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Abstract

Autism Spectrum Disorder (ASD) is a developmental condition which refers to a
broad range of abnormalities and challenges with social skills, cognitive abilities,
and behaviour. The prevalence of ASD is increasing, yet we currently do not have
a clear neurodevelopmental understanding of this complex disorder. A narrative
review is done on the topic of abnormal functional connectivity in ASD and its
relation to some of the symptoms and consequences which have been observed
in the literature. Thus, no formal process was used to carry out this review and
no attempt was made to conduct a statistical analysis of the data. The purpose
of this review is to integrate the findings related to the topic in a meaningful and
logical manner. The review will also discuss related topics such as white matter
connectivity, anatomical and pathological findings, in addition to biochemical
changes observed in the ASD brain. Findings from studies discussed such features
and changes in the ASD brain using different brain imaging methods. A review
of the literature guides us to the conclusion that there is no single causal gene
or exclusive physiological factor for ASD. Furthermore, we find that there is also
no universal case of under- or overconnectivity in autistic brains. Instead, we
observe variation in abnormal connectivity between different brain areas, which
are theorized to be associated with some of the commonly reported symptoms in
ASD.
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1. INTRODUCTION

characterized by difficulties in social communication and repetitive and/or
restricted behaviours and/or interests. Over the years, research has allowed
for advancements in reasonably accurate diagnosis. One popular diagnostic technique
is the Autism Diagnostic Observation Schedule (ADOS), which is an assessment of
communication and social behaviour for individuals who may potentially have ASD or
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other pervasive psychological and neurodevelopmental disorders. The test involves the
administration of standardized activities organized into four modules, based on the
participant’s age and language development. The examiner would then observe the
presence or absence of key behaviours associated with ASD and formulate a score used
to make a diagnosis [1]. This is just one example of several other diagnostic techniques
which clinicians and researchers may find helpful, yet there is still a large gap in
finding clear biomarkers that would ideally provide more reliable and valid diagnoses.
A biomarker is any objective indicator that could be accurately and reproducibly
measured to determine the medical status of an individual [2]. Autistic individuals do
not present any particular physical appearances; unlike other developmental disorders,
such as Down Syndrome and Cornelia de Lange Syndrome. On the other hand,
autistic individuals have been shown to share relatively subtle distinct facial features
which have only been reported in males [3]. A recent study by Tan and colleagues [4]
found that increased facial masculinity in ASD correlated with greater communication
difficulties based on the ADOS. Indeed, genetic and epigenetic factors could also serve
as biomarkers for diseases and illness. Individuals can have a genetic predisposition
to ASD [5, 6, 7]. However, there is a high volume of candidate genes which may be
involved [6] which by definition makes ASD a polygenic condition. Furthermore, this
introduces another dimension of complexity and results in ASD to not have a clear
genetic basis or any obvious biomarker(s) that would be easily associated.

More interestingly, ASD subjects have a wide spectrum of different complications
and characteristics, yet there are unifying symptoms which are hallmarks of the
condition, such as impaired communication and social behaviour, restricted range of
interests, and repetitive behaviour [8]. ASD is often diagnosed after infancy and its
occurrence is reported in all racial, ethnic, and socioeconomic groups, where delays
in diagnosis were found in certain cultural groups [9, 10]. The prevalence of ASD is
greater in males as indicated by a study which found that males were four times more
likely than females to be diagnosed with the condition [11]. There is an increasing
prevalence of ASD, but we have yet to identify a clear pathophysiologic basis of the
condition. Research to fill this gap has shown promising findings and has led to many
paths for further and much-needed investigations.

A useful theory to provide some foundational explanation to the mechanism of
ASD and its associated symptoms is studying the functional connectivity of the autistic
brain. Functional connectivity of the brain refers to the synchronization of activity
between different areas of the brain. In other words, this parameter qualitatively
indicates how collaboration occurs between different cortical regions and structures,
and how much of it is taking place. This idea links neurophysiological information,
obtained through brain imaging modalities, and histological findings with behavioural
observations. Thus, it can serve as an effective path to have a better understanding
of the disorder. Researchers from different branches of neuroscience and psychology,
as well as the engineering sciences, have been led to discover that there seem to be
distortions in functional connectivity for subjects diagnosed with ASD, compared to
their neurotypical (NT) counterparts [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22].

A battery of psychological tasks have been used to test and measure participants’
cognitive and motor performance, all while using brain imaging modalities such as
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functional magnetic resonance imaging (fMRI) [23, 24, 12, 25, 13, 26, 27, 14, 15, 28,
16, 29, 30, 31], magnetoencephalography (MEG) [32], and electroencephalography
(EEG) [33] to collect data pertaining to cortical activity, primarily, but not limited to,
functional connectivity. Authors also make use of complex computational models
and cognitive architectures [34, 17] to connect their results with theories about how
the brain systematically operates. Other forms of data which some authors point to
include histological [35, 36, 37, 38], structural connectivity [24, 27, 18, 39], anatomical
[40, 41, 42, 43, 44, 45], and biochemical abnormalities [46, 47] observed in ASD. In this
narrative literature review, we will discuss some of these studies and their findings
with a greater emphasis on the role of functional connectivity in several of the most
common complications seen in ASD. The rationale for this review paper is to provide
readers with insights about the biomedical findings of ASD with an emphasis on
neurophysiological findings.

2. FunNcTtioNAL IMAGING RESULTS

The neurobiology of ASD is being extensively studied to find some notable evidence for
differences in functional and structural connectivity between the brains of individuals
with ASD versus NT controls [48]. One of the earliest suggestions directs our attention
to fMRI results which support the claim that there is reduced long-distance connectivity
between the frontal and posterior regions in the autistic brain [12, 25, 13, 26, 15]. This
influential idea is known as the underconnectivity theory of autism. In their review
article, Just and colleagues [34] refer to numerous fMRI studies which show such
reduced inter-regional communication as mentioned above in ASD participants during
several cognitive tasks. The fMRI studies show impaired activation and synchronization
in the frontal and posterior regions, which can be linked to the observed decrease
in performance in a wide range of cognitive tasks such as language comprehension
[25], executive functioning [12], social processing [28, 29, 49], working memory [15, 28],
advanced inhibition [26, 30]. and visuospatial processing [23]. Just [34] suggests that
poor capabilities with these cognitive tasks, especially those involving Theory of Mind
and executive functioning, serve as evidence for the theory of underconnectivity in the
frontal lobe of the cerebral cortex due to the great demand of that specific region for
carrying out these tasks.

Furthermore, a computational model was used to demonstrate what the functional
connectivity would look like in individuals with ASD under an executive functioning
task known as the Tower of London. The computational model showed supporting
results for the underconnectivity theory, and moreover, Just and colleagues [34] elabo-
rated on two concluding cases. Firstly, the authors concluded that there is constrained
"communication bandwidth" [34] between the frontal and posterior regions of the
cortex, where communication bandwidth is described by the authors as the optimal rate
of information transfer along a neural path. Secondly, this difficulty with proper com-
munication leads to the need for the parietal area to function without central input from
the frontal area to complete a given task. Thus, this will lead to the adaptation of having
a greater parietal autonomy. This is considered by the authors as a more comprehensive
theoretical model of the autistic brain and its implication in the decreased functional
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connectivity as noted above. Nevertheless, there is increasing evidence hinting that
there is more to discover, as other studies exhibit cases of both underconnectivity and
overconnectivity (hypoconnectivity and hyperconnectivity, respectively) [19].

A study by Redcay and colleagues [16] looked at whole-brain functional connec-
tivity in NT adolescents and ones with ASD, aged 14 to 20 years, using graph theory
and resting-state functional connectivity magnetic resonance imaging (fcMRI). They
observed increased functional connectivity between the right lateral parietal region and
prefrontal regions in the ASD group. Building upon this, Delmonte and colleagues
[18] found abnormally high functional connectivity of frontostriatal connections in
adolescents with ASD. In terms of the default mode network, decreased connectivity
was reported between anterior and posterior default mode sub-networks in adoles-
cents with ASD [31]. Local overconnectivity in posterior occipital and temporal areas
in addition to local underconnectivity in posterior cingulate and medial prefrontal
regions were found in adolescents with ASD, using a voxel-based approach to measure
functional connectivity between a particular voxel and its nearest neighbours [14]. It
is important to note that fcMRI studies show diverse findings in connectivity with
respect to specific regions and different states, such as resting state versus task state,
measured in participants [48]. This variation in under- and overconnectivity patterns
across different regions of the cortex is expected since there is strong evidence that the
autistic brain does show structural and functional differences compared to a typically
developing brain.

Functional connectivity may also change depending on age; thus, the study of differ-
ences in this phenomenon through a developmental aspect deserves adequate attention.
Uddin and colleagues [20] present evidence which exhibits overall overconnectivity in
the brains of younger children afflicted with ASD. Another study utilized functional
near-infrared spectroscopy to look at the same topic but specifically looked at infants
at one year of age who were not diagnosed with ASD but were a high-risk group for
the disorder. As early as three months into their life, these selected infants showed
overall overconnectivity compared to the control group, but this difference was no
longer present in the later months to follow [21]. More recent evidence found that high
risk infants showing abnormal connectivity at six months of age were more likely to be
diagnosed with ASD and show greater symptom severity, such as repetitive behaviour
and restricted social-communication skills [50, 51, 52].

3. STRUCTURAL IMAGING RESULTS

Functional connectivity can also be better understood by investigating the structural
or anatomical connectivity of the brain. Diffusion tensor imaging (DTI) is an effective
way to accomplish this. Specifically, DTI can be implemented to study white matter
tracts and their connectivity [48]. White matter is of special interest due to its broad
and vital role in supporting neurons, particularly in neural communication within the
cortex and periphery. Making a link between functional and structural connectivity
may be difficult, as illustrated by Delmonte and colleagues [18], whose study was
mentioned above for reporting overconnectivity between the striatum and frontal cortex
during the resting state. However, they were unable to find evidence for differences
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in structural connectivity of the frontostriatal tracts via DTI. The authors suggest that
the observed overconnectivity may be due to functional reorganization in the autistic
brain instead of an anatomical abnormality. On the other hand, one cannot ignore
other anatomical deviations in the autistic brain, and their potential role in atypical
functional connectivity. Cortical connectivity in adults with ASD was found to be
affected by intracranial volume [39]. The authors believe there is a possibility that
this consequence of constrained long-range connectivity is manifested by the early
brain overgrowth in ASD. A significant relationship was found between abnormal
white matter structure and distortions in functional connectivity during the completion
of a visuospatial task [27]. Using fMRI and high angular diffusion MRI, the change
was more notably recorded in the connections between the left occipital lobe and five
regions in the left hemisphere. An influential study by Deshpande and colleagues
[24] used fMRI and theory of mind task to make some interesting findings regarding
connectivity differences in ASD. Up to 19 cortical pathways were found to be reliable in
distinguishing participants with ASD from those who were NT. These cortical pathways
were found to be altered in the autistic group in terms of effective connectivity. Effective
connectivity is the direct influence of one brain area over another [48]. The difference
in effective connectivity between the two groups was prominent enough to allow a
95% accuracy rate in predicting experimental participants from controls. Aside from
its remarkably high accuracy with predicting effective connectivity, one can appreciate
the authors’ choice to use three complementary metrics: functional connectivity, white
matter connectivity, and effective connectivity.

4. BiocHEMICAL FINDINGS

The neurochemistry of the brain can be non-invasively studied in vivo through proton
magnetic resonance spectroscopy (1H MRS) or also commonly known as nuclear mag-
netic resonance (NMR) spectroscopy. Using similar principles as MRI, this analytical
approach has been used to study the concentration of brain metabolites as biomarkers
for various neurological and psychiatric conditions, such as ASD [46, 47].

Friedman and colleagues [46] used an advanced form of 1H MRS, known as proton
echo-planar spectroscopic imaging (PEPSI), where the relative concentrations of selected
chemicals could be obtained from multiple brain regions all at once, rather than having
to do it repetitively for each of the single three dimensional spaces in the brain (ie.
a single voxel approach). The goal of the study was to quantitatively measure and
analyze the concentrations of N-acetylaspartate (NAA), creatine plus phosphocreatine
(Cre), choline (Cho), and myoinositol (ml) in addition to relaxation times of 45 children
from the ages of 3 to 4 years [46]. The participants were children with ASD, NT, or
had some form of delayed neurodevelopment. The authors found a decrease in NAA,
Cre, Cho, and ml concentrations for the ASD group, compared to the NT subjects in
several brain regions such as the cingulate gyrus, white matter tracts associated with the
corpus callosum as well as the frontal and parietal lobes, gray matter associated with
the temporal lobe, and subcortical structures such as the thalamus and the insula. These
reductions in NAA, Cre, Cho, and mlI concentrations for the ASD group were reported
to be subtle, such that it would not support their hypothesis of increased neuronal
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density in ASD and its role in faulty apoptosis (cell death) or synaptic pruning. However,
it is important to note the role NAA has in the synthesis of lipid by oligodendrocytes,
the glial cells that provide myelination for the axons of neurons in the central nervous
system (CNS) [53]. Thus, this observed chemical imbalance may be implicated in
the abnormal functional connectivity reported in ASD; especially in the cases of the
underconnectivity reported in the frontal and parietal regions [12, 25, 13, 26, 15] with
regard to the reductions of NAA in the white matter tracts of the frontal and parietal
lobe [46]. Levitt and colleagues [47] conducted a similar study using 1H MRS and MRI,
but in a single voxel approach, for several brain regions and subcortical structures.
They included 22 children with ASD, who were in an older and broader age range (5 to
16 years of age) and had 20 age-matched NT controls. Comparing the ASD subjects
with the NT controls, there was no significant difference in NAA concentrations, but
significant differences were found in Cho concentrations [47], which is contrary to
Friedman’s findings. Cho levels were found to be reduced by 27.2% in ASD subjects
in the inferior anterior cingulate and increased by 19.1% in the right caudate nucleus
[47]. Cre levels were increased in the right caudate nucleus by 21% but also reduced by
17.9% in the body of the left caudate nucleus and right occipital cortex [47], which is
consistent with Friedman’s findings. With that said, Levitt did observe relatively larger
reductions in Cre [47]. In summary, the authors were able to show that differences in
metabolites exist between ASD and control subjects.

5. PATHOLOGICAL FINDINGS

It is now widely accepted that ASD is a multifactorial disorder [54], meaning that ASD
is dependent on various genetic and environmental factors. As with most multifactorial
health complications, there are several genes which are involved in susceptibility and
resistance to the development of ASD, in addition to significant influence by envi-
ronmental factors [54]. Furthermore, ASD primarily involves the brain and increased
brain size is the most prevalent trait regarding abnormal cortical structure [54]. This
brain overgrowth does not result in damage to subcortical structures and spaces. This
phenomenon is not specific to a certain brain area, although some authors have found
the most significant increase to be in the frontal lobe [41, 43]. Some cases involve
overgrowth in the cerebellum as well [40, 45] but increased size of the cortex seems to
be supported more soundly [44]. More interestingly, white matter volume has been
shown to be disproportionately larger in ASD subjects [38]. Casanova and colleagues
[42] attribute this to the distortions in the structure and number of minicolumns which
would have an impact on their circuitry. Minicolumns are organizational units consist-
ing of layers of connected neurons arranged in vertical columns which cumulatively
comprise the cortex, especially the superior area of the brain responsible for higher
cognitive functioning which is known as the neocortex.

A comprehensive review by Goldberg and colleagues [55] argues that most of
the neuroimaging findings of increased brain size may not be reliable since these
experiments have not been replicated and do not make a proper effort to control
extraneous variables. In terms of increased cerebral size, the author suggests that
overgrowth in the temporoparietal region is the only appropriately replicated finding,
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rather than enlargement of the frontal region, which is more frequently reported [55].

So far, no definite conclusions have been drawn about a cellular pathological feature
in ASD. However, postmortem histological studies have shown atypical differences
in the minicolumns of autistic brains [36, 37]. One of the most consistent changes in
morphometry is the decreased width of minicolumns. This finding was verified by Bux-
hoeveden and colleagues [35] in another experiment involving a quantitative technique,
known as Gray Level Index (GLI), to analyze stained tissues from postmortem ASD
samples. GLI is the ratio of the area covered by stained cell bodies to those that are
not stained. The initial analysis carried out by the authors was measuring the peaks of
stained gray matter areas to find the column width. Other modifications of the GLI
method [37] all led to the same result of a reduced minicolumn width, in addition to
an increase in the number of minicolumns and a decrease in the size of neurons [5, 36].
Given the hypothesized importance of these minicolumns in the development and or-
ganization of the neocortex and white matter [36], it is no surprise that abnormal brain
growth would be seen in ASD. These columns of pyramidal neurons are connected to
each other through regional and global white matter tracts, such as those in the corpus
callosum [54]. Reduction in the width of minicolumns and the size of their constituting
neurons will be accompanied by an increase in the number of columns, which is
linked to an increase in local and global neural fibre projections [56]. The former is
more commonly observed because long white matter tracts are more physically and
metabolically taxing [54]. However, by favouring shorter local projections, short-range
functional connectivity is enhanced while long-range functional connectivity is not
[54]. This would then direct back to the findings of decreased frontal and posterior
connectivity as previously mentioned above [12, 25, 13, 26, 15]. Therefore, a distorted
minicolumnar hypothesis may have an integral role in the changes in regional and
long-range functional connectivity in ASD.

6. Discussion

There are an increasing number of studies being done on ASD participants who are
on the high functioning end of the spectrum. Although the recent discoveries in ASD
research are exciting, they also raise the concern of a bias towards high-functioning
individuals within the ASD population, therefore inevitably neglecting research on the
more severe or low functioning autistic individuals.

The approach of incorporating two or more neuroimaging techniques is key for
this domain of research. Each tool has its advantages and drawbacks over the other.
MRI experiments, which are done in various forms, are highly popular and some may
argue that they are the most prolific, but they are also in fact very costly [16]. MRI
techniques used in this field of research allow excellent spatial resolution but poor
temporal resolution. However, EEG and MEG provide a different window of studying
functional connectivity through having a high temporal resolution and moderate spatial
resolution. Moreover, they are also not affected by motion artifacts which can introduce
errors in connectivity measurements taken in fcMRI experiments [48]. With that said,
EEG data was used to support the claim of both underconnectivity and overconnectivity
in ASD [33], and interestingly, MEG results also led to observing different abnormalities
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in brain oscillations in ASD samples and their family members who share half of their
genome [32].

Genetic and cellular studies may lead to promising discoveries regarding atypical
functional connectivity in ASD, but such studies face many obstacles such as diffi-
culty with in-vivo cellular experiments with ASD participants, ethical issues since the
syndrome is only found in humans and the demand for large sample sizes needed
for completing meaningful genomic studies. Ultimately, the future of ASD research
holds much potential in terms of experiments which involve a combination of different
imaging approaches. Additionally, future studies should continue to consider analyzing
more than one connectivity or physiological index as this approach can lead to more
fruitful findings regarding the neurodevelopment of ASD and its link to reported
symptoms and reliable biomarkers.

7. CONCLUSION

Investigating the literature makes it very clear that ASD exemplifies a complex neu-
rodevelopmental disorder with a neurological and genetic basis that manifests itself
in diverse psychological and physical symptoms and complications. One overarching
topic is the distortions that have been reported in functional connectivity. Similar to our
understanding that there is no single causal gene or environmental factor for ASD, we
find that there is also no single region in the cerebrum where under- or overconnectivity
is shown in individuals with ASD. Rather, there seems to be a mixture of atypical
connectivity between different brain regions which can be associated with some com-
mon ASD symptoms. For instance, the observed frontal underconnectivity may be
associated with deficits in executive functioning and language learning [28, 34, 49].
Mixed patterns of underconnectivity with the frontal area and overconnectivity in the
cerebellum [22] may be related to even less frequent symptoms such as altered motor
behaviour and coordination. Functional connectivity can also be used to account for
the advantages observed in some cases of ASD. For instance, considering the important
role posterior areas have in perceptual learning and processing [16, 34], one can note
the consistency between improved perceptual functioning in ASD with the findings
of overconnectivity in posterior regions, namely the temporal, parietal, and occipital
areas, in addition to the proposed theory of greater parietal autonomy [14, 34].
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