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ARTICLE INFO ABSTRACT

Keywords: Background: Autism spectrum disorder (ASD) is a complex neurodevelopmental condition. Understanding the
GBSS brain’s microstructure and its relationship to clinical characteristics is important to advance our understanding of
Gray matter microstructure the neural supports underlying ASD. In the current work, we implemented Gray-Matter Based Spatial Statistics
ﬁlgsg; (GBSS) to examine and characterize cortical microstructure and assess differences between typically developing
DTI (TD) and autistic males.
Childhood Methods: A multi-shell diffusion MRI (dMRI) protocol was acquired from 83 TD and 70 autistic males (5-to-21-
Adolescence years) and fit to the DTI and NODDI models. GBSS was performed for voxelwise analysis of cortical gray matter
(GM). General linear models were used to investigate group differences, while age-by-group interactions assessed
age-related differences between groups. Within the ASD group, relationships between cortical microstructure and
measures of autistic symptoms were investigated.
Results: All AMRI measures were significantly associated with age across the GM skeleton. Group differences and
age-by-group interactions are reported. Group-wise increases in neurite density in autistic individuals were
observed across frontal, temporal, and occipital regions of the right hemisphere. Significant age-by-group in-
teractions of neurite density were observed within the middle frontal gyrus, precentral gyrus, and frontal pole.
Negative relationships between neurite dispersion and the ADOS-2 Calibrated Severity Scores (CSS) were
observed within the ASD group.
Discussion: Findings demonstrate group and age-related differences between groups in neurite density in ASD
across right-hemisphere brain regions supporting cognitive processes. Results provide evidence of altered neu-
rodevelopmental processes affecting GM microstructure in autistic males with implications for the role of cortical
microstructure in the level of autistic symptoms.
Conclusion: Using dMRI and GBSS, our findings provide new insights into group and age-related differences of the
GM microstructure in autistic males. Defining where and when these cortical GM differences arise will contribute
to our understanding of brain-behavior relationships of ASD and may aid in the development and monitoring of
targeted and individualized interventions.

1. Introduction brain development. Amid the increasing evidence that implicates a
diverse range widespread brain alterations associated with ASD (Prigge

Autism spectrum disorder (ASD) is a complex, heterogeneous neu- et al., 2021; Edgar et al., 2019; Uono et al., 2022; Lange et al., 2015;
rodevelopmental condition believed to arise from deviations during Travers et al., 2015; Green et al., 2022; Dean et al., 2016; Surgent et al.,
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2021), differences within the cerebral cortex appear to play an impor-
tant role. Studies of post-mortem brain tissue have reported an array of
cellular differences in the cortex of autistic individuals in neuronal size,
number, and density (Courchesne et al., 2011), irregular laminar pat-
terns (Amaral et al., 2008); glial cell abnormalities (Vargas et al., 2005),
and decreased size and density of dendritic arbors (Palmen et al., 2004).
In-vivo studies utilizing magnetic resonance imaging (MRI) have high-
lighted differential patterns of cortical morphology in ASD compared to
non-autistic individuals, including differences in cortical volumes
(Hazlett et al., 2005, 2011; Lainhart, 2015; Mensen et al., 2017; Min-
shew and Williams, 2007), thickness (Hazlett et al., 2011; Mensen et al.,
2017; Smith et al., 2016; Wallace et al., 2015; Zielinski et al., 2014;
Hardan et al., 2009; Khundrakpam et al., 2017), surface area (Hazlett
et al., 2011; Smith et al., 2016; Ohta et al., 2016; Ecker et al., 2013;
Piven et al., 2017) and gyrification (Wallace et al., 2015; Kohli et al.,
2019; Williams et al., 2012; Hardan et al., 2004; Yang et al., 2016),
regional variations of atypical brain overgrowth in early childhood
(Courchesne et al., 2001, 2003, 2011; Hazlett et al., 2005; Nordahl et al.,
2011), and diverging longitudinal age-related trajectories (Prigge et al.,
2021; Lange et al., 2015; Hardan et al., 2009; Nunes et al., 2020) in
autistic individuals. Together, these postmortem and neuroimaging
findings implicate gray matter (GM) morphology and cytoarchitecture
in the biological basis of ASD; however, the architecture and organiza-
tion of the cortical microstructure has not been extensively investigated.

Diffusion MRI (dMRI) probes the neural microstructure by charac-
terizing the random motion of water molecules in tissue (Afzali et al.,
2021; Basser and Ozarslan, 2009). Alterations in the density and/or
organization of the diffusion barriers imposed by components of tissue
microstructure can restrict water diffusion. Diffusion tensor imaging
(DTI) is the most widely used dMRI technique to study the brain’s
microstructure and enables quantitative estimation of four scalar
indices: fractional anisotropy (FA), and mean (MD), radial (RD), and
axial (AD) diffusivity. DTI metrics have been widely used to study the
white matter microstructure across the lifespan and in neuro-
developmental disorders, including ASD (for review see refs: Travers
et al. (2015); Ameis and Catani (2015)). However, studies utilizing DTI
to assess cortical GM microstructure have been limited. Widespread
reductions in GM FA and increased MD in autistic compared to typically
developing (TD) individuals have been reported (Bletsch et al., 2021).
Similar reports of FA reductions Pichiecchio and Carigi, (2016) and MD
increases (Bletsch et al., 2021; Groen et al., 2011) in ASD suggest
cortical microstructural differences to be associated with ASD. However,
several limitations of the DTI model make it challenging to analyze and
interpret DTI metrics in GM, including the assumption of a Gaussian
diffusion distribution within complex microstructure of the cortical GM
(Wheeler-Kingshott and Cercignani, 2009) and bias from partial volume
effects of the CSF (Alexander et al., 2001).

Recent advancements in dMRI acquisition and modeling have aimed
to address several limitations of DTI and improve the characterization of
the neural microstructure (Alexander et al., 2019). Specifically, multi-
shell dMRI methods are used to account for more complex diffusion
signal changes, including changes resulting from non-Gaussian diffusion
distributions or multiple compartments of diffusion (Alexander et al.,
2019), making such methods especially applicable to investigations of
the cortical microstructure. Neurite orientation dispersion and density
imaging (NODDI) (Zhang et al., 2012) is one multi-compartment bio-
physical model that quantifies the angular variation of neurites with
orientation dispersion index (ODI) and intracellular volume fraction of
neurites (FICVF). NODDI also accounts for a wide range of neurite
orientation distributions that capture the full spectrum of patterns
observed across brain tissue, including the highly disperse dendritic
processes of the cortical GM microstructure (Zhang et al., 2012).

Still, few studies have utilized dMRI to examine the GM micro-
structure in ASD. For example, one study observed their ASD group to
have significantly increased MD across several GM regions compared to
controls (Groen et al., 2011). Using Restricted Spectrum Imaging (RSI),
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an alternative multi-shell, multicompartment dMRI technique, Carper
et al. observed decreased neurite density and increased MD in ASD
compared to TDs, though only a localized neurite density decrease in the
left temporal occipital fusiform gyrus survived multiple comparison
correction (Carper et al., 2016). A recent diffusion kurtosis imaging
(DKI) study described decreased mean kurtosis (MK) and radial kurtosis
(RK) and MD in young autistic males compared to TD males, in frontal,
parietal and temporal cortical regions (McKenna et al., 2020). In the
same study, this decreased GM MK was associated with increased re-
petitive and restricted behaviors and impaired social interaction
(McKenna et al., 2020). Further, a study utilizing NODDI in GM report
increased ODI in visual brain areas of autistic adults that was related to
altered visual processing (Matsuoka et al., 2020). Decreased NODDI
neurite density and ODI were also observed in regions of the ventral
occipital complex, fusiform gyrus, inferior parietal and superior tem-
poral regions in ASD with impaired recognition of facial emotional ex-
pressions (Yasuno et al., 2020), while significantly increased NODDI
ODI of the left occipital gyrus has additionally been observed in adults
with ASD (Matsuoka et al., 2020). While these findings provide in vivo
evidence of differential GM microstructure in ASD and demonstrates the
utility of dMRI methods to detect cortical differences, a dearth of studies
have explicitly investigated age-related differences in GM microstruc-
ture in ASD.

The current study utilizes multi-shell dMRI to investigate cortical
microstructural differences between autistic and non-autistic children
and young adults. We applied the Gray Matter Based Spatial Statistics
(GBSS) framework (Nazeri et al., 2017), which utilizes NODDI measures
to reduce partial volume contamination and improve sensitivity of dMRI
measures in GM, to assess cortical GM differences in autistic males.
Cross-sectional age-related group differences were additionally assessed
to investigate whether cortical maturation patterns may differ between
groups. We hypothesized the ASD group to demonstrate wide-spread
cortical differences compared to the TD group, namely decreased neu-
rite density and increased dispersion. Given the reports of brain over-
growth from infancy to childhood (Courchesne et al., 2001, 2003, 2011;
Hazlett et al., 2005; Nordahl et al., 2011), we hypothesize faster age-
related changes in cortical maturation in ASD in our sample. Further,
we examined associations between cortical GM and the ADOS-2 Cali-
brated Severity Score (CSS), a reliable measure of level of autistic
symptoms (Hus and Lord, 2014), and the Social Responsiveness Scale
(SRS), which identifies the presence and severity of social impairment in
ASD (Constantino and Gruber, 2012). Given previous findings in ASD
between cortical thickness and CSS (Bedford et al., 2020) and SRS
(Prigge et al., 2018), we hypothesized that cortical microstructure
measures in ASD to be associated with these clinical scores such that
individuals with higher ASD severity would demonstrate lower neurite
density, representing thinner axonal and dendritic arborizations, in
brain areas supporting social behaviors. To our knowledge, the current
study is the first to utilize GBSS to characterize cortical GM micro-
structure in ASD and to investigate NODDI metrics as a potential marker
of differential cortical microstructure related to ASD.

2. Materials and methods
2.1. Participants

Participants in this cross-sectional study were pooled from two
neuroimaging studies at the University of Wisconsin—-Madison investi-
gating patterns of brain microstructure in ASD. Across these studies, a
total of 70 ASD and 83 TD males between 5.8 and 21.75 years of age
were included. For specific inclusion/exclusion criteria see Supple-
mental Text.

All participants were able to communicate verbally and had a
nonverbal IQ score > 60, as measured by the Wechsler Abbreviated
Scale of Intelligence, 2nd Edition (WASI-II; (Da, 2011)). Participants in
the ASD group had a previous clinical diagnosis of ASD and were
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confirmed to meet DSM 5 criteria for ASD (Association et al., 2013) upon
enrollment, based on all information available including assessment
with standardized measures (see Supplemental Text). ASD and TD
subjects did not differ on age (p = 0.390), while ASD participants were
observed to have a significantly lower full-scale IQ (p = 0.0002).
Participant demographic information can be found in Table 1. 54 % (38/
70) of the ASD subjects were prescribed a psychotropic medication,
including stimulants, anti-psychotics, and serotonin reuptake inhibitors
(SSRIs).

3. Imaging acquisition and processing

Imaging data were acquired at the Waisman Center at the University
of Wisconsin-Madison on the same 3.0 Tesla GE Discovery MR750
scanner (Waukesha, WI) equipped with a 32-channel phase array head
coil (Nova Medical, Wilmington, MA). Diffusion weighted images
(DWIs) were acquired using a multi-shell spin-echo echo-planar pulse
sequence for both participant cohorts. A total of 69 DWIs were acquired,
6 of which were acquired with no diffusion encoding (i.e., b-value = 0 s/
mm?) and the remaining 63 images acquired along non-collinear
diffusing encoding directions with b = 350 s/mm? [9 directions], b =
800 s/mm? [18 directions], and b = 2000 s/mm? [36 directions].
Additional image acquisition parameters were moderately different
between the two participant cohorts. For one cohort, images were ac-
quired with a field of view of 230 mm x 230 mm and in-plane resolution
of 2.4 mm x 2.4 mm, interpolated with zero-filling to 1.8 mm x 1.8 mm;
76 slices with a slice thickness 3.6 mm and slice spacing —1.8 mm;
repetition time (TR) = 9000 ms; and echo time (TE) = 74.4 ms. Scanning
parameters for the second cohort consisted of a 256 mm x 256 mm field
of view and in-plane resolution of 2.0 mm x 2.0 mm; 70 slices with a
slice thickness of 2 mm; TR = 8575 ms; and TE = 76.9 ms. For both
acquisitions, the approximate duration of the dMRI scan was 10 min.

Following image acquisition, DWIs were processed using inhouse
processing pipelines. Briefly, DWIs underwent Rician noise (Veraart
et al., 2016) and Gibbs ringing artifact correction (Kellner et al., 2016)
using MRtrix3 (Tournier et al., 2019). The FMRIB software library (FSL;
(Jenkinson et al., 2012)) eddy tool was used to correct for motion and
eddy current-induced distortions (Andersson and Sotiropoulos, 2016),
while outlier detection and replacement was enabled to identify and
correct for signal dropout artifacts (Andersson et al., 2016). Gradient
directions were corrected for rotations (Leemans and Jones, 2009) and
non-parenchyma signal was removed (Smith, 2002). Diffusion tensors
were estimated at each voxel using a weighted-least squares algorithm

Table 1
Demographic, cognitive, and clinical characteristics of participants.

Sample Demographics TD ASD p value

N 83 70 -

Age (Years); Mean (SD) [Range] 12.72 (4.70) 12.11 p = 0.390

[5.75 - 21.75] (3.82)

[6.4 — 21.0]

Race

Black 1 1 -

Asian 0 2 -

White 76 62 -

Multi-Racial 5 3 -

Not Reported/missing 1 2 -

Clinical Characteristics average

score (SD) [Range]

ADOS-2 CSS - 7.11 (2.16) -

SRS Total T Score - 76.38 -
(10.73)

Full Scale IQ 113.46 (12.41) 104.04 p=

[83 -139] (18.71) 0.0002*

[63-140]

** ADOS- CSS scores collected in n = 59 ASD participants; SRS scores collected
in n = 65 ASD participants; Full-scale IQ collected in n = 87 TD n = 69 ASD. *
indicates significance.
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as part of the diffusion imaging in python (DIPY) open-source software
package (Garyfallidis et al., 2014). Quantitative maps of fractional
anisotropy, and mean, radial and axial diffusivity (FA, MD, RD, AD,
respectively) were derived (Basser, 1995). DWIs were also fit to the
three-compartment NODDI tissue model (Zhang et al., 2012) in Python
using Accelerated Microstructure Imaging via Convex Optimization
(AMICO) (Daducci et al., 2015), to provide estimates of the intracellular
volume fraction (density) of neurites (FICVF), orientation dispersion
index (ODI) and isotropic volume fractions (FISO). Quantitative maps
were visually inspected for artifacts (i.e. slice intensity banding, FA
hyper-intensities, distortions, and/or blurring). To account for acquisi-
tion protocol differences between the two study cohorts, DTI (FA, MD,
RD, AD) and NODDI (FICVF, ODI, FISO) parameter maps were harmo-
nized using the NeuroHarmonize software package (Pomponio et al.,
2020). NeuroHarmonize, an extension of the ComBat framework (Fortin
et al., 2018), uses an empirical Bayes approach, while preserving vari-
ability in across additional covariates of interest (e.g. age).

4. GM-based spatial statistics (GBSS)

GBSS adopts the tract-based spatial statistics (TBSS) (Smith et al.,
2006) framework to allow for analysis of diffusion MRI measures in the
cortical GM (Nazeri et al., 2015, 2017). Processing steps for GBSS have
been previously described (Nazeri et al., 2015, 2017). Briefly, a two-
tissue class segmentation of the DTI FA maps was performed using A-
tropos (Avants et al., 2011) to estimate a white matter fraction map. GM
fraction maps were then estimated by subtracting the white matter
fraction and CSF fraction (NODDI FISO parameter) maps from 1. Tissue
class segmentation maps were multiplied by their corresponding tissue
weighting (0 = CSF, 1 = GM, and 2 = white matter) and summed
together to generate a ‘pseudo T1-weighted’ image (Nazeri et al., 2017).
Pseudo T1-weighted images from each subject were used to build a
study-specific template using the buildtemplateparallel.sh script as part of
the Advanced Normalization Tools (ANTs) software suite (Avants et al.,
2008, 2010). DTI and NODDI measures and GM fraction maps were non-
linearly warped into the study-specific template space by applying the
warp fields generated by template construction. GM fraction maps
aligned to the study-specific template were averaged to create a mean
GM fraction map, which was skeletonized using the tbss_skeleton tool in
FSL (Fig. 1; (Jenkinson et al., 2012; Smith et al., 2006). NODDI and DTI
metrics were projected onto the GM skeleton from local voxels with the
greatest GM fraction. The GM skeleton was thresholded to include only
voxels with an average GM fraction > 0.65 (Nazeri et al., 2017).

5. Statistical analyses
5.1. Cortical microstructural age associations

Given the cortex is undergoing rapid growth across the lifespan (Fan
and Jiang, 2017; Gogtay et al., 2004; Lebel et al., 2008; Tamnes et al.,
2010; Turesky et al., 2021), we first assessed age-related associations
across the GM skeleton. For each subject, average values of FICVF, ODI,
FA, MD, RD, and AD were extracted from the GM skeleton and used to
construct an overall cortical microstructure trajectory. Without ac-
counting for group membership, candidate linear (AMRI(age) ~ a*age
+ pB) and logarithmic (dMRI(age) ~ a*In(age) + ) growth models were
fit to the cortical microstructure measures on a voxelwise basis using
RStudio (Version 2021.09.2 + 382 “Ghost Orchid”) (R Core Team,
2021). Significance was defined as p < 0.05, corrected for false dis-
covery rate. Information criterion parameters, including the Bayesian
Information Criterion (BIC) and Akaike information criterion (AIC),
were calculated and used to evaluate the model that best fit the data. The
best fitting model for each dMRI parameter was subsequently used to
investigate population-wise age relationships and differential cortical
microstructural patterns between groups. See Supplemental Text for
more information about candidate model selection.
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Fig. 1. GBSS GM skeleton projected on study-specific template. GM fraction maps were first averaged across subjects and the mean GM image was skeletonized (red).
All DTT and NODDI metrics and GM fraction were projected onto the skeleton from the local GM fraction maxima. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
5.2. ASD and TD group differences in cortical microstructure

General Linear Models (GLMs) were used to investigate cortical
microstructural differences between groups, while age-by-group in-
teractions were used to investigate potential age-related group differ-
ences. Group difference and age-by-group interaction models were run
separately. Based on the outcome of our BIC and AIC for model fitting
described above, logarithmic age was controlled for in the group dif-
ference models for measures of FICVF, FA, MD, RD, and AD, while linear
age was controlled for in the GLMs of ODI (Table 2). Covariates in all
analyses were centered. Non-parametric permutation testing with tail
approximation (n = 500) was carried out using Permutation Analysis of
Linear Models (PALM) (Smith et al., 2006; Winkler et al., 2014). We
applied the tail approximation method in PALM as recommended by
Winkler et al. (2016) for methods including familywise error correction
of p-values to utilize a smaller number of permutations by fitting the tail
of the permutation distribution to the fit of a generalized Pareto distri-
bution (GPD) (James, 1975; Winkler et al., 2016), from which the
p-values are computed. A multivariate analysis was used for GM DWI
measures following a logarithmic age pattern. A univariate analysis was
run separately for ODI. Joint inference of group differences was assessed
with the non-parametric combination (NPC) and Fisher’s combining
function across five dMRI metrics: FICVF, FA, MD, AD and RD, while
differences in individual metrics were also evaluated. Threshold free
cluster enhancement (TFCE) (Smith and Nichols, 2009) was used to
identify significant regions at p < 0.05, FWER-corrected across modality
and contrast. Overlapping voxels displaying a significant group and
age-by-group interaction were removed from group difference findings
for ease of interpretation.

5.3. Associations with ADOS-2 CSS and SRS

Level of autistic symptoms observed by researchers at study enroll-
ment was quantified with the ADOS-2 (Lord et al., 2000). To allow
comparison of ADOS total scores across ages and modules, the calibrated
severity score (CSS) was used. CSS is considered a reliable measure of
the level of autistic symptoms (Hus and Lord, 2014) and ranges from 1-
to-10 (with 10 being the most severe) (Gotham et al., 2009). Considering
the ASD group only, non-parametric inference of voxelwise GBSS-
skeletonized DTI and NODDI measures were estimated by linear
regression using PALM and n = 500 permutations, controlling for the

effects of age and IQ. Significance was defined as p < 0.05, FWER-
corrected using TFCE (Smith et al., 2006). Associations between CSS
and GM microstructure were run separately excluding IQ as a covariate.
Correlations of SRS, ADOS-CSS, and IQ can be found in Supplement
Table 5.

A similar approach was used to investigate associations between
cortical microstructural metrics and a standardized questionnaire
completed by parents, the Social Responsiveness Scale (SRS;(Con-
stantino and Gruber, 2012). The SRS was developed as a quantitative
scale that measures the presence and extent of autistic social impair-
ment. The SRS total T-score was used in analysis. Non-parametric
inference of voxelwise GBSS-skeletonized DTI and NODDI measures
were estimated by linear regression using PALM with n = 500 permu-
tations controlling for the effects of age and IQ. Significance was defined
as p < 0.05, FWER-corrected using TFCE (Smith et al., 2006) controlling
for the effects of age and IQ. Additional analyses were conducted
excluding IQ as a covariate.

To identify significant brain regions, statistical maps were linearly
co-registered to the Harvard-Oxford Cortical atlas (Desikan et al., 2006;
Frazier et al., 2005; Goldstein et al., 2007; Makris et al., 2006; Jenkinson
et al., 2002) using FSL’s flirt tool.

6. Results
6.1. Cortical microstructural age associations

Logarithmic growth models were found to best describe the age-
related trajectories for FICVF, FA, MD, AD, and RD, while the linear
model was more appropriate for ODI. BIC and AIC values from com-
parison of logarithmic and linear age models are provided in Table 2.
Average age-related patterns of GBSS-skeletonized diffusion MRI met-
rics are shown in Fig. 2. In general, FA, FICVF and ODI are observed to
increase with age, while MD, RD, and AD decreased with age.

To further assess the cortical microstructural age relationships,
GBSS-skeletonized DTT and NODDI measures were fit to logarithmic and
linear growth models to assess voxelwise age-related changes. Across the
GBSS skeleton, age-related patterns were generally consistent with the
mean age-related trajectories for each measure described in Fig. 2.
Measures of FA, FICVF, and ODI tended to increase with age (p < 0.05;
FWER-corrected) across the GBSS skeleton, while measures of MD, RD,
and AD tended to decrease with age (p < 0.05; FWER-corrected).

Table 2
BIC & AIC age fitting: selection of best fit for linear and logarithmic age.
FICVF oDI FA MD RD AD
BIC: Log Age —989.07 —920.87 —1136.79 —2954.10 —2968.55 —2916.34
BIC: Linear Age —978.11 —929.08 —1135.24 —2948.64 —2961.84 —2913.61
AIC: Log Age —998.16 —911.79 —1145.88 —2963.20 —2977.64 —2925.43
AIC: Linear Age —987.20 —919.99 —1144.33 —2957.73 —2970.93 —2922.71

** bolded values indicate best fit.
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Age by FICVF Age by ODI Age by FA

10 15 10 15 10 15
Age (Years) Age (Years) Age (Years)

D. Age by MD E. Age by RD Age by AD

0.000750
0.00080

0.00090
0.000725

9 0.00076
=

0.000700 0.00085

0.00072 0.000675

0.00080

0.000650
10 15 1 3
Age (Years)

0 15 0 15
Age (Years) Age (Years)

Fig. 2. Cortical GM microstructure age relationships. Logarithmic and linear fit lines applied per BIC and AIC model selection in Table 2. Scatter points represent
mean dMRI measures across the GM skeleton shown in Fig. 1. Bands represent confidence intervals.

Statistical maps for significant age relationships can be visualized in 6.2. ASD and TD group differences in cortical microstructure
Fig. 3.

Voxelwise GBSS group comparisons revealed significant (p < 0.05,
FWER-corrected) FICVF, MD, RD, and AD differences between ASD and

ODI

p value

Positiv

Fig. 3. Voxel-based age relationships of cortical GM microstructure. Logarithmic and linear fits applied per BIC and AIC model selection in Table 2. Significant
positive (Yellow/Red) and negative (Light blue/Dark Blue) voxels are shown on the dMRI maps for each measure. Voxels showing significant negative relationships

are shown in blue while voxels showing significant positive relationships are shown in red. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)



M.A. DiPiero et al.

TD groups (Fig. 4). The ASD group demonstrated lower FICVF, and
higher MD, RD, and AD compared to the TD group across frontal and
temporal brain regions concentrated in the right hemisphere. FICVF,
MD, RD, and AD were all observed to differ between the groups in the
right frontal pole. Group differences of FICVF were observed across
frontal, temporal, and occipital regions of the right hemisphere (Fig. 4A,

FICVF Group Differences
ASD T

10

15
Age (Years)

MD Group Differences
ASD TD

10 15
Age (Years)

RD Group Differences
ASD TO

1 15

0
Age (Years)

AD Group Differences
ASD TO

10 3
Age (Years)
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Supplement Table 1). Group differences of MD were found in right
hemisphere frontal brain regions, whereas RD group differences were
observed in right hemisphere frontal and insular cortices, and AD group
differences spanned frontal, temporal, and parietal lobes of the right
hemisphere (Fig. 4B — 4D). No significant group differences were
observed for measures of FA and ODI. All neuroanatomical locations of

Fig. 4. Group differences in NODDI and DTI measures. Level of significance and neuroanatomical location of voxels from group difference model are displayed on the
mean dMRI maps from all participants. Scatter points represent mean dMRI values of significant voxels for each measure. Trendlines show model fit and confidence

intervals for group difference on dMRI measures when accounting for age.
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significant group differences by dMRI measure can be found in Sup-
plement Table 1.

6.3. Age-by-Group interactions in cortical microstructure

GBSS voxelwise analysis showed significant (p < 0.05, FWER-
corrected) age-by-group interactions on FICVF in the right hemisphere
middle frontal gyrus, precentral gyrus, and frontal pole with greater age-
related increases in FICVF in the ASD group compared to TD (Fig. 5). No
significant age-by-group interactions were observed for ODI, FA, MD,
RD, or AD. Neuroanatomical locations of significant age by group in-
teractions on FICVF can be found in Supplement Table 2.

6.4. Associations with ADOS-2 CSS

Significant relationships between CSS and cortical microstructure
(accounting for the effects of age and IQ) were observed with GBSS
measures of ODI, MD, RD, and AD across widespread cortical regions
within the ASD cohort (p < 0.05; FWER-corrected) (Fig. 6; Supplement
Table 3). Negative relationships were observed between CSS and OD],
whereas positive relationships with CSS were observed between mea-
sures of MD, RD, and AD. While cortical areas of significance are
widespread, significant areas are largely localized to the right hemi-
sphere, complementary to our group difference findings.

When not accounting for the effects of IQ, Significant relationships
(p < 0.05; FWER-corrected) were observed between CSS and cortical
microstructure with GBSS measures of ODI, FA, MD, RD, and AD
(Supplement Fig. 1). Findings follow the same directional relationships
as observed when controlling for IQ. Additionally, FA was positively
related to CSS.

6.5. Associations with SRS

Relationships between SRS and cortical microstructure were
observed with GBSS measures (accounting for the effects of age and IQ);
however, these relationships did not survive correction for multiple
comparisons. SRS correlated positively with ODI, AD, and negatively
with FICVF (uncorrected; p < 0.01) See Supplement Fig. 2 and Sup-
plement Table 4 for general brain areas where this relationship exists.
Findings remain non-significant when not accounting for the effects of
IQ in the linear model.

FICVF Age by Group Interaction
ASD TD
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7. Discussion

The cortical microstructure is foundational for the brain’s neural
circuitry and is implicated in the developmental neural basis of ASD. In
this work, we examined group and age-related differences of the cortical
microstructure between autistic and TD males from childhood into
young adulthood. We also sought to investigate relationships between
cortical microstructure and measures of autistic symptoms. We report
right-hemisphere differences in neurite density (FICVF) between autistic
and TD males, as well as age-related differences between diagnostic
groups. Specifically, we report decreased mean FICVF in the ASD group
compared to TD, with a greater age-related increase in FICVF in ASD
compared to TD, in non-overlapping voxels of the right hemisphere. It
has been widely reported that the developmental trajectory of brain
growth in autistic individuals follows an abnormally accelerated rate of
early growth, followed by attenuated growth in childhood (Hazlett
et al., 2005; Courchesne et al., 2001; Courchesne et al., 2003; Courch-
esne et al., 2011; Nordahl et al., 2011). This work supports our current
findings of greater age-related increases in neurite density in ASD within
the expected age-ranges of overgrowth, however, more work is needed
to delineate microstructural age-related trajectories of gray matter that
cannot be captured with volume-based analyses. We extend recent work
utilizing multi-shell dMRI in ASD and use the GBSS framework (Nazeri
et al.,, 2017) to assess cortical GM differences related to ASD. Our
findings provide new insights into group and age-related differences of
cortical GM microstructure in ASD, with implications for the role of
cortical organization in the level of autistic symptoms and highlight
NODDI as an important tool for delineating fine microstructural features
of the cortex.

Consistent with our findings, a recent study reported a trend-level
group difference of lower FICVF in the ASD group in areas of the
cingulate gyrus, right superior temporal lobe and much of the parietal
lobes (Carper et al., 2016). Differences in minicolumar cortical organi-
zation have also been reported in post-mortem studies of ASD (Casanova
etal., 2002), described by narrower cells (Buxhoeveden et al., 2006) and
reduced cell density in frontal brain regions (Casanova et al., 2006).
Reductions in FICVF in autistic individuals may be related to thinning of
myelinated axons in cortical GM (Groen et al., 2011), with age-by-group
interactions of FICVF suggesting differential developmental timing of
cortical thinning between groups. Indeed, age related differences in
cortical thickness have been reported in autistic individuals 6-to-30
years (Nunes et al., 2020), with studies reporting thinner cortices during
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Fig. 5. NODDI FICVF age by group interactions. Level of significance and neuroanatomical location of voxels from interaction model are displayed on the mean
FICVF map across all participants. Scatter plots represent mean FICVF values of significant voxels from each individual. Trendlines show model fit and confidence
intervals for age by group interaction on dMRI measures when accounting for the effects of age and group.
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Fig. 6. ADOS-2 CSS by DWI Relationships in ASD Accounting for IQ as a Covariate. Level of significance and neuroanatomical location of significant voxels are
displayed on the dMRI maps. Scatter plots represent mean dMRI values of significant voxels for each measure. Trendlines show model fit and confidence intervals for
relationship between dMRI measures and ADOS CSS when accounting for the effects of age and IQ. Boxplots show TD range for DWI measures averaged over

significant voxels.

childhood followed by increased cortical thickness during adulthood in
subjects with ASD (Ecker et al., 2014).

GM microstructural group differences were observed to be concen-
trated to the right hemisphere in ASD, suggesting potential hemispheric-
specific cortical differences in ASD (Floris et al., 2021; Postema et al.,
2019) particularly within cognitive, social/emotional, sensory, and vi-
sual brain areas (Figs. 4-5; Supplement Table 1-2). Hemispheric
specialization results from changes in cortical organization and supports
specific functional processes such as analysis of auditory and language
information in the left hemisphere (Hutsler and Galuske, 2003; Josse
and Tzourio-Mazoyer, 2004), and downstream visual processing in the
right hemisphere (Brederoo et al., 2020). While hemispheric asymmetry
was not explicitly tested; the current work contributes to a growing body
of evidence suggesting potential disruption of hemispheric specializa-
tion in ASD in both structural and functional organization of the cortex
(Floris et al., 2021; Floris and Howells, 2018; Lindell and Hudry, 2013;
Nielsen et al., 2014).

GM microstructure (ODI, MD, RD, AD) was also significantly related
to the CSS in cortical brain areas (Supplement Table 3). We report
higher CSS scores to be associated with lower ODI, and higher MD, RD,
and AD. Across these measures, the frontal pole and the middle frontal
gyrus were common regions of significance. While GM microstructure
was not significantly associated with SRS, we found negative relation-
ships between SRS and FICVF, and positive relationships with SRS and
ODI and AD. Though SRS findings did not survive multiple comparison
correction, together, these relationships suggest the level of autistic
symptoms in ASD may be linked to altered GM microstructure. Inter-
estingly, across dMRI measures, FICVF in the temporal fusiform cortex,
an area largely responsible for facial and object recognition (Palejwala
et al., 2020), is the only common brain region found to show the re-
lationships between both GM microstructure and SRS and CSS scores,
suggesting a more pervasive role of the structural architecture and or-
ganization of the temporal fusiform cortex in behavioral challenges
related to ASD.
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Our findings support the growing literature of differential cortical
development in ASD in language (Joseph et al., 2014) and visual net-
works responsible for facial and object recognition and processing (Sato
et al., 2017) and may provide additional evidence for sources of social
challenges associated with ASD. Our findings also implicate GM
microstructure of motor (precentral gyrus) (Banker and Neuroanatomy,
2021 2021.) and sensorimotor (frontal medial cortex) (Silva Moreira
et al., 2016) functions, setting the stage for future studies to further
examine the microstructural correlates of motor challenges related to
ASD. Moreover, while not a core diagnostic trait of ASD, difficulties with
executive functioning are common amongst autistic individuals (Lai
et al., 2017). Here, we report age-related cortical microstructural dif-
ferences of FICVF in GM of autistic individuals within the neural circuits
of executive functioning, particularly within the right hemisphere
frontal pole and middle frontal gyri, which contribute to cognitive and
executive functions (Japee et al., 2015) ; for a review see (Hill, 2004).
More work utilizing longitudinal multimodal assessment is needed to
evaluate structure-function relationships in ASD particularly pertaining
to GM processing centers.

Our study is limited by its cross-sectional design, all male participant
samples, and the limitations of composite clinical measures of autistic
symptom severity. Longitudinal study of age-related cortical micro-
structural changes within autistic individuals and TD are needed to
support our findings of group and age-related developmental differ-
ences. Additional studies in autistic females and more cognitively-
impaired individuals are additionally needed to expand the generaliz-
ability of our results. Furthermore, associations of cortical microstruc-
tural differences with CSS and SRS scores within the ASD sample provide
convergent evidence that observed ASD-TDC cortical differences may be
related to ASD rather than other potential (unmeasured) differences
between the diagnostic groups. The ADOS-2 CSS and SRS scores have
complementary strengths and limitations (Hus et al., 2013a,b, 2014;
Gotham et al., 2007). The ADOS-2 is an investigator-based assessment of
autistic symptoms observed during standardized interactional assess-
ment at the time of evaluation. The SRS is a parent-based questionnaire
focusing on a broader range of behaviors observed across a broader
context and time frame. As the use of both clinical measures provides
complementary information and is, therefore, a strength of this study,
the set of autistic behaviors underlying an individual’s CSS and SRS
scores varies from individual to individual. As such, larger samples are
needed to test more specific cortical microstructure-autistic behavior
correlations, and longitudinal studies are needed to provide temporal
insight into the emergence of these differential developmental
trajectories.

Overall, the current study investigated GM microstructural differ-
ences in the cerebral cortex between autistic and TD individuals using
dMRI and GBSS. Findings revealed group and age-related group differ-
ences in cortical GM organization in cortical brain areas involved in
various cognitive, sensory, and motor functions. Furthermore, this study
begins to bridge a critical gap knowledge of cortical brain organization
related to ASD. To our knowledge, this study is the first to utilize NODDI
and the GBSS framework to assess cortical GM microstructural differ-
ences in ASD and supports the hypothesis that alterations to the un-
derlying cortical microstructure play an important role in ASD. Future
studies are necessary to assess potential specific behavioral correlates of
these atypical GM microstructure findings, while future longitudinal
studies will be informative for assessing individual variation and
investigating developmental changes over time.
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