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ABSTRACT

The American Speech-Language-Hearing Association defines Autism Spectrum Disorder
(ASD) as a “neurodevelopmental disorder characterized by deficits in social communication and
social interaction” which is heavily impacts language abilities. There is an abundance of research
on the neurological aspects of the disorder, which appear to have major differences of activation
and functionality when compared to typically developing peers. Specifically, in the left inferior
frontal gyrus (IFG), a key language region of the brain, functional connectivity levels tend to be
significantly less in ASD groups. This study recognizes these trends and aims to expand the
research by locating specific functional connections and relationships between the three regions
of the left IFG (pars opercularis, pars triangularis, and pars orbitalis) and other locations of the
brain that could impact language. By using functional magnetic resonance images, we ran a
voxel-wise analysis between the three regions of the left IFG and each individual voxel
throughout the brain. As we expected, there was significantly less functional connectivity in the
ASD groups. However, the decreased functional connectivity was only in the pars orbitalis and
not the pars opercularis or pars triangularis. This information could improve the knowledge of

the neurological pathways of language processes in ASD.
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LIST OF ABBREVIATIONS
ASD — Autism Spectrum Disorder
ASHA — American Speech-Language-Hearing Association
EPI — Echo planar image
FC — functional connectivity
fMRI — functional magnetic resonance image
IFG — inferior frontal gyrus
MFG — middle frontal gyrus
MNI — minimum number of individuals
PC — parietal cortex

TD — typically developed



INTRODUCTION

Autism Spectrum Disorder (ASD) is a neurological, developmental and behavioral
disorder characterized by a wide range of language and social communication abilities. Language
deficits are a common clinical feature in the diagnosis of an Autism Spectrum Disorder (ASD),
however, there is a large range of differences in the language abilities. Some patients diagnosed
with ASD have higher than average language skills, whereas, others are completely nonverbal and
unable to communicate through spoken language at all. There is a substantial amount of research
on the five domains of language (phonology, morphology, semantics, syntax and pragmatics) in
ASD. Inability to neurologically process any of these domains can impact the social
communication skills of individuals, which is a common indication of an ASD diagnosis. There
are specific locations in the brain that are responsible for language abilities, however, there is a
gap in the neurological aspects (i.e: activation levels and functional connectivity) of ASD that
could potentially explain language deficits.

Broca’s Area is known to be a region of the brain located in the left inferior frontal gyrus
(IFG) found in the frontal lobe associated with communication abilities and speech production.
The left IFG as a whole is well known to be involved in a multitude of language processing
systems. The left IFG contains three regions: the pars opercularis, the pars triangularis and the pars
orbitalis. There is a debate in literature regarding the inclusion of all three of these regions being
referred to as ‘Broca’s area’ or just the pars opercularis and pars triangularis. There are claims that
the pars orbitalis should be included in the term ‘Broca’s area’ because it is associated with
language processing and located adjacent to the pars opercularis and pars triangularis (Hagoort,

P., 2014.). However, others believe the term ‘Broca’s area’ should just refer to the pars opercularis



and pars triangularis. Because of the inconsistencies in terminology throughout literature, the
current study uses the term ‘left IFG” when discussing all three areas.

Research shows the left IFG is believed to be a central location in the brain responsible for
language, specifically, communication abilities and speech production. However, there is little
known about the functional connectivity (FC) of this area to other locations of the brain. In Dichter,
G.S. (2012), FC is described as the “temporal dynamics of brain network activity” and is measured
by functional magnetic resonance imaging (fMRI) (p. 324). fMRIs are a commonly used in
neuroanatomical research of ASD to gain insight of any abnormal neurological activations,
functions, and connections. Once these abnormalities are located, they can be compared to a
typically developed (TD) control group, allowing for the potential identification of etiologies of
specific characteristics of the disorder.

Several studies have used fMRIs to compare activation of linguistic regions of the brain in
subjects diagnosed with ASD to a TD group. There is a common trend in the findings of these
studies that include hypoactivation of the left IFG. For example, Harris et. al (2006) presented
ASD and TD participants with a semantic processing language task while undergoing fMRI tests.
In a similar study, using fMRI scans, the ASD and TD groups were presented with a verb
generation task (Verly et. al, 2014). Both of these study’s results provide data on the major
decreases in connectivity between the left IFG and other language governing structures when
participants are presented with language-based tasks (Harris et. al 2006. & Verly et. al, 2014). The
results of these studies share a commonality of hypoactivation and decrease of connectivity in the
left IFG in ASD participants when compared to TD groups when presented with a language-based
task. These findings provide additional evidence regarding the belief that the left IFG is a

neurological structure that has significant involvement in language abilities.



Another study providing similar evidence of differences in activation between the left IFG
and other major language regions in ASD is Gao et. al (2019). They used resting state fMRI to
identify any relationships of connectivity and functionality in areas of the brain involved in
language abilities. Their results showed an atypical connection between the left IFG and other
locations such as the posterior cingulate cortex. Likewise, Li et al. (2020) found “decreased [degree
centrality (DC)] in the left inferior frontal gyrus and increased DC in the left inferior parietal lobe
in children with ASD compared to [typically developed] children”. The frontal and parietal lobes
contain several parts of the brain identified with language use. The weakened functional
connectivity between these areas in ASD “...might interfere with the transmission of information
between critical brain regions” and play an important factor in the language abilities of a person
with ASD (Li et al., 2020). These findings congruent with similar research, which provides more
information on the primary neurological locations involved in language.

Although these results are beneficial to the understanding of key neurological locations of
language abilities, there is limited research on the functional connectivity to other areas of the
brain. This study intends to fill the gap in research and explore the possibility of significant
differences in the neural connectivity in ASD groups when compared to TD groups by using
neuroimaging data such as fMRI images collected from several sites. A goal of the current study
is to identify other neurological regions effected by decreased FC in the left IFG. If this goal is
achieved, we can then gain a better understanding of neurological differences in ASD. Using the
collected data, a voxel-wise connectivity analysis was performed in an attempt to locate
correlations between the three regions of the left IFG (pars opercularis, pars triangularis, and pars
orbitalis). The results of the analysis were evaluated and allowed for us to locate connections

between the left IFG and other areas of the brain involved in the language network of ASD. There



is significant research providing evidence of both decreased connectivity and activation of the left
IFG in language abilities in ASD. Because of this information, | hypothesized that the results of
the voxel-wise analysis would show decreased functional connectivity in the areas of the left IFG

in ASD groups when compared to a TD control group.



METHODS

Data Acquisition

The MRI images, the clinical data, and the demographic data were obtained from Autism
Brain Imaging Data Exchange (ABIDE). Among image data obtained at several sites, data subset
from New York University cohort was used, which consisted of 181 individuals for whom
resting state and structural data were both available. Among these individuals, 76 had a diagnosis
of ASD (hereafter ASD group, 14.51+6.97 years old) and 105 were age-matched individuals
(control group, 15.81+6.25 years old).

Resting state echo planar image (EPI) volumes had 33 slices of 4mm 64x80 matrix with
4mm thickness (voxel size = 3x3x4mm), with repetition time (TR) of 2000ms and echo time
(TE) of 15ms. A total of 180 volumes (6 minutes) were used in the analysis. High-resolution
structural T1 (MPRGE) volumes were acquired as 128 sagittal slices of 256mm x 256mm with

1mm thickness (voxel size = 1.3x1x1.3mm, TR=2530ms and TE=3.25ms).

Data Processing

Data preprocessing and statistical analyses were conducted using FMRIB Software
Library (FSL,) as well as Analysis of Functional Neurolmages (AFNI). The anatomical volume
for each subject was skull stripped, segmented (gray matter, white matter and CSF), and
registered to the MNI 2mm standard brain. First four EPI volumes were removed. Transient
signal spikes were removed by de-spiking interpolation. To correct head motion, the volumes

were linearly registered to the then first volume, through which six motion parameters and
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displacement distance between two consecutive volumes were estimated. Each of the resting
state volumes were regressed by white matter and cerebrospinal fluid signal fluctuations as well
as the six motion parameters. After smoothing with a 6mm FWHM Gaussian kernel, the volumes
were resampled and then spatially transformed and aligned to the MNI 2mm standard brain
space. Through this registration, 12 affine parameters were created between rs-fMRI volume and
MNI152 2mm space, so that a seed ROI can later be registered to each individual rs-fMRI space.
To perform scrubbing where the volumes with excess motion are removed, as a displacement
distance between two EPI volumes, the root mean square deviation was calculated from motion
correction parameters, at an r=40mm spherical surface using FSL’s rmsdiff tool (Power et al.,
2015; Power et al., 2012). Volumes whose displacement distance exceeded the threshold
(0.3mm) were removed (i.e., scrubbed) from further statistical analyses (Siegel et al., 2014).

To conduct voxelwise functional connectivity analysis of the left pars triangularis, pars
opercularis and pars orbitalis were defined using the Freesurfer conducted on MNI 1mm brain.
The mean EPI signal within each of the ROIs was first estimated for each volume.

Voxel-wise connectivity analysis was conducted from each of the three seed regions to
the whole brain. The time course was spatially averaged within each region that is registered to
the EPI space so that correlations can be tested between the three regions and each individual
voxel across the brain. The Z-scores representing the correlations between the three regions and
each voxel across the whole brain were used for group level analysis after registration to the

MNI 2mm brain space.
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Statistical Analysis of Functional Connectivity
The ASD and control groups were compared by randomize script in FSL. TFCE p<0.05

(FWE corrected). K>100

12



RESULTS
The voxelwise analysis of functional connectivity to/from the pars orbitalis showed
significantly less connectivity to the left middle frontal gyrus (MFG) (peak MNI=[-54 -60 -18]
553 voxels; Fig 1) and left parietal cortex (peak MNI=[-20 -64 +46] 462 voxels; Fig 2) in the
ASD group compare to the control group, while no regions showed greater connectivity in the
ASD group. No region indicated different connectivity with the pars triangularis and pars

opercularis between the ASD group and the control group.

Figure 1: Sagittal view of the left parietal Figure 2: Axial view of the
lobe left parietal lobe
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DISCUSSION

ASD is often observed as a behavioral disorder, however, several studies have proven it
is a neurological disorder that can widely impact the person that is diagnosed with it. According
to the Centers for Disease Control and Prevention (CDC), 1 in 59 children is diagnosed with
ASD (2018). When diagnosing a person with ASD, inability to carry out age-appropriate
pragmatic skills is one of the first, most prominent indicators. However, language impairments in
ASD can vary from minor pragmatic issues to “extensive language deficits including syntactic,
semantic and phonological domains” (Verly et. al, 2014). The study shows the left middle frontal
gyrus (MFG) and the left parietal cortex (PC) have significantly less connectivity to and from the
pars orbitalis in the ASD groups when compared to the control group.

The inferior frontal gyrus (IFG) of the left hemisphere of the cerebral cortex plays an
essential role in language and communication; specifically, “understanding and producing
syntactically complex sentences and other language functions” (Davis et. al, 2008). Broca’s area
is located in the IFG and is made up of smaller areas including the pars opercularis, pars
triangularis and pars orbitalis. These areas play an essential role in expressive language, which
can be highly impacted in people with ASD. Results of this study show the voxelwise analysis of
functional activity is not significantly impacted in the pars opercularis or pars triangularis.
However, the functional connectivity between the pars orbitalis to and from both the LMFG and
left PC was significantly less in the ASD group when compared to the typically developed group.

The pars orbitalis is associated with language processing, with a specialization in

semantics. (Rouse, M. H., 2020. p. 272). The American Speech-Language-Hearing Association
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(ASHA) defines semantics as the meanings of words and combinations of words in a language;
including speaking, listening, reading and writing vocabulary. The results of the study show
there is significantly less functional connectivity between the pars orbitalis in ASD and other
areas of the brain. Therefore, there is a possibility that the hypoconnectivity in this area could be
the reasoning behind semantic impairments in the language of people with ASD. As we found in
our study, the two areas with significantly less functional connectivity is the left MFG and left
PC.

The left MFG is an area of the brain that is located in the prefrontal cortex. The prefrontal
cortex “...is associated with cognition, personality, decision making, and social behavior”
(Rouse, M. H., p. 177). The left MFG includes important, executive functions that are related to
cognitive abilities such as restraint, initiative, and order. These three executive functions are
defined by Blumenfeld (2010). Restraint involves the “inhibition of inappropriate behaviors”
including (but not limited to): judgement, delaying gratification, inhibiting socially inappropriate
responses and concentration. In contrast, initiative is defined as “motivation to pursue positive or
productive activities” and include motivation, mental flexibility, curiosity and creativity. Finally,
Blumenfeld (2010) describes order as “the capacity to correctly perform sequencing tasks and a
variety of other cognitive operations”. A few subcomponents of order is working memory (WM),
planning, abstract reasoning and organization (p.109).

Similarly, in the systematic review by Craig, et. al (2016), the “neurocognitive profiles of
ASD... include several areas of [executive functions] EF such as attention, WM, and fluency”
when compared to a typically developed (TD) group. Other EF with significant deficits in ASD
groups is flexibility, planning, and response inhibition (Craig, et. al, 2016). Impairments in these

areas of executive functions are potential characteristics of ASD. Additionally, the results of the
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systematic review by Craig, et. al (2016) closely resemble the definitions provided from
Blumenfeld’s (2010). Both Craig, et al (2016) and Blumenfeld (2010) describe executive
functions of the left MFG. It is well-known that deficits in these areas are all common indicators
when diagnosing a person with ASD. Therefore, the results of our study provide evidence of a
potential link between the functional connectivity of the pars orbitalis and executive functions of
the left MFG in ASD.

We also found that when compared to the control group, the ASD groups, had
significantly less functional connectivity to and from the pars orbitalis and the left parietal
cortex. Specifically, the left PC, functions consist of interpretation as well as imitation which can
both be prevalent in communication abilities. The results of our study correspond with the
findings of Fontana et. al (2012) which claim the decreased functional connectivity and/or
damage to the PC can show impairments in an individual’s abilities to imitate, understand
observed actions (i.e.: interpret), as well as control and plan his or her own movement.
Deficiencies in these areas are also commonly found in people with ASD. The inability to
interpret emotions or mental states of others is a major part of the social, or pragmatic, aspects of
language that most people with ASD lack. Our results provide evidence that the connectivity of
the left PC and pars orbitalis impact deficiencies of interpretation aspects commonly found in
ASD.

Decreased abilities to imitate others is a common indication of ASD. Our results show
the left PC has significantly less connectivity in ASD groups when compared to TD groups. As
previously mentioned in the discussion, imitation is a major function of the left PC, which is
believed to be heavily impacted by the functioning of the mirror neuron system (MNS). Mirror

neurons are believed to impact humans’ ability to learn by mirroring, or imitating, the actions of
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others, which ultimately allows for us to learn new skills (Rizzolatti,G & Craighero, L, 2004;
Rouse, M. H., 2020. p. 330). If there is hypoactivation of mirror neurons, a person’s imitation
abilities may be hindered, which could potentially cause less activation of the left PC. This could
ultimately explain lack of functional connectivity of the left PC in ASD.

In a meta-analysis by Chan & Han (2020), they claim that deficiencies of imitation
abilities effects communication and social skills in ASD. To defend their claim, the researchers
compared MNS activation in an ASD group and a TD control group. Similar to our results, the
meta-analysis concluded that individuals diagnosed with ASD have a hypoconnectivity between
the IFG (which includes the pars orbitalis) and left PC when compared to the TD group. This
information provides additional evidence and has significant correspondence with the results of
our study.

Although there is significant evidence to support this study, there are also limitations that
could have impacted the outcome. Out of the 76 participants diagnosed with ASD, we do not
know the range of functionality. If majority of participants have high-functioning ASD, then the
remaining participants with significantly lower functioning ASD could hinder the results and
vise versa. Another potential limitation is because we do not know when these scans were taken,
the ASD participants could have been evaluated with different versions of the Diagnostic and
Statistical Manual of Mental Disorders (DSM). Earlier versions of the DSM include Asperger’s
Syndrome in ASD, however, the most recent version, DSM-V, says Asperger’s is not included
on the Autism Spectrum. Therefore, according to the DSM-V, if any of the participants only
have Asperger’s but no other aspects of ASD, their scans would not be eligible to use in this
study. Although these limitations exist, there is still a significant amount of information that

supports the findings of the study regarding the functional connectivity in ASD.
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CONCLUSION

We hypothesized that the voxel-wise analysis would show lower FC of all three regions of
the left IFG (pars opercularis pars triangularis and pars orbitalis) in the ASD participants when
compared to a control group. However, after the results were calculated, we found that the pars
opercularis and pars triangularis did not have significant differences of functional connectivity
levels. Contrastingly, the pars orbitalis did have lower FC levels to and from both the MFG and
the PC. The goal of identifying specific associations and connections of the left IFG and other
neural regions was achieved. In conclusion, our study successfully expands the knowledge on the

left IFG connections to other locations of the brain.

18



FUTURE IMPLICATIONS
We learned that deficiencies in the ability to imitate others is a common indication of ASD and
effects individuals’ language and social communication skills. These inabilities in imitation
could be due to hypoactivation of the MNS. Further research could investigate the lack of MNS

activation in ASD which could provide a better understanding of why people with ASD struggle

to imitate others.
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