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Background: Respective changes in resting-state cerebral
blood flow (CBF) and functional connectivity in schizo-
phrenia have been reported. However, their coupling altera-
tions in schizophrenia remain largely unknown. Methods:
89 schizophrenia patients and 90 sex- and age-matched
healthy controls underwent resting-state functional MRI
to calculate functional connectivity strength (FCS) and
arterial spin labeling imaging to compute CBF. The CBF-
FCS coupling of the whole gray matter and the CBF/FCS
ratio (the amount of blood supply per unit of connectiv-
ity strength) of each voxel were compared between the 2
groups. Results: Whole gray matter CBF-FCS coupling
was decreased in schizophrenia patients relative to healthy
controls. In schizophrenia patients, the decreased CBF/
FCS ratio was predominantly located in cognitive- and
emotional-related brain regions, including the dorsolat-
eral prefrontal cortex, insula, hippocampus and thalamus,
whereas an increased CBF/FCS ratio was mainly identified
in the sensorimotor regions, including the putamen, and sen-
sorimotor, mid-cingulate and visual cortices. Conclusion:
These findings suggest that the neurovascular decoupling in
the brain may be a possible neuropathological mechanism
of schizophrenia.

Key words: arterial spin labeling/cerebral blood
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Introduction

Schizophrenia is a devastating illness with unknown eti-
ology and has a prevalence of approximately 1% in the
general population.! In recent decades, neuroimaging
techniques have provided evidence for the dysconnectiv-
ity hypothesis, which links schizophrenia to disrupted
structural and functional connections in the brain.>*

Using functional MRI (fMRI), resting-state functional
connectivity (rsFC) that measures the temporal correla-
tions of low-frequency fluctuations in the blood-oxygen-
level-dependent (BOLD) signal across brain regions, has
been proposed to reflect the intrinsic functional organiza-
tion of the brain.>® Seed-based rsFC analysis, indepen-
dent component analysis (ICA) and graph theory-based
analysis have been used to quantify rsFC alterations in
schizophrenia and have revealed extensive functional
dysconnectivity,” including dysconnectivity of the spe-
cific regions (eg, the prefrontal cortex), circuits (eg, the
cortical-subcortical circuit), subnetworks (eg, the default
mode network and salience network), and the whole
brain network.?

The seed-based rsFC method is widely used because
of its inherent simplicity, sensitivity and ease of inter-
pretation.® However, this method needs a priori defini-
tion of seed regions; thus, the analysis may be difficult
if the underlying pathology for a disease is unknown.’
This problem is partially overcome by the ICA approach,
which automatically separates the signals of the whole
brain into statistically independent components, result-
ing in spatially non-overlapping functional subnet-
works.!®!! However, the ICA may encounter uncertainty
regarding the most appropriate number of components,
controversial criteria for distinguishing between noise
and signal, and interpretive complexities introduced by
a sophisticated algorithm.® The whole-brain functional
connectivity strength (FCS) analysis is a newly devel-
oped data-driven method to test the connectivity of each
voxel with all other voxels in the brain.”>'* The FCS is
also referred to as the “degree centrality” of weighted
networks in graph theory,'”" and brain regions with
high FCS are considered functional hubs that are highly
connected to the rest of the brain. The FCS approach
has been applied to investigate connectivity changes in
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schizophrenia and has revealed increased or reduced FCS
in the prefrontal regions and decreased FCS in the senso-
rimotor and visual cortices (supplementary table S1).'"

Cerebral blood flow (CBF) is defined as the volume
of blood delivered to a given mass of brain tissue over
a given time. Resting-state CBF is closely coupled with
brain metabolism, including glucose utilization, oxygen
consumption, and aerobic glycolysis.?*! Positron emis-
sion tomography (PET) and single photon emission com-
puterized tomography (SPECT) have been extensively
used to identify CBF deficits in schizophrenia. Using
these techniques, many previous studies have demon-
strated that schizophrenia patients exhibited an increased
or decreased resting-state CBF in multiple brain regions,
especially a decreased CBF in the prefrontal cortex.?*°
However, both techniques are invasive, with a long acqui-
sition time and low spatial resolution. In contrast, the
arterial spin labeling (ASL) MRI is a noninvasive tech-
nique that can rapidly quantify CBF using an endoge-
nous contrast.’!*2 This technique has been used to explore
CBF alterations in schizophrenia and has demonstrated
increased CBF in the striatum, decreased CBF in the pre-
frontal and anterior cingulate cortices, and increased or
reduced CBF in the thalamus and temporal cortex (sup-
plementary table S2).37

Nearly 20% energy is consumed by the human brain,
which is 10 times higher than what would be expected
from its relative size to the body.*** Most of the energy is
consumed to support spontaneous brain activity.*” Based
on the neurovascular coupling hypothesis, brain regions
with stronger connectivity tend to have higher spontane-
ous neuronal activity with greater metabolic demand,
resulting in increased perfusion.*'*> As expected, a higher
degree of functional connectivity is associated with
increases in glucose metabolism (energy consumption) in
healthy subjects.** Moreover, several studies have identi-
fied an association between CBF and brain connectivity.
For example, network analyses have found correlations
between CBF and anatomical and functional connec-
tions'>#%; seed-based connectivity analyses have revealed
correlations between CBF and rsFC in several brain
regions*#; and ICA has shown correlations between
CBF and connectivity in several resting brain networks.*

In a prior study, the across-voxel CBF-FCS correla-
tion and CBF/FCS ratio were used to characterize the
coupling between the vascular response and neuronal
activity in the brain.!> For an individual, the CBF-FCS
correlation across voxels reflects the consistency of spa-
tial distribution between CBF and FCS at the whole gray
matter level. The CBF/FCS ratio measures the amount
of blood supply per unit of connectivity strength, which
reflects the neurovascular coupling for a specific voxel
or region. The across-voxel CBF-FCS correlation and
CBF/FCS ratio could be used to identify changes in the
neurovascular coupling in schizophrenia that cannot be
detected by investigating the CBF and FCS separately.
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Because brain regions with CBF and FCS changes
in schizophrenia are spatially inconsistent (supplemen-
tary tables S1 and S2), we hypothesized that schizophre-
nia patients would show a reduced CBF-FCS coupling
relative to healthy subjects. Because brain regions show
different effect sizes and directions in CBF and FCS
changes in schizophrenia, we hypothesized that schizo-
phrenia patients would show region-specific changes in
the CBF/FCS ratio. Brain regions with increased CBF
and decreased FCS would show an increased CBF/
FCS ratio in schizophrenia; in contrast, brain regions
with decreased CBF and increased FCS would show a
decreased CBF/FCS ratio. To test these hypotheses, we
collected resting-state BOLD and ASL data from &9
schizophrenia patients and 90 sex- and age-matched
healthy controls. The CBF-FCS coupling in a whole gray
matter manner and CBF/FCS ratio in a voxel-wise man-
ner were compared between the 2 groups.

Methods

Farticipants

A total of 179 right-handed individuals were recruited
for this study, including 89 patients with schizophre-
nia and 90 healthy controls. Written informed consent
was obtained from all participants, and the study was
approved by the Ethics Committee of Tianjin Medical
University General Hospital. Each patient met criteria for
schizophrenia based on the Structured Clinical Interview
for the DSM-IV Axis I Disorder (SCID, patient edition).
The Positive and Negative Symptom Scale (PANSS)¥
was used to assess the severity of psychotic symptoms.
All healthy controls were screened using the non-patient
edition of the SCID to confirm an absence of psychiatric
illnesses. The exclusion criteria for all participants were
the following: MRI contraindications, the presence of a
systemic medical illness or a central nervous system dis-
order that would affect brain function, a history of head
trauma, a history of substance abuse within the past
3 months or a lifetime history of substance dependence.
Additional exclusion criteria for the healthy controls
included a history of psychiatric disease and first-degree
relatives with a history of psychotic episodes. The detailed
demographic and clinical data for these participants are
shown in table 1.

Data Acquisition

MRI data were acquired using a 3.0-Tesla MR sys-
tem (Discovery MR750, General Electric). Sagittal 3D
T1-weighted images were acquired using a brain vol-
ume sequence with the following parameters: repetition
time (TR) = 8.2 ms; echo time (TE) = 3.2 ms; inversion
time (T1) = 450 ms; flip angle (FA) = 12°; field of view
(FOV) =256 mm X 256 mm; matrix = 256 X 256; slice thick-
ness = 1 mm, no gap; 188 sagittal slices; and acquisition
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Table 1. Demographic and Clinical Characteristics of the Schizophrenia Patients and Healthy Controls

Characteristics Schizophrenia Patients Healthy Controls Statistics P Value
Number of subjects 89 90
Age (y) 33.5+7.8 33.3+10.2 r=0.118 .906
Sex (female/male) 40/49 48/42 x> = 1.260 262
FD 0.113 + 0.056 0.114 + 0.061 t=0.102 919
Antipsychotic dosage (mg/d) (chlorpromazine equivalents) 458913433 —
Duration of illness (mo) 117.7 £90.7 —
PANSS

Positive score 170+ 79 —

Negative score 20.1 £8.8 —

General score 34.0£11.0 —

Total score 71.1 £23.6 —

Note: FD, frame-wise displacement; PANSS, The Positive and Negative Syndrome Scale. The data are shown as the mean * SD.

time = 250 s. The resting-state perfusion imaging was
performed using a pseudo-continuous ASL (pcASL)
sequence with a 3D fast spin-echo acquisition and back-
ground suppression (TR/TE = 4886/10.5 ms; post-label
delay = 2025 ms; spiral in readout of 8 arms with 512 sam-
ple points; FA = 111°; FOV = 240 mm X 240 mm; recon-
struction matrix = 128 X 128; slice thickness = 4 mm, no
gap; 40 axial slices; number of excitation = 3; and acqui-
sition time = 284 s). The label and control whole-brain
image volumes required 8 TRs, respectively. A total of 3
pairs of label and control volumes were acquired. Resting-
state BOLD images were acquired using a gradient-echo
single-shot echo planar imaging (GRE-SS-EPI) sequence
with the following parameters: TR/TE = 2000/45 ms;
FOV = 220 mm X 220 mm; matrix = 64 X 64; FA = 90°;
slice thickness = 4 mm; gap = 0.5 mm; 32 interleaved trans-
verse slices; 180 volumes; and acquisition time = 370 s. All
subjects were instructed to keep their eyes closed, relax,
move as little as possible, think of nothing in particular,
and stay awake during the scans.

CBF Analysis

An ASL difference image was calculated using a single-
compartment model® after subtracting the label image
from the control image. The 3 ASL difference images
were averaged to calculate the CBF maps in combina-
tion with the proton-density-weighted reference images.*!
SPMS software was used to normalize the CBF images
to the Montreal Neurological Institute (MNI) space
using the following steps: (1) the native ASL difference
images of the healthy controls were non-linearly normal-
ized to the MNI space and then averaged to generate a
study-specific standard ASL template; (2) the native ASL
difference image of each subject was non-linearly co-
registered to the study-specific standard ASL template;
and (3) the CBF image of each subject was written into
the MNI space using the deformation parameter derived
from the prior step and was resliced into a 3-mm cubic
voxel. Then, each co-registered CBF map was removed of
non-brain tissue and spatially smoothed with a Gaussian

kernel of 6 mm X 6 mm X 6 mm full-width at half maxi-
mum (FWHM).

fMRI Data Preprocessing

The detailed preprocessing steps of the BOLD data are
described in the supplementary materials.

Whole Gray Matter Functional Connectivity Analysis

We computed Pearson’s correlation coefficients between
the BOLD time courses of all pairs of voxels within the
gray matter mask (N, = 34 911) and obtained a whole
gray matter functional connectivity matrix for each par-
ticipant. Because removal of the global signal may induce
controversial negative correlations,’>> we restricted our
analysis to positive correlations above a threshold of
0.2 to eliminate weak correlations possibly arising from
background noise.'>'*!73 This correlation threshold was
selected because lower thresholds may include false-posi-
tive connectivity and higher thresholds may exclude some
meaningful connectivity. The entry was zero if a functional
connectivity was smaller than the threshold. For a given
voxel x, the FCS was computed as the average of func-
tional connectivity between x and all other voxels includ-
ing entries of zero. The FCS maps were spatially smoothed
with a 6 mm X 6 mm X 6 mm FWHM Gaussian kernel.

Whole Gray Matter CBF-FCS Coupling Analysis

For each participant, both CBF and FCS maps were fur-
ther normalized into z-scores by subtracting the mean
and dividing by the SD of global values within the gray
matter mask, so that they could be averaged and com-
pared across subjects. To quantitatively evaluate the cou-
pling between CBF and FCS, correlation analyses across
voxels were performed for each participant. Because the
neighboring voxels would be highly dependent on each
other due to spatial preprocessing including registration
and spatial smoothing, the effective degree of freedom
df - in across-voxel correlation analyses would be much
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smaller than the number of voxels within the gray matter
mask. Therefore, the df,; of across-voxel correlations was
estimated using the following equation:

N
-2
(FWHMxx FWHMyx FWHMz) /v

dfeff =

where v is the volume of a voxel (3 X 3 X 3 mm?) and N is
the number of voxels (N = 34 911) used in the analyses.
FWHMx x FWHMy X FWHMz were the average smooth-
ness of the CBF and FCS maps (14.0 x 15.5 X 20.1 mm?)
estimated using the software REST> (http://www.restfmri.
net/). The df ; of across-voxel correlations in this study was
214. Accordingly, each participant had a CBF-FCS cor-
relation coefficient value that reflected the consistency of
spatial distribution between CBF and FCS at the whole
gray matter level.!> A 2-sample ¢ test was then used to com-
pare the difference in CBF-FCS correlation coefficients
between schizophrenia patients and healthy controls.

CBF/FCS Ratio Analysis

To evaluate the amount of blood supply per unit of
connectivity strength, we computed the CBF/FCS ratio
(both were original values without z-transformation) of
each voxel. To increase normality, the CBF/FCS ratio
of each voxel for each participant was transformed into
a z-score. The intergroup differences in CBF/FCS ratio
were tested in a voxel-wise manner using a 2-sample ¢ test
with age and sex as the nuisance variables. Multiple com-
parisons were corrected using a voxel-wise false discovery
rate (FDR) method with a corrected threshold of P <.05.
For each participant, the mean CBF/FCS ratio of each
cluster with significant group differences was extracted
and used for region of interest (ROI)-based analyses.
A non-parametric Spearman’s rank correlation analysis
was performed to test the association between the CBF/
FCS ratio of each significant ROI and the severity of psy-
chotic symptoms (positive, negative, and general scores
of the PANSS). Multiple comparisons were corrected
using the Bonferroni method (P < .05/45 = .0011).

Voxel-Wise Comparisons in CBF and FCS

To better understand what may drive the differences in
CBF/FCS ratio, we compared the CBF and FCS differ-
ences between the 2 groups in a voxel-wise manner while
controlling for age and sex. Multiple comparisons were
also corrected using a voxel-wise FDR method (P < .05).
The intergroup difference maps of the CBF, FCS, and
CBF/FCS ratio were projected onto an overlay map to
show what drove the differences in CBF/FCS ratio.

Effects of Antipsychotic Medications

Prior studies have revealed effects of antipsychotic medi-
cations on resting-state CBF.>%7 To test the possible effects
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of antipsychotic medications on CBF-related analyses,
we performed correlation analyses between antipsychotic
dosages of chlorpromazine equivalents and imaging
measurements (including global CBF of the whole gray
matter, and voxel-wise CBF and CBF/FCS ratio with sig-
nificant intergroup differences in the respective measures)
in schizophrenia patients (P < .05, uncorrected).

Validation Analysis

In the FCS computation, we used a correlation coefficient
threshold of 0.2 to eliminate weak correlations possibly
arising from noise signals. To further evaluate the repro-
ducibility of our main results, we re-calculated the FCS
maps using 2 other correlation thresholds (ie, 0.1 and 0.3)
and then repeated all of the analyses. Given that schizo-
phrenia patients have shown gray matter atrophy,’®% we
repeated the voxel-wise CBF/FCS ratio comparisons with
the gray matter volume (GMV) of each voxel as an addi-
tional covariate of no interest to exclude the effect of gray
matter atrophy. Prior studies have reported significant
effects of age and sex on resting-state CBF®*¢! and FCS®%6
in healthy subjects, so we tested the effects of age (correla-
tion analysis) and sex (comparison between females and
males) on the global CBF and FCS of the whole gray mat-
ter in controls and patients, respectively. We also repeated
the voxel-wise comparisons for CBF, FCS, and CBF/FCS
ratio without controlling for the effects of age and sex.

Results

Spatial Distribution of the FCS, CBF and CBF/
FCS Ratio

Schizophrenia patients and healthy controls exhibited
similar spatial distributions of FCS, CBF and CBF/FCS
ratio (figure 1). Brain regions with higher CBF were mostly
located in the posterior cingulate cortex/precuneus, medial
prefrontal cortex, anterior cingulate cortex, lateral tempo-
ral and parietal cortices that comprise the default mode
network (DMN), and in the insula, lateral prefrontal cor-
tex, sensorimotor and visual cortices. Brain regions with
higher FCS were primarily distributed in the DMN, lateral
prefrontal cortex, and visual cortex. The CBF/FCS ratio
was greater in the medial prefrontal cortex, anterior cingu-
late cortex, sensorimotor cortex, and thalamus.

Whole Gray Matter CBF-FCS Coupling Changes in
Schizophrenia

Compared with  healthy controls, schizophrenia
patients exhibited a decreased global CBF (patients:
51.5 £ 9.3 ml/100g/min; controls: 55.5 £ 8.8 ml/100g/min;
2-sample 7 test, t = —3.0, P = .003) and global FCS (patients:
0.0378 £ 0.0058; controls: 0.0393 * 0.0042; 2-sample ¢ test,
t=-2.1, P =.038) in the whole gray matter. Although CBF
was significantly correlated with FCS in both schizophrenia
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Fig. 1. Spatial distribution maps of FCS, CBF, and CBF/FCS ratio. The FCS, CBF, and CBF/FCS ratio maps are normalized to
z-scores and averaged across subjects within groups. The FCS is calculated using a connectivity threshold of 0.2. CBF, cerebral blood
flow; FCS, functional connectivity strength; HC, healthy controls; L, left; R, right; SZ, schizophrenia patients.

and control groups (figure 2A), schizophrenia patients had a
significantly reduced CBF-FCS coupling (1 =—-2.5, P=.015,
15% reduction) relative to healthy controls (figure 2B).

CBF-FCS Ratio Changes in Schizophrenia

Compared with healthy controls, schizophrenia patients
exhibited decreased CBF/FCS ratio in the hippocam-
pus and thalamus bilaterally, and the left middle frontal
gyrus, insula and supplementary motor area as well as
increased CBF/FCS ratio in the sensorimotor cortex,
putamen and mid-cingulate cortex bilaterally, the left
angular gyrus and fusiform gyrus, and the right lingual
gyrus (P < .05, FDR corrected) (figure 3 and supple-
mentary table S3).

Correlation Between CBFIFCS Ratio and Psychotic
Symptoms

The correlations between the CBF/FCS ratio of each
significant ROI and the severity of psychotic symp-
toms (the positive, negative, and general scores of
the PANSS) are shown in supplementary table S4. In

schizophrenia patients, we only found a trend towards
a significant correlation between the CBF/FCS ratio in
the left hippocampus and the PANSS negative score
(Spearman’s p = —0.231, P = .029). However, the sig-
nificance did not remain after Bonferroni correction
(P <.05/45=.0011).

CBF and FCS Changes in Schizophrenia

Compared with healthy controls, schizophrenia patients
showed decreased CBF bilaterally in the prefrontal cor-
tex, anterior cingulate cortex, occipital cortex, insula
and supplementary motor area as well as increased
CBF bilaterally in the temporal cortex, sensorimotor
cortex, mid-cingulate cortex, striatum and thalamus
(P < .05, FDR corrected) (supplementary figures S1
and S2). Schizophrenia patients exhibited decreased
FCS in the bilateral occipital cortex, the left inferior
parietal lobule and the right sensorimotor cortex as
well as increased FCS in the bilateral temporal cortex,
hippocampus, striatum and thalamus, and the left pre-
frontal cortex (P < .05, FDR corrected) (supplemen-
tary figures S3 and S4).

1367

220z ¥1snBny /1 uo sasn sansnr Jo Juswpedaq ‘S'N Aq GZG6Z8E/E9E L/9/E H/oPIE/UNBIINGEIUSIYAOZIYOS/WOD"dNO OIS PEOE//:SARY W) PAPEOUMOQ



J. Zhu et al

A B

1 P=0.015
3t 0.284 iyl
2 -

w 'l

o of

Ot o 0.26-
| =03072 £
3t P<0.0001 &
A5 6 o35 T 15 2 3
4 FCS o 0241
i o
2r i

w1t o

o of O 0.22-

Ol
<l =0.2048
-3t P=0.0025
-4 0.20-

05 0 05 1 15 2 2
FCS

° HC SZ

Fig. 2. Whole gray matter level CBF-FCS coupling changes in schizophrenia. Scatter plots (A) of the spatial correlations across voxels
between CBF and FCS in a healthy subject (blue) and a schizophrenia patient (red), respectively. The mean whole gray matter level

CBF-FCS coupling in schizophrenia patients and healthy controls (B).

Although CBEF is significantly correlated with FCS in both

schizophrenia and control groups, schizophrenia patients have a significantly reduced CBF-FCS coupling relative to healthy controls.
Significant difference was found between patients and controls on CBF-FCS correlation coefficients across voxels. Error bars represent
the SE. CBF, cerebral blood flow; FCS, functional connectivity strength; HC, healthy controls; SZ, schizophrenia patients.

Fig. 3. Group differences in CBF/FCS ratio between schizophrenia patients and healthy controls (P < .05, FDR corrected) while
controlling for the effects of age and sex. The warm and cold colors denote significantly increased and decreased CBF/FCS ratio in the
schizophrenia patients, respectively. CBF, cerebral blood flow; FCS, functional connectivity strength; L, left; R, right.

Associations Between the CBFIFCS Ratio and CBF

and FCS Changes in Patients

The relationships between the CBF/FCS ratio (red) and
CBF (blue) and FCS (green) changes in schizophrenia
patients are shown in supplementary figure S5. The red-
colored regions were those with a CBF/FCS ratio but
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without CBF and FCS changes, including parts of the left
paracentral lobule, sensorimotor cortex and superior mar-
ginal gyrus, and the right lingual gyrus. The overlap (pink)
between the CBF/FCS ratio and CBF changes was mainly
located in the bilateral mid-cingulate cortex and putamen,
the left middle frontal gyrus, insula, supplementary motor
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area and fusiform gyrus. The overlap (yellow) between the
CBE/FCS ratio and FCS changes was primarily distrib-
uted in the bilateral hippocampus, anterior thalamus, and
the right sensorimotor cortex. Parts of the bilateral hippo-
campus and the right sensorimotor cortex (white) exhib-
ited significant changes in all 3 measurements.

Effects of Antipsychotic Medications on CBF-Related
Measures

We did not find a significant correlation (Spearman’s
p = —0.205, P = .053) between antipsychotic dosages
and global CBF of the whole gray matter. Antipsychotic
dosages were positively correlated with the CBF in the
bilateral striatum and temporal cortex, the left paracen-
tral lobule and middle cingulate cortex as well as nega-
tively correlated with the CBF in the bilateral occipital
and lateral prefrontal cortex, and the left parietal cortex
(P <.05,uncorrected) (supplementary figure S6). However,
these correlations were not significant after FDR correc-
tion for multiple comparisons. Moreover, we did not find
any significant correlations between antipsychotic dos-
ages and the CBF/FCS ratio (P < .05, uncorrected).

Validation Analyses

In the FCS calculation, we used an arbitrary correla-
tion threshold of r = .2. To test the potential effect of
the correlation thresholds on our results, we repeated our
analyses using correlation thresholds of .1 and .3. The
spatial distributions of FCS and CBF/FCS ratio at r = .1
(supplementary figure S7) and r = .3 (supplementary fig-
ure S8) were very similar to those at r = .2. Compared
with healthy controls, schizophrenia patients still had
significantly reduced whole gray matter CBF-FCS cou-
plingatr=.1(t=-2.2, P =.029, 14% reduction) (supple-
mentary figure S9) and r = .3 (r = -2.6, P = .010, 16%
reduction) (supplementary figure S10). Furthermore, the
brain regions showing significant intergroup differences
in CBF/FCS ratio at r = .2 were largely preserved at r = .1
(supplementary figure S11) and r = .3 (supplementary fig-
ure S12). Finally, the brain regions with significant FCS
differences at r = .1 (supplementary figure S13) and r = .3
(supplementary figure S14) were consistent with those at
r=.2.

Because GMV atrophy may affect CBF/FCS ratio
changes in schizophrenia, we also repeated intergroup
comparisons in the CBF/FCS ratio while controlling for
the GMYV. We found that the spatial distribution of brain
regions with altered CBF/FCS ratio after GMV correc-
tion was similar to that without GMV correction (supple-
mentary figure S15), suggesting that most of the CBF/
FCS ratio alterations were independent of GMV atrophy
in schizophrenia.

We found that both age and sex significantly affected
global CBF of the whole gray matter in the healthy

CBF-FCS Decoupling in Schizophrenia

controls, ie, age was negatively correlated with the mean
CBF (r = —.227, P = .032) and females had greater mean
CBF than males (¢ = 2.807, P = .006). We did not find any
significant age or sex effects on the mean FCS (r = .098,
P = .358; t = —0.298, P = .767) in healthy controls, or
any significant age or sex effects on the whole gray mat-
ter mean CBF (r = —.093, P = .385; t = 1.537, P = .128)
and FCS (r = —.051, P = .638; t = 0.956, P = .342) in
schizophrenia patients. In addition, we found similar spa-
tial distribution of brain regions exhibiting significant
intergroup differences in CBF, FCS and CBF/FCS ratio
with and without controlling for the effects of age and sex
(supplementary figures S16-18).

Discussion

To our knowledge, this is the first study to investigate
CBF-FCS coupling changes in schizophrenia by combin-
ing BOLD and ASL techniques. Whole gray matter CBF-
FCS coupling was reduced in schizophrenia patients
relative to healthy controls. Moreover, schizophrenia
patients showed decreased CBF/FCS ratio in cogni-
tive- and emotional-related regions and increased CBF/
FCS ratio in sensorimotor regions. These findings may
improve our understanding of the neural mechanisms
of schizophrenia from the perspective of neurovascular
coupling.

We found CBF changes in schizophrenia, which may
be explained by the following mechanisms. First, CBF
changes may reflect altered neuronal activity in schizo-
phrenia, because CBF changes are governed by neuronal
activity based on the neurovascular coupling hypoth-
esis.*! For example, a brain region with enhanced neu-
ronal activity has higher metabolic demand, resulting in
increased perfusion.*> Second, CBF changes may be the
result of changes in neurotransmitters (eg, dopamine®
and GABA®®) and non-specific agents (eg, nitric
oxide®®%) in schizophrenia, because these chemicals also
play a role in modulating vascular response.’”>”’? Finally,
CBF changes may be related to microvasculature altera-
tions associated with neuroinflammation in schizophre-
nia,”*” resulting in imprecise regulation of CBFE.”

FCS depicts a whole-brain functional connectivity pro-
file of each voxel from a global network perspective,'>?
and reflects the role of each voxel in information transmis-
sion in the whole brain network. The decreased FCS in
schizophrenia may be the result of structural damage, ie,
gray matter reduction”-”® and white matter alterations.>’-*!
The loss of structural integrity may impair the precise
coordination of inter-regional functional synchroniza-
tion.®?® In addition, schizophrenia patients also exhibit
functional connectivity increase in certain neural sys-
tems,¥ % consistent with findings in this study. Although
antipsychotic treatment,®” head motion,®® and global sig-
nal correction®* may be contributing factors, Fornito
and Bullmore® provide the other possible mechanisms for
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functional connectivity increase in schizophrenia: (1) a
compensatory response to structural impairments; (2) an
undifferentiated state of neural activity characterized by a
breakdown of normally segregated neural activity; and (3)
a paradoxical but topologically predictable effect of neuro-
developmentally driven reductions of the anatomical con-
nections of network hubs.

Consistent with a previous study,'? we found a signifi-
cant across-voxel correlation between CBF and FCS in
healthy subjects, representing a normal neurovascular
coupling. The neurovascular coupling depends on the
integrity of neurovascular unit (ie, neurons, glial cells, and
vascular components).”’ In the unit, astrocytes play an
important role in bridging neuronal activity and vascular
response.’>” Although we also found across-voxel correla-
tion between CBF and FCS in schizophrenia patients, it
was lower than healthy subjects, possibly indicating neuro-
vascular decoupling in schizophrenia. One possible expla-
nation for this neurovascular decoupling is the abnormal
astrocytes in schizophrenia® that may reduce the connec-
tion between neuronal activity and the vascular response.
Abnormal GABA interneurons in schizophrenia®®’ may
also contribute to neurovascular decoupling since normal
GABA interneurons play an important role in modulating
neurovascular coupling.”> Additionally, other factors (eg,
nitric oxide®®® and neuroinflammation” 7°) that affect vas-
cular components (CBF) but not neuronal activity (FCS),
could also result in neurovascular decoupling.

In voxel-wise analyses, several brain regions without
significant intergroup differences in CBF and FCS showed
significant differences in CBF/FCS ratio between patients
and controls. Further ROI-based analyses demonstrated
that these regions showed relatively higher CBF and
lower FCS in schizophrenia patients than those in healthy
controls (supplementary figure S19). In this situation, the
CBF/FCS ratio may enlarge the intergroup difference to
identify abnormal regions in schizophrenia that cannot
be found by the CBF or FCS analyses using the same
statistical threshold. In contrast, in several regions with
significant intergroup differences in CBF, FCS or both,
the CBF/FCS ratio did not show significant differences
between the 2 groups. Taken together, these findings indi-
cate that the CBF, FCS and CBF/FCS ratio could pro-
vide complementary information and should be jointly
used to reveal pathological changes in schizophrenia.

Schizophrenia patients showed decreased CBF/FCS
ratio in the dorsolateral prefrontal cortex, insula, hip-
pocampus and thalamus, which are mainly involved in
cognitive control and emotional modulation.’*'® Among
them, the dorsolateral prefrontal cortex and insula
showed reduced CBF and normal FCS, suggesting that
the CBF/FCS ratio decrease in these regions is predomi-
nantly driven by the CBF decrease. The abnormality may
at least partly account for the cognitive and behavioral
deficits ascribed to these regions in schizophrenia.!®!-1%
In contrast, the hippocampus and thalamus exhibited
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normal CBF and increased FCS, indicating that the CBF/
FCS ratio reduction in these regions is mainly driven by
the FCS increase; this finding is consistent with previous
studies reporting increased functional connectivity of the
hippocampus'® and thalamus!®>!% in schizophrenia. The
thalamus is a crucial node of multiple functional circuits
supporting cognitive functions, including memory and
executive functions of attention and information process-
ing.'” The decreased CBF/FCS ratio in the thalamus may
affect the thalamo-cortical circuits,'?'® which may relate
to cognitive impairments in schizophrenia.'””

Patients with schizophrenia exhibited increased CBF/
FCS ratio in the putamen, middle cingulate cortex, fusi-
form gyrus, sensorimotor cortex and lingual gyrus, which
are mainly implicated in sensory processing and motor
regulation. Impairments of these brain regions in schizo-
phrenia have been extensively reported.'®!"* 17 A number
of studies have reported sensory and motor symptoms
in schizophrenia, including somatosensory, auditory and
visual dysfunctions''®!" as well as abnormal involuntary
movements, parkinsonism, neurological soft signs, cata-
tonia, and psychomotor slowing.!?® The increased CBF/
FCS ratio in the putamen, middle cingulate cortex and
fusiform gyrus is predominantly driven by the increased
CBF. Because we also found effects of antipsychot-
ics on CBF in these regions, the increased CBF may be
explained by the medication-induced dopamine turnover
increase (antipsychotics—antagonizing D2 receptors—
increased dopamine turnover—CBF increase).*® In addi-
tion, the increased CBF/FCS ratio in the sensorimotor
cortex is mainly driven by the decreased FCS, which has
been consistently reported in schizophrenia.'” "

Our finding of a trend negative correlation between the
CBF/FCS ratio in the hippocampus and the severity of
negative symptoms indicates that more reduced CBF/FCS
ratio (mainly driven by the FCS increase) is associated
with more severe negative symptoms in schizophrenia.
Previous studies have demonstrated that cognitive impair-
ments correlate with negative symptoms more strongly
than positive symptoms.'?! Structural imaging studies have
shown that hippocampal volume is reduced in schizophre-
nia and is correlated with cognitive abilities and negative
symptoms.'?! In a recent functional imaging study,
resting-state hippocampal hyperactivity was found to be
negatively correlated with cognition and positively corre-
lated with negative symptoms in schizophrenia patients.'*
Given these findings, it is possible to speculate that intrin-
sic hyperactivity in the hippocampus reduces the region’s
ability to be recruited according to task demands, which
contributes to impaired cognitive performance and nega-
tive symptoms.'™ Another possibility is that the reduced
CBF/FCS ratio reflects neurovascular decoupling, which
impairs the function of the hippocampus, possibly con-
tributing to negative symptoms.

There are several limitations that should be mentioned
in the present study. First, most of these schizophrenia
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patients were receiving antipsychotic drug treatment,
which could have influenced our interpretations. Future
studies with medication-naive, first-episode schizophre-
nia patients are required to eliminate medication effects
and confirm the findings of this study. Second, CBF is an
indirect measure of vascular response and FCS is an indi-
rect measure of neuronal activity, which prevents us from
drawing exact conclusions about the biological implica-
tions of these measurements. Third, the advantage of
including zero entries is reflecting the mean FCS of each
voxel; the disadvantage of including zero entries is includ-
ing weak or meaningless connectivity in FCS calculation.
The advantage of excluding zero entries is excluding weak
or meaningless connectivity from FCS calculation; the
disadvantage of excluding zero entries is exaggerating the
contribution of strong connectivity to FCS. The choice is
mainly dependent on the focus of research. In this study,
we aimed to use the mean FCS of each voxel as a measure
of neuronal activity. Thus, including zero entries is more
appropriate. Finally, although we found a trend towards
a significant correlation between the CBF/FCS ratio and
the PANSS score, more sensitive and specific neuropsy-
chological scales may provide further information on the
functional significance of these CBF/FCS abnormalities.
In conclusion, we revealed a disrupted coupling
between resting-state CBF and functional connectiv-
ity in schizophrenia by using a combination of BOLD
and ASL techniques. Specifically, we found a decreased
CBF/FCS ratio in higher-order brain systems involved
in cognitive control and emotional modulation, and an
increased CBF/FCS ratio in lower-order brain systems
implicated in sensory processing and motor regulation.
These findings suggest that the neurovascular decou-
pling in the brain may be a potential neural mechanism
involved in the pathophysiology of schizophrenia.
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