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Diffusion functional magnetic resonance imaging (DfMRI) has been proposed as an alternative functional imaging
method to detect brain activity without confounding hemodynamic effects. Here, taking advantage of this DfMRI
feature, we investigated abnormalities of dynamic brain function in a neuropsychiatric disease mouse model (glial
glutamate transporter-knockdown mice with obsessive—-compulsive disorder [OCD]-related behavior). Our DfMRI
approaches consisted of three analyses: resting state brain activity, functional connectivity, and propagation of
neural information. We detected hyperactivation and biased connectivity across the cortico-striatal-thalamic cir-
cuitry, which is consistent with known blood oxygen-level dependent (BOLD)-fMRI patterns in OCD patients. In
addition, we performed ignition-driven mean integration (IDMI) analysis, which combined activity and connectiv-
ity analyses, to evaluate neural propagation initiated from brain activation. This analysis revealed an unbalanced
distribution of neural propagation initiated from intrinsic local activation to the global network, while these
were not detected by the conventional method with BOLD-fMRI. This abnormal function detected by DfMRI was
associated with OCD-related behavior. Together, our comprehensive DfMRI approaches can successfully provide
information on dynamic brain function in normal and diseased brains.

1. Introduction tation of orbitofrontal (ORB) neuron terminals in the ventral stria-

tum of mice increased grooming behavior, a known repetitive behav-

Repetitive behaviors are one of the behavioral hallmarks of
neuropsychiatric disorders including obsessive-compulsive disorder
(OCD), autism spectrum disorders (ASD), and Tourette’s syndrome
(TS)(Ade et al., 2016; Bronfeld and Bar-Gad, 2013; Ellegood et al.,
2013; Stoodley et al., 2017). Resting state functional magnetic reso-
nance imaging (fMRI) has been used to examine functional connectivity
(FC) alterations in patients with these disorders (Cerliani et al., 2015;
Hou et al., 2014; Jung et al., 2017; Neuner et al., 2014; Rane et al.,
2015). In particular, abnormal FC alterations in the cortico-striatal-
thalamo (CST) circuitry were found in OCD patients (Hou et al., 2014;
Jung et al., 2017). In addition, OCD patients exhibited neural hyperac-
tivity in the orbitofrontal-striatal network (Hou et al., 2014; Yang et al.,
2019). An animal study also reported that optogenetic-induced exci-
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ior (Ahmari et al., 2013), suggesting that neural hyperactivation in the
ORB is related to the underlying mechanism that generates repetitive
behavior. However, the mechanism by which hyperactivation impacts
dynamic brain function remains controversial.

All of these studies were performed using blood oxygenation-level
dependent (BOLD)-fMRI, a powerful tool for investigating whole brain
functional connectivity as well as brain activity, based on the neurovas-
cular coupling hypothesis. However, BOLD-fMRI may fail when neu-
rovascular coupling is impaired (e.g. cerebrovascular disease, astrocytic
dysfunction, or drug intake such as anesthetized conditions) (Abe et al.,
2017a; Shih et al., 2009; Veldsman et al., 2015). For example, patients
with Alzheimer’s disease show impaired vascular responses (Kisler et al.,
2017; Montagne et al., 2016). Similarly, animal studies conducted under
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anesthetized conditions exhibit large variations in hemodynamic pat-
terns depending on the anesthetic drugs used (Sforazzini et al., 2014;
Zerbi et al., 2015). Thus, BOLD-fMRI under these conditions may lead
to false-positive or false-negative results when investigating brain net-
works and activity.

In contrast, diffusion fMRI (DfMRI) is an alternative approach to
BOLD-fMRI which is not impaired by those confounds, and more di-
rectly reflects neural activity than BOLD-fMRI regardless of hemody-
namic status (Abe et al., 2017a; Le Bihan et al., 2006; Tsurugizawa et al.,
2013). While controversial when first introduced (Bai et al., 2016;
Jin and Kim, 2008; Miller et al., 2007), the nonvascular nature of the
DfMRI signal has since been established, although its exact mecha-
nism (activation-induced neuronal swelling but not astrocytic swelling,
as suggested from pharmacological DfMRI studies (Abe et al., 2017a;
Komaki et al., 2020) and single neuron microscopic DfMRI (Abe et al.,
2017b)) remains to be validated. In those previous studies, two types
of DfMRI signals were identified as good markers of neural activity:
diffusion-weighted signals obtained with b=1800 s/mm? (Sp;g00) and
the water apparent diffusion coefficients (ADCs) (Abe et al., 2017a;
Cotero et al., 2019; Tsurugizawa et al., 2013; Zhong et al., 1997). In
addition, DfMRI also has the potential to allow for FC analysis without
interference from hemodynamics. While, thus far, there have been no
reports of FC analysis based on DfMRI signals, a previous DfMRI study
using pharmacological modulators of cellular swelling suggested that
DfMRI may actually track activity across brain networks (Abe et al.,
2017a). Another group has also shown connectivity of the thalam-
ocortical pathway by coherence analysis of DfMRI time-series data
(Nunes et al., 2019).

In this study, we investigated abnormalities of dynamic brain func-
tion in a neuropsychiatric mouse model (glial glutamate transporter
[GLT1]-knockdown mice, GLT1-KD mice) exhibiting OCD-related be-
havior (Aida et al., 2015), by leveraging the advantages of DfMRI. Our
DfMRI approaches analyzed three brain dynamic processes: resting state
brain activity, FC, and propagation of neural information (See Fig. 1A).
This approach confirmed the hyperactivation and abnormal connectiv-
ity of the CST circuitry, as suggested from previous findings in OCD pa-
tients. Furthermore, we revealed abnormal propagation of local activity
to the global network in GLT1-KD mice.

2. Materials and methods
2.1. Animals

We employed astrocytic glutamate transporter knockdown (GLT1-
KD) mice (Aida et al., 2015). The GLT1-KD mice (GLASTCr¢ERT2/+; GLT1
flox/flox n—14) were generated by mixing homozygous GLT1flox/flox with
heterozygous inducible Cre recombinase (CreERT2) in an astrocyte-
specific GLAST locus (GLASTCERT2/+) (Fig. 1B). The GLT1-KD mice
were crossed with the 129Sv and C57BL/6 strains. GLT1-KD mice
showed knockdown not only of astrocytic GLT1, but also of astrocytic
GLAST. GLAST*/+; GLT1flox/flox mjce were used as controls (ctl, n=14).
Both groups were injected intraperitoneally with 100 mg/kg tamoxifen
(TAM) at postnatal days 17-21 for five consecutive days to induce the
deficit in astrocytic glutamate transporters.

All animal experiments were approved by the Okinawa Institute of
Science and Technology Graduate University (approval number: 2014-
091). All animals were housed in temperature- and humidity- controlled
rooms on a 12 h light/dark cycle (lights on at 8:00 AM).

2.2. Behavioral monitoring

Prior to the MR imaging studies, we recorded the repetitive tic-
like behavior (Aida et al., 2015). Mice were put into a cylindrical,
acrylic chamber (diameter: 12 cm, height: 22 ¢cm) and their behavior
was recorded for 10 min with a video camera. Tic-like movements were
counted manually and quantified as the total number of tics observed in
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Fig. 1. A schematic diagram of the DfMRI analysis in a GLT1-KD mouse.
(A) A schematic diagram of the DfMRI analysis. Two types of time series signals
of DfMRI with b=1000 and 1800 mm 2/s (Sp;90o and Sp;g00> TeSPectively) were
obtained from GLT1-KD and control mice in resting state and awake conditions.
The time series data for the ADC were computed with the time series data from
Sp1000 and Syigpo- The ADC was used to investigate resting state brain activity
and to define the driving events ignited by neural excitation in the IDMI analysis.
The Sy1400 Was used to analyze the FC and to calculate the phase connectivity for
the IDMI analysis. (B) GLT1-KD mice were crossed with GLASTC"*ERT2/+ and GLT
flox/flox and the GLT1 deficit was induced by tamoxifen (TAM) injection. Control
(ctl) mice were crossed with GLAST*/+ and GLT flo*/flox_ (C) Tic-like behavior,
which was counted over 10 minutes, was increased in GLT1-KD mice (n=14 in
ctl and n=14 in GLT1-KD mice, two-sided t-test, t(26)=4.11, p=3.52 x 10~4), ***
p<0.001. The horizontal lines represent the mean and the vertical lines represent
the standard error (s.e.m).

an individual mouse during the 10-min recording data. Observers were
blinded to the genotype status. The behavior was defined as any brief
isolated head and/or body jerk or shake. Using the logged times of each
tic in the recoding data, the tics were subsequently replayed in slow
motion to categorize their type of movement. The possible types of tic
movement included shaking of the head or whole body (rotational vec-
tor); and jerking of the head, body or part of the body in one or more
directions.

2.3. Immunohistochemistry

After MRI, mice were deeply anesthetized with a ketamine-xylazine
mixture and transcardially perfused with 10 ml of 0.1 M phosphate-
buffer solution (PBS, pH 7.4) containing 4% (w/v) paraformaldehyde
(PFA). The brains were post-fixed overnight with 4% PFA for 1 day.
The fixed brains were cryoprotected in 20% sucrose/phosphate buffered
saline (PBS) for 1 day frozen, and coronal sections were cut at a thick-
ness of 25 ym on a cryostat. Serial brain sections were used for the
subsequent immunohistochemistry. The serial sections were incubated
with anti-GLT1 rabbit monoclonal antibody (1:1000 dilution, Frontier
Institute Co., Ltd, Hokkaido, Japan) overnight at room temperature.
The sections were then incubated with secondary antibodies conjugated
to Alexa Fluor 555 (1:1000; Invitrogen, Grand Island, NY, USA) for 2
hours at RT. Images of the sections were captured using an inverted
light microscope (BZ-X710, Keyence, Osaka, Japan). ImageJ software
(http://rsb.info.nih.gov/ij/) was used for image analysis to calculate the
percentage of the area expressing GLT1. All images were binarized. The
positive area of GLT1 expression was defined by a threshold to distin-
guish GLT1 positive versus negative areas. Then, the percentage of the
GLT1 expression area was calculated. We estimated the ratio of GLT1
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expression as (GLT1gp-GLT1.4)/GLT1.; x 100, where GLT1gy is the
mean percentage area of GLT1-positive cells in GLT1-KD mice.

2.4. Surgery and acclimation for awake MRI

The detailed method has been described in previous publications
(Takata et al., 2018; Yoshida et al., 2016). Briefly, an acclimation bar
was surgically implanted on the mouse skull at 8 weeks of age. Mice
were injected intraperitoneally with an anesthetic mixture of 0.3 mg/kg
medetomidine, 4 mg/kg midazolam, and 5 mg/kg butorphanol, and
fixed to a stereotaxic apparatus (SM-15, Narishige Scientific Instrument,
Tokyo, Japan). The skull surface was exposed. The periosteum and blood
were removed thoroughly. A custom-made acrylic head bar (3 x 3 x 27
mm?) was mounted along the sagittal suture of the exposed skull using
dental cement (Super-Bond C&B, Sun Medical, Shiga, Japan) in awake
mice. After surgery, the mice were fed a high-energy diet (CMF sprout;
Oriental Yeast Co., Kyoto, Japan) afterward instead of normal chow, to
facilitate recovery of bodyweight. After the mice recovered their weight,
they were acclimated to a mock fMRI environment for 2 hours/day for
10 days before performing the experimental fMRI in awake mice. For
mice during the habituation, the head-bars were clamped to a specific
holder that was then secured tightly on a mock animal bed through the
base. The trunk of the mouse outside the mock bed was covered gen-
tly with a sheet of a paper to relieve the animal. A pad was laid under
the mouse for urine absorption. Awake animals were restrained in this
mock fMRI environment while a recording was played of scanner noises
at 100 dB that was comparable to those in the actual fMRI experiments.
This was performed within a soundproof box that imitated the dark en-
vironment of the actual fMRI measurements.

2.5. MRI acquisition

The MRI was conducted under awake conditions on a 11.7T scan-
ner equipped with a cryoprobe and a gradient system, which allowed a
maximum gradient strength of 1000 mT/m (BioSpec, Bruker, Ettlingen,
Germany). Respiration rate and rectal temperature (37°C) were moni-
tored during scanning. Body temperature was maintained at 37°C using
an MR-compatible, feedback-controlled water heating system. Initially,
we determined the position of the brain between +2.8 and -6 mm from
the bregma, using anatomical images acquired along three orthogonal
directions.

The detailed DfMRI protocol was described in a previous pa-
per (Abe et al., 2017a; Tsurugizawa et al.,, 2013). Resting state
DfMRI (no stimulation) was acquired with the following parame-
ters: diffusion-sensitized double spine echo (SE)-echo planner imag-
ing (EPI) sequence; TR/TE=2000/37 ms, segments=1, FOV=16 x 16
mm?, matrix=80 x 80, slice thickness=0.8 mm, slice gap=0.05 mm,
slice number=10, repetition number=150, scan time=10 min, and b-
values=1000 and 1800 mm?2/s along 1 directions; [X=1,Y=1,Z=1].
Resting state BOLD-fMRI was acquired with the following parame-
ters: gradient echo (GE)-EPI sequence; repetition time (TR)/echo time
(TE)=2000/13 ms, segments=1, FOV=16 x 16 mm?, matrix=80 x 80,
slice thickness=0.4 mm, slice gap=0.05 mm, slice number=20, repeti-
tion number=300, scan time=10 min. After the acquisition of DfMRI and
BOLD images, structural (anatomical) images for spatial normalization
were obtained using a 3D-multislice rapid acquisition with relaxation
enhancement (RARE) sequence in the same brain locations and with
the following parameters: TR/TE=1800/32 ms, FOV=15 x 15 x 12.5
mm?3, matrix=256 x 256 x 32, resolution=0.059 x 0.059 x 390 mm?,
average=1, scan time=17 min.

2.6. Preprocessing of BOLD-fMRI and DfMRI images
Preprocessing and statistics were performed using SPM12 (Welcome

Trust Centre for Neuroimaging, London, UK) and in-house software writ-
ten in MATLAB (Abe et al., 2017a). Initial image preprocessing was per-
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formed individually for each animal. The 3D-RARE reference images
were co-registered and spatially normalized to a standardized structural
brain template for mice (Hikishima et al., 2017). The time-series im-
ages (DfMRI obtained with b1000 and b1800 mm?/s, and BOLD-fMRI)
were realigned to correct for residual head motion, corrected for slice
timing, and co-registered to the reference structural images. Then, all
images where spatially normalized and co-registered to the standard-
ized brain structure template using the normalized parameters of the
structural image. Finally, these images were resliced to a resolution of
0.2 x 0.2 x 0.2 mm? and smoothed with a full width at a half maximum
(FWHM) Gaussian kernel of 0.6 mm. For the BOLD-fMRI, we decreased
the sampling rate of the time-series data from 0.5 Hz (equal to TR=2s)
to 0.25 Hz (equal to TR=4s) to allow for the comparison between the
DfMRI and BOLD-fMRI. Then, the pre-processing was performed using
this down sampled BOLD-fMRI data in the same way as the DEMRI

To provide some indication of the overall signal level in our image
data, the signal-noise ratio (SNR) was estimated for the whole brain of
each control animal and for each of the first 5 raw time course images
before preprocessing. The SNRs were calculated by dividing the signal
of the whole brain by the signal outside of the brain for each animal. The
averaged SNR values (meanzs.e.m, n=14) were 10.57+0.36 for Sy,
7.07+0.15 for Sy;g09, and 17.82+0.61 for BOLD-fMRI (Figure S1B).

2.7. ADC analysis of resting state neural activity

The ADCs were calculated from the preprocessed time series images
of the diffusion weighted signal acquired at b=1000 and 1800 mm?2/s
(SbIOOO’ SblSOO) for each time point as ADC=ln(Sb1000/Sblsoo)/800 to
remove any residual T2/T2* (BOLD) effects (Abe et al., 2017a).

To evaluate the local neural activity between GLT1-KD and ctl mice,
we performed a voxel-based comparison of the baseline magnitude
of the ADC time-series data. The time-series images of the ADCs for
each animal were averaged and pooled for the group analysis. Then, a
two-sample t-test was performed with family wise error (FWE) correc-
tion p<0.05. The statistical overlay maps were created using MRIcron
(available at: http://www.cabiatl.com/mricro/mricron/install.html) to
show regional ADC changes between ctl and GLT1-KD mice. For
the region of interest (ROI)-based comparisons of the ADC time
course data, the ADCs were extracted for each ROI, which in-
cluded 59 bilateral brain loci defined in our flexible annotation
atlas (FAA) of the mouse brain (See Fig. S1A and Table S1)
(Takata et al., 2020). The FAA is based on the Allen Mouse Brain
Atlas, which can be reconstructed with a text-based information and
Python codes (https://github.com/ntakata/flexible-annotation-atlas/
tree/master/FAAs/others/FAAocd). The ADCs were first averaged at
each time point over all voxels for each ROI in individual animals, then
averaged for each ROI over all animals. When we compared the mag-
nitude of the BOLD signal, we performed the statistical analysis in the
same manner as described above. A power spectrum was calculated with
the detrended ADC time series data using the MATLAB code “mtspec-
gramc.m” in the chronux toolbox (available at: http://chronux.org/).
The frequency analysis of the ADC driving events is described in the
methods section for the IDMI analysis.

2.8. Functional connectivity (FC) analysis

The pre-processed time series data from S50 Were used for the FC
analysis with the functional connectivity toolbox (CONN, available at:
https://www.nitrc.org/projects/conn) and in-house software written in
MATLAB. The time-series data were detrended and temporally filtered
with 0.01-0.1 Hz. The global mean signal was regressed out from the
preprocessed time series data in order to reduce non-neural signal corre-
lations. A seed-based FC analysis was performed using the pre-processed
time-series data. The ROIs from 59 bilateral brain loci were defined in
the FAA. Pair-wise Pearson’s correlation coefficients between the time
course of a predetermined ROI and all other ROIs were estimated after
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de-noising and de-spiking and were transformed into Fisher’s z-scores.
Regions of white matter and cerebrospinal fluid were excluded, then
a 59 x 59 connectivity matrix was generated. When we compared the
FC connectivity matrix between ctl and GLT1-KD mice, a Student’s t-test
with false discovery rate (FDR) correction p<0.05 was performed. Then,
the FC values with significant differences were estimated.

2.9. Ignition-driven mean integration (IDMI) analysis

The methods for the IDMI analysis were based on a previous publica-
tion (Deco et al., 2017). IDMI is a global measure of dynamic complexity
that can be obtained in four steps: 1) the detection of neural activation
for a brain region as an intrinsic driving event using a threshold method
for the ADC or BOLD-fMRI time series, 2) the calculation of the pair-wise
phase synchronization at time t between brain regions j and k [ij(t)],
3) the construction of a binarized phase lock matrix by time-averaging
Pij(t), and 4) obtaining the IDMI as the path-length of the largest sub-
component of the binarized phase lock matrix.

An intrinsic driving event for a particular brain region was defined
as an event of neural excitation under the resting state condition. An
ADC reduction and a BOLD increase was considered to be neural ex-
citation, respectively (Abe et al., 2017a; Zhong et al., 1997). Particu-
larly, the time-series data from the ADC and BOLD images were trans-
formed to z-score time-series data. An ADC intrinsic driving event was
defined as an event where the z-score time series exceeded the thresh-
old of one standard deviation from the time series, and the time series
of the ADC decreased (See the blue lines in Fig. 5A) (Tagliazucchi et al.,
2012). In contrast, a BOLD intrinsic driving event was defined as an
event where the z-score time series exceeded the threshold of one stan-
dard deviation of the time series, and the time series of the BOLD sig-
nal increased. Intrinsic driving events were estimated in the 59 bilat-
eral brain loci defined from the FAA. Of note, the ADC and BOLD-
fMRI signals are absolute and relative measures of neural activity,
respectively.

To calculate the pair-wise phase synchronization (phase connectiv-
ity), we first filtered the Sy;g99 and BOLD-fMRI time series in the range
of 0.05-0.08 Hz, and extracted the phases using a Hilbert transform.
The same range filter was applied for the BOLD-fMRI. Then, the pair-
wise phase synchronization between the regions j and k at time t was
calculated as:

P = e 0-0x ) o

where ?j (t) is the extracted phase of brain area j at time t.

A phase lock matrix was calculated using P;, (t). More specifically,
P (t) was first averaged from an intrinsic driving event for a time win-
dow of six TRs from the DfMRI or BOLD-fMRI time series, then averaged
for every intrinsic ignition event. The time window (six TRs) to calcu-
late a phase lock matrix was determined as the time necessary for the
DfMRI signal to return to the basal level after an intrinsic ignition event
(Figure S4A). The time-averaged Py (t) was used as an element of the
phase lock matrix. This time window was applied to the BOLD-fMRI to
maintain a justifiable comparison of the IDMI values between the DfMRI
and BOLD-fMRI.

The phase lock matrix can be binarized with a threshold 6 be-
tween 0 and 1 (0 if |Py| < 6, 1 otherwise), resulting in a symmet-
ric, binarized adjacency matrix. By regarding the adjacency matrix
as an undirected graph, the integration value can be computed as a
ratio of the path length of the largest subcomponent of the graph
to that of the whole graph. These calculations were performed using
the MATLAB code “get_components.m“ in the Brain Connectivity Tool-
box (https://sites.google.com/site/bctnet/). Finally, the IDMI value was
computed as the area under the curve (AUC) for all integration values
at all threshold values (0 to 1). The IDMI values of the Sy; 9 and ADC
for Figure S6 were calculated in the same manner.

To assess the validity of the IDMI analysis, we tested whether the
IDMI values obtained from the measured data were significantly higher
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than those obtained with shuffled, randomized data. To achieve this,
the IDMI value was calculated after random permutation of the phase
time series from the S;;599 or BOLD-fMRI. We repeated this procedure
50 times and compared the average IDMI values obtained with the mea-
sured versus permutated data.

To compare the frequency of the ADC-driving events, we counted all
driving events for all brain loci. To compare the synchronization of the
event frequency, the PSTHs of the ADC-driving events were calculated.
The brain regions used to compute the driving events were limited to the
CST circuitry. The number of events were counted in all brain regions,
then averaged over the regions and every TR time (4 seconds). To verify
the effect of head motion during the scan, we calculated the framewise
displacement (FD) from six parameters of head motion, which were esti-
mated during the realignment process (Power et al., 2012). IDMI values
did not show a significant correlation with head motion (Figure S5), in-
dicating that head motion during the acquisition of DfMRI did not affect
the IDMI values.

2.10. Statistics

Statistical processing was performed using MATLAB (MathWorks,
MA, USA) and Excel software (Microsoft, USA). Familywise error (FWE)
correction was conducted for the voxel-based analysis of ADC-DfMRI.
Bonferroni corrections or false discovery rate (FDR) corrections were
applied to correct p-values for multiple comparisons. Values are shown
as the mean+standard error of the mean (SEM) or as scatter diagrams
with crossbars showing the average values.

3. Results
3.1. GLT1-KD mice exhibit tic-like behavior

Repetitive tic-like behavior in astrocytic GLT1-KD and control (ctl)
mice was compared (Fig. 1B). GLT1-KD mice showed a significant in-
crease in tic-like behavior, compared with ctl mice (Fig. 1C), consistent
with our previous study (Aida et al., 2015). In addition, we investigated
the knockdown ratio of GLT1 by immunohistochemistry. In GLT1-KD
mice, GLT1-positive neuropils in astrocytic cells were sparse (Figure
S2A). The percentage area of GLT1-positive cells was significantly de-
creased in GLT1-KD mice (Figure S2B, C).

3.2. ADC-DfMRI reveals hyperactive resting state activity in the CST
circuitry of GLT1-KD mice

The ADC values obtained by DfMRI were used as a quantitative
marker of resting state activity without hemodynamic confounds. Pre-
vious studies have shown that the magnitude of the ADC baseline under
resting state conditions reflects resting state activity (Abe et al., 2017a;
Abe et al., 2017b). In contrast, the baseline BOLD-fMRI signals are only
relative and can be contaminated by hemodynamic confounding effects
(Abe et al., 2017a). Indeed, the magnitude of the BOLD signal was de-
creased throughout the entire brain of the GLT1-KD compared to ctl
mice (Figure S3A), suggesting that the BOLD signal is not suitable to
evaluate resting state activity, because it is a relative measurement and
highly dependent upon vascular effects. In contrast, the average ADC
baseline (ADCp,g1ine) Only differed between ctl and GLT1-KD mice in
selected areas (Fig. 2B). Compared to ctl, the voxel-based analysis of
the magnitude of the ADCy,sine Value in the GLT1-KD mice showed
significant reductions in the MO, SS, PL, ILA, ORB, AI, CP, ACB, PALv,
MED, and the hippocampus, while increases were observed in the tha-
lamic regions (See abbreviation list in Table S1). The ROI-based analy-
sis showed significant reductions in the ADCygejine in the MO, SS, PL,
IL, ORB, AlI, ACB, PALd, PALv, and MED regions in the GLT1-KD mice
(Fig. 2C). Based on a previous report, this decrease in the ADC may be
interpreted as an increase in resting state activity (Abe et al., 2017a).
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Fig. 2. ADC-DfMRI detected hyperexcita-
tion of CST circuitry in GLT1-KD mice. (A)
Three analyses of the ADC time-series data:
1) magnitude of the ADC baseline, 2) fre-
quency of the ADC driving events, and 3) the
ADC amplitude. (B) Voxel-based comparison
ctl of the ADC map between GLT1-KD (n=14)
and ctl mice (n=14). The blue areas repre-
sent significant decreases in ADC coupled with
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In general, it is thought that the ADC values reflect changes in the
underlying static tissue microstructure (Le Bihan, 2007; Le Bihan and
Iima, 2015). Here, to demonstrate that the differences in the ADC time
series data between the ctl and GLT1-KD mice reflect differences in tis-
sue function rather than tissue microstructure, we examined the mag-
nitude of the ADGCy qqine @s Well as the frequency of the “ADC-driving
events” (See the IDMI analysis for a definition of “driving events” in the
Methods), and the amplitude of the ADC fluctuation (Fig. 2A). The fre-
quency of the ADC-driving events in the CST circuitry of GLT1-KD mice
was higher than that of ctl mice (Fig. 2D, E and Table S2). To compare
the synchronization of the ADC-driving events, we examined the peris-
timulus time histograms (PSTHs) of the ADC-driving events in the CST
circuitry and found that events in the GLT1-KD mice were more syn-
chronized than those of the ctl mice (Fig. 2F). Next, we calculated the
power spectrum of the ADC time-series data to compare the amplitude
of the ADC fluctuation. The GLT1-KD mice showed increased spectrum
power in the CST circuitry compared to ctl mice (Fig. 2G and Table
$3). In addition, the magnitude of the ADCy,qeine and the frequency
of the ADC-driving events were significantly correlated with the gen-
eration of tic-like behavior (Table S4) and with GLT1 expression levels
(Table S4). In comparison, there were no significant differences in the
frequency or amplitude based on the BOLD-fMRI (Figure S3B-E). The
Sph1000 and Spqgoo signals also showed no significant change in the ORB
(Figure S6A). Together, these results indicate that the GLT1-KD mice

0 + T r =
0 0.03 0.06 0.09

Frequency (Hz)

exhibited hyperactivation of the CST circuitry, and this hyperactivation
was associated with tic-like behavior.

3.3. FC patterns derived from Sp;g00-DfMRI signals

Our previous study using pharmacological DfMRI reported that the
direct localized infusion of cell swelling modulators induced changes
in DfMRI signals in remote regions of the cortex, which were function-
ally connected with those local regions, suggestive of cellular swelling-
related connectivity (Abe et al., 2017a). From this evidence, relying on a
previous DfMRI study which revealed functional connectivity between
pharmacologically challenged thalamic nuclei and remote cortical re-
gions, we hypothesized that FC could be analyzed using DfMRI signals,
similar to FC analyses performed with resting state BOLD-fMRI. We cal-
culated the FC as a pairwise Pearson’s correlation of the time series from
Spigoo between brain nodes, then generated FC maps with the seeded
bilateral ROIs of 59 brain loci (Fig. 3A). We compared the FC patterns
derived from S;)g9o-DfMRI or BOLD-fMRI to examine the similarity be-
tween the DfMRI-based connectivity and the pre-determined connectiv-
ity defined by BOLD-fMRI. In particular, positive correlations in the FC
maps with seeded ROIs related to CST circuitry and in the connectiv-
ity matrix over the 59 brain loci showed similar localization patterns
of the FCs between the Sy;g00o-DfMRI and BOLD-fMRI signals (Fig. 3A,
B). These connectivity patterns were significantly correlated (r=0.74,



Y. Abe, N. Takata and Y. Sakai et al.

A

Seeded ROIs

m h

>
=
=
E=4
3}
[}
=
=
Q
o
%
o

BOLD-fMRI connectivity
\J ‘ :
»

Negative correlation (Z-score)

| |
-0.3 0.1 0.1

B | BOLD-fMRI connectivity | €

Ctx| = ¢

Hip!
CS| #
Str

Tha

BOLD-fMRI connectivity

HT |

EYYXXYXXYrry.

-

A A } 3 A B
e DOD "

F i r=0.74
1 p<0.001

Neurolmage 223 (2020) 117318

Fig. 3. FC pattern derived by Sy;g0,-DfMRI
in control mice. (A) Representative averaged
FC maps were compared between Sy;5o-DfMRI
(middle panels) and BOLD-fMRI (lower pan-
els). The green regions (upper panels) show
the seeded ROIs of 9 regions. All connectiv-
ity was calculated using only ctl mice (n=14).
(B) FC matrices for each point of connectiv-
ity throughout the whole brain (isocortex: Ctx;
hippocampus: Hip; cortical subplate: CS; stria-
tum: Str; thalamus: Tha; hypothalamus: HT;
midbrain: MB; and cerebellum: CB) are shown
in the lower (DfMRI connectivity) and upper
(BOLD-fMRI connectivity) halves. The color
bar represents the FC z-score. (C) Plots of the
FCs between the BOLD-fMRI and the Sy;gq0-
DfMRI. The black dots are the FCs of the DfMRI
and BOLD-fMRI for each pathway of the com-
binations from the 59 x 59 FC matrix (1711
pathways).

Positive correlation (Z-score)

0.7

MB
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.L

Ctx Hip CS Str  Tha
|DfMRI connectivity |
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p<0.001; Fig. 3C). Positive FC maps using seeded ROIs from the DfMRI
also identified the same connectivity pattern as previously determined
from the BOLD-fMRI (Sforazzini et al., 2014; Zerbi et al., 2015). In con-
trast, the negative correlation with DfMRI exhibited less functional lo-
calization of the connectivity than with the BOLD-fMRI (Fig. 3A, B).
Overall, these results support the assumption that DEMRI-Sy,; oo Signals
can be used for FC analysis. However, the connectivity patterns derived
from DfMRI were not identical to those from BOLD-fMRI, likely due to
the confounding hemodynamic effects associated with BOLD-fMRI.

3.4. GLTI1-KD mice have FC abnormalities in the CST circuitry

We compared the FCs derived from the Sy;g09 between the ctl and
GLT1-KD mice (Fig. 4A). FC analysis was focused on the CST circuitry
based on ADC-DfMRI results. We found significant differences in FC be-
tween ctl and GLT1-KD mice (Fig. 4B, C). The positive FCs were en-

1 12

DfMRI connectivity

hanced in the pathways that included the MO-ILA, MO-ORB, SS-ORB,
and the SS-CP, and were reduced in the pathways that included the OBF-
VIS, ORB-ACB, and the PALd-MED. In contrast, the negative FCs were
enhanced in the ILA-PALd pathway, and were reduced in the pathways
that included the MO-PALd, MO-MED, SS-PALv, VIS-SNr, ACA-PALv,
PL-PALd, and the RSP-PALd. In addition, tic-like behavior was positively
correlated with the FC of the MO-ILA, MO-ORB, MO-MED, ACA-PALv,
PL-PALd, PL-VENT, ORB-RSB, RSB-MED, AI-VENT, ACB-PALv, and the
ACB-MED, and negatively correlated with the FC of the SS-VIS, VIS-ACA,
ACA-AL, ORB-ACB, and the RSB-ACB (Fig. 4D). These FC changes of the
pathway were also significantly correlated with GLT1 expression levels
(Table S5).

We compared the FCs in the hippocampal network to assess the
specificity of the FC differences in the CST circuitry. Brain regions were
chosen in the hippocampus (DG, CA3, CA1, subiculum), the associated
cortex (MO, SS, ACA, PL, ILA, and RSB), the entorhinal cortex (ENT),
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Fig. 4. FC analysis found biased connec-
tivity across the CST circuitry in GLT1-KD
mice. (A) The FC matrix for each connectiv-
ity point across the CST circuitry is shown in
the lower (ctl, n=14) and the upper (GLT1-KD,
n=14) halves. The color bar represents the FC
z-score. (B) The matrix shows significant dif-
ferences in the FC values of the CST circuitry
between ctl and GLT1-KD mice (FDR corrected
p<0.05). The red/yellow areas represent in-
creased FCs in GLT1-KD mice while the blue
areas represent decreased FC. The gray areas
represent no significant change. (C) Compar-
isons of the FC z-scores of specific pathways,
. obtained from Fig. 4B, between ctl and GLT1-

KD mice. * p<0.05, ** p<0.01 (FDR-corrected

p-value from a two-sided t-test: ctl vs. GLT1-

| ctl vs GLT1-KD

(@)

KD). The horizontal lines represent the mean.
(D) Pearson’s correlations between the FCs of
each pathway and tic-like behavior in the ctl
and KD mice are shown. The red/yellow ar-
eas represent a significant positive correlation
while the blue color represents a significant
negative correlation (FDR corrected p<0.05).
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the amygdala (BLA), and the septum (LSX). We found no significant dif-
ferences in the FCs between the ctl and GLT1-KD mice (Figure S7C, D).
In addition, when we compared the FCs calculated from the Sy; o, and
Sp1soo to evaluate the FC differences between the ctl and GLT1-KD mice,
we found that the FC derived from the S;; (o in the pathway of the MO-
MED was increased in the GLT1-KD mice and the FC of the CP-ACB was
decreased (Figure S7A, B). However, the FC differences in the Sy
were less than those in the Sy15q, indicating that the Sy, is better to
evaluate the FC.

Together, these results indicate that GLT1-KD mice have FC abnor-
malities in CST circuitry, and this connectivity impairment is associated
with the generation of tic-like behavior.

3.5. IDMI analysis reveals abnormal propagation of local activity to the
global network

To elucidate the relationship between hyperactivation and abnormal
FC patterns, we performed an ignition-driven mean integration (IDMI)
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Fig. 5. The IDMI analysis with DfMRI data

reveals alterations in local activity-initiated

i propagation across the CST circuitry. (A)
A flowchart of the IDMI analysis for a given
brain region using the ORB (red) as an exam-
| ple to estimate the driving event. The IDMI
value reflects the amount of neural propaga-

@ tion from a given brain region to the global net-

work. The time points (ADC driving events: sin-

gle blue bar), reflecting neural excitation cou-

Largest pled with decreases in ADC, were estimated
subcomponent from the ADC time-series data (red line) cor-
responding to a given threshold. The black
lines show the time-series data from Sy;g,, in
the PL, ACB, PALd, and MED. (B) A phase
lock matrix was computed by averaging over
each time window (gray areas in Fig. 5A) of
the time-series data from S,;45,. We identi-
fied phase connectivity differences by compar-
ing the phase lock matrix. From the binarized
matrix of the phase lock matrix, the ignition-
driven integration was calculated by identify-
ing the largest subcomponent and averaging
over the time windows. (C) Brain ROIs show-
ing significant DfMRI-IDMI changes (FDR cor-
rected p<0.05) were plotted: n=14 in ctl and
n=14 in GLT1-KD mice. The red/yellow ar-
eas represent an increase in IDMI in GLT1-KD
mice, while the blue areas represent the op-
posite. (D) The IDMI derived from the DfMRI
of each driving event was compared between
the ctl (gray) and GLT1-KD (black) mice (two-
way repeated-measures ANOVA, main effect of
genotype F 153,=9.12, p=2.57 x 1073, interac-
tion effect Fgg53,=1.36, p=0.041). * p<0.05,
** p<0.01 (FDR corrected p-value from a
two-sided t-test: ctl vs. GLT1-KD). The IDMI
by the green line was calculated from the
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fMRI did not significantly change between the
ctl (n=14) and GLT1-KD mice (n=14) (two-
way repeated-measures ANOVA, main effect
of genotype F, 153,=0.17, p=0.68, interaction
effect Fgg1534=0.81, p=0.85). Polygonal lines

04

analysis. IDMI analysis has been proposed to examine how intrinsic lo-
cal activation is propagated into whole brain regions (Deco and Kringel-
bach, 2017; Deco et al., 2017). However, the correct events of intrinsic
local activation, which was defined by increases in the BOLD signal may
not be detected because of hemodynamic confounding effects (Figure
S3). In the current study, the events of intrinsic local activation were
defined based on reductions in the ADC values. The IDMI values were
then calculated from the event-related phase synchronized connectivity
of the Sy data (Fig. 5A, B).

Before comparing the IDMI values between the ctl and GLT1-KD
mice, we determined the best band path filter range to evaluate dif-
ferences in the IDMI values. We compared the IDMI values obtained
using several filters with a narrow range (0.01-0.04, 0.02-0.05, 0.03-
0.06, 0.04-0.07, 0.05-0.08, 0.06-0.09, 0.07-0.1 Hz) and one with a broad
range (0.01-0.1 Hz) (Figure S4B, C). With the DfMRI, the IDMI values

represent the mean and vertical lines represent
the standard error (s.e.m.).

of the empirical data were not distinguishable from those of the shuf-
fled data with filters of the lower narrow ranges (0.01-0.04, 0.02-0.05,
0.03-0.06 Hz) and the broad range (0.01-0.1 Hz). In contrast, empiri-
cal data were distinguished from shuffled data with the filters of higher
ranges (0.04-0.07, 0.05-0.08, 0.06-0.09, 0.07-0.1). With the filter range
of 0.05-0.08 Hz, we were able to see many differences in the IDMI values
of the empirical data between the ctl and GLT1-KD mice. In the BOLD-
fMRI, the IDMI values showed the same behavior as in the DfMRI. The
BOLD-IDMI values for the filter range of 0.04-0.07 Hz showed the largest
difference between the empirical and shuffled data, in agreement with
a previous study (Deco et al., 2017). Hence, in this study, we applied
the same narrow filter of 0.05-0.08 Hz to the IDMI analysis with both
the BOLD-fMRI and DfMRI to facilitate the comparison. Next, we in-
vestigated which of the diffusion signals among the Sy;000, Sp1go0, and
ADC best distinguished the ctl and GLT1-KD mice with the IDMI values
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(Figure S6). The best results were obtained from the IDMI values when
we used the ADC to define the intrinsic driving events and the S;g¢9
to calculate the phase connectivity (Fig. 5D versus Figure S6B-E). To-
gether, we calculated the IDMI values using the ADC and Sy, g, filtered
by 0.05-0.08 Hz.

When we compared the IDMI values between the ctl and GLT1-KD
mice, we found that the IDMI value was increased in the MO, SS, ORB,
and RSP, and decreased in the VIS, ACA, PL, ILA, CP, ACB, PALd, PALv,
MED, PVR, and CUN in GLT1-KD mice (Fig. 5C, D). The increase in the
IDMI reflected an increase in neural propagation from the intrinsic lo-
cal activation initiated by a given brain region to the global network,
while the decrease in the IDMI reflected a decrease in neural propaga-
tion. These IDMI changes were positively or negatively correlated with
the generation of tic-like behavior (Table S4). They were also correlated
with GLT1 expression levels (Table S4). In contrast, there were no signif-
icant changes in the IDMI values calculated from the BOLD-fMRI signals
(Fig. 5E).

Next, we investigated the relationship between the IDMI values and
the ADC or FC. In the ORB, SS, MO, and RSP, which had increased IDMI,
the decrease in ADC (hyperactivation) was related to the increase in
IDMI and enhancement of connectivity (Fig. 6A, B, and Figure S8). In
contrast, in the PL, PALd, and MED, which had the decreased IDMI,
the decrease in the ADC was related to the decrease in the IDMI and
a weakening of the connectivity (Fig. 6C, D, and Figure S8). These re-
sults indicate that hyperactivation of the CST circuitry was associated
with abnormal connectivity and neural propagation. However, these re-
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Fig. 6. Local activity-initiated propagation
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lationships did not apply to all brain regions with observed changes in
the IDMLI, such as the CP, ACB, and PALv (Figure S8).

Lastly, we examined which propagation pathway in the CST circuitry
was affected by hyperactivation. We calculated local activity-initiated
phase-synchronized connectivity in the brain regions with significant
IDMI changes. The phase connectivity initiated from the ORB, MO, and
SS, which had increased IDMI, was increased in GLT1-KD mice (Figure
S9A-C). In contrast, the phase connectivity initiated from the PL, ILA,
CP, ACB, PALd, PALv, and MED, which had decreased IDMI values, was
decreased in the GLT1-KD mice (Figure S9D-J). This indicates that the
IDMI alterations in the CST circuitry were associated with abnormal con-
nectivity. When we investigated the phase-synchronized connectivity
with the BOLD-fMRI, there were a few pathways with increased phase
connectivity, such as the ORB-SNr, PL-ACA, ACB-PALd, MED-ORB, and
MED-PL (Figure S10). Together, these results indicate that the GLT1-
KD mice exhibited an unbalanced distribution of neural propagation in
the CST circuitry, and this abnormal propagation was associated with
tic-like behavior.

4. Discussion

Astrocytes have an important role in the modulation of neurovas-
cular coupling, the mechanism underlying BOLD-fMRI (Schulz et al.,
2012). GLT1 is a major glial glutamate transporter in the forebrain
(Tanaka et al., 1997). In GLT1-KD mice (GLASTCreERT2/+; GLT1flox/flox)
the expression of not only GLT1, but also GLAST, another major glial
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glutamate transporter, is likely decreased. A previous BOLD-fMRI study
using optogenetics found that astrocytes could generate BOLD-fMRI re-
sponses without neuronal modulation (Takata et al., 2018). Hence, as-
trocyte dysfunction might lead to abnormal hemodynamic responses, as
likely occurs in GLT1-KD mice (Murphy-Royal et al., 2017; Robinson and
Jackson, 2016).

A decrease in the magnitude of the ADC baseline was detected by
DfMRY, as well as increases in the ADC driving events and the amplitude
of the ADC fluctuation in the CST circuitry of GLT1-KD mice, indicating
hyperactivation. The hyperactivation was likely induced by an increase
in the extracellular glutamate concentration due to knock down of the
glutamate transporters (GLT1 as well as GLAST). A previous electro-
physiological study using the same GLT1-KD strain showed an increase
in seizure severity introduced by kainic acid and an enhancement of the
evoked excitatory postsynaptic potential (EPSP) amplitude in the stria-
tum (Aida et al., 2015). Consistently, habenula-specific GLT1-KD mice
showed neural excitation in the habenula (Cui et al., 2014). In other
animal models of repetitive behaviors (tic and grooming), enhanced ac-
tivity in striatal circuitry was observed in mice with Sappa3 (a postsy-
naptic scaffolding protein gene) knockdown (Ade et al., 2016), and en-
hanced synaptic excitability in the striatum and amygdala was observed
in SPRED2 (a protein expressed in various brain regions and a potent
inhibitor of Ras/ERK-MAPK signaling) knockdown mice (Ullrich et al.,
2018). In addition, optogenetic excitation of the ORB neuron terminals
at the ACB induced an increase in grooming behavior (Ahmari et al.,
2013). In clinical studies, the amplitude of low frequency fluctuations
(ALFF) analysis of BOLD-fMRI with OCD patients suggested hyperacti-
vation in the striatum, ORB, and ACA (Hou et al., 2012; Yang et al.,
2019). However, results from the ALFF analysis of BOLD-fMRI should
be interpreted with caution due to confounding hemodynamic effects.
In fact, when we compared by power spectrum analysis, the amplitude
of the time-series data from the BOLD and diffusion signals (Sy;0q¢ and
Sp1800), Which still retained residual vascular effects, there were no sig-
nificant differences between the ctl and GLT1-KD mice (Figure S3 and
Figure S6A). Collectively, these reports support our ADC-DfMRI findings
that GLT1-KD mice exhibit hyperactivation of the CST circuitry. Further-
more, our results show that local resting state activity can be evaluated
using ADC-fMRI.

In the FC analysis, the spatial patterns of the positive correlation in
the FC derived from the Sy;goo-DfMRI showed similar localization to
those from the BOLD-fMRI (Sforazzini et al., 2014; Zerbi et al., 2015).
In particular, the spatial pattern of the positive correlations of the FC
from the DfMRI coincided with the spatial patterns of the neural activ-
ity observed by calcium imaging of the brain surface (Ma et al., 2016;
Wright et al., 2017). In contrast, the spatial patterns of the negative cor-
relations in the DfMRI FC did not coincide with those from the BOLD-
fMRI. Indeed, the link between the negative BOLD signals with the ac-
tual activity decrease remains controversial. One likely explanation for
the discrepancy between the DfMRI FC and BOLD-fMRI FC is the effect
of the blood vessel distribution, to which the BOLD-fMRI is sensitive by
principle, while the DfMRI is not (Abe et al., 2017a; Tsurugizawa et al.,
2013). Moreover, those discrepancies might result from differences in
the intrinsic time course of the temporal responses for the DfMRI and
BOLD-fMRI signals. The DfMRI signals have been shown to be faster
than the BOLD-fMRI signals (Aso et al., 2013; Aso et al., 2009; Le Bihan
et al., 2006; Nunes et al., 2019). Further investigation is needed to clar-
ify the nature of the negative FC correlation found with the DfMRI and
BOLD fMRI.

Using DfMRI FC analysis, we detected enhanced or weakened con-
nectivity of some pathways in the CST circuitry of GLT1-KD mice. Our
DfMRI FC results obtained with this mouse model somewhat differed
from previous FC results obtained with BOLD-fMRI in OCD patients.
Some groups have shown an FC increase in the ORB-striatal pathway
as well as in the striato-thalamic pathway (Abe et al., 2015; Hou et al.,
2014), while another group reported a decrease in the FC in the ORB-
striatal pathway(Jung et al., 2017). These reports suggest that OCD pa-
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tients may have FC impairments in CST circuitry, in agreement with our
DfMRI FC results.

In the IDMI analysis of the DfMRI, we found an unbalanced distri-
bution of neural propagation initiated by local activity to the global
network in the GLT1-KD mice. This result not only confirms abnor-
mal dynamic brain function related to CST circuitry, but also links
hyperactivation of the CST circuitry with bidirectional alterations in
local activity-initiated propagation. In addition, the analysis of the
local activity-initiated phase-synchronized connectivity provided us
with information on the directional pathways, which displayed al-
tered propagation. According to previous reports, higher IDMI vari-
ability implied a hierarchical function across brain regions (Deco and
Kringelbach, 2017; Deco et al., 2017). We observed an increase in
the variability of the DfMRI-IDMI values in the GLT1-KD mice com-
pared to controls (Figure S11), indicating that the GLT1-KD mice ex-
hibited more hierarchical brain organization. In contrast, the IDMI
analysis using the BOLD-fMRI detected less alteration in the GLT1-
KD mice than found using the DfMRI. Additionally, there were no
differences in frequency synchronization of the BOLD-fMRI driving
events, amplitude of the fluctuations (Figure S3), or the AUC (See
the methods) between the ctl and GLT1-KD mice (Figure S4D). Over-
all, these differences highlight the various mechanisms underlying
the DfMRI and BOLD-fMRI and, for the BOLD-fMRI, a high sensitiv-
ity to neurovascular coupling perturbations may result from astroglial
dysfunction. DfMRI clearly has an advantage in reflecting dynamic
brain function without interference from confounding hemodynamic
effects.

The difference between BOLD and DfMRI responses is epitomized
when using the ADC rather than the raw Sy ;g9 and Sy Signals, also
indicating that vascular effects (on which BOLD-fMRI is fully based)
are present, although to a much lesser degree, in the raw DfMRI sig-
nal, but eliminated when using the ADC (Abe et al., 2017a; Aso et al.,
2009; Komaki et al., 2020; Le Bihan et al., 2006; Nunes et al., 2019;
Tsurugizawa et al., 2013). While the exact mechanisms underlying the
DfMRI signal responses remain to be fully elucidated the different pat-
terns we observed between DfMRI and BOLD fMRI clearly support the
hypothesis that the link of DfMRI and BOLD fMRI responses with neu-
ral activation rely on different mechanisms and have a different origin,
as also reported by other groups (Albers et al., 2019). Pharmacologi-
cal studies (Abe et al., 2017a) and MRI microscopy studies (Abe et al.,
2017b) have suggested that neural swelling could be a putative mecha-
nism of DfMRI, but this hypothesis remains to be validated, which was
out of the scope of this study.

The dependence of the results (ADC, FC, and IDMI) on the b val-
ues (Figures S6 and S7A, B) might appear as a limitation. Indeed,
it has been shown that the relative contribution of the genuine dif-
fusion effects increases with higher b-values, while the amount of
residual vascular effects remains the same at all b-values (Aso et al.,
2009). The relative amplitude of the ADC change is expected to be
larger when using high b values because non-Gaussian diffusion is
more sensitive to tissue microstructure and physiology (Le Bihan and
lima, 2015). The issue is then that the signal attenuation from dif-
fusion becomes large, which decreases the overall SNR and the de-
gree of statistical significance of the observed changes. Indeed, Sy;gg
and Sy,1g99 Were noisier than the BOLD images (Figure S1B). Nonethe-
less, we could obtain significant differences in DfMRI studies between
the ctl and GLT1-KD mice. This SNR issue is perhaps the most im-
portant limitation of DfMRI compared to BOLD fMRI, but it is ex-
pected that this limitation would be overcome in the future with
the availability of MRI systems equipped with strong gradient hard-
ware. Another limitation is that the somewhat narrow filtering (0.05-
0.08 Hz) to calculate the IDMI value may have erased features re-
garding the specificity of the DfMRI and BOLD-fMR, although, we
were careful to validate the proper filtering range to best detect
functional differences between the ctl and GKT1-KD mice (Figure
S4B, O).
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5. Conclusion

We found abnormalities of dynamic brain function in neuropsychi-
atric conditions by leveraging the advantages of DIMRI. The ability to
obtain hemodynamic-independent measurements by DfMRI is a strong
advantage for the detection of local activity-initiated propagation to the
global network in neuropsychiatric conditions, which may be poorly
visualized with BOLD-fMRI due to confounding vascular effects. The
implications of our DfMRI approaches are important not only for clini-
cal DfMRI studies in healthy subjects (Aso et al., 2013; Le Bihan et al.,
2006; Miller et al., 2007; Nicolas et al., 2017; Williams et al., 2014;
Williams et al., 2016) but are even more critical when performing BOLD-
fMRI in geriatric patients with common comorbid vascular response dys-
functions.
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