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Neural correlates of shared sensory symptoms
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Symptoms of autism spectrum disorder and attention-deficit/hyperactivity disorder often co-occur. Among these, sensory impair-
ment, which is a core diagnostic feature of autism spectrum disorder, is often observed in children with attention-deficit/hyperactiv-
ity disorder. However, the underlying mechanisms of symptoms that are shared across disorders remain unknown. To examine the
neural correlates of sensory symptoms that are associated with autism spectrum disorder and attention-deficit/hyperactivity dis-
order, we analysed resting-state functional MRI data obtained from 113 people with either autism spectrum disorder or attention-
deficit/hyperactivity disorder (7 =78 autism spectrum disorder, mean age =29.5; n =35 attention-deficit/hyperactivity disorder,
mean age = 31.2) and 96 neurotypical controls (mean age = 30.6, range: 20-55 years) using a cross-sectional study design. First, we
used a multi-dimensional approach to examine intrinsic brain functional connectivity related to sensory symptoms in four domains
(i.e. low registration, sensation seeking, sensory sensitivity and sensation avoidance), after controlling for age, handedness and
head motion. Then, we used a partial least squares correlation to examine the link between sensory symptoms related to intrinsic
brain functional connectivity and neurodevelopmental symptoms measured using the Autism Spectrum Quotient and Conners’
Adult Attention-Deficit/Hyperactivity Disorder Rating Scale, regardless of diagnosis. To test whether observed associations were
specific to sensory symptoms related to intrinsic brain functional connectivity, we conducted a control analysis using a bootstrap
framework. The results indicated that transdiagnostic yet distinct intrinsic brain functional connectivity neural bases varied accord-
ing to the domain of the examined sensory symptom. Partial least squares correlation analysis revealed two latent components
(latent component 1: ¢ <0.001 and latent component 2: g < 0.001). For latent component 1, a set of intrinsic brain functional
connectivity was predominantly associated with neurodevelopmental symptom-related composite score (r=0.64, P < 0.001), which
was significantly correlated with Conners’ Adult Attention-Deficit/Hyperactivity Disorder Rating Scale total T scores (r=—0.99,
¢ < 0.001). For latent component 2, another set of intrinsic brain functional connectivity was positively associated with neurodeve-
lopmental symptom-related composite score (r=0.58, P<0.001), which was eventually positively associated with Autism
Spectrum Quotient total scores (r=0.92, ¢ <0.001). The bootstrap analysis showed that the relationship between intrinsic brain
functional connectivity and neurodevelopmental symptoms was relative to sensory symptom-related intrinsic brain functional
connectivity (latent component 1: P=0.003 and latent component 2: P<0.001). The current results suggest that sensory
symptoms in individuals with autism spectrum disorder and those with attention-deficit/hyperactivity disorder have shared neural
correlates. The neural correlates of the sensory symptoms were associated with the severity of both autism spectrum disorder and
attention-deficit/hyperactivity disorder symptoms, regardless of diagnosis.
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Transdiagnostic approach in ASD and ADHD

Introduction

Autism spectrum disorder (ASD) is characterized by social
communication impairment (SCI) along with restricted
interests and repetitive behaviours, while attention-deficit/
hyperactivity disorder (ADHD) is classified according to
age-inappropriate inattention, hyperactivity and impulsiv-
ity (American Psychiatric Association, 2013). Symptoms
of ASD and ADHD often co-occur (Grzadzinski et al.,
2011), including sensory symptoms (Ghanizadeh, 2011;
Bijlenga et al., 2017; Little et al., 2018). These generally
involve hyper- or hypo-reactivity to sensory inputs, which
is one of the four restricted interests and repetitive behav-
iours diagnostic features of ASD as defined by the
Diagnostic and Statistical Manual of Mental Disorders
fifth edition (DSM-5). This domain was not included in
the DSM-IV diagnostic criteria (American Psychiatric
Association, 2000). Sensory symptoms in individuals with
ASD and ADHD have increasingly been a research focus
because of their high prevalence (Crane et al., 2009), as
well as their potential link with other cognitive domains
[reviewed by Baranek er al. (2018) and Thye er al
(2018)]. Theoretically, hyper-reactivity to sensory input
can make it more difficult to focus on social stimuli,
while hypo-reactivity can decrease learning opportunities.
Thus, both hyper- and hypo-reactivity may be related to
SCI and inattention (Baranek et al., 2018; Thye et al.,
2018). Indeed, prior studies have demonstrated that sen-
sory symptoms are associated with language skills and
adaptive behaviour in individuals with ASD (Lane et al.,
2010; Watson et al., 2011).

Atypical intrinsic brain functional connectivity (iFC) is
a well-known element of ASD pathophysiology (Shen
et al., 2016). Supporting the theory that sensory symp-
toms contribute to symptoms in other domains, resting-
state functional MRI studies have demonstrated the im-
portance of the sensory cortex in ASD symptoms. For ex-
ample, in individuals with ASD, iFC between the primary
sensory cortex and other brain regions was found to be
atypical (Oldehinkel et al., 2019) and was correlated
with ASD symptoms (Cerliani et al., 2015). Further, a
novel approach showed that stepwise functional connect-
ivity between the primary sensory cortex and transmodal
association cortices was associated with SCI severity
(Hong et al., 2019; Martinez et al., 2020). However, the
neural mechanisms of the hierarchical relationships
between sensory and SCI symptoms remain unknown.

Like ASD, ADHD is characterized by atypical iFCs
[reviewed by Castellanos and Aoki (2016)]. While categor-
ical comparisons of iFCs between individuals with ASD
and ADHD have yielded both shared and distinct patterns
(Ray et al, 2014; Dajani et al, 2019), studies that
accounted for comorbidity and used a multi-dimensional
approach have provided a more complete picture.
Specifically, atypical iFC patterns in individuals with
ADHD are similar to those in people with ASD with
comorbid ADHD symptoms. This suggests that the effects
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of ADHD symptoms on iFC are, in part, comparable in
individuals with ASD and those with ADHD (Di Martino
et al., 2013). Diffusion tensor imaging has revealed simi-
larities between ASD and ADHD (Ameis et al., 2016), as
well as a continuous distribution of structural connectivity-
ASD symptom relationships across individuals with ASD
and those with ADHD (Aoki et al., 2017). The findings of
these functional and structural connectivity studies support
the notion that brain-behaviour relationships transcend
diagnostic  boundaries across these two disorders.
However, no studies have dissected the symptom domains
of either ASD or ADHD, and so the specific role of sen-
sory impairment across diagnoses remains unknown.

In theory, sensory symptoms may lead to both SCI and
inattention symptoms (Baranek et al., 2018; Thye et al.,
2018). Indeed, atypical function of sensory processing
pathways is associated with the pathophysiology of SCI
symptoms in people with ASD (Cerliani et al., 2015;
Hong et al., 2019; Oldehinkel et al., 2019). Both SCI
and sensory symptoms are also observed in individuals
with  ADHD (Ghanizadeh, 2011; Grzadzinski et al.,
2011; Bijlenga et al., 2017; Little et al., 2018). Indeed,
the neural correlates for ASD symptoms may transcend
the diagnostic boundary between ASD and ADHD (Di
Martino et al., 2013; Aoki et al., 2017). Thus, it may be
helpful to investigate the neural mechanisms underlying
the hierarchical relationships between sensory and SCI
symptoms, regardless of diagnosis.

The aim of the current study can be interpreted in the
context of the research domain criteria (Insel et al., 2010).
Prior biological studies with case—control designs have pro-
duced inconsistent and non-disorder-specific findings. Thus,
investigating hierarchical relationships between symptoms
along with their neural bases, regardless of diagnosis, may
represent a way to focus on biological pathophysiology as
opposed to diagnosis. In the current study, we hypothesized
that sensory symptoms would be associated with iFC that
is correlated with symptoms of ASD, especially those in the
SCI domain, regardless of diagnosis. To test this hypoth-
esis, we first identified the iFC that was transdiagnostically
associated with sensory symptoms. Then, we examined
whether sensory symptom-related iFC was associated with
Autism Spectrum Quotient (AQ) and/or Conners’ Adult
ADHD Rating Scale (CAARS) scores. Finally, we tested
whether the relationships between iFC and neurodevelop-
mental symptoms (i.e. AQ and/or CAARS scores) were spe-
cific to sensory symptom-related iFCs. The analyses were
conducted across a group of participants with ASD,
ADHD and neurotypical controls (NTCs).

Materials and methods

In this cross-sectional study, we obtained MRI data from
266 adults (20-55years old) who either had ASD,
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ADHD or were NTCs. All individuals agreed to under-
go MRI scanning and were recruited at Showa
University Karasuyama Hospital between September
2014 and March 2019. The dataset passed a visual in-
spection for artefacts and macro-brain anomalies.
Fifteen participants were excluded because of excessive
motion (five ASD, two ADHD and eight NTC; see
below). Originally, there was a male predominance in
the sample. To increase the biological homogeneity of
the sample, we excluded female participants (42 women).
As a result, we analysed MRI data from 78 men with
primary ASD, 35 men with primary ADHD and 96
male NTCs (Supplementary Fig. 1). A clinical team
assessed developmental history, present illness, life his-
tory and family history, and then made clinical diagno-
ses based on the DSM-IV-TR. The first or second
edition of the Autism Diagnostic Observation Schedule
(ADOS) was used depending on whether the participant
had enrolled before or after publication of the second
edition (Gotham et al., 2007, 2009). A reliable trained
psychologist administered Module 4 of the ADOS to 57
participants with ASD and 10 participants with ADHD.
Thirty-three individuals whose primary diagnosis was
ASD were taking medication (19 were taking antidepres-
sants, 18 were taking benzodiazepine and two were tak-
ing psychostimulants), and 24 individuals with ADHD
were taking psychoactive medication (22 were taking
psychostimulants, four were taking antidepressants and
two were taking benzodiazepine). The NTCs were
confirmed to have no psychiatric conditions according
to the Japanese version of the Mini-International
Neuropsychiatric Interview (Sheehan et al., 1998). The
intelligence quotient scores of participants with ASD
and those with ADHD were estimated using the
Wechsler Adult Intelligence Scale-Third Edition or the
WAIS-Revised, while those for the NTCs were estimated
using a Japanese version of the National Adult Reading
Test (Matsuoka et al., 2006). The AQ has five sub-
scales: social skills, communication skills, imagination,
attention to detail and attention switching/tolerance of
change (Baron-Cohen et al., 2001). Some of the sub-
scales, such as attention to detail and attention switch-
ing/tolerance of change, reflect symptoms in the DSM-5.
However, in the current participant group, total AQ
scores were well correlated with the SCI subdomains
(social skills + communication skills) [r=0.94, 95%
confidence interval (CI) = [0.93, 0.96], P<0.001].
Thus, we utilized the total AQ score as a reflection of
SCI severity. ADHD symptoms were evaluated using
scores from the CAARS (Conners et al., 1999). All par-
ticipants completed the Adolescent/Adult Sensory Profile
(AASP), which assesses sensory impairments in four
domains: low registration, sensation seeking, sensory
sensitivity and sensation avoiding (Brown and Dunn,
2002). The four domains of the AASP differ in terms of
the ways in which neurological thresholds (i.e. high or
low) interact with behavioural responses (i.e. passive or
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active). Low registration refers to high neurological
thresholds and passive behavioural responses, while
sensation seeking refers to high neurological thresholds
and active behavioural responses. Both sensory sensitiv-
ity and sensation avoiding refer to low neurological
thresholds while the former and latter denote passive
and active behavioural responses, respectively. Here, a
person with ‘high neurological thresholds’ would take
longer to perceive stimuli or be more likely to miss
stimuli compared with a person with low neurological

thresholds.

All MRI data were acquired using a 3.0-T MRI scanner
(MAGNETON  Verio, Medical ~ Systems,
Erlangen, Germany) with a 12-channel head coil.
Functional images were acquired using an echo planar
imaging sequence (repetition time: 2500 ms, echo time:
30ms, flip angle: 80°, field of view: 212 mm, matrix size:
64 x 64, slice thickness: 3.2mm with a 0.8-mm gap,
40 axial slices) at rest for 10min 10s (244 volumes).
During the resting-state scans, participants were asked to
fixate their eyes on a cross-hair displayed at the centre of
the screen, not to think about specific things, and to stay
awake. To correct for susceptibility-induced distortions of
the functional image, gradient echo field mapping images
were acquired immediately after the resting-state scans
(repetition time: 488 ms, short echo time: 4.92ms, long
echo time: 7.38ms, flip angle: 60°, field of view:
212 mm, matrix size: 64 x 64, slice thickness: 3.2 mm
with a 0.8-mm gap, 40 axial slices). For normalization
purposes, Tq-weighted images were acquired with an
MPRAGE sequence (repetition time: 2.3s, echo time:
2.98ms, flip angle: 9°, field of view: 256 mm, matrix
size: 256 x 256, slice thickness: 1 mm, 240 sagittal slices,
voxel size: 1 x 1 x 1 mm).

Siemens

The resting-state functional MRI data were then prepro-
cessed using FMRIPREP version 1.1.8 (Esteban et al.,
2019). Briefly, the first four volumes were removed to
allow for T1 equilibration. Preprocessing steps included
head motion estimation, slice timing correction, co-regis-
tration of echo planar image data to the corresponding
T,-weighted anatomical image, distortion correction and
normalization to standard Montreal Neurological
Institute space. Data with a translation (x, y, z) of 3mm
or larger and/or rotation (pitch, yaw and roll) parameters
of three degrees or larger were discarded. For more
details regarding the preprocessing pipeline, see http:/fmri
prep.readthedocs.io/en/latest/workflows.html. We analysed
the preprocessed data using the Human Connectome
Project style surface-based methods with the ciftify tool-
box, version 2.1.1 (Dickie et al., 2018). This toolbox
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allowed us to analyse our non-Human Connectome
Project style data using a Human Connectome Project-
like surface-based pipeline.

After converting the preprocessed volumetric data to
surface-based data, we performed a nuisance regression
in a vertex-wise manner. Nuisance signals consisted of
linear detrending, six head motion parameters and the
average signals from subject-specific white matter, cere-
brospinal fluid and the whole brain, with their deriva-
tives. Band-pass filtering (0.008 and 0.1 Hz) was applied
to the residuals. Glasser’s 360 surface-based cortical atlas
(Glasser et al., 2016) with 16 subcortical parcels was
used to identify regions of interest. The subcortical par-
cels were defined using FreeSurfer and stored in the
CIFTI format (Glasser et al., 2013). Frame-wise displace-
ment (FD) was computed to quantify spurious changes
caused by head motion. Then, motion-contaminated
frames with FD > 0.5mm were removed. Participants
for whom the median FD or the ratio of volumes
excluded by scrubbing were 3 standard deviations above
the group mean were also excluded. After following
these steps, no significant between-group differences were
observed in either the median FD (P=0.95) or the ratio
of retained volumes (P=0.1). Pearson correlations were
calculated among all possible pairs of regions of interest,
yielding a 376 x 376 iFC matrix for each subject, and
Fisher’s r-to-z transform was applied to iFCs. To facili-
tate the interpretation of our findings, we identified the
anatomical labels of each region of interest and the
names of the resting-state networks using automated
anatomical labelling and the methods of a previous study
(Yeo et al., 2011) in which the spatial overlap was cal-
culated between each region of interest and automated
anatomical labelling or network mask.

An overview of the analytical procedures is shown in
Fig. 1. First, we constructed an iFC matrix from the
resting-state functional MRI data for each participant
using Glasser’s cortical atlas. Second, we identified mul-
tiple sets of iFCs, each associated with a different aspect
of sensory symptoms (i.e. low registration, sensation
seeking, sensory sensitivity and sensation avoiding).
Third, we applied a data-driven method called partial
least squares correlation (PLS-C) to identify the latent
components (LCs) that maximally covaried between a
set of sensory symptom-related iFCs and the neurodeve-
lopmental symptoms measured by the AQ and CAARS.
Finally, we examined the association between iFCs
and the neurodevelopmental symptoms specific to the
sensory-related iFCs.
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We fitted a general linear model as follows:

4 3
Yij = BO + lel Bl'xil + Zm:l Bm‘x"ﬁ + &,

where y; and ¢; represent the jth iFC and residual of the
ith subject. The first and second terms in the equation
correspond to the four sensory symptom severity scores
(i.e. low registration, sensation seeking, sensory sensitiv-
ity and sensation avoiding) and to the nuisance covari-
ates (i.e. age, handedness and median FD), respectively.
This model allowed us to examine the effects of each of
the four sensory symptoms, while regressing out the
other variables. Permutation tests were performed to cal-
culate P-values from null distributions. The number of
iterations was set to 5000 in this study. The statistical
threshold was set to P<0.05 after false discovery rate
correction, implemented in the Network-Based Statistics
toolbox.

To investigate the ways in which sensory symptom-
related iFC was associated with AQ and CAARS scores
across all individuals for whom scores were available,
we used PLS-C to investigate statistical associations
between two sets of observed variables. Specifically, we
identified LCs in one variable set (i.e. sensory symptom-
related iFCs) that maximally covaried with LCs in
another set (i.e. AQ and CAARS). Since this method
linearly projects two sets of observed variables into a
common latent space, it yields sensory symptom-related
iFC composite scores and neurodevelopmental symp-
tom-related composite scores (i.e. AQ and CAARS
scores) for each LC. Sensory symptom-related iFC and
neurodevelopmental symptom data are stored in
matrices X and Y, respectively. The number of rows
corresponds to the number of  participants
while the number of columns corresponds to the num-
ber of features (i.e. sensory-related iFC or
neurodevelopmental symptoms). The effects of sensory
symptoms and other confounding factors (i.e. age,
handedness and median FD) were regressed out
from both matrices, and residualized matrices were
Z-scored. Then, we computed the covariance matrix R
as follows:

R=XT.v.

We used singular value decomposition to decompose
the covariance matrix, R, into three matrices:

R=U-S-V".

The left singular and right singular vectors are called
neurodevelopmental symptom-related and sensory symp-
tom-related iFC saliences, respectively, while S is a
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Figure | Overview of study procedure. In this study, we first constructed an intrinsic brain functional connectivity (iFC) matrix for each
participant using Glasser’s cortical atlas (A). Second, a multiple linear regression model was fitted to each matrix to identify iFC associated with
four sensory symptoms (i.e. low registration, sensory seeking, sensory sensitivity and sensory avoiding) (B). Then, we applied a multivariate data-
driven method called partial least squares correlation (PLS-C) to a set of sensory symptom-related iFC and neurodevelopmental symptoms [i.e.
the Autism Spectrum Quotient (AQ) total score and scores on Conners’ Adult ADHD Rating Scale (CAARS)], to investigate the associations

between them according to latent components (C).

diagonal matrix in which diagonal elements are singular
values. Next, we calculated sensory symptom-related
iFC and neurodevelopmental symptom-related composite
scores, Lx and Ly, by projecting X and Y onto their
respective saliences:

Lx=X -UandLy =Y V.

These composite scores reflect sensory symptom-related
iFC and the neurodevelopmental symptom-related contri-
bution to each LC, for each individual.

The number of statistically significant LCs was deter-
mined by a permutation test. Briefly, we first randomly
reordered the rows (i.e. the order of subjects) of X such
that the original association between X and Y was
destroyed. Then, PLS-C was applied to the permuted
dataset. This procedure was repeated 5000 times to ob-
tain a null distribution for each LC. We set the threshold
for statistical significance at P < 0.05 after false discovery
rate correction.

To investigate the extent to which sensory symptom-
related iFC and neurodevelopmental symptoms contributed
to the character of each composite score, we computed
Pearson correlation coefficients between X and Ly, as well
as between Y and Ly. A larger correlation coefficient for a
sensory symptom-related iFC reflects a greater contribution
to the sensory symptom-related iFC composite score. To
estimate confidence intervals (CIs) for these correlation
coefficients, we applied a bootstrapping method with 5000
iterations, generating 5000 samples with replacements
from sensory symptom-related iFC and neurodevelopmen-
tal symptom data. Z-scores were computed by dividing the
original correlation coefficients by the estimated standard
deviation. These Z-scores were converted to P-values. We
set the threshold for statistical significance at P <0.05
after false discovery rate correction.

To further examine whether the association between
iFCs and neurodevelopmental symptoms (i.e. AQ and
CAARS scores) was selective to sensory symptom-
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related iFCs, we conducted a control analysis based on
a bootstrap framework. Briefly, we first randomly
selected iFCs that were not included in the pool of sen-
sory symptom-related iFCs. We then applied PLS-C
with a permutation test to the bootstrapped dataset to
assess the statistical associations between the resampled
iFCs and neurodevelopmental symptoms. Repeating
these procedures 5000 times yielded a P-value distribu-
tion for each LC. Actual P-values falling below the fifth
percentile of the distributions were regarded as statistic-
ally significant (P <0.05).

The data analysed in the current study are available
upon request.

Results

Our analyses revealed that each sensory symptom domain
(i.e. low registration, sensation seeking, sensory sensitivity
and sensation avoiding) was associated with a distinct
iFC pattern. Low registration was associated with 23
instances of iFC. The network with the greatest number
of instances of iFC related to low registration was the
fronto-parietal network, followed by the visual network
(Fig. 2A). Sensation seeking was associated with 39
instances of iFC (Fig. 2B). The default mode network
was most frequently involved, followed by the ventral at-
tention network (four instances of iFC on the right and
four on the left). Sensory sensitivity was associated with
12 instances of iFC, and the default mode and dorsal at-
tention networks were most frequently involved (Fig. 2C).
Sensation avoidance was related to 13 instances of iFC
(Fig. 2D). Only one instance of iFC was involved in two
sensory symptom domains or more: the region between
the right frontal supplementary medial and right insula
was involved in both sensory sensitivity and sensation
avoiding.

PLS-C with a permutation test identified two significant
LCs (LC1: ¢<0.001 and LC2: ¢<0.001, respectively).
For LC1 [Fig. 3A(i)], the sensory symptom-related
iFC composite score was positively associated with the
neurodevelopmental symptom-related composite score
(r=0.64, f=0.56, R2:O.41, P <0.001). Pearson correl-
ation analyses revealed that the neurodevelopmental
symptom-related  composite score was  negatively
associated with both total AQ score (r=-0.32, 95%
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CI = [-0.16, —0.44], ¢=0.008) and CAARS scores:
DSM-IV inattentive symptom severity (r = —0.87, 95%
CI = [-0.82, —0.90], ¢<0.001), DSM-IV hyperactive-

impulsive symptom severity (r = —0.87, 95% CI =
[-0.82, —0.92], ¢<0.001) and DSM-IV ADHD total
T score (r = —0.99, 95% CI = [-0.98, —0.99],

q<0.001) [Fig. 3A(ii)]. After thresholding bootstrapped
Z-scores [Fig. 3A(iii)], a greater sensory symptom-related
iFC composite score was positively associated with iFC
from the default mode network to other networks, such
as the visual network, while it was negatively associated
with iFC between the ventral attention network and other
networks, including the somatomotor and fronto-parietal
networks. Sensation seeking-related iFC predominantly
contributed to the sensory-related iFC composite score
[Fig. 3A(iv)].

In terms of LC2 [Fig. 3B(i)], the sensory symptom-
related iFC composite score was positively associated with
neurodevelopmental symptom-related composite score
(r=0.58, f=0.86, R* = 0.34, P<0.001). A greater neu-
rodevelopmental symptom-related composite score was
positively correlated with the AQ total score (r=0.92,
95% CI = [0.88, 0.94], g <0.001), but negatively corre-
lated with the CAARS scores: DSM-IV hyperactive-impul-

sive symptom severity (r = —0.21, 95% CI = [-0.35,
—0.05], ¢=0.042) and DSM-IV ADHD total T score
(r = =022, 95% CI = [-0.37, —0.06], g=0.041).

A greater sensory symptom-related iFC composite score
was positively associated with iFC from the default mode
network to other networks, such as the fronto-parietal,
somatomotor and ventral attention networks, while it was
negatively correlated with iFC between the fronto-parietal
and dorsal/ventral attention networks [Fig. 3B(iii)].
Low registration-related and sensation seeking-related iFC
dominantly contributed to individual sensory-related
1IFC composite scores [Fig. 3B(iv)].

Control analysis confirmed that, compared with the
P-values of the resampled data, the P-values of the
actual LC1 and LC2 fell below chance (LCl1:
P=0.003 and LC2: P<0.001). This suggests that the
relationship between iFC and neurodevelopmental
symptoms was selective for iFC associated with sensory
symptoms.

Discussion

We investigated the way in which sensory symptoms are
associated with SCI and ADHD symptoms by analysing
resting-state functional MRI data obtained from individu-
neurodevelopmental and NTC.
Dimensional analysis demonstrated that each of the four
examined sensory symptom domains had a different iFC
pattern. Focussing on the iFC patterns related to sensory
symptoms, a multivariate data-driven analysis revealed
that one set of iFC was predominantly associated with
CAARS scores, while another set was mainly associated

als  with disorders
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Figure 2 Effects of sensory symptom severity on intrinsic brain functional connectivity (iFC). The left column shows the iFC
associated with each of four sensory symptom domains measured in the Adolescent/Adult Sensory Profile, such as low registration (A),
sensation seeking (B), sensory sensitivity (C) and sensation avoiding (D). Age, handedness and head motion (median frame-wise displacement)
were regressed out. The splotches and dots indicate the actual shapes and centre of coordinates of each region of interest. The colours of the
splotches and dots represent the resting-state network to which the splotches and dots belong, while the line colour reflects the direction of the
association between sensory symptoms and iFC. Red lines represent a positive association between sensory symptoms and iFC, while blue lines
indicate a negative association. In the right column, scatter plots show the relationship between the summation of iFC strength for each sensory
symptom score. For illustrative purposes, the correlation coefficients were converted to Z-scores using Fisher’s r-to-z transformation and
integrated positive values and inverted negative values. Blue squares, red triangles and green circles represent individuals with autism spectrum
disorder (ASD), those with attention-deficit/hyperactivity disorder (ADHD) and neurotypical controls (NTCs), respectively.

$20z 1Mdy 0z uo 1sanb Aq 9868765/98 | BBOY/Z/Z/010NIB/SWIODUIRI]/WO02 dNo"dIWape.//:sdiy Wol) PapEojuMO(]



Transdiagnostic approach in ASD and ADHD

A Latent component 1
i. Correlation between composite scores i, Contributions of symptoms

+4 -

o " 0.0

@

05

Sensory iFC composite score
dr =
a4
Correlation coefficients

gdr=08aR=0m 10
Symplom composile score

DSM-IV IN
DSM-IV HI
DSM-IV total

AQ total score

B Latent component 2
i. Corelation between composite scores i, Contributions of symptoms

fii. Contributions of sensory-related IFCs

iii. Confributions of sensory-related iIFCs

BRAIN COMMUNICATIONS 2020: Page 9of I3 | 9

iv. Percentage of sensory-related iFCs

@ 24.14%

13.79%

Correlation coefiicient

+1.0

iv. Percentage of sensory-related iFCs
9.09%

o 10
3 2
2 € w5
] +
= g
g, £
I3 3
- 3 2 00
8 8
@ q4 = 05
@ 4] r=058,R*=034 TS ELE
a [=]
Symplom composite score i g ; % RSN color labels: Sensory symptom color labels
2B 55 ;_ -V' - - .
=] isual [ Somatomotor [ Dorsal Attention [l Ventral Attention LR Seskin
ASD /\ ADHD O NTC & i S
= I Limbic WM Fronto-parietal [l Default B Subcortical Sensitivity Awoiding

Figure 3 Results of the partial least squares correlation (PLS-C) analysis. We used a permutation test and the PLS-C analysis,
controlling for the effects of sensory symptoms as well as other confounding factors (i.e. age, handedness and head motion), to identify two
significant latent components (LCl: ¢ < 0.001 and LC2: q < 0.001, false discovery rate-corrected). LC| exhibited a significant association
between sensory-related iFC and neurodevelopmental symptom-related composite scores (r = 0.64, § = 0.56, R* = 0.41, P < 0.001) (A, i).
Lower sensory symptom-related composite scores were negatively associated with both Autism Spectrum Quotient (AQ) total score and
attention-deficit/hyperactivity disorder (ADHD) symptoms: AQ total score (r = —0.32, 95% Cl = [—0.16, —0.44], g = 0.008), Conners’ Adult
ADHD Rating Scale (CAARS) DSM-IV inattentive symptom severity (r = —0.87, 95% Cl = [-0.82, —0.90], g < 0.001), CAARS DSM-IV
hyperactive-impulsive symptom severity (r = —0.87, 95% Cl = [—0.82, —0.92], g < 0.001) and DSM-IV ADHD total T score (r = —0.99, 95% ClI
=[-0.98, —0.99], g < 0.001) (A, ii). The edges represent the intrinsic brain functional connectivity (iFC) contributing to the sensory iFC
composite score (A, iii). Low registration-, sensation seeking-, sensation avoiding- and sensory sensitivity-related iFC consisted of 24%, 41%, 14%
and 21% of the sensory-related iFC composite score, respectively (A, iv). LC2 exhibited a statistically significant association between sensory-
related iFC and neurodevelopmental symptom-related composite scores (r = 0.58, § = 0.86, R = 0.34, P < 0.001) (B, i). Greater symptom-
related composite scores were positively correlated with AQ symptoms (r = 0.92, 95% CI = [0.88, 0.94], g < 0.001) and negatively correlated
with CAARS scores, specifically DSM-IV hyperactive-impulsive symptom severity (r = —0.21, 95% ClI = [—0.35, —0.05], ¢ = 0.042), and ADHD
total T score (r = —0.22, 95% Cl = [—0.37, —0.06], ¢ = 0.041), but not with DSM-IV inattentive symptom severity (r = —0.19, 95% Cl = [—0.35,
—0.02], g = 0.07 (B, ii)). (B, iii) The iFC that contributed to the sensory iFC composite score. Low registration-related and sensation seeking-
related iFCs dominantly contributed to individual sensory-related iFC composite scores (B, iv).

with AQ scores. When analysing the relationships be-
tween sensory symptom-related iFC and AQ and CAARS
scores, we regressed out the effect of sensory symptoms
to avoid a spurious correlation. Still, the relationship was
selective to the neural bases of sensory symptoms. Both
the relationship between sensory symptoms and iFC, as
well as the iFC relationship between AQ and CAARS
scores, were observed regardless of diagnosis. Further, we
observed a substantial overlap across diagnostic groups.
These findings suggest that continuity exists in sensory
symptoms—neural circuits—ASD and ADHD symptom rela-
tionships across diagnoses, as well as highlighting the im-
portance of sensory symptoms among symptoms of ASD
and ADHD.

Consistent with the results of prior studies, the current
study showed that individuals with ASD and those with
ADHD obtained similar AASP scores in four domains
(Clince et al., 2016; Little et al., 2018). By combining all
of the individuals from the three diagnostic groups, the
current study revealed that the neural correlates of each
of the four sensory symptom domains were distinct.
Notably, in all four domains, the scatter plots of sensory
symptoms and iFC relationships showed substantial over-
lap of individuals across diagnostic groups (see Fig. 2),
transdiagnostic  homogeneity  of

suggesting neural

$20z 1Mdy 0z uo 1sanb Aq 9868765/98 | BBOY/Z/Z/010NIB/SWIODUIRI]/WO02 dNo"dIWape.//:sdiy Wol) PapEojuMO(]



10 | BRAIN COMMUNICATIONS 2020: Page 10 of I3

correlates of sensory symptoms. The similarities in the
slopes of sensory symptom-iFC relationships between peo-
ple with ASD and those with ADHD support future
examinations of the relationship between iFC and AQ
and/or ADHD symptoms, regardless of diagnoses.

In line with prior studies (Tavassoli et al., 2014; Bijlenga
et al., 2017), the AASP scores were correlated with both
AQ and CAARS scores in the current participants, sug-
gesting that iFC correlated with AASP scores can overlap
with iFC associated with AQ or CAARS scores. Indeed,
the neural correlates of sensory symptoms include not
only the primary sensory areas but also the ventral atten-
tion and default mode networks, of which disturbances
are often reported in the pathophysiology of ASD and
ADHD (e.g. Sripada et al., 2014; Padmanabhan et al.,
2017). As we aimed to examine the hierarchical relation-
ships between the sensory symptoms-iFC-neurodevelop-
mental symptoms pathway, we regressed out sensory
symptoms while examining the relationships between iFC
and neurodevelopmental symptoms. Thus, the association
between iFC and neurodevelopmental symptoms was not
led by a correlation between sensory symptoms and neu-
rodevelopmental symptoms.

Symptoms of ASD and ADHD have both shared and
distinct neural mechanisms (Di Martino et al., 2013;
Kernbach et al., 2018; Baribeau et al., 2019). To focus
on the neural mechanisms involved in both conditions,
we adopted PLS-C. We found that the relationship
between iFC and neurodevelopmental symptoms was
selective to sensory symptom-related areas, reinforcing the
important role of sensory symptoms in SCI and ADHD
symptoms. Further, overlap in the relationship between
iFC and neurodevelopmental symptoms across diagnostic
groups implies the continuity of neurodevelopmental
symptoms across individuals with ASD and those with
ADHD from the perspective of the neural mechanisms of
sensory symptoms.

Limitations

The current results should be interpreted with caution.
First, although the AASP is a frequently and internation-
ally utilized questionnaire, we evaluated the sensory
symptoms using self-report questionnaires. Future re-
search should aim to objectively evaluate sensory symp-
toms. Examples of such objective measures could include
behavioural tasks, conducted outside the scanner, that de-
mand tactile, auditory or visual perception. Further, par-
ticipants could complete a visual or auditory perception
task during an fMRI session (Green et al., 2019). Second,
the three diagnostic groups were matched in terms of

T. Itahashi et al.

age, handedness and intelligence quotient. However, the
number of individuals in each diagnostic group was not
well balanced. As the current study was well powered
and the contrast between diagnostic groups was not the
main research question, we believe that our results were
not influenced by the difference in the number of partici-
pants. Third, to increase biological homogeneity, we did
not include female participants in the primary analysis.
Indeed, several studies have emphasized sex-based iFC
differences (Ypma et al., 2016; Floris et al., 2018).
Although our supplementary analysis in which we
included female participants produced similar results
(Supplementary Figs 2 and 3), further studies are needed
to generalize the current findings to women. In addition,
as the primary aim of the current study was to examine
the transdiagnostic features of the sensory—iFC-ASD and/
or ADHD symptoms pathway, relationships across indi-
viduals with ASD and those with ADHD were examined.
A future study with a larger sample size of NTCs would
be helpful to examine the reported relationships in NTC.
Fourth, we found that common symptoms were associ-
ated with common iFC, regardless of diagnosis.
Although this could represent a step towards more pre-
cise medicine, for instance, treatments based on patho-
physiology and not diagnosis, this was beyond the scope
of the study. Fifth, we utilized the AQ score to represent
SCI symptoms because of a high correlation between
total and summed scores on the SCI subscales. However,
AQ scores reflect both SCI and restricted interests and
repetitive behaviours. Further, only one out of 50 ques-
tions in the AQ was about sensory over-reactivity. Thus,
utilizing other psychological measures that purely focus
on sensory perception, such as subdomains of ADOS,
was ideal. However, this was hampered by several prob-
lems. First, as the primary aim of the current study was
to investigate transdiagnostic features, the score needed
to vary in non-ASD individuals. As the ADOS has a
‘floor effect’ in non-ASD individuals, it was not a prac-
tical choice. Further, even if the ADOS score varied in
individuals with ADHD, only a small fraction of individ-
uals with ADHD completed the ADOS evaluation be-
cause of financial restrictions and time constraints. As a
practical approach, we examined the iFC-ASD symptoms
association by replacing the AQ score with its SCI
subscales, which showed substantially similar results.
However, future studies that separate SCI from sensory
symptoms in an objective and established manner are
anticipated.

In conclusion, the current study demonstrates that each
of the four sensory symptom domains (i.e. low registra-
tion, sensation seeking, sensory sensitivity and sensation
avoidance) has different neural correlates, transdiagnosti-
cally observed in individuals with ASD, those with
ADHD, and NTGCs. Sensory symptom-related neural cor-
relates were associated with both SCI and ADHD symp-
toms. Further, the association between iFC and SCI and
ADHD symptoms was selective to the neural correlates
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Table | Characteristics of adult male participants
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NTC (n=96) ASD (n=78) ADHD (n=35) ANOVA or t-test”

Mean (SD) Mean (SD) Mean (SD) F or t-statistics df P-Value Post hoc test
Age 30.6 (6.7) 29.5 (6.7) 31.2(94) 0.86 2,206 0.42
Handedness 89 (37) 86 (45) 74 (59) 1.64 2,206 0.20
FIQ 108 (7.6) 107 (14) 111 (13) I.11 2,168 0.33
viQ 111 (13) 112 (15) —0.29 73 0.77
PIQ 100 (16) 108 (15) —1.67 73 0.10
ADOS communication 4.0(1.2) 0.6 (1.0) 8.15 65 <0.001 ADHD < ASD
ADOS reciprocal social 7.1 (2.1) 1.5 (1.0) 825 65 <0.001 ADHD < ASD

interaction

ADOS-total 11 (3.0) 2.1 (1.0) 9.46 65 <0.001 ADHD < ASD
AQ
SS 24(2.2) 7.7 (2.1) 6.2 (2.9) 117.91 2,191  <0.001 NTC < ADHD < ASD
AS 34 (1.4) 7.3(1.8) 6.7 (2.2) 117.82 2,191  <0.001 NTC < ADHD = ASD
ATD 43(22) 5.7 (2.2) 49 (2.2) 8.59 2,191  <0.001 NTC < ADHD = ASD
COM 1.8 (1.9) 72(1.9) 6.3 (2.9) 150.94 2,191  <0.001 NTC < ADHD = ASD
IMA 3.0 (1.6) 6.6 (2.0) 4.7 (2.3) 80.84 2,191  <0.001 NTC < ADHD <ASD
Total score 14.9 (5.1) 34.4 (6.3) 28.7 (9.21) 214.54 2,191  <0.001 NTC < ADHD <ASD
CAARS
IM 46 (10) 64 (15) 73 (11) 53.75 2,134 <0.001 NTC < ASD < ADHD
HR 50 (8.9) 54 (11) 64 (11) 15.16 2,134 <0.001 NTC < ASD < ADHD
IE 42 (9.2) 58 (14) 64 (14) 39.81 2,134 <0.001 NTC < ASD = ADHD
sC 46 (8.9) 61 (12) 6l (14) 33.53 2,134 <0.00l NTC < ASD = ADHD
DSM-IV-IN 47 (7.8) 64 (14) 72 (14) 60.42 2,134 <0.001 NTC < ASD < ADHD
DSM-IV-HI 47 (9.6) 57 (13) 65 (15) 23.05 2,134 <0.001 NTC < ASD < ADHD
DSM-IV ADHD total 47 (8.9) 62 (13) 71 (13) 51.47 2,134 <0.00l NTC < ASD < ADHD
ADHD index 45 (8.0) 65 (13) 69 (12) 67.45 2,134 <0.001 NTC < ASD = ADHD
AASP
Low registration 26 (6.8) 36 (9.0) 38(8.3) 52.76 2,206 <0.001 NTC < ASD = ADHD
Sensation seeking 40 (8.5) 32(6.2) 37 (7.0) 25.19 2,206 <0.001 ASD < ADHD = NTC
Sensory sensitivity 31 (8.1) 39(11) 39 (10) 16.12 2,206 <0.001 NTC < ASD = ADHD
Sensation avoiding 31 (7.5) 39(11) 40 (11) 20.14 2,206 <0.001 NTC < ASD = ADHD
Median FD (mm) 0.12 (0.04) 0.12 (0.06) 0.12 (0.04) 0.05 2,206 0.95
% of retained volumes 97.0 (5.0) 95.0 (7.2) 95.3 (7.8) 2.3 2,206 0.1

AASP = Adolescent/Adult Sensory Profile; ADHD = attention-deficit/hyperactivity disorder; ADOS = Autism Diagnostic Observation Schedule; AQ = Autism Spectrum
Quotient; AS = attention switching/tolerance of change; ASD = autism spectrum disorder; ATD = attention to detail; CAARS = The Conners’ Adult ADHD Rating Scale; COM =
communication skills; DSM = Diagnostic and Statistical Manual of Mental Disorders; DSM-IV-HI = DSM-IV Hyperactive-Impulsive symptoms; DSM-IV-IN = DSM-IV Inattentive
symptoms; FD = frame-wise displacement; FIQ = full-scale intelligence quotient; HR = hyperactivity/restlessness; IE = impulsivity/emotional lability; IM = inattention/memory
problems; IMA = imagination; NTC = neurotypical control; PIQ = performance intelligence quotient; SC = problems of self-concept; SD = standard deviation; SS = social skills;

VIQ = verbal intelligence quotient.

*We conducted t-test only when scores for two groups were available.

of sensory symptoms. The current findings highlight the
continuity of sensory—neural-ASD and ADHD symptoms
relationships across the diagnostic boundary and demon-
strate the importance of sensory symptoms in the patho-
physiology of ASD and ADHD.
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