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Background and Hypothesis:  Mounting evidence supports 
cerebrovascular contributions to schizophrenia spectrum 
disorder (SSD) but with unknown mechanisms. The blood–
brain barrier (BBB) is at the nexus of neural-vascular ex-
changes, tasked with regulating cerebral homeostasis. BBB 
abnormalities in SSD, if any, are likely more subtle com-
pared to typical neurological insults and imaging measures 
that assess large molecule BBB leakage in major neurolog-
ical events may not be sensitive enough to directly examine 
BBB abnormalities in SSD. Study Design:  We tested 
the hypothesis that neurovascular water exchange (Kw) 
measured by non-invasive diffusion-prepared arterial spin 
label MRI (n = 27 healthy controls [HC], n = 32 SSD) is 
impaired in SSD and associated with clinical symptoms. 
Peripheral vascular endothelial health was examined by 
brachial artery flow-mediated dilation (n = 44 HC, n = 37 
SSD) to examine whether centrally measured Kw is related 
to endothelial functions. Study Results.  Whole-brain av-
erage Kw was significantly reduced in SSD (P = .007). 
Exploratory analyses demonstrated neurovascular water 
exchange reductions in the right parietal lobe, including 
the supramarginal gyrus (P = .002) and postcentral 
gyrus (P = .008). Reduced right superior corona radiata 
(P = .001) and right angular gyrus Kw (P = .006) was as-
sociated with negative symptoms. Peripheral endothelial 
function was also significantly reduced in SSD (P = .0001). 
Kw in 94% of brain regions in HC positively associated 
with peripheral endothelial function, which was not ob-
served in SSD, where the correlation was inversed in 52% 

of brain regions. Conclusions:  This study provides initial 
evidence of neurovascular water exchange abnormalities, 
which appeared clinically associated, especially with nega-
tive symptoms, in schizophrenia. 
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Introduction

Schizophrenia spectrum disorder (SSD) is a severe form 
of psychopathology, yet cerebral mechanisms are poorly 
understood. A crucial structure regulating cerebral integ-
rity is the blood–brain barrier (BBB), composed of en-
dothelial cells and surrounding astrocytes and pericytes, 
tasked to maintain cerebral homeostasis through the 
functional neurovascular unit. Postmortem studies sup-
port BBB deficits in SSD,1,2 particularly endothelial and 
astrocytic subcomponents.3 However, limited knowledge 
exists about clinical relevance of putative BBB abnormal-
ities due to difficulties directly assessing BBB dysfunction 
clinically in SSD patients.

BBB compromise is typically assessed using dynamic 
contrast-enhanced MRI (DCE-MRI), measuring large-
molecule contrast leakage in neurological insults. No sig-
nificant abnormalities were identified in first-episode or 
chronic SSD patients using this technique.4 Other methods 
include C11-verapamil positron emission tomography 
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(PET) and cerebrospinal fluid (CSF)/plasma ratios of 
fluid biomarkers but are limited by their invasiveness. The 
recently developed diffusion-prepared arterial spin la-
beling (DP-ASL) technique takes advantage of the much 
smaller water molecule for detecting water exchange (Kw) 
between brain capillary and neuronal compartments.5,6 
Illnesses with known BBB disruptions, like obstructive 
sleep apnea6 and elderly at-risk for Alzheimer’s disease, 
showed reduced Kw,6–8 thought to reflect hypofunctional 
or impaired active water transport. In rodent models of 
cerebrovascular injury, this technique more sensitively de-
tected BBB damage than contrast-based imaging,9,10 sug-
gesting a new, clinically accessible approach to understand 
brain capillary-parenchyma exchange abnormalities. 
Based on studies comparing DP-ASL and DCE-MRI,11 
the mechanism underlying Kw and standard BBB perme-
ability measure (Ktrans) is likely different.7,8,12,13 Reduced 
Kw may mainly reflect impaired transport of water across 
the neurovascular unit, which is related to aquaporin-4 
(AQP-4) function rather than abnormal passive perme-
ability of water or large molecules across endothelium.

Core clinical features of SSD, including positive/neg-
ative symptoms and cognitive deficits, have been asso-
ciated with cerebrovascular abnormalities in traditional 
cerebral blood flow studies.14,15 Positive symptoms tend 
to associate with hypo-/hyper-perfusion in different brain 
regions, but negative symptoms almost exclusively asso-
ciate with hypoperfusion, particularly in frontoparietal 
areas.14,16 Negative symptoms are also associated with 
reduced frontoparietal activation during decision and 
attention tasks17,18 and with abnormalities in local 
temporo-parietal networks.19,20 The underlying mechan-
isms remain obscure, but consistent links between neg-
ative symptoms and hypoperfusion14,15,21 alludes to a 
neurovascular dysfunction not yet explored.

We aimed to test the hypothesis that brain vascular-
neural water exchange functions measured by Kw would 
be impaired in SSD, influencing neuronal function in re-
gions associated with negative symptoms. Furthermore, 
as the major vascular structure to regulate capillary–
neural tissue exchange is the endothelial lining, it would 
be useful to specifically examine BBB endothelial func-
tions. While no such method exists clinically, brachial 
artery flow-mediated dilation (FMD) is a standard 
measure to assess peripheral nitric oxide-mediated en-
dothelial function, which strongly predicts cardiovas-
cular disease.22–24 Nitric oxide biosynthesis and related 
molecular nitric oxide pathways have been found aber-
rant in SSD,25,26 although it is previously unclear whether 
a clinical measure like FMD may index these dysfunc-
tional pathways. FMD occurs following brachial artery 
occlusive stress, inducing endothelial dilation secondary 
to shear stress from hyperemic responses.27–29 The degree 
of endothelial dilation reflects vascular health, whereby 
reduced dilation represents endothelial impairment, as in 
many disease states,30,31 and may manifest similarly across 

body and brain. It is unknown whether peripheral FMD 
can predict neurovascular function.

Although the endothelial lining is universally present 
in central and peripheral vessels, regional characteristics 
exist with notable differences.32 Commonalities in dys-
function may register across vascular systems nonethe-
less and understanding ways in which they may relate 
can serve the development of important proxy measures 
to index neurovascular integrity. Therefore, we aimed to 
also test a second hypothesis that endothelial dysfunc-
tions (measured by FMD) are associated with cerebral 
capillary-tissue water exchange abnormalities (meas-
ured by Kw). To summarize, we hypothesized that brain 
capillary-tissue exchange functions would be impaired in 
SSD and be clinically relevant. We proposed to investi-
gate this hypothesis using two noninvasive approaches: 
central capillary-neural tissue water exchange (Kw) and 
peripheral endothelial function (FMD).

Methods

Participants

Forty-four participants with SSD and 37 healthy con-
trols (HC) were recruited from mental health clinics in 
Baltimore, MD and media advertisements; all completed 
vascular testing and 32 SSD and 27 HC completed brain 
imaging. The Structured Clinical Interview for DSM-5 
was utilized to obtain diagnoses of either schizophrenia 
or schizoaffective disorder (SSD). HC had no current 
major mental illness; however, past single episode of 
depression/anxiety was allowed. Current or past major 
medical illnesses, head injury with cognitive sequelae, in-
tellectual disability, or current substance abuse were ex-
clusionary. Negative symptoms were assessed using the 
Brief  Negative Symptom Scale (BNSS).33 Positive and 
negative symptoms were further assessed using the re-
spective subscales in the Brief  Psychiatric Rating Scale 
(BPRS).34 Both scales are clinician-administered, based 
on semi-structured interviews, and all raters were for-
mally trained with multiple videotaped case interviews 
until raters achieved acceptable reliability. Cognitive 
performance in working memory35 and processing 
speed36 was assessed using spatial span and digit-symbol 
coding tasks, respectively. Antipsychotic doses were con-
verted into chlorpromazine (CPZ) equivalents (table 1). 
Participants signed informed consent approved by the 
University of Maryland Baltimore IRB.

Diffusion-Prepared Pseudo-Continuous Arterial Spin 
Label (DP-ASL) Imaging

Imaging was obtained using a Siemens 3T PRISMA 
scanner with a 64-channel head-coil. Imaging param-
eters were the following: field-of-view = 224 mm; ma-
trix size = 64 × 64; 12 axial slices (10% oversampling); 
resolution = 3.5 × 3.5 × 8 mm; 3D gradient and spin 



1327

Blood–Brain Barrier Deficits and Schizophrenia

echo (GRASE) readout; bandwidth = 3,25 Hz/pixel; 
TE = 36.5 ms; TR = 4,000 ms; label duration = 1,500 ms; 
centric ordering; and timing of background suppression 
was optimized .5 A 2-stage approach for Kw measure-
ment was employed with a total scan time of 10 min-
utes,37 namely a flow encoding arterial spin tagging scan 
at post-labeling delay (PLD) = 900 ms with b = 0 and 10 
s/mm2 for estimating arterial transit time (ATT),38 and a 
second scan at PLD = 1,800 ms with b = 0 and 50 s/mm2 
for estimating Kw. Cerebral blood flow (mL/100 g/min) 
was quantified from signals acquired at PLD = 1,800 ms 
without diffusion preparation.

Images were corrected for head motion off-line using 
SPM12 (Wellcome Trust Centre for Neuroimaging, 
UCL). Kw maps were calculated using LOFT BBB 
Toolbox including motion correction, skull stripping, 
and quality assurance procedures. Two subjects with un-
usable data due to registration failures were excluded. 
A total-generalized-variation39 regularized single-pass-
approximation model37 was applied for Kw calcula-
tion using the tissue/capillary fraction of ASL signal at 
PLD = 1,800 ms, incorporating ATT, arterial blood T1 
(1,660 ms40), and brain tissue T1 as inputs.5 Voxel-wise T1 
map was fitted from background suppressed control im-
ages. Data were processed using FSL Bayesian Inference 
for ASL (BASIL) pipeline which fits the multipoint PLD 
kinetic curve model to measure absolute CBF (mL/100 g/
min) after partial volume correction derived from high-
resolution T1w data. Equilibrium magnetization (M0) 
images were collected using a TR = 10 s, sufficiently 
long for T1 relaxation of blood-bound water (T1 = 2 s). 
Theoretically, the kw metric represents a ratio of capil-
lary permeability surface area product of water (PSw) by 
capillary volume (Vc).37 It is the reciprocal of BBB water 
exchange time (1/water exchange time); therefore, the 
faster water exchanges across the BBB into brain tissue, 
the higher Kw and vice versa. This estimates the water 
exchange rate across the BBB, and is reported in studies 
tabulated in supplementary table 1.5–11,37 Previous test–re-
test DP-ASL scans have shown excellent reproducibility 

6 weeks apart for Kw measurements,11 with intraclass cor-
relation coefficient (ICC) = 0.75.

The primary measure was the whole-brain average Kw 
between SSD and HC. If  significant group differences 
were found, exploratory analyses were then performed 
to understand relationships between Kw and underlying 
brain regions, clinical symptoms, and demographic char-
acteristics. Unlike previous studies, a more detailed brain 
template, EvePM,41 was used to explore regional effects in 
107 regions. Regions missing Kw data in > 20% of voxels 
in > 50% of participants were excluded, comprising the 
bilateral pons, pontine crossing tract, medulla, and cer-
ebellum, leaving 99 regions. As most regions still have 
missing values in variable numbers of voxels,42 multivar-
iate multiple imputation by chained equations (MICE)43 
was used for imputation. The full conditional specification 
in MICE was modified with an updated covariance based 
on the Gaussian process due to the high-dimensionality 
property of the brain imaging voxels.44 The modified 
MICE method attained imputed values with reduced 
bias and dispersion and much improved computational 
efficiency.

Flow-Mediated Dilation (FMD) Testing

Practice guidelines for FMD which were followed,22,27–29 
including standard timing of dilation measurement.45,46 
Participants were asked to fast for 8 hours before testing, 
refrain from exercise, caffeine, and smoking/nicotine. All 
testing occurred between 07:00 and 11:00 am. Morning 
medications and vitamins/supplements were held until 
after testing. Participants rested for 15 minutes, with 
lights dimmed, and room temperature and humidity con-
trolled prior to testing.

FMD was measured using standard ultrasound equip-
ment (Philips iE33) and manufacturer software.27,28,47 
Brachial artery was imaged above the antecubital fossa in 
the longitudinal plane, with clear anterior and posterior in-
timal surfaces for continuous 2D-grayscale imaging. A 90° 
isonation angle, horizontally displayed, fully patent lumen, 

Table 1. Participant Clinical and Demographic Information

Control (n = 37) SSD (n = 44) t or χ2 values P-value

Age [years] (SD) 39.5 (15.8) 37.4 (13.2) 0.5 .6
Sex (M:F) 15:22 34:9 12.4 1 ×·10−3

BMI (SD) 27.1 (6.2) 30.6 (6.0) −2.3 .02
Current smoker (%) 21.2 33.3 1.3 .25
CPZ equivalents a n/a 616.6 (100) n/a n/a
BPRS, psychosis (SD) n/a 7.36 (3.34) n/a n/a
BPRS, negative subscale (SD) n/a 8.14 (3.55) n/a n/a
BNSS, total (SD) n/a 27.17 (15.5) n/a n/a
Room temperature b (°F) (SD) 75.0 (2.3) 74.0 (3.6) 1.3 .2
Room humidity b (%) (SD) 29.3 (11.6) 34.7 (13.4) −1.8 .08

aAntipsychotic medication dose is provided in chlorpromazine equivalents (CPZ) (milligrams/day).
bRecorded during flow-mediated dilation testing.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad057#supplementary-data
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without scanhead malrotations or 2D beam-steering was 
visualized. A segment of 1.5 × 1 cm zoom-box was placed 
over a segment of the artery with fiduciary anatomic 
markers for imaging. 3-lead ECG (lead II configuration) 
was positioned to align R-waves along cardiac cycles for 
consistency. Occlusion was created by a sphygmomanom-
eter cuff on the proximal arm inflated to 50 mmHg supra-
systolic pressure for 5 minutes. Images were obtained at 
baseline, and 1, 3, and 5 minutes post-cuff deflation. FMD 
was calculated by subtracting vessel size prior to and 1 
minute after the occlusion period as percentage change.27 
Normality was achieved by performing Box-Cox trans-
formation. Images were manually measured by a blinded, 
trained rater (PD).48 For each rater, 100 supervised experi-
ments were performed prior to data collection. Interrater 
reliability was established by using images from baseline 
and 1-minute post-occlusive diameter in 14 participants 
(28 images total) to reach ICC ≥ 0.90 between a rater 
and the “gold standard” measured by the sonographer. 
Averaged ICC was 0.93. For maintaining continuous data 
acquisition and scoring competency, ~10% of all images 
were periodically reviewed for quality assurance.

Statistical Analysis

Group differences were examined with analysis of vari-
ance (ANOVA) or χ2. Primary measures of whole-brain 
average Kw and FMD were compared with age and sex 
covaried in all analyses. If  the primary whole-brain com-
parison was significant after FDR correction, regional 
effects were explored. The effect size for whole-brain 
average Kw was used to calculate the power needed to 
compare for 99 regions, which suggested that the cur-
rent sample was not adequately sized to meet the sig-
nificance thresholds for regional analysis of 99 regions, 

and as such, an arbitrary alpha value of 0.01 was used 
for these exploratory, hypothesis-generating analyses. 
Similarly, relationships between whole-brain average Kw 
and FMD were examined using partial correlations as the 
primary analysis, with regional correlational analyses as 
exploratory. Potential confounding effects from age, sex, 
smoking, cardiovascular measures (systolic and diastolic 
blood pressure, resting heart rate), and body mass index 
were evaluated in Kw and FMD separately. Partial corre-
lation coefficient group differences were compared using 
Fisher’s r-to-z transformation. All tests were 2-tailed.

Results

Brain Water Exchange Measures

Groups were not significantly different in age but dif-
ferent in sex ratio (table 1). Whole-brain averaged Kw 
was significantly reduced in SSD compared with HC 
(P = .007; figure 1A). No significant group differences 
were observed in left or right hemisphere average Kw 
(P = .08, P = .07, respectively) and we used only whole-
brain average Kw in subsequent analysis. In comparison, 
whole-brain averaged cerebral blood flow (CBF) and 
average arterial transit time (ATT) did not differ signif-
icantly between groups (P = .9). Kw was therefore the 
focus of subsequent region-level analyses. Significant 
reductions (uncorrected) in Kw were found in the right 
supramarginal gyrus (P = .002) and the right postcentral 
gyrus (P = .008) in SSD compared to HC, both at the 
right parietal lobe (figure 1B, supplementary figure 1).

Relationship between Kw and Clinical Symptoms

Negative symptoms measured by BNSS score were in-
versely correlated with Kw in ~59% of brain regions 

Fig. 1. Whole brain and regional water exchange measures gathered from the diffusion-prepared arterial spin labeling. (A) Whole brain 
average group differences on water exchange (Kw) (SD). (B) Raw values of Kw were plotted in 99 regions for HC (top panel) and SSD 
(middle panel), and t-value map of the group comparisons using univariate analysis of variance covarying age and sex (bottom panel). 
Values in the images are the z-coordinates. Horizontal black line in the color legend indicates color corresponds to significant t-value. 
* P < .01. R: right; L: left. Error bars are SEM.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad057#supplementary-data
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(figure 2A), with two regions significant: right superior 
corona radiata (r = −0.61, P = .001) and angular gyrus 
(r = −0.52, P = .006; figures 2B and 2C, respectively). The 
superior corona radiata connects parietal lobe to other 
brain regions, while angular gyrus is also located at the 
parietal lobe. However, BNSS score was not significantly 
associated with whole-brain average Kw (P = .4).

Using BPRS to examine symptoms in SSD, whole-
brain average Kw was not significantly associated with 
positive (r = 0.20, P = .38) or negative symptom scores 
(r = −0.20, P = .37). No significant regional effects were 
observed for positive symptoms (all |r|<0.37, P > .05), 
while negative symptoms subscale score was significant 
in the right superior corona radiata (r = −0.49, P = .007), 
consistent with BNSS findings.

Patients showed significantly reduced processing speed 
(F = 19.5, P = 3·× 10−5) and working memory (F = 10.9, 
P = 2 ×·10−3), which were not significantly associated 
with whole-brain average Kw (both r ≤ 0.21, P ≥ .33).

Endothelial Function

FMD was significantly reduced in SSD compared to HC 
(age and sex covaried in all analyses; F3,64 = 19.6, P = 4 
×·10−5; figure 3), which remained significant after adding 
BMI49 as a covariate (P = .001). Baseline (P = .4) and 
1-minute post-occlusion (P = .9) arterial diameters were 
not statistically different between groups. FMD group 
differences remained significant after including baseline 

brachial diameter as a covariate (P = 5 ×·10−5), suggested 
to be a potential confounding variable in FMD studies.50 
However, FMD was not significantly correlated with 
symptoms or cognitions (all P > .05).

Relationships Between Central Kw and Peripheral 
Endothelial Function

Whole-brain Kw in HC was not significantly associated 
with FMD (r = 0.20, P = .4), which does not support our 
original hypothesis and suggests that the central and pe-
ripheral vascular functions may be mediated through sep-
arate mechanisms. However, it is also possible that the 
underlying endothelial function may not impact all brain 
regions equally. Accordingly, we conducted additional re-
gional explorations in a hypothesis generating framework. 
Positive correlations between Kw and FMD were found 
in ~94% of regions in HC, suggesting healthier peripheral 
endothelial function is associated with higher Kw under 
normal conditions (figures 4A and 4C). However, explor-
atory analyses showed that 3 regions were nominally sig-
nificant (P < .01): left insula (r = 0.55, P = .004; figure 
4B, top), right inferior frontal gyrus (r = 0.55, P = .004), 
and left external capsule (r = 0.50, P = .009). Meanwhile, 
over half  (52%) of the regions in patients showed inverse 
associations with Kw, nominally significant at the left 
globus pallidus (r = −0.48, P = .006; figure 4B, middle). 
Whole-brain Kw in SSD was also not significantly associ-
ated with FMD (r = 0.002, P = .99). Further exploration 

Fig. 2. Negative symptoms associated with regional Kw measurements. (A) Brief  negative symptom scale (BNSS) and Kw partial 
Pearson’s correlation r-map in SSD, age and sex covaried. Color bar corresponds to negative (colder colors) and positive (warmer colors) 
correlations across regions. Two regions, the superior corona radiata (SCR) and the angular gyrus (AG), both on the right, were used to 
generate (B) and (C), respectively. * P < .01.
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suggested that the number of regions showing positive 
versus negative associations was significantly different 
between SSD and HC (χ2 = 46.5, P = <.0001). The cor-
relation coefficients were significantly different (P < .01) 
between groups in 6 regions (figure 4C; supplementary 
table 2), with the left putamen showing the greatest group 
differences (figure 4B, bottom).

Relationship with Other Demographic and Clinical 
Characteristics

Age was not associated with whole-brain average Kw in 
SSD or HC (r = −0.08, P = .7 and r = −0.18, P = .4, re-
spectively), although older age was generally associated 
with lower Kw. Sex was not significantly associated with 
whole-brain average Kw in SSD or HC (r = 0.19, P = .3 
and r = 0.20, P = .3, respectively). In group compari-
sons, whole-brain average Kw showed no significant age 
(P = .40) or age by diagnosis interaction (P = .77) effects. 
Similarly, with sex in group comparisons, whole-brain av-
erage Kw showed no significant sex main effect (P = .18) 
or diagnosis by sex interaction (P = .76).

Age was not associated with FMD in SSD or HC 
(r = −0.17, P = .3 and r = −0.29, P = .1, respectively), 
although older age was generally associated with lower 
FMD. Sex was not significantly associated with FMD 
in SSD or HC (r = 0.02, P = .9 and r = 0.24, P = .19, 
respectively). FMD showed a nominally significant age 
(P = .05), but no age by diagnosis interaction (P = .54) 
effects. Similarly, FMD showed no significant sex main 
effect (P = .3) or diagnosis by sex interaction (P = .4).

CPZ and whole-brain average Kw (r = 0.14, P = .5) or 
FMD (r = 0.16, P = .4) correlations were not significant. 
Smoking was not significantly associated with whole-
brain average Kw (r = 0.19, P = .37) or FMD (r = −0.19, 
P = .29). Finally, cardiovascular measures (resting sys-
tolic and diastolic blood pressures and heart rate) were 
not significantly associated with whole-brain average 

Kw (P = .4–.9) or FMD (P = .4–.8). Further analyses to 
better understand these relationships are given in supple-
mentary information. The significance level of patient-
control differences in FMD (P = .00001 before, and 
P = .00003 after) and whole-brain Kw (P = .007 before, 
and P = .04 after) remained significant after adding age, 
gender, smoking, BMI, blood pressure, and heart rate as 
covariates in the respective regression models. Similarly, 
the correlations between negative symptoms and Kw of 
the right angular gyrus (P = .006 before, and P = .006 
after) and superior corona radiata (P = .001 before, and 
P = .001 after) both remained significant with addition 
of these covariates as well.

Discussion

Whole-brain Kw and peripheral endothelial function 
were significantly reduced in patients with SSD compared 
to HC. The greatest deficits occurred right parietal areas. 
Reduced Kw in the right parietal angular gyrus and the 
underlying superior corona radiata white matter areas 
were significantly associated with negative symptoms. As 
expected, greater peripheral endothelial function was as-
sociated with higher brain Kw in nearly all regions in HC 
subjects, while the opposite relationship was found in over 
half  of the brain regions in SSD, suggesting potentially 
altered neurovascular mechanisms in schizophrenia.

Brain network analysis previously demonstrated 
negative symptoms in treatment-naïve patients most 
strongly associated with right superior parietal lobe 
and frontoparietal dysconnectivity.19 Moreover, right 
superior temporo-parietal junction cortical thinning 
is also associated with negative symptoms.20 Together, 
right frontoparietal network hypo-activation/hypo-
perfusion16,19 have long been linked to negative symptoms, 
although without clear mechanistic understandings. 
Here, we found Kw deficits in SSD were most severe in 
specific right parietal locations, and negative symptom 

Fig. 3. Brachial artery flow-mediated dilation to assess endothelial function. (A) Brachial artery diameter was measured at rest and 1, 3, 
and 5 minutes after a 5-minute occlusion, adjusted for age, sex, and BMI. Break in x-axis represents the 5-minute occlusion. (B) The flow-
mediated dilation (FMD) was significantly different between the two groups; *** P < .001. Error bars are SEM.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad057#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad057#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad057#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad057#supplementary-data
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Fig. 4. Relationship between peripheral vascular endothelial function and cerebral water exchange measurements. (A) Mapping the 
whole-brain distributions of the relationship between flow-mediated dilation and water exchange (Kw) examined by linear regressions 
based on partial Pearson correlation r-values (covaried for age and sex). Colder colors indicate negative r-values; warmer colors indicate 
positive r-values. The black horizontal line and * represents the color corresponding to the P < .01, in either positive or negative 
direction, if  present. (B) The most significant association found in controls, left insula (top), and patients, left globus pallidus (middle), 
and the greatest group difference in the correlation coefficients between FMD and Kw, left putamen (bottom), were plotted. (C) 99 
brain regions’ partial correlation coefficients (r), controlled for age and sex, arranged from greatest to least in HC (blue) and SSD (red) 
illustrating the overall pattern across brain regions. Names for each region are given in supplementary table 2. * significant r-value 
between FMD and Kw; # significant z-value for group differences in the correlation coefficients.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbad057#supplementary-data
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severity was most strongly associated with Kw reduction 
in the right parietal/angular gyrus and the right superior 
corona radiata, a tract connecting right frontoparietal 
areas. Right hemisphere Kw was numerically greater than 
the left in both HC and SSD, possibly reflecting an as-
pect of hemispheric dominance not previously explored 
in terms of BBB function, although hemispheric asym-
metry is well-documented in many brain imaging findings 
in both normal and disease conditions.51,52 These find-
ings corroborate anatomic specificity for negative symp-
toms, offer new mechanistic hypotheses, and suggest that 
neurovascular water exchange abnormalities may be a 
crucial connection.

This is the first study reporting neurovascular water 
exchange dysfunction in SSD using DP-ASL. Clinical 
BBB imaging traditionally uses DCE-MRI, which de-
tects large molecule BBB leakage unobserved in SSD.4 In 
comparison, water has a smaller molecular weight. BBB 
trans-endothelial and perivascular water exchanges occur 
both passively and actively through specific water chan-
nels at the astrocytic processes.53 It is thus hypothesized 
that imaging the water exchanges can provide more re-
fined detection of BBB dysfunction8,9 that is not limited 
to overt, large molecule leakage processes.

Animal and human studies have compared DP-ASL 
and DCE-MRI.9,11 The primary measure by DCE-MRI 
is the volume transfer constant (Ktrans) to estimate gad-
olinium leakage into the extravascular-extracellular 
space.54,55 In post-ischemic stroke, Ktrans was increased 
while Kw was reduced,9 suggesting impeded water ex-
change mechanisms under models of substantial BBB 
disruption, further supported using high-dose mannitol 
treatment in rodents also showing reduced Kw.56 The in-
verse association indicated that Kw was not measuring 
major BBB leakages of large molecules as in Ktrans,

11 but 
rather reduced water exchange functioning potentially 
due to impeded passages, disrupted neurovascular energy 
supplies, or other mechanisms. However, PET studies 
showed increased efflux of radiotracer molecule in the 
brain of patients with SSD, consistent with our findings.57 
Moreover, CSF biomarkers demonstrated increased BBB 
permeability in SSD compared to HC, based on cellular 
and protein-based assays.58

AQP-4 channels on astrocytic foot processes ensheath 
the cerebrovasculature as the primary active trans-
porter of water in the brain.53,59 These channels support 
glymphatic pathways for CSF flow along perivascular 
spaces, facilitating exchanges with brain parenchyma.60 
Overt BBB leakage indexed by increased Ktrans may im-
pede water flow registered by Kw. Therefore, both Kw 
and Ktrans may measure BBB dysfunction but for different 
aspects. However, positive Kw and Ktrans associations can 
be found in brain regions of preclinical small vessel dis-
eases that have chronic BBB changes but without massive 
BBB disruption.11 Therefore, the Kw and Ktrans relation-
ship appears dynamic and potentially depends on the 

BBB subcomponents being disrupted. Previous imaging 
studies have not addressed BBB subcomponent deficits 
in SSD, which is likely a missing opportunity because it 
is unlikely that SSD patients would have the same type of 
extensive BBB leakage as in major neurological insults.

DP-ASL studies have postulated that Kw may measure 
BBB endothelial integrity,5–8,11,37 but with limited clinical 
evidence. Thus, we examined FMD, a validated peripheral 
endothelial function measure in cardiovascular condi-
tions,45,48 although its use to inform cerebrovascular mech-
anism is similarly unexplored. Here, higher Kw trended 
with higher FMD in HC in nearly all brain regions, sup-
porting higher water exchange function related to better 
endothelial functions under normal conditions. In SSD, 
however, significantly more regions were negatively asso-
ciated. The combination of reduced Kw, reduced FMD, 
and an inverse association between FMD and Kw in sub-
stantially more regions, compared to HC, provided initial 
evidence of an abnormal, potentially endothelia-mediated 
neurovascular water exchange mechanism in schizo-
phrenia. Although no significant whole-brain Kw associ-
ations with FMD were observed, it is possible that specific 
brain regions may be more vulnerable to endothelia-
mediated abnormalities, and caution is required when 
interpreting the exploratory findings at individual regions.

One speculation for the inverse relationship is that if  pa-
tients had reduced AQP-4 functions, suggested by lower 
Kw, those patients with relatively higher levels of endothe-
lial nitric oxide signaling (ie, higher FMD) would have pro-
nounced capillary bed dilation. The combination would 
result in a relatively inflated Kw denominator (ie, volume 
of water tracer in capillary space). Consequently, reduced 
water transport in the parenchyma would be registered as 
a lower overall Kw, and an inverse Kw-FMD relationship 
would be produced. These findings were unexpected based 
on our initial hypothesis. However, an explanation for the 
seemingly counter-intuitive observation of inverse Kw and 
FMD relationships in SSD imply that a schizophrenia-
specific endothelia process may occur in selected brain re-
gions. Indeed, increased cerebral blood volume has been 
described in schizophrenia and is associated with clinical 
high-risk individuals later converting to psychosis, per-
sisting after psychosis onset.61 In parallel, AQP-4 channel 
abnormalities have also been implicated in SSD, with mu-
tations possibly conferring dysfunctional properties,62 and 
regional gene expression up-regulation as compensatory 
responses to excitotoxic molecule build-up.63 Therefore, 
our results may implicate disturbed AQP-4 functions in 
SSD. AQP-4 may mediate part of the endothelial dys-
function registered in Kw, whereby unrelated mechanisms 
may be at play for endothelial dysfunction peripherally. 
Moreover, endothelial dysfunction may be shared in a 
range of peripheral disorders with otherwise distinct path-
ophysiology, like coronary artery disease,64,65 psoriasis,66,67 
and obstructive sleep apnea.68,69 Further basic neurosci-
ence efforts are needed to better understand these findings.
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Our study has several limitations. Antipsychotics may 
impact vascular measures better studied in medication-
naive individuals. Sex, smoking, and cardiovascular fac-
tors have not been robustly associated with Kw in our 
data or specifically explored in previous Kw literature, 
representing needed further research. Endothelial meas-
ures are typically associated with metabolic/cardiovas-
cular factors, and we may have only controlled for some 
potential confounds. Reduced FMD has been associ-
ated with smoking and obesity,30,70–73 thus we may expect 
some Kw and FMD effects despite no statistical evidence 
found in our cohort, possibly due to sample size limita-
tions. Although endothelial cells between peripheral and 
central vasculature share many similarities, distinctions 
exist32,74,75 and the study did not directly measure endo-
thelial functions at the BBB level. Kw likely registers 
many aspects of the neurovascular unit, not just the en-
dothelial cell, and thus the use of FMD may only cap-
ture one feature of a complicated, and not fully discerned 
system. Handedness was not accounted for, and the 
cross-sectional design limits causal explanations. Lastly, 
the modest sample size of this pilot study, although ade-
quately powered for the primary measure of whole-brain 
Kw, was underpowered to detect 99 brain regional anal-
ysis when fully corrected for multiple comparisons, and 
thus caution is required when interpreting regional spe-
cific findings in this more exploratory approach. Given 
the clinical importance, however, these findings encourage 
larger scaled, follow-up studies properly powered to in-
vestigate brain regions of interest, like the angular gyrus, 
that may contribute to symptomatic burdens commonly 
afflicting SSD populations.

In conclusion, this study demonstrated that com-
bining central water exchange imaging with peripheral 
endothelial function assessments provide non-invasive, in 
vivo tools for informing previously undetected cerebro-
vascular abnormalities in SSD. In conjunction with an 
association with negative symptoms, our findings sug-
gest neurovascular dysfunction may be a key target for 
novel therapeutic development. Finally, as endothelial 
dysfunctions are predictive of subsequent cardiovascular 
diseases, the endothelial and neurovascular BBB dysfunc-
tion hypothesis examined here may also be relevant to the 
increased risks for cardio-metabolic diseases that SSD 
patients disproportionally suffer.76
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