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Background and Hypothesis: The glymphatic system (GS),
a brain waste clearance pathway, is disrupted in various
neurodegenerative and vascular diseases. As schizophrenia
shares clinical characteristics with these conditions, we hy-
pothesized GS disruptions in patients with schizophrenia
spectrum disorder (SCZ-SD), reflected in increased brain
macromolecule (MM) and decreased diffusion-tensor-
image-analysis along the perivascular space (DTI-ALPS)
index. Study Design: Forty-seven healthy controls (HCs)
and 103 patients with SCZ-SD were studied. Data included
135 proton magnetic resonance spectroscopy (‘H-MRS)
sets, 96 DTI sets, with 79 participants contributing both.
MM levels were quantified in the dorsal-anterior cingulate
cortex (dACC), dorsolateral prefrontal cortex, and dorsal
caudate (point resolved spectroscopy, echo-time = 35ms).
Diffusivities in the projection and association fibers near
the lateral ventricle were measured to calculate DTI-ALPS
indices. General linear models were performed, adjusting
for age, sex, and smoking. Correlation analyses exam-
ined relationships with age, illness duration, and symp-
toms severity. Study Results: MM levels were not different
between patients and HCs. However, left, right, and bilat-
eral DTI-ALPS indices were lower in patients compared
with HCs (P <.001). In HCs, age was positively correl-
ated with dAACC MM and negatively correlated with left,
right, and bilateral DTI-ALPS indices (P <.001). In pa-
tients, illness duration was positively correlated with dACC
MM and negatively correlated with the right DTI-ALPS
index (P < .05). In the entire population, JACC MM and

DTI-ALPS indices showed an inverse correlation (P < .01).
Conclusions: Our results suggest potential disruptions in
the GS of patients with SCZ-SD. Improving brain’s waste
clearance may offer a potential therapeutic approach for
patients with SCZ-SD.

Key words.: schizophrenia/glymphatic clearance/waste
accumulation/macromolecule/DTI-ALPS

Introduction

Despite the high metabolic rate in the brain,! the cen-
tral nervous system lacks the conventional lymphatic
system. Instead, the brain possesses a glial-dependent
waste drainage pathway called the glymphatic system
(GS).2 In the GS, a combination of cerebrospinal fluid
(CSF) pressure gradients, cerebral artery pulsations,*
and respiration®¢® drives the CSF influx from subarach-
noid space into the brain parenchyma along the arterial
perivascular space.” Diffusion or convective flow medi-
ated by aquaporin-4 (AQP-4) water channels expressed
at astrocytic end-feet facilitates the exchange of CSF with
interstitial fluid (ISF) in the brain. The ensuing CSF-ISF
exchange and metabolite wastes reach the perivenous
space, where they are discharged back into the menin-
geal lymphatic system or deep cervical lymph nodes®’
(figure 1).

Dysfunctionality of the GS may reflect anomalies in
AQP-4, astroglial dysfunction, arterial stiffness, reduced
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Fig. 1. Schematic representation of the glymphatic system. CSF from the subarachnoid space enters the brain parenchyma along the
arterial perivascular space. Either diffusion or convective bulk flow mediated by AQP-4 water channels present at astrocytice end-feet
facilitates the exchange of CSF with ISF and solutes. The resulting CSF-ISF fluid exchange and waste materials, through the gaps
between astrocytic endfeet, exit along the venous perivascular space towards the meningeal lymphatic system or cervical lymph nodes.
Abbreviations: CSF, Cerebrospinal Fluid; AQP, Aquaporine; ISF, Interstitial Fluid. The image was created with BioRender.com.

arterial pulsatility and CSF production, accumulation
of brain waste, and lower diffusivity along the perivas-
cular space.'®!” Various neurodegenerative diseases'®! in-
cluding Alzheimer’s disease (AD),'* idiopathic normal
pressure hydrocephalus,'®* (iNPH), and neurovascular
diseases?>* exhibit disrupted GS. Additionally, the GS
becomes less efficient with aging,?* and abnormal sleep?-
However, the GS has not been explored in schizophrenia
spectrum disorders (SCZ-SD).

SCZ is a severe and chronic mental disorder that affects
roughly 1% of the population and is characterized by psy-
chotic, negative, and cognitive symptoms.?’-?® It presents
features of accelerated biological brain aging,”? cogni-
tive decline, premature death, and metabolic anomalies
since prodromal stages.*** Genetic variations of AQP-4
have been correlated with SCZ,* and there has been
an association between elevated brain pulsations and
psychotic-like symptoms.*! These features are also present
in neurodegenerative diseases with impaired GS.%40
Furthermore, the inverse correlation between choroid
plexus (CP) volume and glymphatic clearance rate may
reflect neurodevelopmental etiology of disrupted GS.!
Recent studies also demonstrated increased CP volume
associated with proinflammatory markers and psychosis
phenomenology across the psychosis spectrum,® as well
as increased CP variability and lateral ventricle volume

in SCZ-SD.> This cumulative evidence suggests possible
disruptions in the GS of patients with SCZ-SD.

Dynamic contrast-enhanced magnetic resonance im-
aging (DC-MRI) stands as the most robust approach to
study GS.3*% However, intrathecal or intravenous admin-
istration of gadolinium-based contrast agents into the
CSF may lead to neurotoxic effects.**° Thus, in our ex-
ploratory study, we aimed to noninvasively evaluate the
GS in patients with SCZ-SD and healthy controls (HCs)
using proton magnetic resonance spectroscopy (‘H-
MRS) measurement of brain macromolecule (MM) and
diffusion-tensor-image analysis along the perivascular
space (DTI-ALPS).

MM peaks in the 'H-spectrum mainly arising from
different amino acids are often considered as noises
overlapping with neurometabolite signals.*® However,
MM could serve as potential biomarkers for various dis-
cases.’® Further, as implicated in the progression of
neurodegenerative diseases, increased oxidative stress-
induced cellular damage of MM and insufficient protein
repair may contribute to brain aging in SCZ,!62930.64.65
While it is not clear if MM peaks of 'H-spectrum reflect
the primary cause of oxidative stress, the aggregation of
brain MM, attributed to impaired GS, has been reported
in patients with iNPH.!® We hypothesized increased MM
levels in patients with SCZ-SD relative to HCs, which
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would be associated with symptom severity and illness
duration.

The DTI-ALPS approach, which has been validated
with DC-MRI,? is a noninvasive technique to assess ISF
dynamics by evaluating water diffusivity in the direc-
tion of perivascular spaces of medullary veins.!” A lower
DTI-ALPS index observed in AD,!” Parkinson’s disease,"
iNPH,?' and cerebral small vessel diseases,?* reflects re-
duced glymphatic fluid transport in the brain. We hy-
pothesized decreased DTI-ALPS indices in patients with
SCZ-SD relative to HCs, which would be associated with
symptom severity and illness duration.

Moreover, we hypothesized that age would be positively
associated with MM levels and negatively associated with
DTI-ALPS indices in HCs given an age-related decline in
the glymphatic function.?** Further, reduced glymphatic
fluid transport reflected by lower DTI-ALPS indices
could result in the accumulation of brain waste, possibly
reflected in increased MM peaks of 'H-spectrum. Thus,
we hypothesized an inverse relationship between MM
levels and DTI-ALPS indices in the entire population.

Methods

Participants

This exploratory study was carried out at the Center
for Addiction and Mental Health (CAMH), Toronto,
Ontario, Canada, from 2014 to 2022. The study was ap-
proved by the Research Ethics Board at CAMH. The
participants provided informed consent. Patients diag-
nosed with SCZ-SD, as assessed by the structured clinical
interview for the Diagnostic and Statistical Manual of
Mental Disorders, 4th edition (DSM-IV),*” were included
in the study. HC participants fulfilled the inclusion cri-
teria if they had no history of psychiatric disorders based
on the Mini-International Neuropsychiatric Interview
(ML.I.N.T).® HC participants were recruited as closely as
possible for age and sex to patient groups. Participants
were excluded from the study if they had the following:
(a) neurological disorders or severe physical problems, (b)
substance dependence or abuse in the past 6 months, (b)
history of head trauma associated with loss of conscious-
ness, (¢) current treatment with topiramate, memantine,
or lamotrigine as our large data set aimed to primarily
examine glutamate levels and these meditations are in-
volved in modulating glutamate receptors, or (d) positive
urine drug test before scanning. Participants partly over-
lapped with previously published studies, where more de-
tails on the inclusion/exclusion criteria are explained.®™

Magnetic Resonance Imaging

A 3-Tesla GE Discovery MR750 scanner (General
Electric, Waukesha, W1) with an 8-channel head coil was
used for scanning the participants. Individuals under-
went a 3D inversion recovery (IR)-prepared T1-weighted
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(T1W) magnetic resonance imaging (MRI) (BRAVO;
GE Healthcare, Wauwatosa, WI) with the following
parameters: repetition time (TR)=6.74 ms, echo-
time (TE) = 3.00 ms, inversion time (TI) = 650 ms, flip
angle = 8 °C, field of view = 230 mm, 256 X 256 matrix,
slice thickness = 0.9 mm.

Proton Magnetic Resonance Spectroscopy

'H-MRS was acquired with the use of point-resolved
spectroscopy (TE =35ms, TR =2000ms, spectral
width = 5000 Hz, 4096 datapoints, 128 water-suppressed,
16 water-unsuppressed averages, and 8 number of exci-
tations). The shimming process was conducted to reach
a full width at half maximum < 12 Hz measured on the
unsuppressed water signal from the voxel.

'H-MRS voxels were placed in 3 brain areas: bilat-
eral dorsal-anterior cingulate cortex (dACC) (voxel
size=9.0ml [3.0%x2.0x1.5cm?®), left dorsolat-
eral prefrontal cortex (DLPFC) (voxel size = 13.5 ml
[3.0 X 3.0 X 1.5 cm?)), and left-dorsal caudate (associative
striatum) (voxel size = 7.5 mL [2.5 X 1.5 X 2.0 cm?]).® It
is important to mention that due to the scarcity of the
available data, it is not clear whether these specific regions
are involved in the glymphatic clearance process or if the
'H-spectrum of MM in these areas can reflect glymphatic
function. However, abnormality of dACC, DLPFC, and
dorsal caudate has been reported in conditions such as
dementia associated with cognitive decline and impaired
GS.’"75 In addition, gray matter atrophy in these areas
has been recently shown to be correlated with the DTI-
ALPS index in patients with young-onset AD.”® Given
that dACC, DLPFC, and dorsal caudate are also impli-
cated in the pathogenesis of SCZ,7-* the 'H-spectrum of
MM in these brain areas was investigated in our explor-
atory study.

FIRST tool* in FMRIB Software Library (FSL, ver-
sion 5.0)% was used to segment T1-weighted MRI scans
into gray matter, white matter, and cerebrospinal fluid
(CSF). A mask of the voxel location and size was ap-
plied on the segmented T1-weighted MRI scans using
the software package “Gannet” (http://www.gabamrs.
com) in MATLAB (The MathWorks, Inc., Natick, MA).
LCModel version 6.3-0E was utilized for analyzing the
water-suppressed spectra.®

Data were analyzed using LCModel for MM quantifi-
cation and tissue-corrected for CSF fraction. LCModel
spectra were visually evaluated, and obvious imaging or
spectroscopy artefacts were excluded. Overall, MM at
0.9 ppm (MMO09) and 2.0 ppm (MM20) showed lower
quantification uncertainties (Cramer-Rao Lower Bound
(CRLB) SD <15%). Therefore, to improve reliability,
only participants with at least one brain MM09 and/or
MM20 with CRLB SD < 15% were included, and other
MM peaks (eg, MM at 1.4 ppm, 1.7 ppm, etc.) were not
included in the analysis.
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Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) was determined as fol-
lows: spin echo-planar imaging, b-value = 1000 s/mm?;
30 directions, 3 volumes were acquired without diffu-
sion weighting (h-value = 0 s/mm?), posterior-to-anterior
phase encode direction, TE =81 ms, TR = 8800 ms,
field of view =100 mm, matrix= 128 x 128, slice
thickness = 2 mm.

The raw DTI data were converted from DICOM to
NIFTI format using the decm2nii.exe toolkit included
with MRIcroN software (https://www.nitrc.org/projects/
mricron). The software automatically created b-value and
b-vector files. FSL (version 6.0) was used for processing
steps and DTI-ALPS index calculation.’” The brain ex-
traction toolbox was utilized to extract the brain from
nonbrain regions and create a brain mask for the b =0
images as a template for eddy correction.® The diffusion-
weighted images were corrected for eddy currents-
induced distortions generated from the rapid switching
of the diffusing weighting gradients using the eddy func-
tion.*® The repol function was used, in conjunction with
eddy function, to detect dropout slices due to the subject
movements being coincident with the time of diffusion
encoding part of the sequence and replace them with
Gaussian process prediction.”!

Corrected diffusion-weighted data, gradient direc-
tions, and values and binary brain masks were imported
into DTIFIT (the FSL diffusion tensor fitting program)
in the FDT diffusion tool to estimate a diffusion tensor
at each voxel. The program generated a series of images
including fractional anisotropy (FA) map and diffusivity
maps in the direction of the x-axis (left-right; Dx), y-axis
(posterior-anterior; Dy), and z-axis (inferior-superior;
Dz) for each participant. The FA map was then overlaid
with the primary eigenvector (V1) to generate a color-
coded FA map for region of interest (ROI) selection.

To reduce the effects of imaging plane and head posi-
tion, the FA map of all participants was registered to the
Imm-isovoxwl ICBM FA template with 6°C of freedom
rigid transformation. Transformation matrices were cal-
culated using flirt function.’>** The vecreg function using
registration matrices of FA map was utilized to register
the vector data to the ICBM template, creating reoriented
diffusivity maps (Dx, Dy, Dz) and colour-coded map
(Supplementary figure S1). The reorientation applied to
the diffusivity map corrected the x-, y-, and z directions
of diffusivity fitted to each brain allowed further validity
in the analysis of participants with head rotation.>* The
accuracy of coregistration was visually assessed.

ROI Selection and DTI-ALPS Index Calculation

The direction of the perivascular space corresponding to
the passing direction of the medullary veins in the deep
white matter is perpendicular (x-axis) to the ventricle wall
at the level of the lateral ventricle body. This direction is

also perpendicular to the direction of projection fibers,
mainly on the z-axis and association fibers, mainly on the
y-axis. Therefore, the diffusivity along the perivascular
space is calculated by the diffusivity along the x-axis at
regions where both projection and association fibers are
present as these major fiber tracts do not run parallel to
the direction of the perivascular space (Supplementary
figure S2).

The ROI placement was performed only on diffusion-
weighted images due to the similarity in the direction
of medullary veins, particularly, at the uppermost layer
of the lateral ventricle body.?>* Thus, we can calculate
the DTI-ALPS index on DTI, which has been validated
with the glymphatic clearance function measured by
glymphatic MRI following intrathecal administration of
gadolinium.*

Four spherical ROIs with 4-mm-diameter were manu-
ally placed in the bilateral projection fibers and associa-
tion fibers at the uppermost layer of the lateral ventricle
body on the color-coded FA map registered to the [ICBM
FA template (Supplementary figure S3). Diffusivity maps
of each participant were overlaid with labels of the per-
iventricular projection fibers (superior/posterior corona
radiata) and association fibers (superior longitudinal
fasciculus) in ICBM DTI-81 Atlas for further accuracy.
Montreal Neurological Institute (MNI) coordinates for
the centers of the left ROIs in projection fibers area and
association fibers were [-24, —13, 24] and [-36, —13,
24], respectively. MNI coordinates for centers of the
right ROIs in the projection fibers area and association
fibers area were [24, —13, 24] and [36, —13, 24], respec-
tively. Manual adjustments were applied to confirm the
accuracy of the location of ROIs for each participant,
and to improve the reproducibility of DTI-ALPS index
calculation.

The diffusivities in the directions of the x-axis, y-axis,
and z-axis of ROIs on periventricular projection and
association areas were recorded as follows: D . D is

D ... Dyassoc, and Dzassoc, respectively. ‘!IE
DJIJ"I ALPS index was calculated as the ratio of the
mean of x-axis diffusivity in projection fibers and asso-
ciation fibers area (D _ ) to the mean of y-axis d1ffus1v1ty
in projection fibers area and z-axis diffusivity in asso-
01(%t10n ﬁbersb area 52 .) as follows: DTI-ALPS Index =

e ?:::SCOC p "The averaged value of the left and
right DTI-ALPS indices was then calculated.

Statistical Analysis

Statistical analyses were conducted using SPSS statis-
tics version 27 (IBM Corp., Armonk, NY). Independent
samples for continuous variables and chi-square test for
categorical variables were performed to compare clinical
and demographic characteristics between groups. For
both 'H-MRS and DTI analyses, the Shapiro-Wilk tests
were performed to test the normality of the data and they
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confirmed the normal distribution (P > .05). Only ex-
treme outliers, defined as values beyond the range of 3rd
quartile + 3 * interquartile range and 1st quartile—3 *
interquartile range were removed using Tukey’s method.”’
Milder outliers that may be the characteristics of the dis-
tribution were remained for the analysis, avoiding a false
impression of the population.

For primary analyses, independent samples 7-test was
conducted to examine the between-group differences in
brain MM levels as well as left, right, and bilateral DTI-
ALPS indices. Analysis of covarianece (ANCOVA) was
then performed to account for covariates including age,
sex, and smoking. This may provide a better estimate and
reduce the bias due to confounding. Particularly, control-
ling the influence of age is assumed to be important for
between-group comparisons since it is thought that the
GS becomes less efficient in aging. To test our hypothesis
regarding the between-group comparisons of MM levels,
a significant level of P < .0166 (.05/3) was used due to
the number of comparisons (each MM in 3 ROIs). To
test our hypothesis regarding the between-group com-
parisons of DTI-ALPS indices, a significant level of
P <.0166 (.05/3) was used due to the number of compari-
sons (DTI-ALPS index in 3 ROIs). Partial eta-squared
(n ?) statistics as a measure of effect size was calculated.
Observed power for all the group-wise differences was
calculated. If group-wise differences were not sufficiently
powered, a priori power test was performed to determine
the required sample size for true detection of differences
using G*Power software (Version 3.1.9.6, psychologie.
hhu.de).”

For secondary analyses, bivariate and/or partial cor-
relation analyses were investigated. Bivariate correlation
analysis assesses the relationship between 2 variables
without considering the influence of other variables. In
contrast, partial correlation analysis allows us to assess
the relationship between variables while controlling for
potential confounding factors. We used bivariate corre-
lation analysis to examine the associations between age
and both MM levels and DTI-ALPS indices in HC parti-
cipants using a significant threshold of P <.0166 (.05/3)
due to the number of comparisons (each MM in 3 ROIs
or DTI-ALPS index in 3 ROIs * age), as an external va-
lidity for our analyses. Bivariate correlations between
MM levels and DTI-ALPS indices were also explored
in the entire population to test a construct validity for
our methods using a significant threshold of P < .0055
(.05/9) due to the number of comparisons (each MM in 3
ROIs * DTI-ALPS index in 3 ROIs). In the whole patient
sample, bivariate correlation, and partial correlation ana-
lyses, adjusted for age, sex, and smoking were performed
to examine the relationship between illness duration and
both MM levels and DTI-ALPS indices using a signifi-
cant threshold of P < .0166 (.05/3) due to the number of
comparisons (each MM in 3 ROIs or DTI-ALPS index
in 3 ROIs * illness duration). The relationship between
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symptoms severity as measured by Positive and Negative
Syndrome Scale (PANSS)” and both MM levels and
DTI-ALPS indices were also explored using a significant
threshold of P <.0042 (.05/12) due to the number of
comparisons (each MM in 3 ROIs or DTI-ALPS index in
3 ROIs * 4 PANSS total, positive, negative, and general
subscales).

Results

The entire sample in our exploratory study consisted of
150 participants, 103 patients with SCZ-SD and 47 HC
participants. The mean age for the entire sample was
43.72 (*13.53), which was largely composed of male
subjects (n = 115, 76.7%) (Table 1). Of these, 135 parti-
cipants had '"H-MRS data contributing to the MM ana-
lyses and 96 participants had DTI data contributing to
the DTI-ALPS analyses. Among them, 79 had both 'H-
MRS and DTI data allowing for within-subject compari-
sons between MM and DTI-ALPS indices. The detailed
clinicodemographic characteristics of participants in-
cluded in each analysis are shown in Supplementary table
S1 and S2.

'H-MRS Study

Group-Wise Comparison of Brain MM. Table 2 shows
the level of MMO09 and MM20 in the bilateral dACC, left
DLPFC, and left dorsal caudate with summary statistics.
While there was a trend toward increased brain MM in
patients with SCZ-SD relative to HCs, the level of MMO09
and MM20 did not significantly differ between groups,
even when we controlled for covariates including age, sex,
and smoking status. However, between-group differences
in brain MMs were not sufficiently powered. To detect a
medium effect size (Cohen’s d = 0.5) with 80% power in
an independent samples -test (2 groups, alpha = 0.05),
G*Power suggests we would need a total of 128 partici-
pants (64 per group).

Correlations With Brain MM. Age was positively as-
sociated with the MM20 in the bilateral dACC in HCs
(r=0.552, P <.001, n = 44) (figure 2). Relationships be-
tween age and other MMs were not statistically signif-
icant. Additionally, age was not associated with brain
MDMs in patients with SCZ-SD.

Illness duration was positively associated with the
MMO09 (r = 0.328, P = .002,n = 86) and MM20 (r = 0.374,
P < .001,n = 85)in the bilateral dACC of the entire patient
group. The results of partial correlation analyses, adjusted
for age, sex, and smoking status, also showed a positive cor-
relation between illness duration and the MMO09 (r = 0.356,
P <.001, n=86) and MM20 (r = 0.280, P = .011, n = 85)
in the bilateral dACC (figure 2). Relationships between ill-
ness duration and other MMs were not statistically signif-
icant. There was no correlation between brain MM levels
and symptom severity.
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Table 1. Demographics of the entire population included in MM and/or DTT analyses. Values are reported as mean (£SD) or n (%). *HC
group had higher years of education than SCZ-SD group; "HC group had higher ratio of nonsmokers to smokers than SCZ-SD group

(P <.001).
t-Test or Chi Square
SCZ-SD (n =103) HC (n=47) t Value or df P value
Age,y 44.16 (£ 12.868) 42.77 (£ 14.97) 1(148) = 0.582 281
Sex, female/male 23 (22.3)/180 (77.7) 12 (25.5)/35 (74.5) 1 .667
Education, y 12.94 (£ 2.87) 16.38 (£ 2.46) 1(148) =7.110 <.001#
Cigarette, users/nonusers 54 (52.4)/ 49 (47.6) 1(2.1)/ 46 (97.90) 1 <.001°
Age of onset, y 23.39 (£ 6.373) N/A N/A N/A
Illness duration, y 20.60 (+ 12.283) N/A N/A N/A
PANSS total score 64.66 (£ 16.99) N/A N/A N/A
Positive subscale 15.12 (£ 6.25) N/A N/A N/A
Negative subscale 17.45(+4.9) N/A N/A N/A
General subscale 32.13 (% 7.90) N/A N/A N/A

Note: HC, healthy control; PANSS, Positive and Negative Syndrome Scale; SCZ-SD, Schizophrenia Spectrum Disorder; SD, standard

deviation.

DTI Study

Group-Wise Comparison of DTI-ALPS Indices. The
DTI-ALPS index in the left hemisphere (P < .001), right
hemisphere (P <.001), and averaged DTI-ALPS index
from the left and right hemispheres (P < .001) were lower
in the patient group compared to HCs. The results re-
mained statistically significant after including age, sex,
and smoking status as covariates (P <.001) (table 3).
Supplementary table S3 shows the diffusivity values used
to calculate DTI-ALPS indices.
Correlations With DTI-ALPS Indices. Age was inversely
associated with the left DTI-ALPS index (r = —0.705,
P <.001, n=25), right DTI-ALPS index (r=—0.427,
P <.001, n = 25), and averaged DTI-ALPS index from the
left and right hemispheres (r = —0.652, P < .001,n = 25)in
HCs. However, there was no correlation between age and
DTI-ALPS indices in patients with SCZ-SD (figure 2).
While bivariate correlation did not find associations
between illness duration and DTI-ALPS indices, partial
correlation analyses, corrected for age, sex, and smoking
status revealed that illness duration was inversely asso-
ciated with only the right DTI-ALPS index (r = —0.313,
P =.009, n=71) (figure 2). There was no association be-
tween DTI-ALPS indices and symptom severity.

Relationships Between Brain MM and DTI-ALPS
Indices

In the entire population, the MMO09 in the dACC was
inversely correlated with the left DTI-ALPS index
(r=-0.342, P=.002, n=179), right DTI-ALPS index
(r=-0.499, P <.001, n="79), and averaged DTI-ALPS
index from the left and right hemispheres (r = —0.469,
P <.001, n="79) (figure 2). While not statistically sig-
nificant considering Bonferroni-correction for multiple
comparisons, similar pattern was observed for the MM20
in the dACC showing an inverse relationship with the

left DTI-ALPS index (r = —0.220, P = .05, n = 179), right
DTI-ALPS index (r=-0.279, P=.013, n=179), and
averaged DTI-ALPS index from the left and right hemi-
spheres (r = —0.278, P = .013, n =79). There was no as-
sociation between MM in the DLPFC or left caudate and
DTI-ALPS indices.

Discussion

To the best of our knowledge, our exploratory study is
the first to explore the GS in patients with SCZ-SD. The
results support the external validity of our approach,
revealing relationships between age and both MM and
DTI-ALPS indices in HCs. Additionally, the inverse re-
lationship between MM and DTI-ALPS indices in our
within-subject study provides a valid construct for our
methods. Our results provide evidence for our hypoth-
esis, as we observed decreased DTI-ALPS indices in pa-
tients with SCZ-SD compared to HCs. We also identified
a negative correlation between the right DTI-ALPS index
and illness duration, along with a positive correlation be-
tween MM and illness duration. However, it is important
to note that no significant differences in brain MM were
found between patients and HCs.

Relationship Between Age and Both MM and DTI-
ALPS Indices

Age was positively correlated with MMs in the dACC
and negatively correlated with DTI-ALPS indices in HCs,
providing external validation for our analyses. This aligns
with previous studies, indicating that the efficiency of the
GS declines with age, 2% attributed to astroglial dysfunc-
tion and AQP-4 channels depolarization,* arterial stiff-
ness, reduced arterial pulsatility, and CSF production.!>!¢
There was no correlations between age and MM or DTI-
ALPS indices in patients, which could be explained by
possible disruptions in the GS of patients with SCZ-SD.
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correlation between age and the left DTI-ALPS index in HC participants (r = —0.705, P < .001, n = 25). (C) Inverse correlation between
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Relationship Between MM and DTI-ALPS Indices

MM level in the dACC was negatively associated with
left, right, and bilateral DTI-ALPS indices in the entire
population. This finding suggests that a decreased DTI-
ALPS index reflecting impairment in the interstitial fluid
dynamics could result in deposition of brain MM, further
validating our methods to explore the GS. The absence of
correlation between DTI-ALPS indices and MM levels
in the DLPFC and dorsal caudate may be attributed to
regional variations in glymphatic function. Additionally,
factors including differential gray matter atrophy, vascu-
larization, or metabolic activity in these regions could
contribute to the observed discrepancies in correlations.
Further investigation into the association between gray
matter regions and DTI-ALPS indices may provide in-
sights into these variations.

H!-MRS Measurement of Brain MM

In our exploratory study, despite the numerical increase
in the brain MM levels of patients with SCZ-SD com-
pared to HCs, the numerical increase was not statistically
different. Although MM peaks observed at 'H-spectrum
are not reflective of a particular substance, they mainly
arise from protons of overlapping amino acids which are
nonspecific to a particular cytosolic protein/peptide.*
The reliability of MM quantification may vary ac-
cording to spectral ranges. While mobile lipids may
contribute to the 'H-spectrum due to disease or outer-
volume-contamination, the MMO09 mainly reflects
branched-chain amino acids (leucine, isoleucine, and
valine).®® While the impact of each amino acid in the
pathophysiology of SCZ-SD is not clear,'® peripheral
concentration of leucine, isoleucine, and valine may af-
fect precursors for the synthesis of biogenic amines,!”!
contributing to imbalances in neurotransmitters nor-
epinephrine, dopamine, serotonin, and histidine, which
have been postulated in the pathogenesis of SCZ.!%
Notably, MMs resonating at 2.0—4.0 ppm highly overlap
with neurometabolites. The MM20 in the 'H-spectrum
might implicate glutamate and glutamine although the
specificity of such signal is low.* Elevated glutamate—
glutamine level in dACC has been reported in patients
with SCZ,” consistent with the glutamate hypothesis
of SCZ.'%1% However, a meta-analysis demonstrated
decreased glutamate but increased glutamine in medial

frontal regions of patients with SCZ,'* implying that the
contribution of each amino acid to the '"H-spectrum may
vary.'%

Recently, increased MM at 1.4 and 1.7 ppm was re-
ported in patients with iNPH reflecting impaired GS."°
However, similar to our findings, MM09 or MM20 was
not elevated in patients. Exclusion of MM peaks at 1.4
and 1.7 ppm in our study due to high quantification un-
certainties might contribute to the lack of MM accumula-
tion in patients with SCZ-SD. However, in contrast to our
study, Akiyama et al explored MM in centrum semiovali.
Alterations in MRI measurements of the GS in cen-
trum semiovali has been previously demonstrated,!? 1%
suggesting that the location of 'H-MRS voxels for MM
quantification may provide different insight. Further,
the correlation between illness duration and MMO09 and
MM20 in dACC may imply that the disease progression
alters the MM profile in the 'H-spectrum. The heter-
ogenous nature of SCZ-SD and the variability in treat-
ment response may link the lack of association between
symptom severity and MM.

Nevertheless, the evidence from our study is not suf-
ficient to conclude that SCZ-SD is associated with MM
accumulation. Future studies exploring MM at different
peaks and brain areas including centrum semiovali may
elucidate MM aggregation in this patient population. It is
also important to acknowledge that MM level is a proxy
measure of glymphatic flow and cross-validation between
'H-MRS measurement of MM and other MRI assess-
ments of the GS warrants further investigation.

'"H-MRS Limitation

Our 'H-MRS analysis has some limitations: (1) In our
cross-sectional study, covariates interactions including
medications and sleep could have modulated MM levels;
(2) The '"H-MRS sequence lacks specificity for MM and
there is poor knowledge regarding specific molecules in
each MM resonance. It is also not clear how proportion
of MM is considered brain waste. Future study should
validate MM findings of 'H-MRS with glymphatic MRI;
(3) We only evaluated MM in dACC, DLPFC, and dorsal
caudate, potentially missing the impact of MM accumu-
lation in other regions on overall clearance; (4) Only MM
peaks at 0.9 ppm and 2.00 ppm were included in the anal-
ysis. However, exploring MM levels at other peaks may

MMO9 in the dACC in patients with SCZ-SD (r = 0.328, P = .002, n = 86; covariates-corrected, r = 0.356, P < .001, n = 86). (F) Positive
correlation between illness duration and MM20 in the dACC in patients with SCZ-SD (r = 0.374, P < .001, n = 85; covariates-corrected,
r=0.280, P = .011, n = 85). (G) Inverse correlation between illness duration and the right DTI-ALPS index in patients with SCZ-SD
(r=-0.313, P =.009, n = 71, covariates-corrected). (H) Inverse correlation between MMO09 in the dACC and the left DTI-ALPS index in
the entire population (r = -0.342, P = .002, n = 79). (I) Inverse correlation between MMO09 in the dACC and the right DTI-ALPS index in
the entire population (r = —0.499, P <.001, n = 79). (J) Inverse correlation between MMO9 in the dACC and the average of left and right
DTI-ALPS indices in the entire population (r = —0.496, P < .001, n = 79). Abbreviations: dACC, dorsal anterior cingulate cortex; DTI-
ALPS, diffusion tensor image analysis along the perivascular space; HC, healthy control; MM, macromolecule; SCZ-SD, schizophrenia

spectrum disorder.
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Observed
Power
936
944
981

Noncent.
12.408
12.853
16.715

120
124
155

Partial
eta-squared Parameter

ANCOVA®

P
value

Fvalue
F ., =12408 <.001
F,, =12853 <.001
F ., =16715 <.001

Power

Observed
992
999

.992

Noncent.
19.674
19.354
25.631

t-test
Partial
eta-squared Parameter
173
171
214

P
Value

4.436 <.001
4.399 <.001

t Value

XX

indices for left and right hemispheres were averaged to calculate the bilateral DTI-ALPS index. *Age, sex, and smoking status were included as covariates. Values are reported

as mean (SE). Partial eta-squared values of approximately 0.01, 0.06, and 0.14 signify small, medium, and large effect sizes, respectively.
1(94) = 5.063 <.001

1(94)
1(94)

1.56 (0.021)
95% CI
[1.514, 1.599]
1.57 (0.024)
95% CI
[1.519, 1.615]
1.56 (0.020)
95% CI
[1.523, 1.601]

HC (n = 25)

SCZ-SD
(n="11)
1.45 (0.013)
95% CI
[1.422, 1.472]
1.44 (0.014)
95% CI
[1.415, 1.472]
1.45 (0.012)
95% CI
[1.422, 1.469]

Left
ALPS index

Right
ALPS index

Table 3. Comparison of DTI-ALPS indices between patients with SCZ-SD and HC participants. DTI-ALPS index was calculated as a ratio of mean of x-axis diffusivity in
projection fibers area and association fibers area (D _) to mean of y-axis diffusivity in projection fibers area and z-axis diffusivity in association fibers area (D ). DTI-ALPS

Note: ALPS, along the perivascular space.

Averaged
ALPS indices
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provide different insight; (5) Many group-wise MM dif-
ferences lacked sufficient power. G* power suggested the
total sample size required to detect an effect with 80%
power is 128 for between-group comparisons.

DTI-ALPS Indices

In our exploratory study, the reduced DTI-ALPS in-
dices were evident in patients with SCZ-SD, compared to
HCs, suggesting possible GS disruptions underlying the
pathogenesis of SCZ-SD. Potential contributing factors
include enlarged perivascular space,''® reduced arterial
pulsation,* altered AQP-4 channels distribution/expres-
sion, and astrocytic dysfunction.!'! Moreover, longer
illness duration was correlated with a lower DTI-ALPS
index. This correlation was observed exclusively in the
right hemisphere and only after controlling for covariates.
The observed correlation between diseases progression
and the DTI-ALPS index prompts further inquiry into
the potential implications for illness pathology. By re-
framing our findings within the context of an exploratory
study, we acknowledge the need for additional research to
elucidate the complex interplay between the glymphatic
system and schizophrenia progression.

Importantly, norepinephrine  dysregulation has
been postulated in the pathophysiology of SCZ.!'
Norepinephrine in the locus coeruleus-noradrenergic
pathway plays important roles in regulating arousal.”!!?
Additionally, norepinephrine may reduce the extracel-
lular space volume and increase the resistance to the CSF
influx to the brain parenchyma and CSF-ISF exchange,
suppressing the glymphatic fluid transport during wake-
fulness.”?>!13 This highlights the contribution of norepi-
nephrine to regulate the sleep-wakefulness switch while
influencing the GS. Thus, norepinephrine dysregulation
in patients with SCZ-SD my partly explain the reduced
DTI-ALPS indices reflecting diminished glymphatic fluid
transport in this patient population.

Moreover, dopaminergic neurons in the mesolimbic
pathway could modulate arousal during sleep and wake-
fulness.!'*!5  Dysregulation of dopaminergic system,
as implicated in the pathogenesis of SCZ,''¢!'® may
lead to sleep difficulties which indirectly influence the
GS. Accordingly, sleep disturbances, partly attributed
to dopaminergic system hyperactivity and impaired
GABAergic function, are commonly observed in patients
with SCZ, which may not significantly improve with anti-
psychotics."” The GS is most active during sleep and
sleep disruptions may impede this process,**?¢ and are as-
sociated with reduced DTI-ALPS indices.!?* Hence, sleep
issues may also contribute to reduced DTI-ALPS indices
in patients with SCZ-SD.

The discrepancy in our 2 assessment methods of the
GS might be due to the intricate nature of glymphatic
dynamics. The 'H-MRS measurement of brain MM at
specific peaks in specific brain areas might not capture
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the overall complexity of glymphatic function. However,
the DTI-ALPS index, which has been correlated with
glymphatic DC-MRI, offers a more comprehensive per-
spective of glymphatic function by assessing fluid trans-
port along perivascular spaces. These findings underscore
the need for a multifaceted approach when investigating
the GS in SCZ-SD.

DTI-ALPS Limitation

Our DTI analysis has some limitations: (1) medications
and their potential effects on sleep might have influenced
the DTI-ALPS indices; (2) despite the correlation between
DTI-ALPS indices and the glymphatic function measured
by glymphatic DC-MRI1,? careful interpretation is re-
quired to determine its relevance to the overall glymphatic
function. The glymphatic DC-MRI represents the CSF in-
flux along the arterial perivascular space, CSF-ISF fluid ex-
change, and CSF-ISF efflux along the venous perivascular
space,”? while the DTI-ALPS index may only represent
CSF-ISF efflux; (3) susceptibility weighted images were
not used to visualize the fine medullary veins. However,
Taoka et al reported high test—retest reproducibility of the
DTI-ALPS index without SWI for ROI; (4) despite using
atlases and manual adjustments for ROI placement, some
subjectivity may still exist; (5) we did not correct for distor-
tions caused by magnetic field inhomogeneities as single
encoding direction was applied for DTI acquisition (un-
able to perform FSL topup function) and field mappings
were not available (unable to perform FSL fudge function).

Conclusion

In summary, the findings of our exploratory study sug-
gest potential GS disruptions underlying the pathogen-
esis of SCZ-SD. Improving brain’s waste clearance may
offer a potential therapeutic approach for this patient
population. Further well-designed studies using noninva-
sive methods are required to replicate our findings and
to explore other components of the GS in patients with
SCZ-SD.
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