative effects of 
Bettelheim’s claims and moving towards a more 
biological-based understanding of the disorder. 
In 1978, Damasio and Maurer published a neu-
robiological account of ASD, after finding simi-
larities between the behaviors of individuals with 
ASD and the behavior of adults with frontal cor-
tex damage [5]. They suggested that dysfunction 
in the mesolimbic cortex, frontal and temporal 
lobes, neostriatum, and thalamus, may under-
lie the ASD symptomatology. This marked a 
movement towards establishing a brain–behavior 
relationship in ASD. Early studies of the brain 
in autism focused on auditory nerve and brain 
stem evoked responses [6,7], rapid eye movement 
activity during rapid eye movement sleep [8] and 
brainwaves measured by EEG [9] with limited 
results. Based on visual observations of affected 
children’s physical features, the field also focused 
on measuring brain volume and cell counts, via 
head circumference measurements [10–13] and 
post-mortem investigations [14–19]. While the 
results of these studies were inconsistent, they 
highlighted widespread abnormalities in the 
brain in ASD, emphasizing the need for further 
neurobiological investigations.

In the last two decades, neuroimaging research 
has played an important role in eliminating spec-
ulative psychoanalytic accounts of autism and in 
clearing up misconceptions about the disorder. 
While previous methods were limited to indirect 
or surface measures (event-related potentials, 
EEG and head circumference) of the brain, or 
post-mortem samples (necropsy), neuroimaging 
has supplied a vital avenue for studying the brain 
in great detail in ASD while at work and in vivo. 
fMRI and DTI methods allow researchers to 
examine not only the organization and connectiv-
ity of the brain but also how the brain responds in 
real time to stimuli. Since the brain can be investi-
gated in live humans, information gathered about 
the brain can also be associated with more precise 
and current behavioral information (rather than 
resorting to secondary resources such as patient 

records or interviews of surviving relatives). In 
addition, patients can be studied longitudinally 
(allowing for developmental studies of the brain 
in ASD), a vital dimension in the context of neu-
rodevelopmental disorders such as ASD. fMRI 
and DTI are also sophisticated and more versa-
tile in terms of what they enable researchers to 
examine. Data from these modalities can include 
task-based brain activity, blood flow, examining 
the brain at rest, measuring different types of con-
nectivity, and establishing links between biology 
and behavior. Neuroimaging studies provide evi-
dence for widespread functional and structural 
abnormalities in the brain, seen early on in babies 
and toddlers with ASD [20]. Such evidence has 
helped to establish ASD as a disorder of neuro
developmental origin. Neuroimaging studies have 
uncovered widespread abnormalities in the autis-
tic brain at focal as well as at global levels, leading 
to a systems-level characterization of the disorder 
[20]. This paper will explore the contribution of 
neuroimaging, especially fMRI and DTI meth-
ods, in advancing our understanding of the neural 
mechanisms underlying autism. Furthermore, we 
will examine the impact of a comprehensive char-
acterization of autism in uncovering the causes 
of behavioral impairments, in identifying and 
classifying individuals with and without autism, 
and in developing better treatments for affected 
individuals.

Neuroimaging to elucidate brain 
functioning in ASD 
The number of published fMRI studies in the 
field of autism has increased dramatically in 
the last decade, with published biology-based 
studies in ASD representing a fourfold increase 
from 2000 to 2010 [21]. These studies have 
examined several domains of thinking, such as 
social, cognitive and visuospatial processing, in 
children and adults with ASD completing tasks 
including face processing, theory-of-mind, lan-
guage comprehension, embedded figures tasks, 
response-inhibition tasks, reward processing, 
biological motion and working memory. Find-
ings from these studies point to several foci in 
the brain that respond differently in individuals 
with autism compared with typically developing 
control participants [20,22–24]. In particular, stud-
ies have found decreased activation in the medial 
and dorsolateral prefrontal cortex and anterior 
cingulate cortex [25–31], amygdala [32–35], fusiform 
gyrus [33,34,36–38], superior temporal sulcus (STS) 
[39], and the mirror neuron system [40,41]. 

Many of the aforementioned findings of 
deviant brain responses may underlie the triad 
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of impairments that are the hallmark of ASD. 
However, inconsistency across studies has been 
a key issue affecting the impact of these find-
ings. The relatively consistent findings include 
altered brain activity in the fusiform gyrus dur-
ing face processing [36,37] and in the STS during 
biological motion perception [39,42], suggesting 
potential neural signatures of social cognitive 
impairments in ASD. In addition to decreased 
brain activity, significantly greater activity has 
been found mainly in relatively posterior visuo-
spatial areas for tasks involving visual memory 
and spatial reasoning [30,43–45], perhaps suggest-
ing intact or enhanced visual and detail-oriented 
abilities in individuals with ASD. Although 
these findings are vital in identifying specific 
nodes of the brain that function differently in 
autism, the widespread nature and large num-
ber of these regions make it rather difficult to 
account for autism. Nevertheless, they suggest 
a systems-wide problem in brain functioning in 
autism rather than a focal abnormality. 

One of the primary gains from neuroimag-
ing research has been uncovering how the brain 
in ASD functions and how this compares and 
contrasts with the typical developing brain. 
Using fMRI and DTI, we have been able to 
explore brain activation and the connections 
(functional, effective and structural) that are 
subserving brain functions. While fMRI-based 
brain activity measures are helpful in gaining 
valuable information about the brain function-
ing in ASD, they are also constrained by several 
factors. For instance, as most fMRI studies are 
task-based, presenting certain types of stimuli 
and asking participants to respond to questions, 
the information obtained about regions that are 
over- or under-activated is heavily dependent on 
the nature and quality of a given task. Recently, 
task-free resting-state fMRI studies have inves-
tigated baseline or default brain activity differ-
ences in individuals with ASD as they rested 
in the MRI scanner. These studies have found 
altered patterns of activity in individuals with 
ASD in regions (medial prefrontal cortex, ros-
tral anterior cingulate cortex, posterior cingu-
late cortex [PCC] and precuneus) that are part 
of the default mode network [46,47]. Task-based 
and resting-state fMRI studies suggest altered 
recruitment of cortical areas in accomplishing a 
cognitive task and impairments in modulating 
brain areas in response to cognitive demands in 
individuals with ASD. Despite these widespread 
brain activity differences seen in ASD, questions 
remain as to the extent to which these focal 
abnormalities can explain autism. Additional 

ways to glean more information about the brain 
in autism are discussed next.

fMRI-based assessment of brain 
connectivity in ASD
In addition to the focal brain activity maps 
obtained from fMRI, during the past several 
years studies have started to examine the coor-
dinated functioning (brain connectivity), or the 
failure to do so, of different brain areas in ASD. 
If ASD is indeed a systems-level disorder of dis-
ruptions in the brain, it may be the interaction of 
many areas and/or their anatomical connections 
to one another that are dysfunctional rather than 
the specific brain regions by themselves. Further
more, examining connectivity explains the syn-
chrony of the brain (functional connectivity), 
the influence of regions on each other (effective 
connectivity) and the underlying anatomical 
connections (anatomical or white matter con-
nectivity) that support the cognitive functions 
of the brain. 

Functional connectivity examines inter-
regional temporal correlations of brain activa-
tion (as measured by fMRI) in remote brain 
regions [48]. This technique allows both the 
communication between brain regions and 
how different regions may work together as a 
team to serve specific functions to be investi-
gated. In ASD, functional connectivity fMRI 
studies have uncovered widespread disturbances 
in the synchronization of many brain regions 
[25,28,43,49–54]. Even at rest, individuals with 
ASD fail to adequately organize their brain 
activity, as studies have uncovered alterations 
in anterior–posterior connections during rest 
[55]. These findings have led to and supported 
the possibility of disrupted cortical connectiv-
ity as an explanatory model for the spectrum of 
behaviors and impairments in ASD, stating that 
communication between distant brain areas is 
compromised in ASD leading to disruption of 
complex cognitive functioning (and thus may 
underlie the complex triad of impairments char-
acterizing ASD) [56]. Greater or intact connectiv-
ity has also been reported in autism across proxi-
mal or local regions, especially in the relatively 
posterior brain areas [50]. These findings point 
to the possibility that some connections may 
be disrupted (causing impairment in social and 
emotional functioning), whereas other connec-
tions may be spared (allowing certain strengths 
and abilities to remain). 

While the insights gained from func-
tional connectivity studies of autism are valu-
able, functional connectivity is a method for 
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assessing observed correlations, and does not 
provide insight into the time-lagged causality 
and directionality of such correlations. Effec-
tive connectivity, on the other hand, provides 
information about the influence that one sys-
tem exerts over another with respect to a given 
experimental context [57]. Unlike functional 
connectivity, which examines correlations of 
brain regions working in synchrony, effective 
connectivity examines which brain regions can 
predict the activation of other regions. In other 
words, effective connectivity analyzes the flow 
of information within the brain, investigating 
which brain regions have causal influence over 
others. Only a handful of studies have utilized 
effective connectivity in autism and have found 
abnormal patterns (reduced or absent effective 
connectivity between the amygdala and the dor-
sal medial prefrontal cortex, dorsal medial pre-
frontal cortex to dorsolateral prefrontal cortex, 
the dorsolateral prefrontal cortex to the ventral 
prefrontal cortex and the ventrolateral prefrontal 
cortex to the STS and increased influence of the 
prefrontal cortex on the fusiform gyrus) during 
explicit emotion processing [58], as well as dur-
ing imitation [59]. Finally, a study by Bird et al. 
found abnormalities in the influential relation-
ships between face-selective areas (extrastriate 
cortex) and the V1 [60]. These studies indicate 
that perhaps the flow of information within the 
brain is also disrupted in ASD, with some brain 
regions failing to influence the next area down 
the line. A disruption in information flow could 
have drastic effects on how the brain is able to 
process and respond to incoming information. 
In summary, functional and effective connectiv-
ity may provide complementary aspects of brain 
functioning and may prove to be critical in gain-
ing valuable information about neural informa-
tion processing in ASD.

DTI-based assessment of white 
matter integrity in autism
It is important to note that the functional and 
effective connectivity impairments in ASD may 
be the result of underlying anatomical abnormali-
ties. Therefore, establishing structure–function 
relations is critical in developing a comprehensive 
picture of the brain organization in ASD. Func-
tional connectivity between distant brain areas in 
the normal developing population has been found 
to correlate with white matter integrity in path-
ways connecting these brain areas [61,62]. Studies 
regarding the volume of white matter have sug-
gested an early overgrowth of white matter among 
young children with autism, followed by reduced 

white matter in adolescence and adulthood rela-
tive to controls [13,63–66]. Such volumetric abnor-
malities may have resulted from aberrations in 
axonal density or organization, or from myelin 
abnormalities, either of which could result in 
aberrant connectivity. DTI provides the oppor-
tunity to go beyond the measurement of white 
matter volume to examine its structural integrity 
on a voxel-by-voxel basis. Fractional anisotropy 
(FA), a measure derived from diffusion tensor 
data, is sensitive to developmental changes and 
pathological differences in axonal density, size, 
myelination and the coherence of organization of 
fibers within a voxel, and thus provides an index 
of the structural integrity of white matter [67–69]. 
DTI studies in ASD have found reduced FA and 
increased mean diffusivity in a number of white 
matter tracts including the corpus callosum, cin-
gulum and tracts in the temporal lobes [70–75]. 
These findings underscore the abnormality of 
brain organization and connection strength in 
ASD and potentially provide physical evidence for 
the disruptions in functional connections seen in 
fMRI studies of ASD [56]. 

So far, studies of brain connectivity have 
revealed ASD to be a disorder of altered cortical 
connectivity. These alterations have helped to 
explain many symptoms of autism at a global 
level; in particular, the weaker frontal–posterior 
connectivity may explain the limited coherence 
seen in information processing in autism, and 
the intact or greater connectivity in occipital 
and parietal areas may explain autism patients’ 
increased reliance on the visuospatial route for 
information processing. The functional, causal 
and anatomical connectivity information may 
also be useful in identifying specific pathways or 
tracts to target for intervention in ASD. Improv-
ing brain connectivity could improve cognition 
and ASD behavior, as shown in previous studies 
in other clinical populations, such as dyslexia 
[76–78]. In addition, information about connec-
tivity will tell us more about the overall organi-
zation of the ASD brain. This may point to other 
mechanisms (e.g., abnormal cellular organiza-
tion, cell migration or synaptogenesis) that are 
causing the problems in connectivity, and thus 
lead us to a better understanding of the etiology 
of ASD symptoms.

Neuroimaging to uncover the neural 
basis of cognitive theories of ASD
In an attempt to explain the behavioral symp-
toms of ASD, numerous cognitive theories have 
been proposed, including the weak central 
coherence, mindblindness, enhanced perceptual 
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functioning, complex information-processing 
difficulty and executive dysfunction accounts of 
ASD. The weak central coherence theory posits 
that the systems usually responsible for com-
bining information to establish overall meaning 
(coherence) are weakened in ASD, resulting in a 
cognitive bias towards processing local details as 
opposed to the global whole [79–81]. The Mind-
blindness theory is based on the theory-of-mind 
(attribution of mental states to others) difficul-
ties faced by individuals with ASD, suggesting 
that the social behavioral impairments seen in 
ASD that arise from a failure of the systems are 
required for processing their own mental states 
and those of others [82]. The enhanced percep-
tual functioning account suggests that percep-
tual and visuospatial functions are enhanced 
in individuals with autism [83,84]. The complex 
information-processing account posits that the 
pattern of deficits within and across domains in 
autism is a reflection of complex information-
processing demands [85]. Finally, the executive 
dysfunction theory suggests that weak execu-
tive functioning skills lead to the impairments 
presented by those with ASD [86,87]. 

While these theories may provide convincing 
cases for the etiology of the variety of behav-
ioral symptoms seen in ASD, they have not 
been fully supported by neuroimaging research 
in ASD. Nevertheless, there are several fMRI 
and DTI findings that uncover the underlying 
neural mechanisms that mediate the cognitive 
and behavioral symptoms explained by these 
theories. For instance, altered recruitment of the 
STS in gaze processing and biological motion 
[39], reduced activity in the medial prefrontal 
cortex [25,28], weaker connectivity between the 
prefrontal cortex and posterior areas in tasks 
of theory-of-mind [28,52], lack of or reduced 
response in the fusiform face area during face 
processing [34,36,37] and weaker structural con-
nectivity between the fusiform and amygdala 
may underlie the social impairments seen in 
individuals with autism [88]. Therefore, in some 
ways, fMRI studies have served to support the 
cognitive theories, finding local processing biases 
[30,43–45], theory-of-mind deficits [28,32,39,89,90], 
and executive function impairments [91,92] in the 
brains of ASD participants. At the same time, 
other studies have characterized the neural sys-
tems underlying global and local processing, 
theory-of-mind and executive functions [28,93,94]. 
Thus, cognitive theories of autism in conjunction 
with corresponding neural-level accounts may be 
stronger in explaining autism symptomatology 
rather than either of these in isolation. 

Insights gained from fMRI & DTI 
studies of autism

�� Establishing brain–behavior 
relationships
In order to better understand a neurodevelop-
mental disorder such as ASD, it is extremely 
important that brain research findings are 
related to behavioral and cognitive functions. 
Moreover, it is equally important to apply such 
information to more translational and practi-
cal levels so that it plays a role in improving 
the symptoms of the individual with ASD. By 
investigating the relationship between biology 
and behavior, one can better understand the ori-
gins of ASD symptoms and the varying levels 
of severity. Several neuroimaging studies have 
correlated brain measures with behavioral or 
diagnostic measures to illustrate the relation-
ship between the make-up of the brain and ASD 
symptom severity. For instance, higher activ-
ity in the inferior frontal cortex (pars opercu-
laris), insula and limbic structures during an 
imitation task was found to be related to bet-
ter social functioning (measured by the social 
domain of the Autism Diagnostic Observation 
Schedule [ADOS] [95] and Autism Diagnostic 
Interview-Revised [ADI-R] [96]) [40]. In another 
study, higher repetitive behavior scores (on 
the ADI-R) were associated with greater right 
anterior cingulate cortex activity in a response-
monitoring task [97]. Greater activity in the right 
medial and inferior frontal gyrus and STS or 
middle temporal gyrus was significantly cor-
related with increased receptive language age 
and increased activity in these regions was also 
linked to decreased symptom severity (Child-
hood Autism Rating Scale [98]) [99]. In the same 
study, left frontal and temporal regions were 
negatively correlated with ASD symptom sever-
ity. In a study on gaze processing, increased left 
medial temporal lobe and right superior tem-
poral cortex activity during attention to averted 
gaze and bilateral visual cortex and left superior 
parietal sulcus activity during  gaze processing 
were associated with more ASD symptoms (on 
the Childhood Autism Spectrum Test [100]) [101]. 
Finally, increased activation in the STS for bio-
logical motion was found to be related to lower 
symptom severity as measured by the Social 
Responsiveness Scale [42,102]. The findings from 
these studies provide not only the foci of brain 
activity that are different in autism, but also how 
they are mediated by autism symptom severity. 

In addition to brain activity, connectivity indi-
ces have also been related to autism symptomat
ology. In a study by Weng and colleagues, there 
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was a correlation between weaker connectivity 
of the PCC and parahippocampal gyrus, tem-
poral lobe and superior frontal gyrus, and worse 
reciprocal social interaction (via ADI-R) in par-
ticipants with autism [103]. In addition, more 
severe repetitive behavior was linked to weaker 
connectivity between the PCC and medial 
prefrontal cortex, temporal lobes and superior 
frontal gyri. Poor communication (verbal and 
nonverbal) was found to be associated with over
connectivity between the PCC and temporal 
lobes and parahippocampal gyrus, and poorer 
nonverbal communication was associated with 
overconnectivity between the PCC and superior 
frontal gyri [88]. Another study found a negative 
association between reciprocal social interaction 
(ADI-R) and connectivity between the PCC and 
right superior frontal gyrus, with weaker connec-
tivity predicting poorer social-interaction skills 
[104]. In the same study, the severity of restricted 
and repetitive behaviors was positively associ-
ated with connectivity between the PCC and 
right parahippocampal gyrus (with more severe 
repetitive behaviors linked to stronger connec-
tivity). A study investigating interhemispheric 
connectivity during auditory stimulation found 
that higher connectivity in the inferior frontal 
gyrus was linked to better expressive language 
skills (Mullen Scales of Early Learning [105]) 
and lower inferior frontal gyrus connectivity 
predicted greater social and communicative 
symptom severity (ADOS) [106]. In a study on 
face processing, connectivity between the right 
fusiform face area and left amygdala correlated 
with social impairment scores (ADI-R), with 
reduced connectivity linked to more severe 
social impairment. In addition, increased con-
nectivity between the right fusiform face area 
and right inferior frontal gyrus was correlated 
with increased social severity on the ADOS [107]. 
Overall, altered functional connectivity patterns 
may also influence behavioral impairments seen 
in individuals with autism. 

DTI findings have also pointed to a few links 
between the structural integrity of white matter 
tracts and symptom severity and functioning in 
ASD. Decreased FA in the frontal cortex has been 
linked to increased ASD symptom severity [108] 
and decreased FA in the cerebellum was linked 
to increased repetitive behaviors [109]. Lower FA 
in the subgenual right anterior cingulate cortex 
has been linked to higher restricted and repeti-
tive behavior scores on the ADI-R [97]. In addi-
tion, performance IQ has been linked to FA and 
radial diffusivity in the corpus callosum [73,74] 
and radial diffusivity in the temporal stem [110]. 

Decreased FA in the fornix, superior longitu-
dinal fasciculus, corpus callosum and uncinate 
fasciculus were linked to increased symptom 
severity (ADI-R and ADOS) [111]. While there 
have been fewer DTI studies correlating diffu-
sion data with ASD behavior, these findings also 
support the idea of the anatomical organization 
of the brain driving ASD symptom severity and 
potentially support the link between activation 
and functional connectivity with ASD behavior. 

Overall, the study of the brain–behavior rela-
tionship using neuroimaging in ASD has resulted 
in numerous links being identified between brain 
activation and connectivity with symptom sever-
ity and social functioning, which holds great 
potential for future therapy development. These 
results represent the beginning of an investiga-
tion into valuable knowledge that can be used 
to translate what we learn from brain imaging 
directly to better conceptualization of behavioral 
impairments and to treating symptoms of the 
disorder. 

�� Examining neurodevelopment in 
autism
A neurodevelopmental disorder such as ASD may 
result from changes in brain development, poten-
tially involving alterations in neurogenesis, cell 
migration and neuronal connectivity. Therefore, 
in autism, it is extremely important for neuro-
science and neuroimaging research to take into 
account the neurodevelopmental trajectory. This 
is especially relevant to studies of brain connectiv-
ity in ASD. However, to date, most neurodevel-
opmental studies in ASD have primarily focused 
on gray and white matter volume [13,63–66]. While 
these studies have consistently found an early 
increase in overall brain volume and white mat-
ter volume, followed by a decrease in adolescence 
and adulthood, they did not address the develop-
mental issues related to the brain in ASD. Among 
the few neuroimaging studies, a DTI study found 
age-related decrease in FA in the right paracentral 
lobule and bilateral superior frontal gyrus in ado-
lescence in ASD, with older adolescents showing 
a greater decrease in FA [112]. Another DTI study 
uncovered an interaction between age and diag-
nosis for the posterior limb of the right internal 
capsule, with the ASD group showing an increase 
in FA as age increased [72]. With only two studies 
specifically studying age effects in white matter 
integrity, it may be too early to draw firm conclu-
sions regarding the development of white matter 
tracts in ASD.

Similarly with fMRI, there is a paucity of 
studies looking specifically at age effects in ASD. 
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Nevertheless, a recent meta-analysis specifically 
comparing fMRI studies of children and adults 
showed greater hyper- and hypo-activation in 
children with ASD compared with adults with 
ASD [113]. In particular, the study found greater 
reductions in activation in the parahippocampal 
gyrus, hippocampus and superior temporal 
gyrus in children with ASD compared with 
adults with ASD for social tasks, and increased 
hyperactivation in the right insula, right middle 
frontal gyrus and left cingulate for nonsocial 
tasks [113]. Thus, there are greater activation dif-
ferences in children with ASD compared with 
their normal developing peers, and, with age, 
these differences seem to abate [113]. 

Although a few neuroimaging studies have 
addressed brain activation and connectivity in 
children and adults with ASD, it should be noted 
that these studies have largely examined only 
one cohort at a time (including only children or 
adults). Furthermore, the vast majority of stud-
ies involving both children and adults did not 
include any specific analysis of age effects. In 
addition, studies have almost entirely focused 
on adolescents and adults, leaving younger chil-
dren as an under-represented cohort in the field 
of ASD neuroimaging. Studies examining ASD 
from a developmental perspective, either utiliz-
ing age as a regressor or collecting longitudinal 
data, are still scarce. As a result, knowledge is 
limited regarding the developmental trajectory 
of brain function and connectivity in ASD. 
Future studies will hopefully address this situ-
ation by including a wider range of age groups 
within neuroimaging studies and acquiring lon-
gitudinal data to examine changes in the brain 
over time.

Neuroimaging to assist diagnostic 
classification of individuals with ASD
One of the main limitations when it comes 
to diagnosing ASD is that current diagnostic 
methods are based on observing specific behav-
iors during a short period of time in a clinical 
evaluation. This is coupled with the fact that the 
presentation of ASD varies greatly from child 
to child, making diagnoses that are much more 
challenging. Owing to these limitations, the 
median earliest age of ASD diagnosis is 4.5 years 
[114], while most children receive a diagnosis 
much later. As it is very difficult to identify ASD 
children earlier by observing behaviors, a neu-
ral marker can make a significant difference in 
early diagnosis and hence early intervention for 
affected children. A neural marker (founded in 
fMRI or DTI) for the disorder could be applied 

to babies or toddlers who are too young for cur-
rent ASD behavioral tests. This has strong impli-
cations for early intervention and increasing the 
success of ASD treatment, as earlier intervention 
has proven to be most effective [115,116]. 

Several recent fMRI studies have used 
machine learning techniques to accurately 
classify participants into autism and control 
groups using brain activity or brain connectiv-
ity indices. Machine learning classification is a 
computational method that utilizes participant 
data (such as fMRI time series or FA values) 
to predict membership of a diagnostic group. 
Neuroimaging data and diagnostic information 
submitted to a computer program are used to 
enable the program to predict group member-
ship based on characteristic features of the data. 
In other words, a classifier uses the values of dif-
ferent features in a sample data and predicts the 
class to which that sample belongs (e.g., ASD 
or normal developing group). One study of tod-
dlers with ASD undergoing auditory stimulation 
found that interhemisphereic synchronization 
in inferior frontal gyrus and superior temporal 
gyrus could significantly predict classification, 
with 21 out of 29 toddlers correctly identified 
(72% sensitivity and 84% specificity) [106]. In 
another study, pairwise functional connectiv-
ity (among a lattice of 7266 regions on interest) 
during the resting state showed 83% sensitivity, 
75% specificity and 79% accuracy total, with 
classification best serving younger subjects (89% 
accuracy for participants under 20 years of age) 
[117]. Yet another study examining connectiv-
ity during the resting state in ASD, measured 
by extracting fixation blocks from task-based 
fMRI studies, found 77.78% accuracy, 76.9% 
sensitivity and 78.6% specificity in identifying 
ASD participants [47]. Three studies examined 
classification of subjects via DTI. One study 
had 75.34% average accuracy with specificity 
and 71.88% sensitivity using anisotropic maps 
and tracts drawn in the splenium [118]. Another 
study found 78% accuracy, 77% specificity and 
78% sensitivity for classification of ASD sub-
jects using white matter regions of interest [119]. 
The third study used six diffusion coefficients 
from the superior temporal gyrus and temporal 
stem to classify participants and found 91.6% 
accuracy, 93.6% sensitivity and 89.6% specific-
ity [110]. While there are only a handful of clas-
sification studies with fMRI and DTI currently 
published in autism, the results have so far been 
promising when it comes to accurately classify-
ing groups. It should be noted that one has to 
be careful not to overinterpret these results, as 
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diagnosing a disorder using these methods needs 
a more comprehensive understanding of the biol-
ogy [120]. Nevertheless, this line of research will 
no doubt become very useful as it is fine tuned 
and applied to younger participants.

Impact of fMRI & DTI on the 
development & implementation of 
treatments 
While neural characterization of ASD, relat-
ing the brain with behavior and using neural 
measures for classifying participants are all vital, 
perhaps the most important and effective aspect 
is to design novel treatments and interventions 
based on neurobiological insights. Neuroimag-
ing has had a distinct impact on ASD treat-
ment. Studies investigating treatment effects 
are especially meaningful for those affected by 
ASD. Pre–post design studies offer a glimpse at 
whether the ASD brain is pliable and whether 
faulty connections could be mended to improve 
functioning. A recent case study investigated 
the effects of citalopram (selective serotonin 
reuptake inhibitor medication) in two individu-
als with ASD. The treatment was found to be 
effective in reducing restricted and repetitive 
behaviors in one subject, but not in the other. 
For the subject who did display a reduction in 
restricted and repetitive behaviors, an increase 
in prefrontal activity was measured during an 
oddball task [121]. Another study investigated 
the effects of pivotal response treatment in two 
children with ASD [122]. The study found that 
both children had increased activation in social 
brain areas while viewing biological motion 
after pivotal response treatment, with one child 
increasing the response in the left dorsolateral 
prefrontal cortex and fusiform gyrus, and the 
other increasing activity in the posterior STS, 
left ventrolateral prefrontal cortex and right 
fusiform gyrus [123]. One study implemented a 
computer-based program to train five ASD par-
ticipants in facial affect identification (with an 
additional five participants serving as a no-treat-
ment control group), with the goal of ‘reanimat-
ing’ the fusiform gyrus. Although the treatment 
participants improved their behavioral accuracy 
and scores on the Frankfurt Test and Training 
of Facial Affect Recognition eye and face tests, 
they did not experience any changes in fusiform 
gyrus activation. However, the participants who 
completed the program demonstrated increased 
activation in the right superior parietal lobule 
for processing facial affect after completing the 
treatment [124]. Although only a few treatment-
effect studies (with a small number of subjects) 

have been published thus far, results point to 
the notion that the brain can be significantly 
altered (through development of more ‘normal’ 
activation or compensatory strategies) by various 
autism therapies. 

What fMRI and DTI studies have uncovered 
can also be used as a guide for treatments, by 
informing about the specific brain areas that need 
to be targeted, or in identifying subtypes within 
ASD with specific differing needs. For example, 
a study by Alexander and colleagues found that a 
subgroup of their ASD participants had smaller 
corpus callosum volumes [73], increased medial 
and radial diffusivity, and decreased FA, along 
with low performance IQ and processing speeds. 
Conturo et al. found lower diffusivity for a tract 
between the hippocampus and fusiform gyrus 
for a subgroup of ASD participants who had a 
low performance on a test of face processing and 
low performance IQ scores [88]. These studies 
indicate that brain organization is related to cog-
nitive performance. Perhaps fMRI and DTI can 
be utilized to identify subpopulations of ASD 
patients who have differing brain functions, 
and thus could be identified for tailored treat-
ment that targets their specific needs and more 
efficiently treats their symptoms. 

Among neuroimaging-based treatment of 
ASD, neurofeedback training is an important 
avenue in treatment-focused studies of autism. 
The neurofeedback technique uses live feedback 
from EEG electrodes to teach subjects to modu-
late (inhibit or enhance) their own brainwave 
frequencies. Participants are operantly condi-
tioned or asked to play a computer game while 
EEG monitors their brainwaves and provides 
feedback as to whether more or less activity is 
required. fMRI has steered the field into recog-
nizing abnormalities in brain activity and func-
tion. From these findings, we now have treat-
ments targeting specific brain functions [125]. 
For example, neurofeedback training has been 
utilized to target abnormal µ-rhythms (indica-
tive of dysfunction in the mirror neuron system 
[41,126]) in children with ASD [127,128]. fMRI 
itself can potentially be applied as a live training 
tool. One team used fMRI for neurofeedback 
training by employing visual feedback (based 
on activation) within the scanner to teach par-
ticipants to adjust their performance on a task 
to modify their own brain activity [129]. This 
method could potentially be applied to individu-
als with ASD. With neurofeedback and other 
techniques, neuroimaging can be a significant 
contributor to interventions involving children 
and adults with ASD.



www.futuremedicine.com 461future science group

Advancing our understanding of the brain in autism   review

Conclusion
The advent of neuroimaging has transformed 
the fields of neuroscience and psychology, and 
has illuminated our understanding of neuro
developmental disorders in general, and autism 
in particular. This paper examined the progress 
made by fMRI and DTI research in improv-
ing our understanding of the brain in autism 
and in applying that knowledge to design effec-
tive treatment plans. Studies of brain activity 
and connectivity have uncovered widespread 
abnormalities in ASD. These findings have 
drastically changed the way we conceptualize 
ASD as a disorder. A shift from emphasis on 
focal centers in the brain to a systems-level brain 
dysfunction has been a promising direction in 
characterizing ASD. Aberrant activity and con-
nections dispersed across the brain together are 
impacting the complex processes that depend 
on concerted effort from many brain centers. In 
addition, studies linking brain activity and con-
nectivity to ASD symptom severity further illus-
trate the complicated picture that is the brain 
in ASD. This is a compelling explanation for 
why ASD presents as a spectrum disorder with 
a wide range of symptoms and a wide variety 
of presentations of the disorder from one indi-
vidual to the next. The coexistence of impaired 
and enhanced abilities in autism may underlie 
disrupted and enhanced connectivity across dif-
ferent nodes in the brain. While this adds to 
the complexity of the disorder, it also provides 
potential avenues for exploitation for treatment.

Early intervention and treatment has been 
found to be extremely effective in autism as it 
targets brain plasticity more effectively [130]. A 
key factor affecting this has been the difficulty 
in early diagnosis, as diagnosis is currently 
behavior based. fMRI and DTI have started to 
open the windows for identifying neural signa-
tures that can distinguish a child with autism 
from a normal developing child as early in 
development as possible. Classification studies 
using sophisticated machine learning techniques 
have the potential to identify individuals with 
ASD at an early age with high rates of reliabil-
ity. Identifying individuals earlier will allow for 
early intervention, potentially resulting in better 
outcomes overall. In addition, neuroimaging is 
starting to identify potential subgroups within 
the ASD population, which will be pivotal in 
the development of specialized, targeted treat-
ments. In this manner, we can tailor therapy 
more specifically to improve abilities that are 
most needed by individuals. An important 
question in the mind of everyone affected by 

ASD is whether or not the autistic brain can 
be shaped and improved. Pre–post brain-based 
intervention studies and neurofeedback tech-
niques are resulting in changes in brain orga-
nization and connectivity. Treatments such as 
neurofeedback purposely target disrupted brain 
areas in an attempt to modulate brain activity 
to what would be expected. By understanding 
which brain areas require intervention, we can 
better target our treatments to focus on the areas 
with the greatest need. Overall, fMRI and DTI 
have greatly advanced what we know about the 
brain in autism. Researchers have utilized the 
versatility of these techniques and have uncov-
ered their potential in informing us about the 
different facets of the brain in ASD. 

Future perspective
Future research in neuroimaging of autism 
will be more translational with the potential to 
answer key questions that have intrigued the sci-
entific community. While disruption in brain 
connectivity in autism is relatively well accepted, 
its specificity to ASD needs to be established. 
Future neuroimaging research may follow this 
line of investigation, along with refining connec-
tivity abnormalities with sophisticated methods 
and techniques for connectivity data analyses. 
The use of multimodal imaging to study the 
brain in ASD may prove to be critical in creat-
ing a comprehensive and global picture of the 
ASD brain. For example, future studies may 
begin to link brain-related indices with genetic 
and environmental studies. Understanding the 
genetic and epigenetic mechanisms that mediate 
brain development may prove to be critical in 
understanding the etiology and symptomatology 
of autism. We hope that future studies will also 
begin to incorporate currently under-represented 
areas within the field, such as focusing brain 
developmental trajectory and studies on younger 
children and toddlers with autism, especially 
longitudinal studies. In addition, little is known 
about the brain in girls and low-functioning 
individuals with autism, as the focus of neuro-
imaging has been on high-functioning individu-
als. Emphasis on these underexplored topics in 
the future may help to better understand the 
autism spectrum as a whole. Finally, the diagnos-
tic utility of brain-level alterations in activation 
and connectivity needs to be established, along 
with creating neurobiologically informed inter-
vention programs for individuals with autism. 
We believe that future research in neuroimaging 
and autism will undertake many, or all, of these 
priorities. 
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Executive summary

Background
�� Autism spectrum disorder (ASD) is a complex, multidimensional disorder; at the brain level, we still know very little about the etiology of 

the disorder.
�� The implementation of neuroimaging techniques, such as functional MRI (fMRI) and diffusion tensor imaging (DTI) in the field of ASD 

research has facilitated the expansion of our understanding of the brain in ASD.
�� Neuroimaging has also helped in dissipating many misconceptions about ASD.

Neuroimaging to elucidate brain activity & connectivity in ASD
�� Functional brain imaging has uncovered abnormal brain activation in a number of brain regions in ASD.
�� Unfortunately, findings from fMRI studies have been very inconsistent so far.
�� Functional and effective connectivity methods have been employed to study brain responses in ASD.
�� Task-based and resting-state neuroimaging studies in ASD have found widespread disturbances in the synchronization and coordination 

of brain regions.

DTI-based assessment of white matter integrity in autism
�� Studies examining the volume of white matter in ASD have suggested early overgrowth of white matter in young children, followed by 

a reduction of white matter in adolescence and adulthood.
�� DTI enables examination of the structural integrity of white matter connections in the brain.
�� Reduced fractional anisotropy has mainly been found in the corpus callosum, cingulum bundle and temporal cortex in ASD.

Neuroimaging to uncover the neural bases of cognitive theories in ASD
�� Cognitive theories of ASD have attempted to explain ASD etiology.
�� Neuroimaging studies may work in conjunction with these theories to explain ASD symptomatology.

Insights gained from fMRI & DTI studies of autism
�� fMRI and DTI have enabled us to examine the brain–behavior relationships in ASD, linking function and connectivity to symptom severity 

and behavior.
�� fMRI and DTI can be employed to help classify individuals by diagnosis.
�� Findings from neuroimaging in ASD may provide specific areas for focused interventions.
�� Neuroimaging techniques can be utilized to test the success of ASD interventions.

Conclusion
�� Neuroimaging techniques have transformed our understanding of the neural underpinnings of ASD.
�� fMRI and DTI have uncovered widespread abnormalities in brain function, connectivity and organization in ASD.
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