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Abstract

Background: We previously reported lower baseline arteriolar cerebral blood volumes (CBVa) in almost all gray matter regions in a
cohort of individuals with schizophrenia of varying ages and disease duration. The extent to which decreased CBVa is also present
in recent-onset schizophrenia, and how this impacts neurovascular coupling, remains to be determined. In this study, we sought
to determine the extent of CBVa deficits in recent-onset schizophrenia and the relationship of CBVa to region-specific resting-state
neural activity.

Methods: Using 7 T MRI, CBVa was measured in 90 regions using 3D inflow-based vascular-space-occupancy (iVASO) imaging in
16 individuals with recent-onset schizophrenia (disease duration: X = 1.18 + 1.4 years) and 12 age-matched controls. Resting-state
functional MRI (rs-fMRI) was used to determine fractional amplitudes of low-frequency fluctuations (fALFF) and intrinsic connectivity
(ICC) in spontaneous blood oxygen level-dependent (BOLD) signal. The region-specific relationship between CBVa and fALFF was
determined as an index of neurovascular coupling.

Results: Compared with healthy participants, CBVa was lower in individuals with schizophrenia in almost all brain regions, with a
global effect size of 0.23 and regional effect sizes up to 0.41. Individuals with schizophrenia also exhibited lower fALFF diffusely across
cortical and subcortical gray matter regions. Ratios of mean regional CBVa to fALFF and ICC were significantly lower in patients in
numerous brain regions

Conclusion: These findings indicate that early-stage schizophrenia is characterized by widespread microvascular abnormalities and

associated resting-state deficits in neural activity, suggesting that abnormalities in neurovascular coupling may contribute to the
pathophysiology of schizophrenia.

Introduction (ml blood/100 ml tissue) (Hua et al., 2019). Baseline CBV indicates

Emerging evidence suggests that metabolic and microvascular
abnormalities may be present in the early stages of schizophre-
nia and may contribute to disease pathogenesis (Meier et al.,
2013). The cerebral microvasculature is essential for meeting
brain metabolic demands, as it regulates the delivery of oxy-
gen and energy substrates to specific regions. (Harris et al., 2013;
Hua et al., 2017). Cerebral microvascular function involves a va-
riety of interconnected physiological processes, many of which
may be disrupted in schizophrenia. These disruptions include
widespread reductions in cerebral blood flow (CBF) (Zhu et al.,
2017; Selvaggi et al., 2023) and impairments in the integrity of
the blood-brain barrier (BBB) (Najjar et al., 2017). Cerebral blood
volume (CBV) is a an important and sensitive physiological pa-
rameter that measures the quantity of blood in a unit of tissue

the stable state of the microvasculature in accordance with lo-
cal brain metabolism, correlates with regional metabolic activ-
ity, and is sensitive to metabolic disturbances (Gonz et al., 1995;
Raichle, 1983). Previous studies suggest that baseline CBV is dif-
fusely lower in individuals with schizophrenia, especially in the
bilateral frontal and occipital cortices (Brambilla et al., 2007; Pe-
ruzzo et al., 2011), and may inversely correlate with disease du-
ration (Bellani et al, 2011). Additionally, alterations in CBV may
serve as a predictor for the progression to psychosis in individuals
at risk for developing schizophrenia (Schobel et al., 2013; Schobel
et al., 2009).

Most research on CBV in schizophrenia has measured total CBY,
which includes arterial, capillary, and venous signals. However,
each type of blood vessel has unique metabolic functions that
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may be differentially associated with schizophrenia pathophys-
iology, yet only about 25% of total CBV represents arterial blood
volume (CBVa) (Hua, Liu, et al, 2019; Piechnik et al., 2008; Sha-
ran et al., 1989; van Zigl et al., 1998). Arterioles regulate cerebral
perfusion through vasodilation and vasoconstriction, and are es-
pecially sensitive to metabolic disturbances (ladecola & Neder-
gaard, 2007; Ito et al.,, 2005; Ito et al., 2001; Kim et al., 2007). An-
imal models indicate that neurodegeneration first affects arte-
rial vessels and later impacts capillaries and veins, suggesting
that changes in arteriolar blood volume might be early indica-
tors of metabolic dysfunction in schizophrenia (Balbi et al., 2015).
Therefore, measuring arteriolar changes may provide crucial in-
formation not readily accessible from total CBV (Hua et al., 2019;
Tadecola & Nedergaard, 2007; Ito et al., 2005; Ito et al., 2001; Takano
etal., 2006).

CBVa can be assessed using inflow vascular-space-occupancy
(iVASO) magnetic resonance imaging (MRI) (Donahue et al., 2010;
Hua, et al.,, 2011), a noninvasive approach that does not require the
administration of exogenous contrast agents. When coupled with
ultrahigh field strength (7 T), it provides high signal-to-noise ra-
tios (SNRs) (Hua, et al., 2017, 2019; Wu et al., 2016). In general, the
higher resolution of 7 T compared to 3 T improves SNR, with en-
hanced structural and temporal resolution (Calabro et al., 2024).
However, a few studies have implemented iVASO at 3 T (Gu et al,,
2024), including the measurement of arteriolar muscle blood vol-
ume in skeletal muscle of individuals with dermatomyositis (Liu
etal., 2021), the discrimination of histological grades of gliomas (Li
et al., 2019), the demonstration that hippocampal CBVa is greater
than cortical CBVa in healthy volunteers (Rane et al., 2016), and
the absence of a detectable difference in hippocampal CBVa, mea-
sured in a single slice, between patients with early-stage psy-
chosis and healthy volunteers (Talati et al., 2016). Our group pre-
viously used iVASO to demonstrate lower CBVa in most cortical
and subcortical regions in a heterogeneous group of schizophre-
nia patients, primarily with long disease duration, compared to
matched controls. In the superior and middle temporal lobe, and
in Heschel’s gyri, CBVa was inversely proportional to disease du-
ration (Hua et al., 2017). Whether low CBVa reflects a fundamental
disease pathophysiological process, a homeostatic response to a
pathophysiological process, an epiphenomenon, or the effect of
long-term treatment remains uncertain. CBV and CBF are also
critical modulators of the blood-oxygen-level-dependent (BOLD)
signal measured with functional MRI (fMRI) (Ogawa et al., 1993;
van Zijl et al., 1998).

In resting-state fMRI (rs-fMRI), spontaneous, regional low-
frequency (0.01-0.1 Hz) BOLD fluctuations reflect the power of
spontaneous neural activation and correlate with cognitive pro-
cesses (Han et al., 2011). Additionally, intrinsic connectivity (ICC),
a measure of the global centrality of a voxel, helps define resting-
state networks and identifies network hubs, regions where con-
nectivity and basal metabolism are relatively high (Martuzzi et
al., 2011). Previous studies suggest a correlation between CBV/CBF
and BOLD-derived measures, particularly the amplitude of low-
frequency fluctuations (ALFF) and its fractional form (fALFF)
(Deng et al., 2022; Li et al., 2012; Liang et al., 2013). Regional ALFF,
a temporally stable characteristic of spontaneous BOLD fluctu-
ations in the 0.01-0.1 (Hz) frequency range, may reflect the in-
tensity of local spontaneous neuronal activity (Fang et al., 2021).
Furthermore, regional neurovascular coupling of CBV/CBF and
resting-state BOLD measures is disrupted in various diseases, in-
cluding schizophrenia (Hu et al., 2019; Sukumar et al., 2020; Wang
etal., 2024; Wu et al., 2024; Zhu et al., 2017; Chen et al., 2022). How-
ever, prior studies have not investigated the relationship between

CBVa and BOLD fALFF or ICC. Our original finding was based on
patients with a broad range of disease duration, and included five
individuals with disease duration of <5 years, and only two with
duration of <1 year (mean disease duration 19.0, SD 17.8 years),
and did not explore the relationship between CBVa and BOLD-
driven measurements (Hua et al.,, 2017). Given the potential value
of our previous CBVa finding, we sought to confirm this finding in
anew population of recent-onset patients, and to extend the anal-
ysis to assess the relationship between CBVa and resting-state
functional activity (fALFF and ICC) as an approach for investigat-
ing neurovascular decoupling.

To begin addressing these issues, we developed a pilot project to
determine if CBVa is low very early in the course of schizophrenia,
minimizing the confounding effects of age and disease duration,
though recognizing that medicine remains an uncontrolled factor.
In addition, we explored the relationship between CBVa and spon-
taneous BOLD fluctuations, focusing on ICC and fALFF, which has
good temporal stability and is less susceptible to physiologic noise
than ALFF (Kiblbock et al., 2014; Zou et al., 2008). We hypothesized
that the ratio of CBVa to fALFF and ICC would be reduced early
in schizophrenia, indicating that a part of the pathophysiology of
schizophrenia may stem not only from deficits in CBVa levels, but
also from an imbalance between arteriolar blood supply and neu-
ral activity reflecting disease-related disruptions of neurovascular
coupling.

Methods
Participant recruitment and characterization

Sixteen participants with a recent diagnosis of schizophrenia
were recruited from Johns Hopkins schizophrenia clinics, and
12 age-matched healthy controls were recruited from the com-
munity. Current schizophrenia symptom severity was assessed
with the Positive and Negative Syndrome Scale for Schizophre-
nia (PANSS) (Kay et al., 1987). None of the participants had other
neurologic history or neurologic signs on exam, or a history of
vascular diseases. All participants with schizophrenia were re-
ceiving antipsychotic medications at the time of study participa-
tion. All participants gave written informed consent. Recruitment
and study protocols were approved by the Johns Hopkins Institu-
tional Review Board (IRB) in concordance with the Declaration of
Helsinki.

MRI acquisition

Imaging was conducted with a 7 T Philips MRI scanner as pre-
viously described (see Hua et al., 2017). Briefly, high-resolution
anatomical scans were obtained through a 3D magnetization pre-
pared 2 rapid acquisition gradient echoes (MP2RAGE) sequence
with a voxel size of 0.65 mm isotropic. An rs-fMRI scan was
performed with gradient echo (GRE) echo-planar imaging (EPI)
(TR/TE/FA = 2000/22 ms/60°, voxel = 2.5 mm isotropic, 54 slices,
7 min) for each participant. For the measurement of gray mat-
ter (GM) CBVa, a 3D iVASO MRI technique with whole brain cov-
erage was utilized (Hua et al,, 2017). Arterial blood signal was
nullified through spatially selective inversion, and CBVa was de-
rived from the difference between the nullified scan and a con-
trol scan. Interleaved images at various delay times account for
vascular transit time heterogeneity, while crushing gradients sup-
press signals from large arteries. The iVASO technique, initially
using GRE EPI for single-slice imaging, was extended to 3D whole-
brain coverage with T1-enhanced TurboFLASH to minimize distor-
tion and power deposition (Hua et al.,, 2011, 2013; Donahue et al.,



2010). Specific iVASO parameters included TR/TI values ranging
from 10000/1383 to 2000/356 ms, a 3D fast GRE readout with TR-
GRE/TEGRE of 4.2/2.2 ms, voxel dimensions of 3.5 x 3.5 x 5 mm
over 20 slices, parallel imaging acceleration (SENSE) of 2 x 2,
crusher gradients of b = 0.3 s/mm?, and a velocity encoding (Venc)
of 10 cm/s in the z-direction (Rooney et al., 2007). Additionally, a
reference scan was obtained with a TR of 20 s and identical pa-
rameters to determine the scaling factor MO for absolute CBVa
value calculation.

iVASO preprocessing

iIVASO preprocessing was performed in native space using MAT-
LAB 2017a. All iVASO images were motion-corrected with SPM12.
Difference signals between arterial blood nulled and control
1IVASO images were calculated using the surround subtraction ap-
proach. Manual registration was conducted between iVASO and
anatomical images due to differing image contrasts, with voxel
size at 3.5 x 3.5 x 5 mm. Imaging volumes were matched and
prescribed before scans, with any residual misalignment manu-
ally corrected (Gu et al., 2024). For comparison with rs-fMRI, CBVa
maps were warped to MNI-space, resampled to 2 mm isotropic
voxels, and visually inspected for alignment with MNI-space
structural and rs-fMRI scans.

Resting-state fMRI preprocessing, denoising, and
first-level analysis

Preprocessing, denoising, and first-level analysis of resting-state
fMRI data were performed using CONN release 22.a (Whitfield-
Gabrieli & Nieto-Castanon, 2012; Ashburner, 2016) and SPM re-
lease 12.7771 (Friston, 2007). Functional and anatomical data
were preprocessed using a pipeline (Nieto-Castanon, 2020) thatin-
cluded realignment with susceptibility distortion correction, slice
timing correction, outlier detection, indirect segmentation, MNI-
space normalization, and smoothing. Functional data were re-
aligned using SPM’s realign & unwarp procedure (Andersson et al.,
2001) and corrected for temporal misalignment using SPM’s slice-
timing correction (Sladky et al., 2011). Outliers were identified us-
ing ART obtained from www.nitrc.org (Whitfield-Gabrieli, 2011),
and data were coregistered, normalized to MNI space, segmented,
and resampled to 2 mm voxels (Calhoun et al., 2017; Ashburner,
2007; Ashburner & Friston, 2005). Functional data were smoothed
with an 8 mm FWHM Gaussian kernel.

Denoising included regression of confounding effects [white
matter, cerebrospinal fluid (CSF), motion parameters, outliers, ses-
sion and task effects, linear trends], followed by bandpass filtering
of the BOLD timeseries between 0.01 and 0.1 Hz (Hallquist et al.,
2013). CompCor (Behzadiet al., 2007; Chaiet al., 2012) noise compo-
nents were estimated within white matter and CSF. Post-denoising
degrees of freedom for the BOLD signal ranged from 41.4 to 112.3
across subjects. fALFF maps were calculated as the ratio of the
root mean square (RMS) of the denoised BOLD signal within 0.01-
0.1 Hz to the pre-filtered signal (Zou et al., 2008). ICC maps were
estimated from the RMS of all connections between each voxel
and the rest of the brain, using singular value decomposition with
64 components for each subject (Martuzzi et al., 2011; Whitfield-
Gabrieli & Nieto-Castanon, 2012).

Statistical analysis

In-house MATLAB code was used to extract mean regional CBVa
measurements from voxel-wise CBVa maps generated during 3D
iVASO preprocessing, using structural regions from the JHU Adult

CBVa and rsBOLD in recent-onset schizophrenia | 3

286 labels 10 atlases V5L set. A 2 x 2 mixed-model ANOVA exam-
ined differences in regional CBVa values across brain regions (left
vs. right hemisphere) and populations (healthy control vs. recent-
onset schizophrenia). Student’s t-tests analyzed between-group
differences by region, with effect sizes estimated using partial eta
squared (n,?). Regional CBVa values were compared with regional
spontaneous BOLD signal fluctuations in MNI-space and mean re-
gional CBVa values were extracted from MNI-transformed voxel-
wise CBVa maps using the IBASPM 116 atlas. Voxel-wise beta maps
from first-level fALFF and ICC analyses were used to extract mean
regional beta values. One-way ANOVA assessed between-group
differences in mean regional CBVa, fALFF, and ICC beta values.
Neurovascular coupling was computed as the ratio of mean re-
gional CBVa values to mean regional beta values from fALFF and
ICC, with between-group differences assessed using Student’s t-
tests. Correlation of neurovascular coupling with symptom sever-
ity was evaluated using Pearson correlation between PANSS scores
and mean regional CBVa/fALFF and CBVa/ICC values. Multiple lin-
ear regression, adjusted for age and sex, assessed regional corre-
lation of CBVa, fALFF, and ICC with PANSS scores and disease du-
ration, corrected for multiple comparisons using false-discovery
rate (FDR) (adjusted P < 0.05). Voxel-wise between-group differ-
ences in CBVa, fALFF, and ICC were evaluated in MNI space us-
ing generalized linear models adjusted for age and sex, with sig-
nificance thresholds of P = 0.05 unadjusted and P = 0.05 FDR-
corrected for cluster size. Voxel-wise correlation of CBVa, fALFF,
and ICC with PANSS scores was also assessed using general linear
models adjusted for age and sex.

Results

Participant characteristics

For this pilot project, 16 participants with schizophrenia and 12
healthy control participants were recruited and completed study
tasks and scans. Disease duration of individuals with schizophre-
nia was X = 1.18 years (SD = 1.4). Age was closely matched
(schizophrenia X = 23.4 years, SD 3.3; controls X = 24.5 years,
SD 2.9). Sex ratios were: schizophrenia (male/female = 14/2) and
controls (male/female = 7/5). Race of patients was: schizophre-
nia (White/Black = 11/5) and controls (White/Black = 6/6). PANSS
scores of individuals with schizophrenia were 38-86 (X = 59.4,
SD = 14.2), indicating that the majority of the patients were mildly
to moderately ill (Leucht et al., 2005). One control participant was
unable to complete the rs-fMRI scan. PANSS total scores were not
significantly correlated with CBVa, fALFF, or ICC.

Lower baseline CBVa in recent-onset
schizophrenia

Global mean CBVa (cortex and subcortical GM) was lower in in-
dividuals with recently diagnosed schizophrenia compared with
controls (Table 1, Fig. 1). Mean regional CBVa values were diffusely
lower in multiple brain regions in individuals with schizophre-
nia compared to healthy controls with relative changes of 11.9-
48.5% and effect sizes of 0.14-0.41. Lower CBVa was observed
in both hemispheres in all cortical lobes and in most subcorti-
cal regions. In almost all brain regions where significant differ-
ences were not observed, CBVa levels were lower in schizophre-
nia patients. CBVa was greater in individuals with schizophrenia
in the left cuneus and in the nucleus accumbens and basal fore-
brain, but these differences were not significant after correction
for multiple comparisons (see Supplementary Table 1). In total,
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Figure 1: Mean regional CBVa is lower in individuals with recently diagnosed schizophrenia.

(Left) Depiction of voxel-wise differences in gray matter CBVa between individuals recently diagnosed with schizophrenia and healthy controls,
adjusted for age and sex, and superimposed on an MNI-space standard template. (Right) Boxplot depicting the group mean and distribution of CBVa
levels (in ml/100 ml tissue) for select regions in healthy control participants (red) and individuals recently diagnosed with schizophrenia (blue).
Student’s t-tests were used to compare the group means. Statistical significance is depicted as follows: *P < 0.05, #xP < 0.01, %*xP < 0.001 uncorrected;
# indicates significant differences exceeding an FDR-corrected P < 0.05. CBVa = arteriolar cerebral blood volume.
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Figure 2: Individuals with recently diagnosed schizophrenia show lower fractional amplitudes of low-frequency, spontaneous BOLD fluctuations.
(Left) Depiction of voxel-wise differences in fALFF between individuals recently diagnosed with schizophrenia and healthy controls, adjusted for age
and sex, and superimposed on an MNI-space standard template. (Right) Boxplot depicting the group mean and distribution of fALFF for select regions
in healthy control participants (red) and individuals recently diagnosed with schizophrenia (blue). Student’s t-tests were used to compare the group
means. Statistical significance is depicted as follows: %P < 0.05, #xP < 0.01, =P < 0.001. # indicates significant differences exceeding an FDR-corrected
P < 0.05. fALFF = fractional amplitude of low-frequency fluctuations, BOLD = blood oxygen level dependent.

15/24 frontal subregions had significantly reduced CBVa in indi-
viduals with schizophrenia (ranging from 9.2 to 44.5%; n,? = 0.16-
0.39). CBVa was decreased in individuals with schizophrenia in
10/10 parietal subregions (13.0-41.4% change; 1,2 = 0.29-0.40)
and in 12/12 temporal subregions (16.3-48.5% change; np? = 0.17-
0.29). CBVa in the insular cortices and cerebellum were also
significantly reduced in individuals with schizophrenia (10.8-
37.7% change; np?= 0.15-0.26) along with 5/10 occipital re-
gions (16.4-32.1% change; np%= 0.25-0.26). CBVa was reduced
in both anterior and posterior cingulate cortices in individuals
with schizophrenia (6/10 regions; 11.3-19.5% change; n,” = 0.21-
0.41). Mean regional CBVa values did not correlate with PANSS
scores.

Gray matter CBVa was also examined using voxel-wise differ-
ences in standard MNI space (Fig. 1, Supplementary Table 2). Con-
sistent with the native space results, CBVa was significantly lower
in schizophrenia patients in the bilateral frontal, parietal, occipi-

tal, and cingulate cortices, and in the left temporal cortex and in
the left thalamus after adjustment for age and sex, and after FDR
correction for multiple comparisons.

Reduced CBVa ratios and fALFF values in
recent-onset schizophrenia

Individuals with schizophrenia exhibited lower fALFF than con-
trol participants in multiple cortical and thalamic regions (Fig. 2).
Regional between-group differences in fALFF reached statistical
significance in the frontal, parietal, and right occipital lobes as
well as in the cingulate cortices and thalamus. fALFF values were
also decreased, though not to the level of statistical significance,
in the temporal and occipital cortices, and in the basal ganglia.
Subregional analysis of between-group differences in fALFF
were conducted for cortical and subcortical regions defined by
the IBASPM atlas. fALFF values were slightly and nonsignificantly
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Figure 3: Regional mean intrinsic connectivity does not differ between controls and individuals with recently diagnosed schizophrenia.(Left) Depiction
of voxel-wise comparisons of ICC between individuals recently diagnosed with schizophrenia and healthy controls, adjusted for age and sex, and
superimposed on an MNI-space standard template. (Right) Boxplot depicting the group mean and distribution of regional average intrinsic
connectivity values for select regions in healthy control participants (red) and individuals recently diagnosed with schizophrenia (blue). Student’s

t-tests were used to compare the group means, none were significant.

decreased in most regions in individuals with schizophrenia.
Equal values were noted in the right and left inferior orbital
frontal cortex, left hippocampus, and left mid-temporal pole. Val-
ues were slightly but not significantly increased in the right and
left parahippocampus, right and left fusiform cortex, right and
left superior temporal pole, right and left inferior temporal cortex,
right superior orbital cortex, right rectal gyrus, right hippocampus,
and right amygdala (Supplementary Table 3).

CBVa per unit of fALFF was calculated across 90 cortical and
subcortical regions (Table 2). After FDR correction, the ratio was
significantly lower in individuals with schizophrenia in 18 specific
regions: the right precentral gyrus, right middle frontal gyrus, left
and right medial orbital frontal cortices, left mid-cingulate cor-
tex, right middle and bilateral superior temporal cortices, bilateral
precuneus, left supramarginal gyrus, bilateral superior parietal re-
gions, as well as the left postcentral gyrus, bilateral lingual gyri,
and bilateral inferior occipital gyri. There were also nonsignificant
increases in CBVa/fALFF ratio in individuals with schizophrenia in
bilateral parahippocampal gyri and hippocampus, left amygdala,
left fusiform gyrus, left inferior temporal gyrus, and bilateral mid-
temporal poles.

There were no statistically significant differences between
groups in ICC (Fig. 3, Supplementary Table 4). The ratio of CBVa
to ICC was significantly lower in individuals with schizophrenia in
51 brain regions, and nonsignificantly decreased in an additional
nine regions. Higher but nonsignificant CBVa to ICC ratios were
found in the right parahippocampal gyrus and in bilateral mid-
temporal poles (Table 3).

Discussion

This pilot study using 7 T MRI revealed diffusely lower CBVa in
both cortical and subcortical gray matter regions in individu-
als with a recent diagnosis of schizophrenia compared to age-
matched healthy controls. This finding aligns with our previous
work, which examined a more heterogeneous schizophrenia pop-
ulation that included relatively few recent-onset cases (Hua et al.,
2017), along with observations of a number of previous studies
that detected lower total CBV and CBF in schizophrenia patients
(Schobel et al., 2009; Peruzzo et al., 2011; Malaspina et al., 2004;
Schulz et al., 2002; Weinberger et al., 1986; Zhu et al., 2015; Faget-

Agius et al., 2012; Eisenberg et al., 2010; Andreasen et al., 1997; Ota
et al., 2014; Pinkham et al., 2011; Walther et al., 2011; Kanahara et
al.,2013; Kindler et al., 2015; Tsujino et al., 2011). A few studies have
reported greater total CBV in schizophrenia in some brain regions,
including parts of the occipital cortex, cerebellum, orbitofrontal
cortex, hippocampus and basal ganglia (Loeber et al., 1999; Cohen
et al., 1995; Malaspina et al., 2004; Andreasen et al., 1997; Tsujino
et al., 2011; Eisenberg et al., 2010). The signal from decreased CBVa
may have been insufficient to affect the total CBV result, though
patient characteristics, including disease duration, may also have
contributed to the different findings. Our previous study identified
only small clusters of voxels with elevated CBVa in schizophre-
nia (Hua et al, 2017). A previous test of a hypothesized increase
in patient hippocampal CBVa using iVASO at 3 T in a single slice
found no difference between early psychosis patients and con-
trols (Talati et al., 2016), not inconsistent with our current finding
of an nonsignificant decrease in hippocampal CBVa. In the current
study, CBVa was increased only in the left cuneus and in the nu-
cleus accumbens and basal forebrain, but these differences were
not significant after correction for multiple comparisons. It is pos-
sible that increased total CBV detected in other studies reflects
increased volume in vascular compartments other than the ar-
terioles. Our results, specific to the arteriolar compartment, sug-
gest that widespread microvascular abnormalities are typically
present no later than 1 year after schizophrenia diagnosis.

Next, using rs-fMRI at 7 T we observed that individuals recently
diagnosed with schizophrenia exhibited lower fALFF values glob-
ally, with the most robust differences in the frontal lobes. ICC
was also diffusely lower, but this did not reach statistical signif-
icance. Previous work suggests that schizophrenia is associated
with differences in the amplitudes of spontaneous BOLD fluctu-
ations. While the regions implicated and the direction of effect
have been inconsistent, abnormal fALFF values have been de-
scribed in first-episode drug-naive schizophrenia patients com-
pared to healthy controls in the right inferior temporal gyrus (Fang
et al.,, 2021). Our results extend these findings by demonstrating
decreased fALFF in multiple brain regions and in the setting of
antipsychotic medicines.

We detected lower CBVa/fALFF and CBVa/ICC ratios across
wide areas of the brain in recent-onset schizophrenia. A re-
duced CBVa/fALFF ratio suggests diminished arteriolar blood
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supply relative to neural demands of cortical and subcortical re-
gions (neurovascular uncoupling). Similarly, the widespread re-
duced CBVa/ICC ratio suggests that multiple brain regions, de-
fined by their internal connectivity, receive a diminished supply
of arteriolar blood. These results are consistent with previous
studies examining relationships between total CBV/CBF to BOLD
signal characteristics and metabolic measures in healthy indi-
viduals (Deng et al, 2022; Li et al., 2012; Liang et al., 2013), and
in schizophrenia (Zhu et al., 2017; Sukumar et al., 2020; Chen et
al., 2022). Decreased CBF relative to connectivity measures has
been detected in cortical and subcortical regions in first-episode
schizophrenia, along with an increase of this ratio in the sen-
sorimotor cortex (Zhu et al., 2017). These findings, like the find-
ings reported in the present study, are consistent with evidence
of neurovascular decoupling early in the course of schizophre-
nia, with differences in the direction of the decoupling in specific
regions potentially related to the greater symptom severity and
longer disease duration of participants in previous studies, and
the distinctions between CBF and CBVa. Similar evidence of neu-
rovascular coupling abnormalities has been detected in brain tu-
mors, diabetes, kidney disease, mitochondrial encephalomyopa-
thy with lactic acidosis and stroke-like episodes (MELAS), Parkin-
son’s disease, and bipolar disorder (Abidin et al., 2018; Agarwal
et al., 2016; Hu et al, 2019; Wang et al., 2024; Wu et al., 2024).
Neurovascular decoupling in schizophrenia may derive from mul-
tiple interrelated pathophysiological mechanisms: intrinsic im-
pairment of the microvasculature (e.g. impaired nitric oxide
release by vascular endothelial cells) (Kraal et al., 2019), poten-
tially related to metabolic inadequacy (Eelen et al., 2018); dys-
regulation of astrocytic-mediated neurovascular signal transmis-
sion (Kameyama et al., 2023; Bernstein et al., 2025 ); abnormali-
ties of the BBB (Kealy et al., 2020; Puvogel et al., 2022; Stanca et al.,
2024); inflammatory processes (Rossetti et al., 2024; Kempuraj et
al. 2024); and imbalance of excitatory and inhibitory neural trans-
mission (Han et al., 2020). Which, if any, of these processes will
prove amenable to therapeutic intervention remains to be deter-
mined.

While exploratory, our observations are consistent with a hy-
pothesis of impaired arteriolar dysregulation and neurovascu-
lar coupling present no later than ~1 year after the initial diag-
nosis of schizophrenia (Hanson & Gottesman, 2005; Sukumar et
al., 2020). Widespread microvascular abnormalities and neurovas-
cular uncoupling may indicate insufficient support for synap-
tic activity, which over time could contribute to inflammation,
mitochondrial dysfunction and oxidative stress, ultimately in-
creasing neuronal dysfunction (Stanimirovic & Friedman, 2012;
Watts et al., 2018; Yan et al., 2022). The individuals with recent-
onset schizophrenia in this study were both medicated and
had relatively well-controlled symptoms, suggesting that neither
medicines nor symptom amelioration fully correspond to neu-
rovascular coupling.

The size and scope of this study have potential implications
for its generalizability. First, the sample size is modest. Nonethe-
less, effect sizes distinguishing patients from controls are quite
robust, and the results are consistent with our earlier exploration
of CBVa in schizophrenia that included individuals at all stages
of disease duration (Hua et al., 2017). Second, the limited clinical
data and the cross-sectional study design are insufficient to de-
termine whether decreased CBVa is a direct consequence of the
pathophysiological processes of schizophrenia or a result of sec-
ondary factors, such as comorbidities or pharmacological treat-
ment. Moreover, it remains unclear whether microvascular ab-
normalities and neurovascular decoupling play a direct role in
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functional disruption leading to the schizophrenia clinical phe-
notype, represent an epiphenomenon, or serve as a compensatory
response to ongoing pathogenesis. Larger scale longitudinal stud-
ies, potentially including manipulations of the vascular system,
will be necessary to address these issues, and to determine if CBVa
and neurovascular decoupling correlate with clinical features of
schizophrenia, such as treatment resistance or prominent nega-
tive symptoms.

Supplementary data

Supplementary data are available at PSYRAD Journal online.
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