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Background: Small vessel disease (SVD) is highly prevalent in the elderly and associated with an increased risk of
dementia and stroke. SVD may have disturbed cerebrospinal fluid (CSF) flow, which can compromise waste
clearance and accelerate disease progression.

Methods: We retrospectively included 146 SVD patients from a prospectively collected dataset, with one- or two-
year follow-up data in 61 patients. The coupling strength between the global blood-oxygen-level-dependent
(gBOLD) signal and CSF inflow was used to reflect CSF dynamics. We performed regression analyses to inves-
tigate the association between the gBOLD-CSF coupling index and the severity of SVD and vascular risk factors.
Longitudinal analysis was carried out to investigate causal relationships.

Results: Patients with severe SVD had significantly decreased gBOLD-CSF coupling (p = —0.180, p = 0.032).
Dilation of perivascular spaces in the basal ganglia area (p = —0.172, p = 0.033) and diabetes (p = —0.204, p =
0.014) were associated with reduced gBOLD-CSF coupling. In longitudinal analyses, diabetes was associated with
faster decline in gBOLD-CSF coupling (f = 0.20, p = 0.039), while perivascular space (PVS) dilation in the
centrum semiovale showed a opposite relationship (p = —0.20, p = 0.041). The gBOLD-CSF coupling could not
predict SVD progression.

Conclusion: Altered CSF flow is associated with the severity of SVD.

1. Introduction

Small vessel disease (SVD) is common in elders. It is associated with
a>2-fold increased risk of stroke (Wardlaw et al., 2013a) and nearly 50
% of dementia worldwide (Bos et al., 2018). Nevertheless, the preven-
tion and treatment of SVD are facing difficulties due to its unclear
pathological mechanisms (Bath and Wardlaw, 2015; Pantoni, 2010).
Recent studies showed that impairment of the glymphatic system may
contribute to the initiation and progression of SVD (Benveniste and
Nedergaard, 2021; Zhang et al., 2021). As an upstream process,
abnormal cerebrospinal fluid (CSF) flow could also lead to impaired
waste clearance. In subjects with CSF circulation disorders, fluid stag-
nation can lead to severe brain damage and clinical symptoms (Bothwell

etal., 2019; Eide et al., 2021). One study in SVD showed that altered CSF
stroke volume at the foramen magnum was related to disease severity
(Blair et al., 2020). However, this mechanism still needs further vali-
dation, especially from longitudinal analyses.

Interestingly, fluctuations in global cerebral blood volume due to
low-frequency (<0.1 Hz) intrinsic vasomotor contractions or neural
activities can cause large CSF flow (Fultz et al., 2019), which is believed
to be due to intracranial pressure changes. This phenomenon could be
detected in vivo by measuring the coupling between global blood volume
(reflected by global blood-oxygen-level-dependent signal, gBOLD) and
CSF inflow (reflected by inflow-related image enhancement) (Fultz
et al., 2019). Studies confirmed that this gBOLD-CSF coupling exists
either during sleep (Fultz et al., 2019) or wakefulness (Yang et al.,
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2022), and it has a much larger effect on CSF inflow compared to cardiac
pulsation during wakefulness (Yang et al., 2022). Furthermore, altered
coupling was found to be closely associated with pathological markers
and clinical functions in patients with Parkinson’s’ disease (Han et al.,
2021a) and Alzheimer’s disease (Han et al., 2021b).

In the present study, we aim to investigate: (1) the association be-
tween SVD severity (including specific vascular factors) and gBOLD-CSF
coupling; (2) the association between gBOLD-CSF coupling and cogni-
tive impairments; (3) whether baseline gBOLD-CSF coupling could
predict SVD progression and vice versa. We expect that gBOLD-CSF
coupling would be associated with more severe SVD and cognitive
decline.

2. Methods
2.1. Ethics approval

The study protocols were approved by the ethics committee of the
2nd Affiliated Hospital, Zhejiang University School of Medicine. All
clinical investigation was conducted according to the principles
expressed in the Declaration of Helsinki. All participants signed
informed consent on admission.

2.2. Participants

We retrospectively reviewed the data of consecutive SVD patients
(defined as the presence of lacunes and/or WMH on MRI) admitted to
the neurology department of our hospital. The main reasons for referral
to the hospital were acute (e.g. transient ischemic attack and stroke
presenting with lacunar syndrome) or subacute symptoms of SVD (e.g.
headache, cognitive and/or gait disturbances). The imaging data of
patients with acute lacunar infarct were acquired at least six months
after onset. The patients were invited to come back for yearly follow-
ups. In this retrospective study, the inclusion criteria were as follows:
(1) age > 40; (2) having complete multi-modal MRI data, including T1-
weighted (T1W) images, axial T2 fluid-attenuated inversion recovery
(T2 FLAIR) images, susceptibility-weighted images (SWI) and resting-
state functional MRI (rsfMRI) images; (3) having cognitive assess-
ments. Exclusion criteria were as follows: (1) any other imaging evi-
dence of preexisting structural brain lesion (hemorrhage, cerebral
trauma, cerebrovascular malformation, brain tumors, etc.); (2) diag-
nosed with other neurological or psychiatric diseases.

2.3. Vascular risk factor assessment

Demographic and clinical information was collected from all sub-
jects, including age, sex, history of alcohol drinking, smoking status,
diabetes mellitus, hypertension, hyperlipidemia, and hyper-
homocysteinemia. Smoking and drinking status were determined ac-
cording to the subjects’ self-report. Diabetes mellitus was defined as the
presence of any of the following: fasting serum glucose > 7.0 mmol/L or
postprandial 2 h plasma glucose > 11.1 mmol/L or having a previous
history of diabetes. Hypertension was defined as the presence of any of
the following: systolic blood pressure > 140 mmHg or diastolic pressure
> 90 mmHg measured twice in quiet conditions or having a self-reported
history of hypertension. Hyperlipidemia was defined as self-reported
hyperlipidemia, or treatment with anti-dyslipidemia medication, fast-
ing total cholesterol > 5.2 mmol/l, or low-density lipoprotein > 3.36
mmol/l. Hyperhomocysteinemia was defined as the presence of any of
the following: fasting plasma total cysteine concentration > 15 mmol/L
or having a self-reported history of Hyperhomocysteinemia.

2.4. Neuropsychological assessment

Neuropsychological assessments were performed for all subjects
(Supplemental materials eTable 1), covering global cognition (Montreal
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cognitive assessment, MoCA; mini-mental state examination, MMSE),
executive function (Digit Symbol Substitution Test, DSST; Trail Making
Test A, TMTA; Trail Making Test B, TMTB) and short-term memory
(Digital Span Test, DST).

2.5. Image acquisition

All patients were scanned on a 3.0 Tesla MR scanner (General Elec-
tric Medical System, Discovery MR 750). TIW images, axial T2 FLAIR
images (November 2013 — August 2020), 3D T2 FLAIR images (August
2020 - December 2020), SWI, and rsfMRI images were acquired. The
T1W images were acquired with a 3D fast spoiled gradient-echo
sequence, and the parameters were: TR = 7.3 ms; TE = 3.0 ms; flip
angle = 8°; Inversion time (TT) = 450 ms; field of view = 250*250 mrnz;
voxel size = 0.98%0.98*1mm?>; 164 sagittal slices. The parameters of
axial T2 FLAIR were: TR = 8400 ms; TE = 150 ms; IR = 2,100 ms; field of
view = 240*240 mm?; voxel size = 0.47*0.47*4 mm?>; 36 axial slices.
The 3D T2 FLAIR images were acquired using a CUBE sequence: the
parameters were: TR = 5000 ms; TE = 128 ms; IR = 1612 ms; field of
view = 256*256 mm?; voxel size = 1*1*1mm?; 176 sagittal slices. The
SWI images were acquired using a 3D gradient echo sequence, the pa-
rameters were: TR = 33.8 s; first TE = 4.5 s; 8 echoes; flip angle = 20°;
field of view = 240*240 mm?; voxel size = 0.47*0.47*2mm°; 60 axial
slices. The rsfMRI was acquired using a gradient recalled echo/echo
planar imaging sequence, the parameters were: TR = 2 s; TE = 30 ms;
180 volumes; flip angle = 77°; field of view = 240%240 mm?; voxel size
= 3.75*3.75*4mm>,; slice gap = 1 mm; 38 axial slices. The patients were
asked to close their eyes and avoid sleep during the scan, confirmed
afterward.

2.6. Assessment of SVD markers

All imaging markers of SVD were defined according to the Standards
for Reporting Vascular Changes on Neuroimaging (STRIVE) (Wardlaw
et al., 2013b). Lacunes were defined as round or ooid hypointense le-
sions on T1W images with corresponding hypointense lesions with a
hyperintense rim on FLAIR images ranging from 3 to 15 mm. Cerebral
microbleeds were classified as small, round, or ovoid hypointense le-
sions on SWI. Dilated perivascular spaces (dPVS) were defined as round,
oval, or linear-shaped lesions with a signal intensity equal to CSF on
T1W images, and we also examined FLAIR images to distinguish them
from chronic lacunar infarcts. The severity of dPVS in the basal ganglia
(BG) and centrum semiovale (CSO) areas was rated using a previously
established 4-points scoring method (Zhu et al., 2011). White matter
hyperintensity (WMH) was graded according to the Fazekas scale.

The volume of WMH was quantified by automatic segmentation
using the Lesion Segmentation Tool toolbox (https://www.applied-stat
istics.de/Ist.html) based on Statistical Parametric Mapping 12. To
avoid the possible bias caused by different voxel sizes, we reconstructed
the 3D FLAIR images and 2D FLAIR images to the same spatial resolution
of 1*1*4 mm?® and used the lesion prediction algorithm (LPA) (Schmidt,
2017, chap. 6.1) to perform lesion segmentation. The automatically
created WMH mask images were then visually inspected and manually
corrected by YZ. WMH was normalized (WMH,m,) by ICV (calculated
using CAT12, https://neuro-jena.github.io/cat/) to remove the effect of
head size.

Finally, we calculated the SVD total score to reflect the overall dis-
ease burden. One score was awarded for any of the following conditions:
one or more lacunars, one or more microbleeds, moderate to severe
(grades 2 ~ 4) dPVS in the basal ganglia area (msBG-PVS), periven-
tricular WMH Fazekas 3 (extending into the deep white matter) and/or
deep WMH 2 ~ 3 (early confluent or confluent)(Staals et al., 2014).
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2.7. Coupling between gBOLD signal and CSF signal analysis

2.7.1. fMRI image preprocessing

All rsfMRI data were preprocessed with using the Data processing &
Analysis of Brain Imaging toolbox (DPABI, version 6.0, https://rfmri.
org/dpabi) based on the Statistical parametric Mapping 12 (SPM12;
www.fil.ion.ucl.ac.uk/spm). The first 10 rsfMRI volumes were discarded
to allow for the magnetization to reach a steady state. The remaining
images were corrected for timing differences in slice acquisition and
realigned for head motion. Then we removed the linear temporal trends
and performed spatial smooth using a 4 mm full width at half maximum
kernel. Then temporal filtering (band-pass filter, 0.01-0.1 Hz) was
applied.

The realigned fMRI data were then skull-stripped and registered to
the 152-brain Montreal Neurological Institute (MNI-152) space using
FLIRT (linear registration) in FSL (FMRIB Software Library, v6.0, https
://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). The transformation matrix was
saved for further analysis. Quality checks were performed to ensure the
accuracy of co-registration by one rater (YZ). We skipped the routine
nuisance regression of global signal, CSF signal, and motion parameters
to avoid loss of crucial hemodynamic information, as demonstrated by a
recent study (Fultz et al., 2019).

2.7.2. Definition of regions of interest (ROID)

Consistent with previous studies (Fultz et al., 2019; Han et al., 2021a,
2021b), the ROI of the cortical gray matter was defined based on the
Harvard-Oxford cortical structural atlases. To avoid registration-
induced signal loss, we transformed the ROI in the MNI-152 space
back to each subject’s imaging space. The ROI for measuring CSF inflow
was defined on the bottom slices of fMRI images (near the bottom of the
cerebellum), because they were most sensitive to the CSF inflow effect
(Fultz et al., 2019). We manually drew the CSF ROIs on functional im-
ages, and its anatomic location was further confirmed on T1 images,
which were co-registered with functional images (Fig. 1).

2.7.3. Calculation of the coupling between gBOLD signal and CSF signal
The CSF signals were extracted from the images before smoothing,
and the gBOLD signals were extracted from the images before normal-
ization, as described in previous studies (Han et al., 2021a,b). The time
series were first Z-normalized and then spatially averaged across all
voxels within the ROL Cross-correlation between the gBOLD signal and
CSF signal was computed using MATLAB. We set the BOLD signal as the
reference and calculated the maximal cross-correlation over a range of
time lags (—20 s to 20 s) for each patient. BOLD oscillations were
demonstrated to be earlier than CSF flow oscillations (Piechnik et al.,
2009), and the CSF signal had a strong anticorrelatio n with gBOLD
signal at positive lag times (Fultz et al., 2019; Han et al., 2021a,b). We
used the maximal anticorrelation for quantifying the strength of gBOLD-
CSF coupling. To demonstrate that the oscillation of CBV would lead to

38 slices
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the CSF inflow, we calculated the cross-correlation between the negative
derivative of the gBOLD signal and the CSF signal like in previous
studies. Because the coupling index was negative, to help better un-
derstand the result, the opposite of gBOLD-CSF coupling was used in
further analyses. Therefore, a larger gBOLD-CSF coupling reflects a
better association between glo bal brain activity and CSF flow.

2.7.4. Validation of the coupling index

To verify the credibility of the gBOLD-CSF coupling, we shuffled the
gBOLD time series and CSF time series randomly across patients and
calculated the coupling index. It was repeated 10,000 times to build a
null distribution function. Finally, the p-value was calculated from the
percentiles of this null distribution (Han et al., 2021a,b).

To investigate the potential effect of head motion on the calculation
of the gBOLD-CSF coupling, we used framewise displacement, a com-
posite index measuring translational and rotational motions (Yoo et al.,
2005), to quantify individual head motion. Arousal fluctuation may also
confound the gBOLD-CSF coupling to a large extent. To assess its in-
fluence, we calculated the standard deviation (SD) of the gBOLD signal
to quantify arousal fluctuation. Previous studies have shown that a large
value suggests a drowsy and sleepy state (Wong et al., 2013).

2.8. Statistical analysis

Statistical analysis was performed with the Statistical Package of
Social Science (IBM SPSS Statistics 25). To avoid the influence of out-
liers, we excluded subjects who had a framewise displacement index or
drowsy index of more than three standard deviations. The whole group
was divided into two groups (SVD-light and SVD-severe group) ac-
cording to the median SVD total score. Kolmogorov-Smirnov test was
performed to assess data normality.

Firstly, to explore the associations between the gBOLD-CSF coupling
and possible confounding factors (age, sex, framewise displacement, and
drowsy index), we used Spearman’s correlation analysis for continuous
data and Student’s t-test for binary variables.

Secondly, we aimed to investigate the association between the
gBOLD-CSF coupling and SVD features. (1) Group difference in the
gBOLD-CSF coupling was examined using a multiple linear regression
model controlling for age and sex. (2) We investigated the association
between vascular risk factors and gBOLD-CSF coupling (model 1). To
identify the variables with independent contributions, we used multiple
regression analysis with variable selections (forward and backward). We
set the vascular risk factors (hypertension, diabetes, hyperlipemia,
hyperhomocysteinemia, alcohol drinking, and smoking), age, and sex as
independent variables, and set the gBOLD-CSF coupling as the depen-
dent variable. (2) Then we investigated the association between SVD
imaging markers and gBOLD-CSF coupling (model 2). The model was
the same as model 1, except that we changed the vascular risk factors to
SVD imaging markers (WMHjo.m, presence of microbleeds, presence of

CSF flow

Fig. 1. The region for extracting CSF signal. (A) Example of scanning localization. The functional images were acquired from bottom to top (interleaved), with a total
of 38 slices covering the whole brain. (B) and (C) were the bottom slice of the axial TIW and rsfMRI images. The red area was used to extract the CSF signal. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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lacunes, and presence of msBG-PVS).

Thirdly, we examined the relationship between the gBOLD-CSF
coupling and cognitive assessments. Similarly, we constructed linear
regression models with each cognitive assessment score set as the
dependent variable and the gBOLD-CSF coupling as the independent
variable, controlling for age, sex, and education. Education was addi-
tionally included because it has an influence on both brain status and
cognitive functions. As there were six cognitive domains, multiple
comparison correction using the false discovery rate method was
applied.

Finally, we analyzed the longitudinal data to investigate possible
causal relationships between the gBOLD-CSF coupling and SVD markers.
We examined: (1) whether baseline SVD imaging markers or vascular
risk factors could predict the change of the gBOLD-CSF coupling over
time, controlling for age, sex, and baseline coupling. Specifically, we
calculated coupling_diff = (Coupling paseline — Coupling foowup)/time
(year) to reflect its change rate. (2) whether baseline gBOLD-CSF
coupling could predict SVD progression, controlling for age, sex, and
baseline SVD features. The progression of lacunes or microbleeds was
defined by the number of newly occurred lesions. The change in the PVS
score was calculated by subtracting the follow-up score from the base-
line score. The growth rate of WMH, WMH,e,, was calculated by the
equation: WMHgey = (WMHnorm_followup - WMHnorm_baseline)/ time (year)~
(3) The relationship between WMHgey and coupling diff. Similarly,
multiple linear regression models were employed, with age, sex, and
baseline gBOLD-CSF coupling included as covariates.

In all regression models, we used the variance inflation factor (VIF)
to monitor multicollinearity. The VIFs should be < 10 for the models to
be valid.

3. Results
3.1. Demographics and SVD characteristics

We excluded one and three subjects due to drowsy state and severe
head motion, respectively. Therefore, 146 participants went into final
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data analyses. Demographic and clinical data at baseline were reported
in Table 1. The median age was 67 years, and 66 (45.2 %) were female.
The median duration of education was 8 years. Among all subjects, 91
(62.3 %) had hypertension, 24 (16.4 %) had diabetes, 18 (12.3 %) had
hyperlipidemia, 17 (11.6 %) had hyperhomocysteinemia, 28 (19.2 %)
had a history of drinking and 39 (26.7 %) were smokers.

The whole sample was divided into SVD-light (SVD total score < 2, n
= 77) and SVD-severe (SVD total score > 2, n = 69) according to the
median SVD total score (Table 1). The differences between the sub-
groups were shown in Table 1. Compared with the severe group, the
light group had lower age (p = 0.006) and less hypertension (p < 0.001).
The severe group had a more frequent presence of lacunes and micro-
bleeds (p < 0.001), as well as higher BG-PVS scores and larger WMH,rm,
(p < 0.001).

A total of sixty-one participants had follow-up data. Compared with
the those without longitudinal data (eTable 2), they had a younger age
(p = 0.04), smaller WMH, o, (p = 0.01) and better execution functions
(DSST, p = 0.02; TMTA, p = 0.04). At follow-up, thirteen subjects had
new microbleeds, and four subjects had new lacunes. There was no
change in BG-PVS and CSO-PVS scores (supplementary files eTable 3).

3.2. Validation of the CSF-gBOLD coupling

We found that there was a significant cross-correlation between the
gBOLD signal and CSF signal for all participants. The gBOLD signal was
significantly coupled to the CSF signal (p < 0.001 in all subjects; group
mean r = —0.344; group mean lag = 6 s). Meanwhile, the negative first-
order derivative of gBOLD signal were strongly correlated to the CSF
signal (p < 0.001 in all subjects; group mean r = —0.245, group mean
lag = —2s). As shown in a representative subject (Fig. 2), the CSF signal
peaks often appeared during the fast-declining period of the gBOLD
signal and lagged behind the gBOLD signal. In this subject, the most
negative cross-correlation between the gBOLD and CSF signal is around
6 s lag (Fig. 2. B,r = —0.562, p < 0.001). Meanwhile, the max positive
cross-correlation between the negative first-order derivative of the
gBOLD signal and CSF signal is around —2s lag (Fig. 2. C,r = 0.512, p <

Table 1
Demographic, clinical and imaging data of baseline.

SVD-total (n = 146) SVD-light (n = 77) SVD-severe (n = 69) P value
Clinical profiles
Age, y, median (IQR) 67 (61-73) 66 (57-71) 69 (63-75) 0.006
Female, n (%) 66 (45.2) 39 (50.6) 27 (39.1) 0.163
Education, y, median (IQR) 8 (3.7-11) 8(3-12) 7 (4-7) 0.804
Alcohol drinking, n (%) 28 (19.2) 13 (16.5) 15 (22.5) 0.117
Smoking, n (%) 39 (26.7) 17 (21.5) 25 (35.2) 0.059
Hypertension, n (%) 91 (62.3) 36 (46.8) 55 (79.7) <0.001
Diabetes, n (%) 24 (16.4) 9(11.7) 15 (21.7) 0.113
Hyperlipidemia, n (%) 18 (12.3) 8 (10.1) 10 (14.5) 0.455
Hyperhomocysteinemia, n (%) 17 (11.6) 4(5.1) 13 (18.8) 0.006
Cognitive assessments
MMSE, median (IQR) 28 (23-29) 28 (25-29) 26 (22-28) 0.097
MOCA, median (IQR) 23 (17-26) 24 (19-27) 22 (15-25) 0.078
DSB, median (IQR) 10 (8-12) 11 (9-12) 9 (7-11) 0.011
DSST, mean (SD) 25 (15) 29 (15) 20 (13) 0.001
TMTA, second, median (IQR) 72.2 (46-98.5) 72.4 (48-95) 70 (44-117) 0.482
TMTB, second, mean (SD) 116 (81.4) 115 (69) 118 (94.4) 0.865
Radiological profiles
Presence of lacunes, n (%) 74 (50.7) 9(11.49) 65 (94.2) <0.001
Presence of cerebral microbleeds, n (%) 62 (425) 11 (13.9) 51 (73.9) <0.001
CSO-PVS, median (IQR) 2(1-3) 2(1-3) 2(1-3) 0.610
BG-PVS, median (IQR) 3(2-3) 2(2-3) 3(2-3) <0.001
WMH;0rm 0.009 (0.003-0.018) 0.003 (0.001-0.008) 0.017 (0.009-0.029) <0.001
Coupling, mean (SD) 0.344 (0.157) 0.376 (0.178) 0.309 (0.122) 0.008

Pp value < 0.05 was considered significant in comparison of the two subgroups (SVD-light vS SVD-severe).
Statistical results are reported as mean (standard deviation, SD) if the original data follows a normal distribution, otherwise as median (interquartile range, IQR).
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patterns to Fultz’s study (Fultz

3.3. Association between the gBOLD-CSF coupling and possible
confounders

Correlations between the gBOLD-CSF coupling and head motion (r =
—0.099, p = 0.23) and drowsiness index (r = 0.024, p = 0.77) were not
significant. The gBOLD-CSF coupling was negatively correlated with the
age (r = —0.180, p = 0.03). There was no significant difference between
the females and males (p = 0.89).

3.4. Association between the gBOLD-CSF coupling and vascular features

After controlling for age and sex, we found that lower gBOLD-CSF
coupling was associated with severe SVD (f = —0.180, p = 0.032).
Regarding the contribution of individual SVD markers, the presence of
severe msBG-PVS was independently associated with lower gBOLD-CSF
coupling (B = —0.172, p = 0.03, R? = 8.3 %), while other SVD markers
were excluded from the model. For vascular risk factors, only the pres-
ence of diabetes was related to lower gBOLD-CSF coupling (p = —0.200,
p = 0.014, Table 2).

3.5. Association between the gBOLD-CSF coupling and cognition

As shown in Table 3, controlling for age, sex, and education, higher
gBOLD-CSF coupling was significantly related to better DSST perfor-
mance (f = 0.148, p = 0.038). There was no correlation between the
gBOLD-CSF coupling and other cognitive assessments. The associations
did not survive multiple comparison corrections.

Table 2
Associations between risk factors and SVD biomarkers and coupling.
p value 95 %CI P value
Age —0.207 —0.006, 0.001 0.011
Sex 0.048 —0.033, 0.063 0.545
Diabetes —0.200 —0.138, 0.016 0.014
msBG-PVS —0.172 —0.176, 0.008 0.033

Abbreviations: msBG-PVS, moderate to severe (grades 2 ~ 4) dPVS in the basal
ganglia area

350

) 1euis 14}
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Fig. 2. Example of gBOLD-CSF coupling. (A) The gBOLD signal and CSF signal
extracted from a representative subject showed synchronized trends in signal
fluctuations. CSF inflow peaks often appeared during the fast-declining period of
the gBOLD signal (dashed vertical lines). (B) The cross-correlation between
gBOLD and CSF signals was the strongest at around 6 s. (C) The negative de-
rivative of the gBOLD signal was also closely coupled to the CSF signal. The
maximum was around —2s. Gray dashed lines in (B) and (C) represent the 95 %
confidence interval of the null distribution. gBOLD signal: global blood-oxygen-
level-dependent signal.

Table 3
Associations between cognitive assessments and Coupling.
Coupling
B value® 95 %CI P value®
MMSE 0.052 —5.555, 10.510 0.544
MOCA 0.058 —4.940, 10.688 0.465
DSB 0.052 —2.707, 5.204 0.534
DSST 0.148 0.830, 27.759 0.038
TMTA 0.059 —42.489, 92.820 0.463
TMTB —0.04 —99.5, 60.0 0.625

P value® < 0.05 are considered significant in multiple regression analysis
adjusting for age, sex and education.

A higher TMTA/TMTB score indicates worse executive ability. For the rest of the
cognitive assessments (MMSE, MOCA, DSB, DSST), a higher test score indicates
better cognitive performance.

3.6. Longitudinal associations

Presence of diabetes at baseline was associated with a greater
decrease in coupling (p = 0.20, p = 0.039, R? = 51.5 %), and baseline
CSO-PVS score was associated with lower coupling_diff (§ = —0.200, p
= 0.041, Table 4). (2) There was no significant association between the
baseline gBOLD-CSF coupling and WMHgey (f = 0.066, p = 0.387). (3)
There was no significant association between the coupling diff and
WMHgey (B = —0.135, p = 0.279). Because there was almost no change
in other SVD markers, they were not analyzed.

Table 4
Associations between risk factors and baseline SVD biomarkers and
coupling_diff.

p value 95 %CI P value
Coupling 0.628 0.503, 0.962 0.000
Age —-0.117 —0.006, 0.002 0.249
Sex —0.164 -0.129, 0.010 0.093
Diabetes 0.201 0.177, 0.159 0.039
CSO-PVS —0.199 —0.001, 0.329 0.041

Abbreviations: CSO-PVS, centrum semiovale perivascular space.
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4. Discussion

The present study explored the relationship between SVD and
gBOLD-CSF coupling, a marker of CSF flow possibly linked to glym-
phatic clearance. We found that patients with severe SVD had reduced
gBOLD-CSF coupling compared to mild cases. Decreased gBOLD-CSF
coupling was found to be associated with advanced age, the presence
of msBG-PVS, and the presence of diabetes. Higher gBOLD-CSF coupling
was associated with better DSST performance. Furthermore, the pres-
ence of diabetes was significantly associated with a faster decline of
gBOLD-CSF coupling, while the dilation of CSO-PVS showed the oppo-
site effect. These findings may provide useful evidence for understand-
ing the mechanism of SVD and improving clinical treatment.

Previously, most studies used phase-contrast MRI to investigate CSF
flow (Blair et al., 2020; Eide et al., 2021). Recent functional brain im-
aging studies show that the drop of cerebral blood flow (CBF) and the
related vacuum effect play a stunning role in CSF influx (Fultz et al.,
2019), in agreement with the Monro-Kellie doctrine of constant intra-
cranial volume (Mokri, 2001). The phenomenon has also been
confirmed by a study using near-infrared spectroscopy (Borchardt et al.,
2021). This mechanism may play a critical role in the sleep-related
enhancement of CSF inflow (Fultz et al., 2019) and the occurrence of
post-stroke edema (Mestre et al., 2020). Importantly, one recent study
showed that in healthy awake participants, the low-frequency oscilla-
tions of gBOLD still largely outperform cardiac pulsatility——another
important driving force (Yang et al., 2022). They suggested that vaso-
motion is the central physiology that underlies this processing. Notably,
this phenomenon cannot be detected by traditional phase-contrast MRI
due to its low temporal resolution.

We found that severe SVD patients had reduced gBOLD-CSF
coupling. Many vascular and brain alterations could contribute to this
abnormality, and we may get helpful information from the association
between gBOLD-CSF coupling and each factor. Among all the SVD im-
aging markers, reduced coupling was associated with the dilation of BG-
PVS, a marker consistently reported in imaging studies of SVD (Francis
et al., 2019). Located downstream of CSF flow, the dPVS may reflect
increased flow resistance and compensatory changes, as suggested by
previous reviews (Brown et al., 2018; Wardlaw et al., 2020). Therefore,
this may indicate coherent structural-functional changes linked by hy-
drokinetic principles. However, in longitudinal analysis, the dilation of
CSO-PVS was associated with a slower decline in the coupling index. The
reason for this inconsistency still needs further investigation.

Diabetes was associated with decreased gBOLD-CSF coupling and a
faster gBOLD-CSF coupling decline rate. Indeed, previous studies found
that diabetes was associated with both hydrocephalus (Rasanen et al.,
2020) and SVD progression (Bernbaum et al., 2015). Our results further
support their associations. It has been shown that advanced glycation
end products (AGEs) related to diabetes might play crucial roles in this
process (Rhee and Kim, 2018). The AGEs could promote inflammation
and BBB destruction (Fishel et al., 2005) and cause PVS remodeling by
releasing excess vascular endothelial growth factors (Jiang et al., 2017).
In addition, diabetes may damage vascular smooth muscle cells (Nieves-
Cintron et al., 2021), leading to impaired v asomotion (Emerson and
Segal, 2000) and decreased CSF driving forces.

Unexpectedly, hypertension was not associated with gBOLD-CSF
coupling. It is possible that this coupling index is more sensitive to
changes in temporal dynamics rather than amplitudes. Indeed, pulse-
wave velocity rather than systolic blood pressure was found to be
closely related to BOLD signal variance (Hussein et al., 2020). Although
diabetes and hypertension could both impede fluid motion, their im-
pacts on CSF hydrokinetics are distinct (Benveniste and Nedergaard,
2021). Further studies are needed to verify this result and to understand
the exact pathophysiology.

The association between gBOLD-CSF coupling and cognitive per-
formance was weaker than common SVD markers, and none of the re-
sults survived multiple comparison corrections. This could be
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understood because CSF circulation is a weak contributor to brain
degeneration in most cases, except for severe hydrocephalus. Therefore,
its association with behavioral changes might be weaker than paren-
chymal imaging markers, which reflect brain damage directly related to
cognitive functions.

Several limitations of our study should be considered. Firstly, the
sample size is relatively small and therefore would lead to statistical
selection bias and lower power, especially in the longitudinal dataset.
Although we invited subjects for annual follow-up indiscriminately, only
a small part of them came back and the younger patients were more
willing to participate, especially under the influence of the COVID-19
pandemic. These results still need to be validated in larger samples
with longer follow-up times. Secondly, the association between the
gBOLD-CSF coupling and cognitive assessments did not survive multiple
comparison corrections and needs to be considered when interpreting
the results. Thirdly, the spatial and temporal resolution of the fMRI data
was not as high as in the original Fultz’s study (Fultz et al., 2019).
Nevertheless, this is not a severe issue due to: (1) The mechanism behind
the gBOLD-CSF coupling during awake was suggested to be vasomotion
(Yang et al., 2022), which has a period of about 20 s. Therefore, the 2-
seconds TR is acceptable. (2) The whole gray matter was a large area,
and the extracted BOLD signals were relatively robust to partial volume
effect. On the other hand, the intensity of the CSF signal depends on the
inflow effect but not on adjacent static tissues. Indeed, previous studies
(Han et al., 2021a,b) using similar TRs (2 or 3 s) and voxel size suc-
cessfully verified the gBOLD-CSF coupling and found its association with
clinical features. Future studies utilizing multi-band data acquisition
methods may provide better spatial specificity and more accurate
coupling measurement. Fourthly, the fMRI data were acquired during
the awake state when the coupling strength is relatively weak. Per-
forming a study during the sleep state may provide more robust results.
Finally, the association between gBOLD-CSF coupling and glymphatic
clearance still needs further validation.
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