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Structure-function coupling in white matter 2
uncovers the hypoconnectivity in autism
spectrum disorder
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Abstract

Background Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder associated with alterations in
structural and functional coupling in gray matter. However, despite the detectability and modulation of brain signals
in white matter, the structure-function coupling in white matter in autism remains less explored.

Methods In this study, we investigated structural-functional coupling in white matter (WM) regions, by integrating
diffusion tensor data that contain fiber orientation information from WM tracts, with functional connectivity tensor
data that reflect local functional anisotropy information. Using functional and diffusion magnetic resonance images,
we analyzed a cohort of 89 ASD and 63 typically developing (TD) individuals from the Autism Brain Imaging Data
Exchange Il (ABIDE-II). Subsequently, the associations between structural-functional coupling in WM regions and ASD
severity symptoms assessed by Autism Diagnostic Observation Schedule-2 were examined via supervised machine
learning in an independent test cohort of 29 ASD individuals. Furthermore, we also compared the performance

of multi-model features (i.e. structural-functional coupling) with single-model features (i.e. functional or structural
models alone).

Results In the discovery cohort (ABIDE-II), individuals with ASD exhibited widespread reductions in structural-
functional coupling in WM regions compared to TD individuals, particularly in commissural tracts (e.g. corpus
callosum), association tracts (sagittal stratum), and projection tracts (e.g. internal capsule). Notably, supervised
machine learning analysis in the independent test cohort revealed a significant correlation between these alterations
in structural-functional coupling and ASD severity scores. Furthermore, compared to single-model features, the
integration of multi-model features (i.e., structural-functional coupling) performed best in predicting ASD severity
scores.
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Conclusion This work provides novel evidence for atypical structural-functional coupling in ASD in white matter
regions, further refining our understanding of the critical role of WM networks in the pathophysiology of ASD.

Keywords Autism spectrum disorder, Structure-function coupling, White matter tracts, Diffusion tensor, Functional

connectivity tensor

Background

Autism Spectrum Disorder (ASD) is a neurodevelop-
mental condition associated with impairments in social
and communicative abilities, along with the presence
of repetitive and stereotypical behaviors and restricted
interests [1]. This disorder is characterized by atypical
brain connectivity patterns [2, 3] in terms of both func-
tional and structural network alterations [4]. Previous
studies utilizing diffusion tensor imaging (DTI) have
revealed atypical patterns in the microstructural organi-
zation of white matter (WM) regions in individuals with
ASD [5-7]. Although a significant number of studies
using resting-state functional magnetic resonance imag-
ing (rs-fMRI) have identified atypical communications
within brain networks in ASD, such as the default mode
network (DMN), salience network (SN) and frontopari-
etal networks (FPN) [8—10], these studies have primarily
focused on gray matter (GM) regions, neglecting signals
from WM regions.

However, similar to blood oxygen level-dependent
(BOLD) signals in GM, recent studies have indicated
that BOLD signals in WM are not mere “physiologically
meaningless noise” but rather possess specific physiologi-
cal significance [11-13]. Moreover, BOLD signals in WM
exhibited varying degrees of strength and time-delay cor-
relations within task-specific fiber pathways, which can
be modulated by different tasks, highlighting their role
in encoding neural activity [14—17]. In addition, resting-
state data in WM has also demonstrated distinct pat-
terns among individuals with psychiatric disorders [18,
19]. Similar to the diffusion tensor (DT) obtained in DTI,
the functional connectivity tensor (FCT) can employ
BOLD signals from WM to capture both the amplitude
and direction of functional activation [20, 21]. Overall,
the FCT approach computes the tensor representing the
local spatiotemporal correlation of BOLD signals within
each voxel and the tensor model quantifies functional
information within WM, exhibiting the intrinsic coher-
ence of neural activity in WM [20, 21]. Notably, this FCT
feature has been used for the classification of ASD [22].
Given that BOLD signal changes in WM remain poorly
understood in ASD, the utilization of the FCT approach
provides a new perspective for investigating the func-
tional connectivity disruptions within WM regions to
reveal the direction of functional information transmis-
sion within WM tracts in individuals with ASD [22].

Despite increasing recognition of the importance of
structural and functional coupling in ASD, the majority

of studies have primarily focused on the GM [23, 24].
These studies typically employed methods that isolated
the extraction of structural features from DT and func-
tional connectivity and even predicted intrinsic func-
tional connectivity using structural connectivity data.
Due to the distinct and separate nature of functional and
structural features, directly integrating them can pose
limitations in revealing the precise impact of structural
connections on structure-function coupling differences
[4, 25]. A recent study introduced an innovative approach
by combining DT, which characterizes the orientation
direction of fiber tracts, with FCT, which quantifies local
functional anisotropy [26]. This integrated method offers
a novel approach for exploring alterations in structure-
function coupling [4, 9, 27], however, this coupling on
WM in ASD has rarely been explored [26].

Thus, in the current study, we aimed to: (1) explore the
differences of structure-function coupling between ASD
(N=89) and typically developing controls (TD) (n=63)
by combining the FCT and DT data from WM tracts
using the Autism Brain Imaging Data Exchange (ABIDE)
II dataset; (2) investigate the relationship between clini-
cal severity of symptoms and atypical structure-function
coupling in WM using a supervised machine learning
model; (3) validate the established model in an indepen-
dent ASD cohort (N=29).

Methods

Participants

Discovery cohort (ABIDE-II cohort)

In this study, we utilized the ABIDE II (https://fcon_1000.
projects.nitrc.org/indi/abide/) dataset [28], as a discovery
dataset to investigate the alterations in structural-func-
tional coupling in ASD. The ABIDE II dataset aggregates
brain imaging data and clinical diagnostic scales collected
from 19 different imaging centers worldwide and six of
them were selected for the current analysis due to the
availability of both DTI and rs-fMRI data. The included
6 datasets are: Barrow Neurological Institute (BNI), NYU
Langone Medical Center sample 1 (NYU 1), NYU Lan-
gone Medical Center sample 2 (NYU 2), San Diego State
University (SDSU), Institut Pasteur and Robert Debré
Hospital (IP), and Trinity Centre for Health Sciences
(TCD). Given that the DTT data from the BNI and IP sites
had one missing value in both bvals (diffusion gradient
strength per volume values) and bvecs (diffusion gradi-
ent directions per volume values), we excluded these
two datasets. As a result, we only included the remaining
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four sites, including 167 (ASD, n=99; TD, n=68) par-
ticipants. Fifteen additional participants were excluded
due to incomplete imaging data (n=2), motion artifacts
(>3 mm, n=12), and poor signal-to-noise ratio or inad-
equate gray/white matter contrast (n=1), resulting in
89 ASD and 63 TD for the further analysis. The severity
of ASD symptoms was assessed using the Autism Diag-
nostic Observation Schedule, Second Edition (ADOS-
2) including total ADOS-2 scores, social affect (SA)
and restricted and repetitive behaviors (RRB) subscale
scores [29]. Only three sites collected ADOS-2 scores
(NYU 1, NYU 2, SDSU, n=76). For the final sample size,
a two-sample t-test was performed to assess differences
between ASD and TD groups in demographic variables
including age, Social Responsiveness Scale (SRS) total
score, Full Intelligence Quotient (FIQ) standard score
and Social Communication Questionnaire (SCQ). A chi-
square test was used to assess the differences for gender
and handedness between ASD and TD groups and all p
values were corrected with False Discovery Rate (FDR).

ASD test cohort (Chengdu site)

In order to test the models trained on the discovery data-
set (ABIDE II), an additional independent group of 29
children diagnosed with ASD was recruited who were
scanned in Chengdu Maternal and Children’s Central
Hospital (CMCCH). Participants were considered eli-
gible if they were diagnosed with ASD according to the
Diagnostic Statistical Manual of Mental Disorders, Fifth
Edition (DSM-V) and their diagnosis was confirmed with
ADOS-2 [29], which includes social affect and restricted
and repetitive behaviors subscales. Seven ASD individu-
als were excluded due to incomplete rs-fMRI data or DTI
data, resulting in a final total of 22.

Image acquisition
The ABIDE-II data from the four included sites were as
follows:

(i) NYU 1: MRI data were acquired using a 3T Siemens
Allegra scanner. An anatomical T1-weighted image
was acquired with a 3D magnetization prepared
rapid acquisition gradient echo (MPRAGE)
sequence: repetition time (TR) =2530 ms, echo
time (TE) =3.25 ms, flip angle=7°, FOV =256 x 256
mm? and voxel size=1.3 mm x 1.0 mm x 1.3 mm.
During the rs-fMRI scan, participants were asked
to relax with their eyes open, while a white cross-
hair against a black background was projected on
a screen, using a 2D echo planar imaging (EPI)
sequence with the following parameters: TR =2000
ms, TE =15 ms, flip angle =90°, FOV =192 mm x
192 mm, matrix size = 80 x 80, voxel size =3.0 mm
x 3.0 mm x 4.0 mm, number of volumes =180.
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Diffusion MRI data were acquired with 2D spinecho
EPI (SE-EPI) sequence: TR =834 ms, TE=7.69 ms,
FOV =192 mm x 192 mm, voxel size=3 mm x 3 mm
x 3 mm 50 contiguous axial slices, 63 non-collinear
gradient directions with a b value of 1000 s/mm? and
one additional null image (b =0 s/mm?) as reference
images.

(i) NYU 2: MRI data were acquired using a 3T Siemens
Allegra scanner. An anatomical T1-weighted
image was acquired with a 3D MPRAGE sequence:
TR=2530 ms, TE=3.25 ms, flip angle=7",

FOV =256 mm x 256 mm and voxel size =1.3 mm

x 1.0 mm x 1.3 mm. During the rs-fMRI scan,
participants were asked to relax with their eyes open,
while a white cross-hair against a black background
was projected on a screen, using a 2D EPI sequence
with the following parameters: TR =2000 ms, TE=30
ms, flip angle=82°, FOV =192 mm x 192 mm,
matrix size =80 x 80, voxel size=3 mm x 3 mm x

3 mm, number of volumes = 180. Diffusion MRI data
were acquired with 2D SE-EPI sequence: TR =834
ms, TE=7.69 ms, FOV =192 mm x 192 mm, voxel
size=3 mm x 3 mm x 3 mm, 50 contiguous axial
slices, 64 non-collinear gradient directions with a b
value of 1000 s/mm?and one additional null image
(b=0s/mm?) as reference images.

(iii) TCD: MRI data were acquired using a 3T Philips
Achieva scanner. An anatomical T1-weighted
image was acquired with a 3D MPRAGE sequence:
TR =8400 ms, TE=3.90 ms, flip angle =8°,

FOV =230 mm x 230 mm and voxel size =0.9 mm
x 0.9 mm x 0.9 mm. During the resting state
scans, participants were instructed to keep their
eyes directed on a cross-hair in the center of the
projector, relax, and try not to fall asleep for the
duration of the scan, using a 2D EPI sequence with
the following parameters: TR =2000 ms, TE=27
ms, flip angle=90°, FOV =240 mm x 240 mm,
matrix size =80 x 80, voxel size =3.0 mm x 3.0 mm
x 3.2 mm, number of volumes =210. Diffusion
MRI data were acquired with 2D SE-EPI sequence:
TR =20,244 ms, TE=79 ms, FOV =248 mm x

248 mm, voxel size =1.94 mm x 1.94 mm x 2 mm,
65 contiguous axial slices, 61 non-collinear gradient
directions with a b value of 1500 s/mm? and one
additional null image (b =0 s/mm?) as reference
images.

(iv) SDSU: MRI data were acquired using a GE 3T
MR750 scanner. An anatomical T1-weighted image
was acquired with a 3D fast spoiled gradient echo
(FSPGR) sequence: TR=8136 ms, TE=3.172 ms,
flip angle =8°, FOV =256 mm x 256 mm and voxel
size=1 mm x 1 mm x 1 mm. Participants were
asked to look at the red-cross for the duration
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of the scan, using a 2D EPI sequence with the
following parameters: TR =2000 ms, TE =30 ms,

flip angle=90°, FOV =192 mm x 192 mm, matrix
size = 64 x 64, voxel size = 3.438 mmx 3.438 mm x

3.4 mm, number of volumes = 180. Diffusion MRI
data were acquired with 2D EPI sequence: TR = 8500
ms, TE = Minimum, FOV =128 mm x 128 mm voxel
size=1.875 mm x 1.875 mm x 2 mm, 68 contiguous
axial slices, 61 non-collinear gradient directions with
a b value of 1000 s/mm and one additional null image
(b=0 s/mm?) as reference images.

Test cohort data were collected as follows:

MRI data were acquired using a 3T Philips Ingenia
scanner. All children were sedated through oral admin-
istration of chloral hydrate at a dosage of 50 mg/kg body
weight, a common practice for pediatric clinical imag-
ing. An anatomical T1-weighted image was acquired
with a sagittal 3D Turbo Field Echo (TFE) sequence:
TR=8.35 ms, TE=3.85 ms, flip angle=8°, FOV=512 mm
X 512 mm and voxel size=1 mm X 1 mm X 1 mm. The
rs-fMRI data were acquired with eyes closed using a 2D
EPI sequence with the following parameters: TR=2000
ms, TE=30 ms, flip angle=77°, FOV=128 mm X 128 mm,
matrix size=62x62, voxel size=3.5 mm X 3.5 mm X
3.5 mm. A total of 220 EPI images was acquired along the
AC-PC plane. Diffusion MRI data were acquired with
2D SE-EPI sequence: TR=9298.37 ms, TE=83.529 ms,
FOV=128 mm X 128 mm, voxel size=2 mm X 2 mm X
2 mm, 70 contiguous axial slices, 32 non-collinear gra-
dient directions with a b value of 1000 s/mm? and one
additional null image (b=0 s/mm?) as reference images.

Image preprocessing

We preprocessed all MR data using the standardized
pipeline. For rs-fMRI images, we first removed the initial
5 time points, followed by correction for slice timing and
head motion effects. Subsequently, 24 motion-related
parameters [30] and the mean cerebrospinal fluid (CSF)
signal were regressed out to avoid elimination of signals
of interest, we did not include white-matter and global
brain-signal regressors. Head motion “spikes” identi-
fied by framewise displacement exceeding 0.3 mm were
regressed out to minimize the potential influence of head
motion on our results [27]. The data were detrended and
temporally filtered with a passband frequency of 0.01-
0.1 Hz [31]. Spatial smoothing within functional mask
was carried out with a 6 mm at full-width at half-max-
imum Gaussian kernel; and co-registration to the DTI
null image (b=0 s/mm?) along with T1-weighted images.
Subjects were excluded if any of the six head motion
parameters estimated during movement correction were
greater than 3 mm translation or 3 degrees rotation. The
rs-fMRI preprocessing was performed using SPM12
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(www.fil.ion.ucl.ac.uk/spm), DPABI (http://rfmri.org/
dpabi) and open MATLAB scripts (http://mind.huji.ac.il/
white-matter.aspx). The preprocessing of DTI data was
implemented by FSL (https://fsl.fmrib.ox.ac.uk/). First of
all, we used eddy_correct to correct for eddy current dis-
tortions and motion artifacts in the diffusion-weighted
images. Secondly, the bet tool was used to perform brain
extraction and generate a brain mask. Finally, the dti-
fit tool was applied to fit the diffusion tensor model to
the preprocessed data. Tissue probability maps (TPM)
for GM, WM and CSF were derived by segmenting the
T1-weighted images using the Computational Anatomy
Toolbox (CAT12, https://neuro-jena.github.io/cat/) [32].

Definition of WM tracts

We employed the JHU ICBM-81-DTI white matter atlas
(48 tracts in total) [33] to analyze white matter regions,
excluding cerebellar or brainstem areas such as bilat-
eral medial lemniscus (ML), bilateral inferior cerebellar
peduncle (ICP), bilateral superior cerebellar peduncle
(SCP) and bilateral inferior fronto-occipital fasciculus
(IFO). The remaining 40 white matter tracts distributed
within the brain region were selected to investigate the
changes in structural-functional coupling in ASD [26],
Abbreviations and full names of all included WM tracts
are shown in Table S1. After preprocessing the DTI
data, the null image was co-registered with T1-weighted
images. Subsequently, the T1-weighted image was nor-
malized to the ICBM152 T1 template in MNI space. We
obtained the comprehensive transformation matrix along
with its inverse matrix. Following this, we utilized the
comprehensive transformation matrix to normalize each
participant’s co-registered multi-modal images in a simi-
lar manner. To mitigate interference from gray matter
signals, templates with FA; values greater than 0.2 were
included in all subsequent white matter atlases.

Construction of fractional anisotropy of functional
connectivity tensor

From rs-fMRI data, we can compute the functional con-
nectivity tensor (FCT), which characterizes the local
spatial correlation patterns observed from a functional
perspective of individual voxels [20]. This is analogous to
the DT obtained from DTI data, which reflects the fiber
orientation direction observed from a microstructural
perspective [34]. First, construct a unit directional vec-
tor n;, representing the direction from voxel V; to voxel
V; and, based on this, construct six directional vectors
(2 2%y, 2%z, v, 2y, z7) for each of the 26 neighbor-
ing voxels of V, forming matrix M, Subsequently, utiliz-
ing preprocessed rs-fMRI data, Pearson linear correlation
coefficients C;; are calculated between the voxel V; and
the BOLD signals of its 26 neighboring voxels within
a 3x3x%3 neighborhood. This process forms the local
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spatial correlation amplitude between V; and its corre-
sponding neighboring voxels. For the construction of the
spatiotemporal correlation tensor T, the estimated cor-
relations C; projected along the vector n; are computed,
where ¢ denotes a transpose operation:

Ci=mn;- T-n!

After rearranging T into a column vector T, (T, = [T,

T,y Ty Ty T, T, the relationship between C; and
T, is:

Ci=M- T,

a least-squares solution for T, can be obtained as follows,
-1 denotes matrix inverse:

To= (M- M)™ M- C;

Therefore, we can calculate the functional fractional
anisotropy (FAgcp) for each voxel in a manner similar to
FApr. Specifically, we perform eigen-decomposition on
the 3x3 tensor FCT for each voxel V;:

FCT = Toy Ty Ty
TITZ Ty: TZZ

obtaining its eigenvalues A;;, A;, A,; and their cor-
responding eigenvectors, which represent the domi-
nant directions of temporal correlation. We use FApcp
values to denote the local anisotropy of spatiotem-
poral correlation in functional domains [22], where
A= ()\u +/\,j>2+>\i‘3)/3:

TV \/)\ 2+ X2+ Xig?

Evaluation and validation of structure-function coupling
using FCT-DT consistency

We first calculated the consistency between FCT and DT
to assess structure-function coupling [26] by modifying
the equation for calculating tensor differences from [35].
The FCT-DT consistency, denoted as C (Trcp, Tpy), for
each voxel is defined as:

1

C(Trer, Tor) =
\/trace [(TFCT — TDT)Z]

FApcr- FApr

Trer and Ty represent the functional connectivity ten-
sor and diffusion tensor, respectively, in a specific voxel.
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In general, a higher value of C indicates a greater consis-
tency between FCT and DT. FA- and FAp are the sep-
arate FA values of the functional connectivity tensor and
diffusion tensor. However, the scales of these two tensors
are not uniform. We normalize each tensor individually
by utilizing the sum of all its elements, thereby ensuring
that the scales across all tensors are maintained at a con-
sistent level (Fig. 1A).

To validate that FCT-DT consistency is not randomly
distributed in WM and GM regions, we compared them
using the data from the TD group (N=63) of the ABIDE-
II cohort. For FCT-DT consistency in WM, we calculated
the mean values and overall mean of the FCT-DT consis-
tency for each participant on the 40 white matter tracts in
the JHU ICBM-81-DTI WM atlas. Individual GM masks
were applied by thresholding GM TPMs at 0.8 to prevent
signal contamination between WM and adjacent GM
[36] and mean FCT-DT consistency within the masks
compared. Initially, we compared the overall mean FCT-
DT consistency for WM and GM separately. Then, we
compared the mean FCT-DT consistency of each WM
tract with the overall mean FCT-DT consistency in GM.
Finally, to validate the internal consistency of FCT-DT in
the WM region, we randomly divided the mean FCT-DT
consistency of all WM tracts for each TD participant into
two groups, compared the two groups 5000 times, and
assessed the results. To investigate whether there were
differences in FCT-DT, consistency between WM and
GM, paired t-tests were conducted for the average values
and individual tract value between WM and GM with
FDR correction p<0.05. Additionally, DT, FCT and FCT-
DT consistency on 40 WM tracts was compared between
ASD and TD groups in WM tracts separately using two-
sample t-tests with FDR correction p <0.05 incorporating
gender, age, FIQ, handedness, and mean framewise dis-
placement as covariates. Cohen’s d values were reported
as effect size.

Comparison of the predictive performance of three
features with severity of ASD symptoms

Support vector regression (SVR) was conducted to inves-
tigate whether FCT (or DT, or FCT-DT) can predict ASD
severity symptom using ADOS-2 subscales (RRB and SA)
separately. This model is implemented using the Python
scikit-learn software package (https://scikit-learn.org/
stable/about.html). The SVR model (C=1) to predict
the symptom severity was first conducted on the data
from ABIDE II (N=76 ASD, datagisoyery) using a 5-fold
cross-validation (CV) approach with grid search for the
model tuning controlling the regularization parameter
to be relatively small to simplify the model [37-39] and
the significant differences in terms of FCT, DT or FCT-
DT between ASD and TD were defined as the features,
respectively. This approach allowed us to train and
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Fig. 1 Method pipeline and validation the reliability of FCT-DT consistency. (A) Standardized process for FCT-DT consistency. (B) Schematic diagram
of SVR model. We trained ML models on the datagcoer, Using a Five-fold cross-validation, the generalization test is performed on datayg, by using the
datay.; as the test data. (C) The distribution of FCT-DT consistency within the GM and WM. (D) The internal consistency of FCT-DT consistency was ex-
amined by comparing group differences within the TD group. Abbreviations: DWI, diffusion weighted imaging; FA, functional anisotropy; SVR, support
vector regression; ADOS-2, autism diagnostic observation schedule 2nd edition; SA, social affect; RRB, restricted and repetitive behaviors. GM, gray matter;

WM, white matter
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validate the entire dataset separately, providing a com-
prehensive assessment of the model’s performance and
enabling us to select the optimal model hyperparam-
eters, thus avoiding overfitting on a single dataset. Sub-
sequently, the developed SVR models were performed
5000 times, with different random seeds to reassign the
training and validation dataset each time, thereby avoid-
ing subject selection bias [40]. The final SVR models
were trained on all ASD individuals from ABIDE-II for
further generalization on the Chengdu site (N=22 ASD,
Fig. 1B). Finally, the performance of these trained models
using different features (FApcr, FApr, and FCT-DT) were
compared. Permutation tests (repeated 5000 times) were
employed to examine the statistical significance of the
model’s regression coefficients [41] with mean absolute
error (MAE) measuring the average of the absolute error
between the predicted and true values. Furthermore,
considering the multi-site and multi-modal nature of the
dataset utilized in our study, we employed Combat har-
monization [42] (https://github.com/Jfortin1/ComBat-
Harmonization) as a correction method to eliminate site
differences in these three key features (FAr, FAp-r, FCT-
DT). Subsequently, we constructed a covariate matrix,
including sex, age, FIQ, handedness, mean framewise
displacement. To ensure data consistency across batches,
we standardized the data and applied a consistent five-
fold CV method for training, validation and test datasets.

Additionally, to test the model’s robustness, leave-one-
site-out cross generalization (CG) was conducted across
the three different sites in the discovery cohort and find-
ings validated in the test cohort (data,) we collected
(N=22 ASD). In other words, subjects from any two of
the 3 recruitment sites of ABIDE-II were used as the
training dataset and validated the models in the Chengdu

Table 1 Clinical and demographic characteristics (mean+SD)

Characteristic ASD TD Sta- p value
tistic
value
Age (years) 11.07+£5.29 12.85+4.12 -1.23 0.232°
Sex 79 boys/10 60 boys/3 girls  1.98 0.161°
girls
Handedness 68 R/7L/14M  57R/2L/4M 5.00 0.082°
FIQ 10438+17.02 113.11+£14.17 -3.33 0.001°
SRS 781241306  43.25+6.21 1934  <0.001°
SCQ 1644+7.41 257+2.03 14.21 <0.001°
ADOS-2 SA 328+193
ADOS-2 RRB 991+3.75
ADOS-2 TOTAL 13.18+4.64

Two-sample t test
bChi-squared test

All p values were original without any correction. Abbreviations: SD, standard
deviation; R, right handed; L, left handed; M, mixed handed; FIQ, full intelligence
quotient standard score; SRS, social responsiveness scale total score; SCQ,
social communication questionnaire; ADOS-2, autism diagnostic observation
schedule 2nd ed; RRB, restricted and repetitive behaviors; SA, social affect
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site. Permutation tests (repeated 5000 times) were also
conducted to examine the statistical significance of the
model.

Results

Demographic and clinical characteristics

The demographic and clinical characteristics between
89 ASD (79 boys; age: 11.07%5.29 years) and 63 TD (60
boys; age: 12.85+4.12 years) individuals with rs-fMRI
and DTI data from ABIDE II dataset were compared (see
Table 1). There were no significant differences between
the two groups in terms of age (p=0.23), sex (p=0.19),
and handedness (p=0.12). The FIQ (p=0.002), SRS
(p<0.001), and SCQ (p<0.001) scores of the ASD group
were significantly lower than those of the TD group. In
the test cohort, we analyzed a sample of 22 ASD children
(18 boys, age: 6.64+1.30) with rs-fMRI and DTI data,
as well as ADOS-2 assessment (total score: 15.23+3.78;
SA: 2.771+1.27; RRB: 12.45+3.49). There was no signifi-
cant difference in ADOS-2 scores between the ABIDE-II
cohort and our own cohort (all ps>0.06), although there
was for age (t=3.89, p<0.001).

Evaluation and validation of FCT-DT consistency

To assess the reliability of the FCT-DT consistency in
WM, a validation analysis was conducted by comparing
the consistency of the coupling coefficient between the
average values of WM and GM in the TD group. Com-
pared to GM, the averaged FCT-DT consistency in the
WM tracts exhibited significantly stronger structure-
function coupling (¢=16.66, p<0.001; Fig. 1C), and the
mean value in each individual WM tract also showed sig-
nificantly stronger structure-function coupling compared
to GM (Fig. S1 and Table S2). Additionally, the internal
consistency of the FCT-DT consistency was assessed by
comparing inter-group differences within the TD group
and there was no significant difference in WM (p>0.57;
Fig. 1D).

Comparison of group differences in WM tracts through
FCT-DT consistency

The FCT-DT consistency showed significant reductions
in the ASD group compared to the TD group in a num-
ber of WM tracts, including the corpus callosum (GCC: ¢
=-2.67, FDR_corrected p=0.043, Cohen’s d=0.44; BCC: ¢
=-2.78, FDR_corrected p=0.043, Cohen’s d=0.45; SCC: ¢
= -2.89, FDR_corrected p=0.043, Cohen’s d=0.47), right
cerebral peduncle (¢ = -2.62, FDR_corrected p=0.043,
Cohen’s d=0.43), left retrolenticular part of internal cap-
sule (£ =-2.44, FDR_corrected p=0.049, Cohen’s d=0.40),
left posterior thalamic radiation (¢ = -2.64, FDR_cor-
rected p=0.043, Cohen’s d=0.43), left sagittal stratum
(¢t = -2.60, FDR_corrected p=0.043, Cohen’s d=0.43),
cingulum (bilateral cingulum (cingulate gyrus), left: ¢ =
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-2.44, FDR_corrected p=0.049, Cohen’s d=0.40; right: ¢
= -2.38, FDR_corrected p=0.049, Cohen’s d=0.39; right
cingulum (hippocampus), ¢t = -2.57, FDR_corrected
p=0.049, Cohen’s d=0.42), bilateral fornix (cres) stria ter-
minalis (t = -2.64, left: FDR_corrected p=0.049, Cohen’s
d=0.43; right: t = -2.74, FDR_corrected p=0.043, Cohen’s
d=0.45), left superior longitudinal fasciculus (¢ = -3.01,
FDR_corrected p=0.043, Cohen’s d=0.49) and left supe-
rior fronto-occipital fasciculus (¢ = -2.57, FDR_corrected
p=0.043, Cohen’s d=0.42) (Fig. 2 and Fig. S2). All WM
tracts with uncorrected p values are shown in Table S3.

Predictive model of FCT-DT for assessing severity of ASD
symptoms

We firstly compared performance of three predictive
models based on FApp, FAp-r (Table S4 and Table S5)
and FCT-DT features respectively for assessing severity
of ASD symptoms using the ADOS-2 subscales (SA and
RRB, Fig. 3A and Fig. S3). Five-fold CV analyses showed
that the differences of FA,; between ASD and TD sig-
nificantly predicted the SA (mean+SD r=0.247+0.0195;
MAE=3.055%£0.033; p=0.021) and RRB (mean+SD
r=0.287+0.0282; MAE=1.501%£0.032; p=0.011) scores.
The group differences for FAp-1 were not predictive for
any of the subscale scores (all ps>0.087, Fig. S4). Notably,
the FCT-DT consistency can significantly predict both
the SA (mean+SD r=0.32310.041; MAE=2.774%0.047;
p=0.007) and the RRB scores (mean*SD r=0.35310.031;
MAE=1483%0.011; p=0.003) with greater predictive
performance (FCT-DT vs. FAyp, SA: t=153.043, FDR_
corrected p<0.001; RRB: ¢=175.947, FDR_corrected
p<0.001, Fig. 3B) using t-tests. Additionally, the results
with ComBat harmonization suggested that FCT-DT
consistency could significantly predict SA (meantSD
r=0.27£0.42; MAE=293+0.06; p=0.023) and RRB
scores (mean=SD r=0.30%0.13; MAE=1.55+0.07;
p=0.006) but not that of the other two features (FApr,
FApcr, ps>0.067, Fig. S6). Furthermore, the trained FAp
model based on the ABIDE-II cohort could significantly
predict the SA (r=0.439; MAE=2.373; p=0.041) and
the RRB scores (r=0.498; MAE=1.149; p=0.018) in our
independent cohort, however, the FAr-t model could
not (all ps>0.136, Fig. S4). The trained FCT-DT con-
sistency model is predictive of both the SA (r=0.517;
MAE=2.295; p=0.014) and the RRB scores (r=0.557;
MAE=0.780; p=0.007, Fig. 3C). Even after ComBat har-
monization, the FCT-DT consistency model maintains
its predictive power, allowing for the prediction of both
the SA (r=0.457; MAE=2.347; p=0.033) and the RRB
scores (r=0.504; MAE=0.925; p=0.017).

Additionally, leave-one-site-out CG analyses indi-
cated that the FAp; significantly predicted RRB
scores (meanzSD r=0.36%0.12; MAE=1.02+0.07;
p=0.031), but not SA scores (mean*SD r=0.32+0.08;
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MAE=3.03%0.12; p=0.092). The FAt did not show any
predictive performance on the severity of ASD symp-
tom sub-scores (all ps>0.183, Fig. S5). More impor-
tantly, the FCT-DT consistency significantly predicted
the SA (mean*zSD r=0.45+0.06; MAE=2.55%0.06;
p=0.011) and the RRB scores (mean*SD r=0.44+0.11;
MAE=0.9610.09; p=0.026, Fig. 3D). Overall, these
results indicated that the integration of multi-modal
based FCT-DT consistency significantly predicted the
autism severity scores better than the two single models.

Discussion

In the current study, we examined alterations in struc-
tural-functional coupling, which captured spatial and
temporal consistency of functional signals with diffusion
tensor orientations in WM networks from functional and
diffusion magnetic resonance images. Our findings indi-
cate that individuals with ASD exhibit widespread reduc-
tions in structural-functional coupling in WM regions
in commissural tracts (e.g. corpus callosum), association
tracts (sagittal stratum), and projection tracts (e.g. inter-
nal capsule) compared to TD individuals. Notably, among
the single and multi-modal models, these alterations in
the integrated structural-functional coupling demon-
strate significant predictive potential for ASD severity
symptom. The current results support the dysconnec-
tivity hypothesis of ASD from structural and functional
integration, and highlight the pivotal role of WM net-
works in the pathophysiology of ASD.

FCT analogous to the DT in WM tracts

The FCT can describe the functional structure consistent
with the fiber tracts visualized by independent struc-
tural imaging (DT) and can be detected during the rest-
ing state, as well as enhanced by performance of related
functional tasks [20, 43]. Therefore, we hypothesize that
FCT and DT not only exhibit similarity in represent-
ing WM structure but also complement each other in
their respective strengths (DT better shows structural
directionality, while FCT better reflects functional cor-
relation). Mathematically, both are tensor structures
consisting of 3x3 symmetric, positive-definite matrices,
containing three eigenvalues (A; }, A;,, A;3) and their cor-
responding eigenvectors. In DT, the three eigenvectors
reflect the three diffusion directions of water molecules,
and the eigenvalues indicate the degree of diffusion in
each direction. In FCT, the three eigenvectors reflect
the temporal correlation preferences of BOLD signals
between each voxel and adjacent voxels, and the eigen-
values indicate the degree of correlation in each direc-
tion [22]. Therefore, we believe that both can be analyzed
using the same approach from mathematical and neuro-
biological perspectives. Thus, the calculation of FCT can
be thoroughly analogous to that of DT [26].
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Fig. 2 The group differences in FCT-DT consistency in the WM tracts. (A) The FCT-DT consistency of each WM tract in the ASD group and TD group. The
size of a node is directly proportional to the volume of the corresponding white matter tract, implying that a larger node corresponds to a greater volume
of the white matter tract. Meanwhile, the color of a node is positively correlated with the consistency of FCT-DT, where darker colors indicate a higher
degree of consistency. (B) Between-group differences in FCT-DT consistency. The inner circular bars represent t-values of the corresponding WM tract. The
red dashed circle represents p=0.05 uncorrected, * p <0.05 after FDR correction. Abbreviations: GCC, genu of corpus callosum; BCC, body of corpus cal-
losum; SCC, splenium of corpus callosum; CP, cerebral peduncle; RLIC, retrolenticular part of internal capsule; PTR, posterior thalamic radiation; SS, Sagittal
stratum; CG, cingulum; FST, fornix (cres) stria terminalis; SLF, superior longitudinal fasciculus; SFO, superior fronto-occipital fasciculus
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ly, where the error bars indicate SD. *** indicates p < 0.001 after FDR correction for the two-sample t-test between the two groups. Statistical significance
is obtained from 5000 permutation tests and shown with ** p <0.01, * p<0.05, and 'n.s, no significant. (C) The scatter plot shows the correlation between
predicted values and true severity of autism symptoms in the test set. The model used was trained on FCT-DT-consistent feature, severity was assessed
using ADOS-2 SA and RRB subscale scores. The background shading indicates the selected feature regions. The histogram represents a surrogate distribu-
tion comprising r values for the same feature data with shuffled labels, vertical black line denotes r value of ground-truth script type. (D) To thoroughly
assess the inter-site stability of a prediction model, the leave-one-site-out CG approach is employed independently for each site, where the error bars
indicate SD. Statistical significance is obtained from 5000 permutation tests and shown with ** p<0.01, * p<0.05, and 'n.s, no significant. Abbreviations:
CV, cross-validation; CG, cross generalization; SD, standard deviation; ADOS-2, autism diagnostic observation schedule 2nd ed; SOCAFFECT, social affect;
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ASD individuals exhibit reductions in structural-functional white matter [3, 45, 46]. The WM signals are essential for
coupling in the WM tracts interconnecting and facilitating information transmission
Although ASD studies have primarily focused on GM  between various brain regions [13]. Additionally, white-
regions [44], a growing number of studies have suggested = matter functional networks are associated with behav-
that ASD individuals also exhibit structural alterations in  ioral deficits in ASD [46]. Thus, analyzing white matter
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may offer a unique opportunity to track atypical pro-
cesses in ASD, considering its crucial function in facili-
tating neuronal migration [47].

Furthermore, multi-modal connectivity networks
between the brain’s anatomical structural connectome
and its physiological functional connectome have been
determined in healthy and clinical populations [4, 22,
23, 25, 26]. In the current study, 9 out of 40 WM tracts
exhibited significantly lower structure-function coupling
than those in the TD group, indicating dysconnectivity in
ASD with atypical connectivity between regions affecting
the functions of neural circuits.

Specifically, a decrease in structure-function coupling
was observed in the corpus callosum. The corpus cal-
losum can be categorized as a commissural pathway,
serving as the primary fiber tract that connects the two
cerebral hemispheres. It facilitates integrated inter-
hemispheric communication between homotopic (func-
tionally similar) and heterotopic (functionally distinct)
cortical regions, enabling the exchange of information
and coordination of functions between the two brain
hemispheres [48]. Furthermore, previous studies have
revealed atypical structure and diffusion characteristics
in ASD, which have been linked to repetitive behaviors
and sensory responsiveness in infants at high risk [5,
49-51]. A meta-analysis has revealed a moderate reduc-
tion in the total corpus callosum area in ASD, aligning
with studies that implicate the corpus callosum in emo-
tional and social functioning as well as higher cognitive
processes such as decoding non-literal meaning, affective
prosody, and humor comprehension [52]. In a study on
twins where at least one twin was diagnosed with ASD
genetic factors also appeared to exert the greatest impact
on brain-behavior relationships between white matter
integrity, particularly of commissural fibers (i.e. corpus
callosum) and general cognitive abilities [53]. Disruptions
in corpus callosum mediated inter-hemispheric commu-
nication may underlie numerous sensory, cognitive, and
behavioral symptoms observed in children with ASD
[54].

While previous studies have yielded inconsistent
findings regarding fractional anisotropy in the cere-
bral peduncle and internal capsule between ASD and
TD individuals [55-57], our current study has revealed
widespread reductions in structure-function coupling in
these WM tracts relative to the TD group. Specifically,
we observed reductions in projection pathways, particu-
larly the vertically projecting tracts that connect corti-
cal regions to subcortical nuclei or brainstem regions.
These affected tracts include the cerebral peduncle, the
retrolenticular segment of the internal capsule, and the
posterior thalamic radiation [58]. Such reductions in
WM tracts may indicate a loss of integrity in motor and
somatosensory function or tactile perception [57].
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Additionally, the association pathway [58] comprises
tracts that are oriented along the anterior-posterior
axis, including the bilateral cingulum, sagittal stratum,
bilateral fornix (cres) stria terminalis, superior longitu-
dinal fasciculus and superior fronto-occipital fasciculus
decreased in ASD. The cingulum, a crucial fiber system
connecting the cingulate and surrounding medial cor-
tex to medial temporal lobe internally, plays a signifi-
cant role in social and emotional functions linked to the
core symptomatology of ASD [59]. Reduced fractional
anisotropy in the cingulum is frequently observed in
ASD. Additionally, lesions in the longitudinal fascicu-
lus and fronto-occipital fasciculus have been associated
with impaired processing of affective facial expressions
[60] as well as language production [61]. The sagittal stra-
tum, a fiber complex encompassing the longitudinal fas-
ciculus, fronto-occipital fasciculus and other subcortical
structures, has been functionally associated with visually
guided behaviors, such as face-based mentalizing [62].
Individuals with ASD who demonstrate slower sagittal
stratum development tend to show increased severity of
symptoms over time [63], , suggesting a potential cor-
relation between sagittal stratum and ASD progression.
Overall, the association pathway appears to be linked to
affective emotional processing, and the observed reduc-
tions in this pathway may suggest a potential marker for
ASD.

Furthermore, the commissural pathway traverses
the deep white matter, intersecting both the associa-
tion and projection pathways. In essence, reduced dif-
fusion anisotropy in white matter regions, such as the
corpus callosum, may signify disorganization or abnor-
mal development of projection, commissural and asso-
ciation fibers. This, in turn, could be associated with
impairments in functional domains that rely on efficient
interhemispheric information transfer [64]. This path-
way facilitates communication between symmetrical
regions of the brain hemispheres [48, 58]. Thus, reduc-
tions in these pathways are implicated in the motor, emo-
tional and inter-hemispheric communication difficulties
observed in ASD.

The associations between ASD severity and the changes in
structural-functional coupling

In comparison to single modal imaging techniques (such
as DT or FCT), multi-modal features have the greater
potential to serve as a more stable neural marker for pre-
dicting ASD severity, both in the discovery cohort and
our test cohort. Consistent with previous studies demon-
strating fractional anisotropy (FApy) as a sensitive single
modal feature in certain WM tracts and clinical loads [5,
65], our current study also found that fractional anisot-
ropy in commissural tracts (e.g. corpus callosum), asso-
ciation tracts (sagittal stratum), projection tracts (e.g.



Qing et al. Molecular Autism (2024) 15:43

internal capsule, see supplementary table) was predictive
of ADOS-2 scores for social affect, as well as restricted
and repetitive behaviors, in both the ABIDE-II cohort
and our independent cohort using five-fold cross vali-
dation. However, when applying the leave-one-site-out
cross generalization approach, it was observed that this
feature was predictive only for restricted and repeti-
tive behaviors, and not for social affect, suggesting that
fractional anisotropy may not be sufficiently stable and
could be influenced by factors such as age [63]. On the
other hand, the developed structure-function coupling
(i.e. FCT-DT consistency in WM) showed robust pre-
dictive performance in both the ABIDE-II cohort and
our independent cohort, regardless of the validation or
generalization approach used. Remarkably, the predic-
tive performance of this coupling with clinical severity
surpassed that of fractional anisotropy alone. The robust
role of structure-function coupling in the WM tracts has
been emphasized in the pathophysiology of ASD by the
current study, reflecting the integrity of neural signals
linked to cognition and disorder through the fundamen-
tal characteristic of the association between structure
and function [66—-69].

Potential limitations

This study has several potential limitations that should
be acknowledged. Firstly, due to the absence of ADOS-2
assessments, we were only able to include a relatively
small sample size of 76 individuals with ASD in the train-
ing dataset. This may have somewhat reduced the statis-
tical power of our results, even though we conducted a
leave-one-site-out cross generalization approach and ver-
ified the reliability of the structure-function coupling in
predicting severity. Secondly, there was a significant dif-
ference in age between the ABIDE-II cohort and our own
test cohort. Acquisition of DTI and resting-state data
from autistic individuals can be challenging. Although
the structure-function coupling, when harmonized using
Combat, serves as a reliable and robust neural marker
for predicting severity across different ages and scan-
ners, this age discrepancy between cohorts may have
introduced additional variability. Additionally, composite
indices of brain structure and function were not associ-
ated with age among individuals with ASD [11], thus sug-
gesting they were independent of age in ASD. Thirdly,
the evaluation of structure-function coupling using FCT-
DT consistency was less reliable in regions with crossing
fibers. This limitation stems from the inherent constraint
of the tensor model, which can only depict a single pri-
mary fiber direction per voxel, coupled with the height-
ened vulnerability of crossing fibers due to issues related
to overlapping fiber tracts, as compared to non-crossing
fibers [48, 58, 70]. Despite the fact that both FCT and
DT exhibit similarities in characterizing WM structure,
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they also exhibit complementary strengths [20, 26]. This
suggests that both tensors may only capture a fraction of
the WM connections, thereby impacting the reliability
of using FCT-DT consistency to infer structure-function
coupling in regions with crossing fibers.

Finally, the children in the test cohort were sedated
through oral administration of chloral hydrate, which dif-
fers from the children from ABIDE-II cohort. This poten-
tial difference in sedation methods may impact their
brains [71] and subsequently influence our results. How-
ever, it’s important to note that other studies have also
successfully used chloral hydrate for acquiring MRI data
in children with ASD, and it is generally considered safe
with minimal side effects for this purpose [72-74]. How-
ever, our study found that both trained FCT-DT consis-
tency models, based on the ABIDE-II cohort with and
without ComBat harmonization [42], consistently predict
symptom severity in our independent cohort. This sug-
gests that the sedation method used did not have a nota-
ble impact on the structural-functional coupling results
observed in both cohorts.

Conclusion

In summary, our observed widespread decreases in the
structure-function coupling within WM tracts among
individuals with ASD provides support for the initial dys-
connectivity hypothesis of ASD from a WM functional
perspective. These reductions may be attributed to aber-
rant neural signal propagation along WM tracts. More-
over, the associations between clinical symptoms and
structure-function coupling in the WM tracts suggested
that atypical structure-function coupling could be a
potential neuropathological mechanism underlying ASD.
Collectively, these findings possess extensive significance
for understanding atypical development associated with
neuropsychiatric disorders, particularly ASD.
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