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Sensory processing and behaviors are altered during the development of connectivity between

the sensory cortices and multiple brain regions in an experience-dependent manner. To reveal the
relationship between sensory processing and brain white matter, we investigated the association
between the Adolescent/Adult Sensory Profile (AASP) and neural connectivity in the white matter
tracts of 84 healthy young adults using diffusion tensor imaging (DTI). We observed a positive
relationship between AASP scores (i.e., sensory sensitivity, sensation avoiding, activity level)/
subscores (i.e., sensory sensitivity—-activity level, sensation avoiding-touch) and DTl parameters in
the cingulum-cingulate gyrus bundle (CCG) and between AASP subscores (i.e., sensory sensitivity—
auditory) and a diffusion parameter in the uncinate fasciculus (UNC). The diffusion parameters

that correlated with AASP scores/subscores and AASP quadrant scores (i.e., sensory avoiding and
sensitivity) were axonal diffusivity (AD) and mean diffusivity (MD) in the CCG and MD in the UNC.
Moreover, the increased sensory avoiding and sensitivity scores represent the sensitization of sensory
processing, and the level of diffusivity parameters indicates white matter microstructure variability,
such as axons and myelin from diffusivity of water molecules. Thus, the present study suggests

that the CCG and UNC are critical white matter microstructures for determining the level of sensory
processing in young adults.

Sensory processing is a physiological response to sensory events evoked by stimuli encountered in the
environment'. For example, sensory processing provides social information by integrating visual stimuli such
as a gaze, facial expressions, and biological motion?, and it affects daily living skills and consequently quality of
life>*. A previous study indicated that differences in sensory processing, such as abnormal sensory sensitivity and
low-sensory registration, may disturb motor development and are associated with the learning of daily living
skills, such as those required for bathing and using the toilet®.

Dunn proposed a theory of sensory processing explaining individual variations in behavioral response®. In
Dunn’s theory, two principal axes (i.e., the neurological threshold and behavioral response) comprise the founda-
tion of responses to sensory stimuli. The neurological threshold denotes that stimuli are slowly or quickly noticed.
Additionally, a passive behavioral response allows sensory experiences to occur, inciting a reaction, followed
by an active behavioral response allowing behavior engagement to control sensory input. According to these
two principal axes, the response to sensory stimuli are divided into four quadrants: low registration, sensation
seeking, sensory sensitivity, and sensation avoiding’. Following Dunn’ theory, the Sensory Profile Questionnaire
was developed to quantify individual variations in sensory processing with respect to tendencies of behavioral
responses to various sensory stimuli such as visual, auditory, touch, taste/smell, movement, and activity level®.
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Previous studies have also reported that sensory profiles help determine individual variations in sensory process-
ing. Although sensory profiling is highly useful in evaluating individual variation in sensory processing, the use of
questionnaires for this purpose is associated with difficulty in self-monitoring’. Individuals with low intelligence
level may not be able to understand the questions while undergoing questionnaire-based sensory profiling; con-
sequently, their sensory profile may not appropriately reflect their sensory processing. Additionally, a previous
study showed that a lack of self-monitoring was observed even in individuals with normal intelligence level'°.

At present, we have not established an objective evaluation method of sensory processing, but magnetic
resonance imaging (MRI) has the potential to evaluate sensory processing objectively. MRI is one of the most
powerful and flexible imaging tools for evaluating brain tissue. Using task-based MRI, a previous study indicated
that sensory stimuli simultaneously activated multiple cortices and suggested that multiple cortices were associ-
ated with sensory processing from the perspective of integrating sensory stimuli*"*2. This relationship indicates
that white matter may have an important role in sensory processing because brain white matter tracts connect
multiple cortices'. Brain white matter tracts, which are myelinated axonal fibers, connect multiple differ-
ent regions such as the primary sensory cortices, higher cortices, deep gray nuclei, and brain stem". Different
white matter networks would partially lead to interindividual variability and disorders in sensory processing
and resultant behavior responses'®!”. Numerous studies have examined normal and abnormal connectivity and
their role in developmental and acquired disorders such as autism spectrum disorder (ASD)'®. The development
of white matter is susceptible to environmental influences and changes', and previous studies have suggested
a relationship between sensory processing and white matter in children with sensory processing disorders'®!”.
Conversely, in adults, the relationship between sensory processing and white matter microstructures remains
largely unknown. Moreover, white matter microstructures were shown to differ in each developmental stage and
develop differently in each brain region®, suggesting that the relationship between sensory processing and white
matter microstructures differs in adults.

To evaluate white matter microstructures, we used diffusion tensor imaging (DTI). Recently, using DTT to
further investigate white matter anatomy has increased?'. DTI is based on diffusion-weighted imaging and ena-
bles mapping of the diffusion process of water or other molecules. Using appropriate magnetic field gradients,
DTI visualizes the white matter tract architecture in the direction of maximum diffusivity aligning with the
direction of white matter tract orientation and their myelination, which act as barriers to the random motion of
water molecules'®. Moreover, DTI measures the displacement of water molecules on the micron scale and yields
four diffusion parameters: fractional anisotropy (FA), axonal diffusivity (AD), radial diffusivity (RD), and mean
diffusivity (MD). These diffusion parameters provide information on white matter tracts such as cell density,
axons, and myelin sheath?. Here, we investigated the association between the Adolescent/Adult Sensory Profile
questionnaire (AASP) and DTI white matter tract architecture. In young adults, the DTT analysis revealed a
positive relationship between AASP scores (i.e., sensory sensitivity, sensation avoiding, activity level)/subscores
(i.e., sensory sensitivity—activity level and sensation avoiding-touch) and DTI diffusion parameters (i.e., AD
and MD) in the cingulum-cingulate gyrus bundle (CCG) and between sensory sensitivity—auditory and MD in
the uncinate fasciculus (UNC).

Results

Demographics. The present study included 84 typically developed young adults (40 men and 42 women
[for intelligence quotient (IQ) scoring]). We could not measure the IQ of two participants. The information on
participants, such as age, body mass index (BMI), and IQ, is shown in Table 1.

Correlations between AASP scores and diffusion parameters of each white matter path-
way. The analysis of AASP scores and diffusion parameters demonstrated positive correlations in the right
CCG (P<0.001). The correlations and effect sizes are shown in Table 2, Figs. 1, and 2. In other brain regions,
there were no significant correlations between the diffusion parameters and AASP item scores. The correlations
corresponding to the right CCG were between: AD and activity level, AD and sensory sensitivity, AD and sensa-
tion avoiding, and MD and sensation avoiding. Additionally, we performed a partial correlation analysis, enter-
ing age, sex, and BMI as covariates, and found similar results.

Correlations between AASP subscores and diffusion parameters of each white matter path-
way. Further, the analysis of AASP subscores and diffusion parameters demonstrated positive correlations
in the right CCG and right UNC (P <0.001). The correlations corresponding to the right CCG were between:
AD and sensory sensitivity—activity level, AD and sensation avoiding-touch, and MD and sensation avoid-
ing-touch. Additionally, the correlation corresponding to the right UNC was between MD and sensory sensitiv-
ity—auditory. Correlations and effect sizes are shown in Table 3 and Figs. 1, 2 and 3. In other brain regions, there
were no significant correlations between diffusion parameters and AASP subscores. Additionally, we performed
a partial correlation analysis, entering age, sex, and BMI as covariates, and found similar results.

Discussion

The present study revealed a positive correlation between diffusion parameters of the right CCG (i.e., AD, MD)
and AASP scores (i.e., sensation avoiding, sensory sensitivity, activity level). Additionally, we found positive cor-
relations between the right CCG (i.e., AD, MD) and subscores of AASP (i.e., sensation avoiding-touch, sensory
sensitivity—-activity level) and between MD of the right UNC and sensory sensitivity—auditory. We evaluated
the effect sizes of these correlations as moderate or strong. The present study suggested that variability in white
matter microstructures in the CCG and UNC may indicate low neurological thresholds for sensory stimuli in
young adults.
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Values Mean Standard deviation | Range Possible score | Cutoff score (age)
Number (N) 84

(male, female) (42, 42)

Age 24.5 4.7 19-39

BMI 21.6 2.7 17.0-29.8

Full scale IQ? 114 10 83-135

Adolescent/adult sensory profile

Modality-specific subscale

Taste/smell 16.7 37 8-25 10-50

Movement 17.1 3.4 9-26 11-55

Visual 23.1 4.4 11-34 13-65

Touch 29.0 6.4 15-48 8-40

Activity level 26.6 4.7 14-37 8-40

Auditory 224 5.1 12-39 10-50

Quadrant scores (18-34) | (35-64)
Low registration 27.5 6.8 15-48 15-75 23-38 20-34
Sensation seeking 40.5 7.6 23-56 15-75 30-47 29-45
Sensory sensitivity 33.5 7.2 19-51 15-75 25-42 22-39
Sensation avoiding 333 7.1 18-47 15-75 25-41 22-39

Table 1. Demographic characteristics. BMI body mass index, IQ intelligence quotient. *n =82.

White matter pathway ‘ Diffusion tensor index ‘ Adolescent/adult sensory profile ‘ Correlation coefficient ‘ Effect size
Modality
Rh_CCG [AD | Activity level [ 0.390° [0412
Quadrant

AD Sensory sensitivity 0.382* 0.402

AD Sensation avoiding 0.421* 0.449

MD Sensation avoiding 0.367* 0.385

Table 2. Relationship between diffusion parameters and AASP score. Rh_CCG right cingulum-cingulate
gyrus bundle, AD axonal diffusivity, MD mean diffusivity, AASP Adolescent/Adult Sensory Profile. P<0.001.
Effect size was calculated by Fisher’s Z..

In studies using DTI, the interpretation of diffusion parameters is important. The pathophysiology of
each diffusion parameter has been revealed by previous studies®*=?. FA is sensitive to changes in white matter
microstructure”. Previous studies involving typical developed participants have demonstrated FA increases with
growth, suggesting that myelin is the most influential factor of white matter microstructure anisotropy**-%. The
present study showed no significant correlation between FA and sensory processing, suggesting there were no
differences in myelin with respect to sensory processing. Additionally, RD demonstrated no significant correla-
tion with sensory processing in the present study. This reinforces that myelin has no relationship with sensory
processing, because RD is an eigenvector perpendicular to axons and is sensitive to changes in myelination®?’.
We also found a correlation between AD in the CCG and sensory processing. AD is an eigenvector of diffusion
parameters in the axonal direction*>?’. Previous studies have suggested that AD is sensitive to axonal disassembly
and that an increase in AD is caused by a decrease in the tortuosity of white matter tracts in the axonal direc-
tion, which involves changes in maturation, from tortuous to straight”>?%. Thus, AD was considered to indicate
tract-specific or timing-specific changes in axonal morphology®. The CCG presented a stronger decrease in axon
tortuosity than other white matter regions in the course of brain development?. The present CCG results sug-
gest that axonal changes, such as those in axon tortuosity with brain development, have an important role in the
presentation of sensitivity to sensory stimuli. Furthermore, the present study showed that MD of the CCG and
the UNC were correlated with sensory processing. MD is the mean of diffusivity in the axonal and perpendicular
direction to axons and is affected by the size and integrity of cells*. In conjunction with the positive correlation
between AD of the CCG and sensory processing, we suggest the integrity of the CCG in the axonal direction is
related to sensory processing. In the UNC, we found a positive correlation between MD and sensory sensitiv-
ity—auditory. The UNC is the last region to mature during development®® and MD decreases with growth?.
Thus, high MD is assumed to represent immaturity of nerve fibers, and we suggest that immaturity of the UNC
is related to sensory sensitivity to auditory stimuli.

The present study showed a positive correlation between diffusion parameters of the right CCG and AASP
scores/subscores. Using effect sizes based on previous studies**’, in the CCG, almost all correlations were
moderate; however, the correlation was strong for sensation avoiding—touch and sensory sensitivity-activity

Scientific Reports |

(2021) 11:12088 |

https://doi.org/10.1038/s41598-021-91569-6 nature portfolio



www.nature.com/scientificreports/

AD }u
—_—

(a-1) (a-2)
.0014— . .00080—
S, .0013— S
o o
o [
s ©
2 .0012- <
5 ug . 00070 )
.0011
T T T T T T 1 T T T 1 T T 1 1
15 20 25 30 35 40 45 50 15 20 25 30 35 40 45 50
Sensation Avoidng Sensation Avoiding
(b-1) (b-2)
.0014+ .
o« ° .00080
o ()
g .0013 g
o o |
3 2 .00075
a i a
< 0012 =
.. . 000701,
.0011+
T T T T T T T T T T T T T T
2 4 6 8 10 12 14 2 4 6 8 10 12 14
Sensation Avoiding Sensation Avoiding
Touch Touch

Figure 1. Relationship between right CCG parameters and sensory processing with regard to avoidance of a
particular sensation and tactile stimulus. Regarding the right CCG, we observed a positive correlation between
diffusion parameters and the AASP score (P<0.001). (a) Correlations between the right CCG and the AASP
score (sensation avoiding). (a-1) shows the correlation between AD and sensation avoiding, and (a-2) shows
the correlation between MD and sensation avoiding. (b) Correlations between right CCG parameters and the
subscore of AASP (sensation avoiding-touch). (b-1) shows the correlation between AD and sensation avoiding-
touch, and (b-2) shows the correlation between MD and sensation avoiding-touch. The right CCG is the red
region of interest selected by TRACULA. CCG cingulum-cingulate gyrus, AD axonal diffusivity, MD mean
diffusivity, AASP Adolescent/Adult Sensory Profile.

level. A previous study indicated that the CCG connects various areas: the cingulate cortex, orbitofrontal cortex,
splenium of the corpus callosum, parahippocampal gyrus, superior frontal gyrus, precuneus, superior parietal
lobule, superior occipital lobule, and supplementary motor area®'. The CCG is considered a core part of the lim-
bic system and to be involved in the processing of emotion, pain, reward, motion, conflict, error detection, and
memory, which mainly reflect the involvement of the cingulate cortex’??. Another previous study indicated that
the anterior cingulate cortex and insula were activated by sensory stimuli regardless of sensory modality, such as
somatosensory, auditory, or visual; new sensory stimuli increased the activation in these areas®*. Among the brain
areas involved in the CCG, research has suggested that the anterior cingulate cortex and insula formed a network
for the detection of changes in sensory stimuli ***°. The present results showed that diffusion parameters of the
CCG were correlated with sensation avoidance and sensitivity, which are inverse behavioral responses but have
low neurological thresholds for sensory stimuli according to Dunn’s theory. In conjunction with the interpretation
of diffusion parameters, our results suggest that the large axonal variability in the CCG were involved in the low
neurological threshold for the sensory stimuli without behavioral responses to sensory stimuli.

Moreover, we observed that CCG parameters were related to the activity level of the AASP score and sensory
sensitivity—activity level of the AASP subscore. Activity level-related items measure disposition toward involve-
ment in daily activities*® and sensory sensitivity-activity level indicates excessive response to environmental
sensory stimuli in daily life and behavioral features of distractedness. The environmental sensory stimuli repre-
sented by activity level consist of multisensory stimuli such as visual and auditory stimuli in daily life. A previous
study suggested that multisensory processing was related to the brain area centered at the CCG*. Additional
previous studies have suggested that the CCG is related to attention to the surroundings in daily life and sustained
attention®*-*’. Considering this relationship between the CCG and multisensory processing or attention and
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Figure 2. Relationship between the CCG and sensory processing with regard to sensitivity of a particular
sensation and activity level-related stimulus. Regarding the right CCG, we observed a positive correlation
between diffusion parameters and the AASP score (P<0.001). (a) Correlations between the right CCG and

the AASP score (activity level and sensory sensitivity). (a-1) shows the correlation between AD and activity
level, and (a-2) shows the correlation between AD and sensory sensitivity. (b) Correlation between right CCG
parameters and the subscore of AASP (sensory sensitivity—activity level). Correlation between AD and sensory
sensitivity—activity level. The right CCG is the red region of interest selected by TRACULA. CCG cingulum-
cingulate gyrus, AD axonal diffusivity, MD mean diffusivity, AASP Adolescent/Adult Sensory Profile.

White matter pathway | Diffusion tensor index | Subscore of AASP Correlation coefficient | Effect size
Rh_CCG AD Sensory sensitivity-activity level | 0.442* 0.475

AD Sensation avoiding-touch 0.425* 0.454

MD Sensation avoiding-touch 0.385* 0.406
Rh_UNC MD Sensory sensitivity-auditory 0.365* 0.382

Table 3. Relationship between diffusion parameters and subscores of AASP. Rh_CCG right cingulum-
cingulate gyrus bundle, Rh_UNC right uncinate fasciculus, AD axonal diffusivity, MD mean diffusivity, AASP
Adolescent/adult sensory profile. *P<0.001. Effect size was calculated by Fisher’s Z..

diffusion parameters, our results suggest that large axonal change in the CCG are related to a low neurological
threshold to environmental stimuli in daily life and control of attention to sensory stimuli.

Additionally, we demonstrated that the CCG had a relationship with sensation avoiding-touch. Touch pro-
cessing-related items in the AASP measure responses to tactile stimuli on the skin. The relationship between
the CCG and tactile stimuli was previously observed in gentle touch-induced activities in the somatosensory,
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Figure 3. Relationship between the right UNC and sensory processing. In the right UNC, we observed a
positive correlation between MD and sensory sensitivity-auditory. The right UNC is the yellow region of
interest selected by TRACULA. UNC uncinate fasciculus, MD mean diffusivity, AASP Adolescent/Adult Sensory
Profile.

motor area, and cingulate regions*' and non-self/self-produced tactile stimulus-induced/reduced activities in
the cingulate gyrus*2. Thus, in conjunction with previous findings, we suggest that CCG parameters are related
to a low neurological threshold for processing of physical touch.

In the present study, a right UNC parameter demonstrated a moderate correlation with sensory sensitiv-
ity-auditory. The UNC not only connects the orbitofrontal cortex and temporal lobe anatomically, but also is
considered the key pathway associated with episodic memory, language, and social emotional processing**.
A recent meta-analysis of 25 DTI-based studies indicated that individuals with ASD showed decreased FA in
the UNC, thus supporting the theory of specific underconnectivity in patients with ASD who show difficulty in
social auditory information and language processing®. Furthermore, a previous mouse model showed that the
UNC was anatomically connected to the primary auditory cortex and activated by sound stimuli and stimuli to
the orbitofrontal cortex. Thus, the UNC and auditory processing are closely intertwined. Auditory processing
items measure response to stimuli that are heard by an individual. Sensory sensitivity-auditory is associated
with high sensitivity to auditory stimuli, leading to the presentation of excessive behavioral responses and dis-
turbing behavior®®. Our present results suggest that the UNC is a core white matter connection between the
orbitofrontal cortex and primary auditory cortex and of the interaction related to sensitivity to auditory stimuli
and behavioral response.

The present study has several limitations. First, the effect of age should be considered. Previous studies have
shown that the maturity of white matter differs in each brain area and that the CCG and UNC develop later
than other white matter tracts’*. The peak of CCG FA was observed at 42 years of age; therefore, the CCG was
considered one of the white matter tracts that mature at a later stage®®. Additionally, the UNC is one of the last
developing tracts, and it continues maturing into the third decade of life*’. The maturational peak of the UNC
is extended throughout adolescence and young adulthood and peaks beyond the age of 30 years*. Considering
that the present study targeted young adulthood, the present results suggest that the degree of maturity of the
CCG and UNC may affect sensory processing in young adulthood. In the present study, although we considered
age as a control variable, it should be noted that the age range was 19-39 years with an average of 24.5 years.
Our results should not be applied to other developmental stages. Notably, previous studies where the ages of the
subjects were 8—12 or 8-11 years showed that there was a relationship between sensory processing and posterior
white matter related to motor and sensory areas, which contrasts our lack of results'®"”. Considering that the
maturation speed of white matter is different in each brain area, this finding does not contradict the hypothesis
that brain areas related to sensory processing differ at each development stage.

Additionally, there was no psychometric support for the use of the AASP subscores. The AASP is designed
to evaluate sensory processing in four quadrants and six modalities. Thus, we should use caution when inter-
preting the AASP subscores. Certainly, the AASP is a useful tool to examine sensory processing, but the AASP
score cannot explain, in detail, the effect of a modality on a quadrant. Because using the AASP as originally
designed is insufficient to research sensory processing in detail, we evaluated sensory processing in using the
AASP subscores.

In future studies, because our results can only be generalized to young, typically developed adults, we
should conduct research regarding disorders that affect sensory processing, such as ASD. ASD is a complex
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neurodevelopmental condition with variable deficits in social behavior and language, restrictive interests, repeti-
tive behaviors, and sensory processing*®*. It has been reported that 94% of individual with ASD show sensory
symptoms, which are suggested to have a central role in other symptoms, such as social-communication deficits
and repetitive behaviors***. Considering that differences in white matter microstructure have been reported in
ASD*, our results in young, typically developed adults may not be applicable to this population. The relationship
between sensory processing and white matter microstructures using AASP and DTI in a sample of individuals
with ASD needs to be examined. As differences between ASD and typical development have been indicated
in the CCG and UNC®, we hypothesize that ASD would demonstrate different relationships between sensory
processing and white matter microstructures from those reported here.

The present study revealed the relationship between sensory processing and CCG and UNC white matter
parameters. We suggest that in young adults, the axonal tortuosity of the CCG represents a low neurological
threshold regardless of behavioral responses to sensory stimuli and that the cell integrity of the UNC is related
to sensory sensitivity to auditory stimuli. While we need more studies involving participants in other develop-
ment stages to interpret the diffusion tensor index, our current study has provided new information on the
neurological basis of sensory processing.

Methods

Participants. The present study included 84 typically developed individuals (42 men and 42 women); they
were right handed, as assessed with the Edinburgh Handedness Inventory®!. Participants who were using psychi-
atric medications at the time of evaluation or had a history of brain injury, major medical conditions, or alcohol
or drug dependence were excluded. Full-scale IQ scores were measured using the Wechsler Adult Intelligence
Scale-III. Our study was performed in accordance with the Health Insurance Portability and Accountability Act
guidelines, was approved by the Research Ethics Committee of University of Fukui, and all participants provided
written informed consent. Typically developed participants were interviewed by trained psychiatrists (H.K., 1.O)
to screen for the presence of neuropsychiatric disorders using the Structured Clinical Interview for the Diagnos-
tic and Statistical Manual of Mental Disorders, fourth edition— Axis I Disorders®2.

AASP. We used the Japanese version of the AASP for the evaluation of sensory processing®. The AASP was
standardized in Japanese and showed comparable psychometric properties with the original instrument™**.
The AASP is a standardized self-report questionnaire that includes 60 items in total and employs a five-point
Likert scale. The AASP consists of sensory processing modalities and quadrants and includes six modalities,
namely visual, auditory, touch, smell/taste, movement, and activity level, composed of 10, 11, 13, 8, 8, and 10
items, respectively. The sum of scores of modality-specific items was determined; the higher the total score of a
modality, the greater the corresponding atypical tendencies of sensory processing. Moreover, the AASP includes
four quadrant scores, each consisting of 15 items: low registration, sensation seeking, sensory sensitivity, and
sensation avoiding. The quadrant states are based on Dunn’s sensory processing model®, which classifies the
tendency of responses to sensory stimuli in terms of a neurological threshold and behavioral responses. Low
registration refers to the tendency of showing a high neurological threshold and passive behavioral responses,
associated with sensory bluntness where even strong sensory stimuli may go unnoticed. This tendency is asso-
ciated with a delay in response to sensory stimuli and often with passive behavioral response. Sensation seek-
ing refers to the tendency of showing a high neurological threshold and active behavioral responses. Sensation
seeking requires specific sensory stimuli to satisfy a high neurological threshold and stabilize an easily bored
state without specific sensory stimuli. Sensory sensitivity refers to the tendency of showing a low neurologi-
cal threshold, receiving strong stimuli, and feeling pain even after exposure to mild sensory stimuli because of
passive behavioral responses. Sensation avoiding refers to the tendency of showing low neurological thresholds
and avoiding unpleasant sensory stimuli because of active behavioral responses. In a previous standardization
study in Japanese version of the AASP, typical sensory processing was demonstrated in 16-84% of the research
sample®. The cutoff scores for participants aged 18-34 years were 23-38 in low registration, 30-47 in sensa-
tion seeking, 25-42 in sensory sensitivity, and 25-41 in sensation avoiding®. The cutoff scores for participants
aged 35-64 years old were 20-34 in low registration, 29-45 in sensation seeking, 22-39 in sensory sensitivity,
and 22-39 in sensation avoiding®®. We found that the mean for all quadrant scores were within the cutoff score.
Although four participants were beyond the cutoff scores, we included all participants in our statistical analysis
because all participants were evaluated to be typically developed by trained psychiatrists (H.K., 1.0). Informa-
tion on each modality-specific and quadrant score (mean, standard deviation, range, and possible score) of
participants is shown in Table 1.

To study sensory processing in further detail, we subdivided modality-specific items according to quadrant.
For example, for the item “T am distracted if there is a lot of noise around”, the corresponding quadrant modal-
ity is sensory sensitivity—auditory. The sum of quadrant-specific modality scores was considered the subscore.
There were 24 subscores, which had 1-4 items each. The sum of the subscores was determined; the higher the
total subscore, the greater the quadrant tendencies of the modality-specific sensory processing.

MRI acquisition. MR images were acquired using a 3-Tesla positron emission tomography (PET)/MR
scanner (SIGNA PET/MR; General Electric Medical Systems, Milwaukee, WI, USA) with an 8-channel head
coil. High-resolution T1-weighted anatomical MRI and DTI were acquired using the scan parameters of our
previous study®. The detailed scan parameters were: T1-weighted anatomical MRI (repetition time=6.38 ms,
echo time (TE)=1.99 ms, flip angle=11°, field of view=256 mm, number of slices, 172, voxel dimen-
sion=1.0x1.0x 1.0 mm?); DTI (single-shot echo-planar imaging, acquisition matrix=128x 128, TE=mini-
mum, repetition time=9327 ms, field of view=240 mm, pixel size=1.9 mmx1.9 mm? number of axial
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slices =45, slice thickness/gap=3.0 mm/0 mm, 30 distributed isotropic orientations, b-values of 1000 s/mm?
and 0).

DTl analysis. We used TRActs Constrained by UnderLying Anatomy (TRACULA®) for the analysis of dif-
fusion-weighted images. TRACULA is an automated global probabilistic tractography tool in FreeSurfer (ver-
sion 6.0; http://surfer.nmr.mgh.harvard.edu/). First, we reconstructed each participant’s T1-weighted anatomi-
cal image and obtained cortical and subcortical regions using FreeSurfer”’. Subsequently, we used TRACULA to
reconstruct volumetric distributions of 18 major white matter pathways in the participants’ diffusion-weighted
data. The automated tractography method relies on prior anatomical information based on a set of training sub-
jects, which was obtained with manual labeling. The 18 reconstructed white matter pathways were as follows: the
bilateral corticospinal tract, bilateral inferior longitudinal fasciculus, bilateral UNC, bilateral anterior thalamic
radiations, bilateral CCG, bilateral cingulum-angular bundle, bilateral superior longitudinal fasciculus—parietal
terminations, bilateral superior longitudinal fasciculus-temporal terminations, corpus callosum-forceps major,
and corpus callosum—forceps minor. Finally, we extracted four diffusion parameters (FA, MD, RD, and AD)
from each white matter pathway using the “ball-and-stick” model of diffusion. The mean values of diffusion
measures were calculated by thresholding each pathway distribution at 20% of its maximum value for each par-
ticipant. To quantify head motion in each participant’s diffusion-weighted data, we calculated four measures of
head motion: translation (mm), rotation (degree), average signal intensity dropout score, and portion of slices
with greater than the computed dropout score (%) and removed eddy current-induced image distortions™.

Statistical analysis. We performed partial correlation analysis using SPSS (version 20; IBM Corp., Armonk,
NY, USA) to evaluate the strength of the relationship between the AASP score (six modality-specific scores, four
quadrant scores) and diffusion measures (FA, MD, AD, and RD) of each white matter pathway, by considering
age, BMI, and sex-specific differences as control variables. Additionally, to examine the AASP in further detail,
we performed a partial correlation analysis to evaluate the relationship between the AASP subscores (24 items;
low registration-visual, low registration-auditory, etc.) and diffusion parameters of each white matter pathway
using age, BMI, and sex differences as control variables. In all partial correlation analyses, P<0.001 was consid-
ered statistically significant. Additionally, we calculated Fisher’s Z, of the statistically significant correlations as
the effect size® and evaluated effect sizes based on previous studies?*.

Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author
on reasonable request.
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