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BACKGROUND: Cerebral small vessel disease (SVD) causes up to 45% of dementias and 25% of ischemic strokes, but the 
understanding of vascular pathophysiology is limited. We aimed to investigate the contribution of pulsatility of intracranial 
arteries, veins, and cerebrospinal fluid (CSF) and cerebral blood flow to long-term imaging and clinical outcomes in SVD.

METHODS: We prospectively recruited participants in Edinburgh/Lothian, Scotland, with lacunar or nonlacunar ischemic stroke 
(modified Rankin Scale score ≤2, as controls) and assessed medical and brain magnetic resonance imaging characteristics 
at baseline and 1 year (2018–2022). We used phase-contrast magnetic resonance imaging to measure flow and pulsatility 
in major cerebral vessels and CSF to investigate independent associations with baseline white matter hyperintensity (WMH) 
and perivascular space (PVS) volumes and their progression, as well as with recurrent stroke, functional, and cognitive 
outcomes at 1 year. We applied linear, logistic, and ordinal regression models in our analysis.

RESULTS: We recruited 210 participants; 205 (66.8% male; aged 66.4±11.1 years) had useable data. In covariate-adjusted 
analyses, higher baseline arterial pulsatility was associated with larger volumes of baseline WMH (B=0.26 [95% CI, 0.08–
0.44]; P=0.01) and basal ganglia PVS (B=0.12 [95% CI, 0.04–0.20]; P<0.01) but not with their change at 1 year (WMH: 
B=0.01 [95% CI, −0.05 to 0.06]; P=0.78; basal ganglia PVS: B=0.02 [95% CI, −0.04 to −0.07]; P=0.62) or cognition, 
dependency, or recurrent stroke at 1 year. Neither cerebral blood flow nor CSF pulsatility was related to baseline SVD 
severity, WMH/PVS progression, or clinical outcomes at 1 year.

CONCLUSIONS: Associations between vascular/CSF pulsatility, cerebral blood flow, WMH/PVS, and clinical SVD features are 
complex. The lack of association between intracranial arterial, venous, or CSF pulsatility, cerebral blood flow, and WMH or 
PVS longitudinal change in this large, covariate-adjusted analysis questions the presumption that high intracranial vascular 
pulsatility causes SVD and its progression, consistent with other recent longitudinal studies. Intracranial pulsatility may differ 
from systemic vascular measures in their cause-pathogenic role(s) in SVD and should be considered separately.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Arterial stiffening is associated with several vascular 
pathologies, including stroke1 and cerebral small 
vessel disease (SVD).2 Arterial stiffness is increased 

by elastin loss, collagen replacement, and other factors,3 
reducing vessel compliance.4 The resulting higher pulsa-
tile stress can be measured in vivo using phase-contrast 
magnetic resonance imaging (PC-MRI) in larger blood 
vessels and may be transmitted to downstream blood 
vessels, causing tissue damage.5

Increased intracranial vessel pulsatility is associated 
with SVD.5–8 However, some studies show that neither 
cerebral blood flow (CBF)9 nor middle cerebral artery,10 
internal carotid arteries (ICAs),11 or small distal cerebral 
artery pulsatility11 predicts white matter hyperintensity 
(WMH) progression. An increase in systemic large artery 
stiffness, measured via carotid-femoral pulse wave veloc-
ity (PWV), was the only vascular factor that occurred 
before the progression of small vessel disease (SVD) or 
cognitive decline.12

Cerebrospinal fluid (CSF) dynamics are integral to intra-
cranial fluid physiology and can be assessed contempo-
raneously by PC-MRI, providing more information about 
brain compliance and fluid homeostasis.13 Animal models 
suggest that vessel pulsatility may modulate CSF flow, mix-
ing with interstitial fluid, and facilitate brain interstitial fluid 
and metabolic waste clearance via meningeal lymphatics.14

We aimed to examine cranial arterial,6 venous,8 and 
CSF15–17 flow and pulsatility and clarify their cross-
sectional and longitudinal associations with SVD burden 
and clinical outcomes. We examined how measures of 

intracranial vessel stiffness were associated with SVD 
severity on imaging at baseline and 1-year clinical out-
comes. We aimed to assess (1) how MRI-derived cere-
brovascular stiffness associates with concurrent SVD 
features and (2) if altered baseline blood/CSF flow and 
pulsatility predict more severe 1-year SVD burden, cog-
nitive decline, disability, or recurrent stroke or transient 
ischemic attack or incident infarcts on MRI.

METHODS
The prospective MSS3 (Mild Stroke Study 3; 
International Standard Randomised Control Trial Number 
[ISRCTN]:12113543) studies cross-sectional and longitudinal 
mechanisms, imaging, and clinical features of sporadic SVD.18 
Full details of participant recruitment, assessments, and follow-
up are published.18–20 Data underpinning this study and for the 
MSS3 in general are available upon written request to the cor-
responding author. In brief, we recruited patients with mild isch-
emic stroke (ie, nondisabling and modified Rankin Scale (mRS) 
score ≤2) of lacunar or nonlacunar (ie, minor cortical) ischemic 
stroke subtypes from National Health Service (NHS) Lothian, 
Scotland stroke services from 2018 to 2021 and followed 
them through 1 year (to 2022). Study recruitment and baseline 
assessment took place between August 2018 and October 
2021, while completion of 1-year follow-up was in October 
2022. The South East Scotland Research Ethics Committee 
(reference 18/SS/0044) approved the study, and all partici-
pants provided written informed consent. All patients received 
UK guideline stroke prevention therapies including antiplate-
let, lipid-lowering, and antihypertensive drugs as appropriate. 
Those with poorly controlled heart rates were excluded from the 
study. Data acquisition and image analysis were blind to pulsa-
tility/CBF measures, and all methods were validated.18,21–27 Per 
Stroke guidelines, we report against STROBE (Strengthening 
the Reporting of Observational Studies in Epidemiology).

We included the nonlacunar ischemic strokes as a compar-
ator group for the lacunar strokes because both lacunar and 
nonlacunar strokes all receive the same secondary prevention 
drugs and have similar vascular risk factors of hypertension, 
smoking, hyperlipidemia, and diabetes, and we wished to con-
trol for the effect that these drugs or common risk factors might 
have on the pulsatility (and other vascular function) measures. 
All strokes were assessed for severity of SVD (WMH, lacunes, 
perivascular space [PVS], microbleeds, atrophy, and summary 
SVD score).

At baseline, we recorded hypertension, diabetes, hyper-
cholesterolemia diagnosis, and smoking history. We assessed 
dependency (mRS)28 and cognition (Montreal Cognitive 
Assessment)29 at baseline and follow-up. We recorded any 
recurrent ischemic event (ie, new stroke/transient ischemic 
attack or MRI incident infarct) between baseline and follow-up.

We recorded supine blood pressure (BP) before baseline 
MRI and calculated pulse pressure as systolic BP minus dia-
stolic BP. We did not gather data on BP variation in this cohort 
as it was beyond the scope of this study.

Magnetic Resonance Imaging
All participants underwent diagnostic imaging at the initial stroke 
presentation. At 1 to 3 months poststroke (to avoid acute effects) 

Nonstandard Abbreviations and Acronyms

BG	 basal ganglia
BP	 blood pressure
CBF	 cerebral blood flow
CSF	 cerebrospinal fluid
CSO	 centrum semiovale
FVP	 flow volume pulsatility
ICA	 internal carotid artery
ICV	 intracranial volume
MRI	 magnetic resonance imaging
mRS	 modified Rankin Scale
MSS3	 Mild Stroke Study 3
OR	 odds ratio
PC	 phase contrast
PI	 pulsatility index
PTT	 pulse transit time
PVS	 perivascular space
PWV	 pulse wave velocity
ROI	 region of interest
SVD	 small vessel disease
WMH	 white matter hyperintensity
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and 1 year, we scanned participants using 3T MRI (MAGNETOM 
Prisma, Siemens Healthcare, Germany) with 3D T1w, T2w, 
fluid-attenuated inversion recovery, susceptibility-weighted 
imaging, and diffusion-weighted imaging (for full details,  
see Supplemental Methods and protocol article).18

At baseline only, we performed 3 separate 2D PC-MRI 
acquisitions to assess carotid arteries, venous sinuses, and CSF 
spaces (Figure 1A): one axial slice perpendicular to the exter-
nal carotid arteries and ICAs at the spine C2-3 level (repetition 
time/echo time [TR/TE]=19.6/5.8 ms; flip angle, 12°; spatial 
resolution, 1.0×1.0 mm2; temporal resolution, 39.2 ms; and 
venc=70 cm/s), one coronal slice bisecting the superior sagittal 
sinus, straight sinus, and transverse sinuses (TR/TE=21.7/6.6 
ms; flip angle, 12°; spatial resolution, 0.71×0.71 mm2; temporal 
resolution, 43.4 ms; and venc=50 cm/s), and one axial slice per-
pendicular to the C2-3 level spinal cord (TR/TE=25.2/8.5 ms; 

flip angle, 12°; spatial resolution, 0.83×0.83 mm2; temporal res-
olution, 50.4 ms; and venc=6 cm/s). We interpolated the phase 
images across 32 timeframes, covering the cardiac cycle, using 
retrospective cardiac gating, a well-established multicenter 
study and trial method.8,30,31

Image Analysis
Arterial, Venous, and CSF Flow Rates
We calculated the maximum PC-MRI signal magnitude across 
the cardiac cycle per pixel to help with vessel identification and 
drew regions of interest (ROIs) for the ICAs, vertebral arteries, 
internal jugular veins, superior sagittal sinus, straight sinus, and 
transverse sinuses lumens and subarachnoid CSF space at the 
foramen magnum using established methods.8,18 For each ves-
sel, we calculated pixel velocities per timeframe using in-house 

Figure 1. Measuring intracranial flow.
A, Phase-contrast magnetic resonance imaging slice locations: 1, an axial slice across the jugular veins, carotid, and vertebral arteries at C2-3 
level of the spine; 2, a coronal slice across the venous sinuses; and 3, an axial slice across the spinal cord at C2-3 level. B, Internal carotid artery 
blood flow (mL/s) across the cardiac cycle. The horizontal line indicates the mean flow. C, The cumulative integrated flow volume across the 
cardiac cycle, after subtraction of the mean flow rate from the flow waveform and shifted to set minimum volume to zero. D, Absolute arterial, 
venous, and cerebrospinal fluid (CSF) flow across the cardiac cycle. Arterial inflow is followed by a rise in venous outflow, and more rapid efflux of 
CSF, to maintain pressure equilibrium. As blood drains via the veins, CSF flow reverses. FVP indicates flow volume pulsatility.
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code (Matlab, version 9; MathWorks, Inc, United States), cor-
recting for background error by subtracting the mean velocity 
calculated across an ROI placed over nearby stationary tissue.32 
We multiplied velocities by pixel area and summed them to cal-
culate the blood flow rate in mL/s to obtain a flow waveform 
across the cardiac cycle (Figure 1B).

We calculated CBF (mL/min) as the mean inflow (ICAs and 
vertebral arteries) per minute, normalized to brain volume18 to 
provide CBF/min per 100-mL brain volume.8,18 We calculated 
the pulsatility index (PI) and the resistance index (RI) using 
modified Gosling33 and Pourcelot34 equations (PI=flowmax−
flowmin/flowmean; RI=flowmax−flowmin/flowmax; Figure 1B). We 
calculated combined arterial PI by summing flow waveforms 
across vertebral arteries and ICAs before using the equation. 
We calculated combined venous sinus PI as the mean of the PI 
values from each relevant vessel (summing waveforms was not 
appropriate due to them either being downstream of each other 
or originating from separate areas of the brain; Figure 1A). This 
was done for RI and flow volume pulsatility (FVP) also.

We calculated pulse transit time (PTT; a PWV indicator)8 
by normalizing the cardiac cycle to 1 second and calculating 
the time difference between peak ICA and downstream vessel 
flow.8,35 For subarachnoid CSF PTT, only peak caudal flow was 
considered, as it corresponds to arterial inflow.36 We excluded 
PTT measurements in cases where there was a difference in 
patient heart rate of >15 bpm between the relevant scans.

For blood flow volume analysis in all arteries and veins ROIs, 
we subtracted mean flow and plotted cumulative integration 
(Figure 1C). We calculated FVP (unitless) by subtracting mini-
mum from maximum volume change across the cardiac cycle 
(FVP=volumemax–volumemin).

5 We calculated net CSF flow by 
integrating the cranial (positive) and caudal (negative) flow val-
ues across the cardiac cycle, expressing net flow in mL/min,30 
and calculated peak CSF flow (mL/s) as the absolute maxi-
mum flow rate. We also calculated CSF stroke volume (mL), 
that is, average absolute flow volume.

Quantitative SVD Lesion Assessment
We used well-validated computational methods to mea-
sure baseline intracranial volume (ICV) and baseline and 
1-year brain, WMH, and PVS volumes.21–23 In brief, using 
FSL-FLIRT, we coregistered all scans to the T2-w image. We 
determined ICV computationally by brain extraction from the 
susceptibility-weighted image. To determine WMH volume, 
we used an established pipeline18,22,23 to apply intensity-based 
thresholding to the fluid-attenuated inversion recovery scan 
and excluded false positives around the choroid plexus, aque-
duct, third and fourth ventricles, using Freesurfer (https://
surfer.nmr.mgh.harvard.edu/). In addition, to exclude hyperin-
tensities unlikely to reflect pathology, we applied a lesion dis-
tribution probabilistic template to the thresholded images.23 We 
manually excluded index and old infarcts and normalized WMH 
volume as %ICV. PVS volumes (mL) were segmented from the 
T2-w image using an established filter-based approach23 in the 
basal ganglia (BG) and centrum semiovale (CSO) ROIs,21,23 
and reported as % ROI volume. All masks were checked by 
experienced image analysts (S.W. and M.C.V.-H.) specialized in 
SVD and stroke and checked by J.M.W. Viewing was performed 
in high-quality neuroradiological standard viewing software 
reviewing the diffusion, fluid-attenuated inversion recovery, 
T2, and susceptibility-weighted imaging to ensure accuracy of 

manual delineation of the acute and any old nonlacunar (corti-
cal) or small subcortical infarcts. We visually rated structural 
images using the STRIVE-1 criteria (Standards for Reporting 
Vascular Changes on Neuroimaging 1 ).25 We assessed peri-
ventricular and deep WMHs (Fazekas scale),26 BG and CSO 
PVS score,25 and the presence of microbleeds and lacunes to 
compute summary SVD score (0–4).27 Scores were rated by 4 
raters (X.L., J.Z., Y.C., and D.J.G.), and all readings were checked 
by an experienced neuroradiologist (J.M.W.).

Statistical Analysis
We performed all statistical analyses using R (version 3.6.1, 
Austria) in RStudio (version 1.2.5019, RStudio, Inc, United 
States). We assessed model diagnostics (histograms, QQ and 
heteroscedasticity plots, residual versus fitted values, and mul-
ticollinearity) to verify relevant assumptions. To give normally 
distributed residuals, we log10 transformed WMH (% ICV) and 
PVS (% ROI).

To assess factors associated with pulsatility, we used mul-
tivariable linear regression models, each with a flow/stiffness 
measure as the outcome and clinical features (ie, hypertension, 
diabetes, hypercholesterolemia diagnosis, and smoking history 
[ever/never] as predictors). To assess the relation of pulsatility 
measures to continuous imaging outcomes, we used flow/stiff-
ness measures as predictor variables and SVD-related mea-
sures as outcome variables. All linear models are reported as 
regression coefficient of interest (B), 95% CI, and P value.

For binary (eg, recurrent stroke/transient ischemic attack) 
and ordinal (eg, SVD score) outcomes, we used logistic regres-
sion models and reported odds ratios (ORs) and 95% CIs. 
While P values are reported for ordinal logistic models, note 
that their interpretation can be challenging.37 We grouped mRS 
categories with sparse data (scores, 2–5) to ensure there were 
sufficient data per category and satisfy the proportional odds 
assumption. As only 2 patients had died (ie, mRS score, 6) and 
composite outcomes including death may be problematic,38 we 
excluded them from mRS analyses.

To assess longitudinal relationships, we used the follow-up 
variable of interest as the outcome, with the baseline value as 
an additional covariate.

Models were adjusted for age, sex, systolic BP, and base-
line WMH volume/ICV %, consistent with previous work.30 For 
baseline cross-sectional pulsatility analysis, we used all avail-
able arterial and venous stiffness measures (PI, RI, PTT, and 
FVP) in separate regression models but only PI in longitudinal 
pulsatility analyses, following a similar study.11

We did not correct for multiple comparisons in this explor-
atory study but instead cautiously interpreted significance 
levels.

RESULTS
Population
We recruited 210 patients, of whom 205 (66.8% male; 
mean age, 66.4±11.1 years; Table 1) had usable base-
line PC-MRI flow data (Figure 2). Ten of 205 patients 
had partial flow data and 198 full baseline SVD imag-
ings. By 1 year, 2 patients had died, 186 of 203 attended 
follow-up assessment (mean, 380±37 days after 
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Table 1.  Patient Summary Statistics

Baseline demographic and imaging variables (overall N=205)

Demographic and health condition

 � Age, y; median (range) 68.07 (32.74–86.34)

 � Sex, male; N (%) 137 (66.83)

 � Hypertension, N (%) 141 (68.78)

 � Diabetes, N (%) 43 (20.98)

 � Hypercholesterolemia, N (%) 150 (73.17)

 � BP, mm Hg; mean±SD

  �  Systolic 149±20

  �  Diastolic 85±12

 � MABP, mm Hg 106±13

 � PP, mm Hg 64±19

 � Heart rate, bpm* 64±11

 � Time between index stroke and baseline assessment, d 61.09±20.64

 � Time between baseline and follow-up assessment, d 380.09±37.12

 � Smoking history, N (%)

  �  Never smoked 94 (45.85)

  �  Ever smoked 111 (54.15)

Cerebral blood flow, mean±SD

 � Total arterial flow, mL/min 582.95±108.52

 � Total arterial flow, mL/min per 100-mL brain volume 53.83±9.54

Pulsatility indices in brain vessels PI RI FVP

 � Internal carotid artery 1.15±0.38 0.64±0.11 1.04±0.42

 � Vertebral artery 1.26±0.38 0.68±0.11 0.47±0.25

 � Superior sagittal sinus 0.52±0.22 0.40±0.12 0.34±0.18

 � Straight sinus 0.46±0.18 0.36±0.11 0.08±0.04

 � Transverse sinus 0.52±0.21 0.40±0.12 0.51±0.26

 � Internal jugular vein 1.01±0.49 0.64±0.21 0.97±0.64

CSF flow and pulsatility measures

 � Net cervical CSF flow, mL/min† 2.23±5.32

 � Cervical CSF stroke volume, mL 0.55±0.30

 � Peak absolute cervical CSF flow, mL/s 2.46±1.33

Pulse transit times (relative to arterial peak), s‡

 � Superior sagittal sinus 0.15±0.10

 � Straight sinus 0.12±0.12

 � Transverse sinus 0.14±0.11

 � Internal jugular vein 0.15±0.13

 � Cervical CSF 0.06±0.09

Baseline and 1-y follow-up features Baseline 1-y follow-up

 � Quantitative brain and SVD-related measures

  �  Brain volume, mL 1084.78±125.38 1075.66±123.43

  �  ICV, mL 1610.30±153.86 Not measured

  �  WMH volume, mL 8.20 (0.64–118.13) 8.31 (0.79–129.23)

  �  Brain volume/ICV, % 67.34 (51.16–78.70) 66.27 (52.77–78.97)

  �  WMH/ICV, % 0.51 (0.04–6.37) 0.51 (0.04–6.74)

  �  BG PVS volume, mL 2.74 (0.50–8.78) 2.46 (0.68–10.82)

  �  BG PVS/ROI volume, % 4.86 (0.67–12.26) 4.89 (1.58–18.43)

  �  CSO PVS volume, mL 11.08 (0.75–52.48) 9.10 (0.71–51.49)

(Continued )
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baseline; 4 declined scans), and 17 were assessed via 
telephone/health records. For each analysis, we used all 
available data.

Due to heart rate differences of >15 bpm between 
pairs of PC-MRI acquisitions, we excluded 7 patients 

from arterial-venous sinus PTT analysis and 7 patients 
from arterial-CSF PTT analysis.

We report baseline demographics, PC-MRI, baseline 
and 1-year quantitative brain volumes, SVD burden, and 
cognitive and disability measures summary statistics in 

Baseline demographic and imaging variables (overall N=205)

  �  CSO PVS/ROI volume, % 3.39 (0.22–13.86) 3.87 (0.25–19.09)

  �  Total SVD score

   �   0 45 (21.95) 36 (20)

   �   1 38 (18.54) 41 (22.78)

   �   2 54 (26.34) 51 (28.33)

   �   3 40 (19.51) 31 (17.22)

   �   4 28 (13.66) 21 (11.67)

 � Cognition and disability

  �  MoCA score (maximum 30) 24.89±3.52 25.74±3.59

  �  mRS score 1.02±0.68 1.96±0.96

BG indicates basal ganglia; BP, blood pressure; CSF, cerebrospinal fluid; CSO, centrum semiovale; FVP, flow volume 
pulsatility; ICV, intracranial volume; MABP, mean arterial blood pressure; MoCA, Montreal Cognitive Assessment; mRS, 
modified Rankin Scale; PI, pulsatility index; PP, pulse pressure; PVS, perivascular spaces; RI, resistance index; ROI, region 
of interest; SVD, small vessel disease; and WMH, white matter hyperintensity.

*Calculated in 2 steps: mean heart rate across all phase-contrast scans per patient and then mean heart rate across 
all patients.

†For the CSF flow, a positive value indicates flow in the cranial direction, while a negative value indicates flow in the 
caudal direction.

‡Based on standardized 1-second cardiac cycles.

Table 1.  Continued

Figure 2. Patient flowchart for useable data.
Of the 210 patients recruited, 205 had partially complete flow data due to the reasons listed. We have shown the numbers of patients with data 
at baseline and follow-up visits. *Computational quantitative measurements, including brain volume. †One patient missing perivascular space 
(PVS) measurements due to a lack of a T2w scan. ‡One patient missed the microbleed assessment, and, therefore, SVD score, due to lack of 
susceptibility weighted imaging (SWI) scan. CSF indicates cerebrospinal fluid; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance 
imaging; mRS, modified Rankin Scale; NHS, National Health Service; PC, phase contrast; and SVD, small vessel disease.
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Table 1. Although not used in the analyses here, Fazekas 
and PVS scores are shown in Table S1.

Baseline Cross-Sectional Associations
In separate models, we found that patients with higher 
arterial PI tended to have more WMH (B=+0.260 [95% 
CI, 0.077–0.442]), BG PVS (B=+0.116 [95% CI, 0.038–
0.195]), and CSO PVS volume (B=+0.094 [95% CI, 
−0.017 to 0.206]; Table 2). Patients with higher arterial 
PI tended to be older and have higher pulse pressure, 
hypertension, and diabetes (Tables 3 and 4).

Mean venous sinus PI differed little with WMH, BG 
PVS, or CSO PVS volumes (eg, WMH: B=+0.138 [95% 
CI, −0.216 to 0.491]). Patients with higher mean venous 
sinus PI tended to be older, have higher pulse pressure, 
and be current/ex-smokers.

Patients with longer PTTs between the arteries 
and cervical CSF exhibited larger CSO PVS volumes 
(B=+0.559 [95% CI, 0.073–1.045]; Table 2), while cur-
rent/ex-smokers had shorter PTTs in the venous sinuses.

Where we found associations with PI, we generally 
found similar associations with RI (eg, WMH≈arterial 
RI: B=+0.929 [95% CI, 0.347–1.511]; Table 2), while 
higher FVPs associated with larger WMH volume (eg, 
WMH≈arterial FVP: B=+0.332 [95% CI, 0.104–0.559]) 
associations with PVS volumes were uncertain (eg, 
BG PVS≈arterial FVP: B=+0.070 [95% CI, −0.030 to 
0.171]).

We found limited evidence of associations between 
CBF and any structural SVD-related measure (eg, 
WMH≈CBF: B=+0.003 [95% CI, −0.004 to 0.009]; 
Table 2), but current/ex-smokers had higher CBF 
(Table 3).

We found little association between CSF flow or pul-
satility measures and structural SVD features (Table 2).

Longitudinal Outcomes
We did not find definite associations between 1-year 
SVD burden and baseline arterial PI, venous sinus PI, 
total CBF, or CSF measures (Table 5; Figure 3), for 
example, 1-year WMH≈arterial pulsatility: B=+0.008 
(95% CI, −0.048 to 0.064). However, we found weak 
associations between higher 1-year BG PVS volume and 
both lower CBF (B=−0.002 [95% CI, −0.004 to 0.000]) 
and higher net foramen magnum CSF flow (B=+0.002 
[95% CI, −0.001 to 0.006]). Patients with higher 1-year 
WMH volume tended to have higher CSF peak flow 
(B=+0.012 [95% CI, −0.001 to 0.025]).

We found limited associations between baseline vas-
cular flow/pulsatility measures and 1-year clinical out-
comes (eg, 1-year mRS≈arterial PI: OR, 1.068 [95% CI, 
0.472–2.643]), cognition (eg, 1-year Montreal Cognitive 
Assessment≈arterial PI: B=−0.106 [95% CI, −1.443 
to 1.230]), or recurrent ischemic events (eg, recurrent 

event≈arterial PI: OR, 1.196 [95% CI, 0.454–3.168]; 
Table 5). However, patients who had a recurrent ischemic 
event had lower baseline venous sinus PI (OR, 0.125 
[95% CI, 0.015–0.897]), lower CSF stroke volume (OR, 
0.300 [95% CI, 0.110–0.794]), and lower peak CSF flow 
associated with worse 1-year mRS (OR, 0.757 [95% CI, 
0.605–0.941]).

DISCUSSION
We investigated potential cross-sectional and longitu-
dinal relationships between intracranial arterial, venous, 
and CSF flow and pulsatility measures, baseline and 
1-year SVD features, and clinical outcomes. We found 
that patients with higher arterial stiffness had larger 
baseline WMH and PVS volumes but only limited asso-
ciations between pulsatility measures and 1-year imag-
ing or clinical outcomes.

Intracranial Vascular Stiffness Measures
Cross-Sectional
Patients with larger WMH and PVS volumes had higher 
arterial pulsatility across several stiffness measures 
(PI, RI, and, for WMH volume, FVP), reflecting recent 
cross-sectional SVD studies.5,8 PIs of cerebral arteries 
have previously been shown to have a positive associa-
tion with carotid-femoral PWV in healthy older adults,39 
which itself is positively associated with cross-sectional 
and longitudinal SVD severities.40 Arterial pulsatility and 
WMH/PVS burden associations may partially reflect 
a coassociation with age but remain after age adjust-
ment.41 Previously, higher arterial FVP, but not PI, was 
reported to be strongly associated with higher WMH vol-
ume.5 However, 4D PC-MRI sacrifices spatiotemporal 
resolution for acquisition volume42 versus 2D PC-MRI; 
hence, a greater partial volume effect in 4D PC-MRI 
may change the waveform, potentially explaining the 
disparity.43

Unlike previous findings,8,30 we saw little association 
between venous sinus PI and SVD features. Hypotheses 
put forward include systolic arterial expansion producing 
pressure waves within the CSF spaces that are trans-
mitted to the venous sinuses and increased capillary 
pulsatility (due to deficient dampening in the arteries) 
transmitted to the veins through blood flow. Increased 
venous sinus pulsatility may result from poor dampening 
upstream of the capillaries.

Intracranial PTT showed little relation to WMH vol-
ume, reflecting previous findings.8 We saw longer 
arterial-CSF PTTs in patients with larger CSO PVS vol-
umes, suggesting a possible link between altered pulse 
propagation through the brain and enlarged PVS. Intra-
cranial PTTs encompass several vascular beds and pos-
sess lower temporal resolution than PWV, which may 
measure propagation more accurately.44 When assessing 
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PTT, simultaneous measurement of vessels is prefer-
able (as this allows for a true, synchronized snapshot 
of waveform propagation, avoiding errors introduced by 
temporal changes), but, due to flow velocity differences 
that affect the selection of velocity encoding, this was 
not technically viable using available PC-MRI methods. 
Our exclusion from PTT analysis of patients with notable 
heart rate disparities between sequences and normal-
izing cardiac cycles to 1 second should mitigate this 
limitation.

Stronger associations between arterial pulsatility and 
BG versus CSO PVS volume are consistent with previous 
findings,8,45 perhaps as BG PVS more strongly relates to 
higher BP/pulse pressure45 or due to their proximity to 
larger blood vessels.

Longitudinal
Neither baseline arterial nor venous pulsatility is asso-
ciated with 1-year SVD score, WMH, or PVS volume, 
despite clear SVD burden changes, including WMH 
volume increases and decreases. Previous studies that 

found higher PWV with WMH progression46,47 measured 
PWV in large systemic not intracranial arteries as mea-
sured here.

Intracranial vessel pulsatility showed no clear asso-
ciations with 1-year cognitive function or dependency. 
Greater 1-year decreases in cognitive function after 
acute stroke/transient ischemic attack were previously 
associated with increased middle cerebral artery but 
not ICA pulsatility (4D PC-MRI; N=89).5 We did, sur-
prisingly, find that patients with lower baseline venous 
sinus and CSF pulsatility had higher 1-year odds of a 
recurrent ischemic event. Lower venous and CSF pul-
satility could relate to impaired brain waste clearance, 
which could be associated with a worse disease bur-
den and, therefore, a greater risk of stroke. The role 
of venous and CSF pulsatility in brain health requires 
further investigation.

While several cross-sectional studies6 found clear 
associations between higher pulsatility and worse SVD, 
mirroring our cross-sectional results, large longitudinal 
studies are scarce. Our findings are consistent with a 

Table 2.  Regression Coefficients From Multivariable Baseline Analysis: Features of Cerebral Small Vessel Disease

Predictor variable (in separate 
models*)

Outcome variable

Log10 WMH vol/ICV† Log10 basal ganglia PVS vol/ROI Log10 centrum semiovale PVS vol/ROI

B 95% CI P value B 95% CI P value B 95% CI P value

Arterial CBF, mL/min per 100-mL 
brain volume

0.003 −0.004 to 0.009 0.383 0.000 −0.003 to 0.003 0.84 0.001 −0.003 to 0.005 0.77

Pulsatility indices in brain vessels

 � Arterial PI 0.260 0.077 to 0.442 0.006 0.116 0.038 to 0.195 0.004 0.094 −0.017 to 0.206 0.096

 � Arterial RI 0.929 0.347 to 1.511 0.002 0.400 0.153 to 0.647 0.002 0.272 −0.089 to 0.633 0.14

 � Arterial FVP 0.332 0.104 to 0.559 0.004 0.070 −0.030 to 0.171 0.17 0.030 −0.111 to 0.171 0.68

 � Venous sinus PI 0.138 −0.216 to 0.491 0.44 −0.011 −0.166 to 0.143 0.88 −0.147 −0.363 to 0.070 0.18

 � Venous sinus RI 0.258 −0.344 to 0.861 0.40 −0.006 −0.268 to 0.256 0.96 −0.188 −0.556 to 0.180 0.32

 � Venous sinus FVP 0.091 −0.332 to 0.514 0.67 −0.059 −0.242 to 0.125 0.53 −0.200 −0.456 to 0.057 0.13

 � IJV PI 0.057 −0.066 to 0.180 0.36 0.031 −0.021 to 0.082 0.25 0.020 −0.053 to 0.093 0.59

 � IJV RI 0.222 −0.072 to 0.515 0.14 0.073 −0.052 to 0.198 0.25 0.040 −0.135 to 0.215 0.65

 � IJV FVP 0.040 −0.055 to 0.135 0.40 0.012 −0.028 to 0.053 0.54 0.011 −0.045 to 0.067 0.69

CSF flow and pulsatility measures

 � Net cervical CSF flow, mL/min −0.003 −0.015 to 0.008 0.58 0.002 −0.003 to 0.007 0.54 0.000 −0.007 to 0.007 0.89

 � Cervical CSF stroke volume, 
mL

0.108 −0.102 to 0.317 0.31 0.030 −0.059 to 0.120 0.51 0.031 −0.095 to 0.156 0.63

 � Peak cervical CSF flow, mL/s 0.035 −0.011 to 0.082 0.13 0.008 −0.012 to 0.028 0.42 0.008 −0.020 to 0.036 0.57

PTT, s

 � SSS −0.224 −0.825 to 0.378 0.46 −0.044 −0.299 to 0.212 0.74 −0.192 −0.552 to 0.167 0.29

 � StS −0.127 −0.661 to 0.407 0.64 0.002 −0.224 to 0.227 0.99 0.113 −0.205 to 0.430 0.49

 � TS −0.251 −0.809 to 0.306 0.38 −0.124 −0.359 to 0.112 0.30 −0.225 −0.586 to 0.076 0.13

 � IJV 0.015 −0.450 to 0.480 0.95 0.020 −0.178 to 0.217 0.84 0.090 −0.186 to 0.366 0.52

 � Cervical CSF 0.612 −0.203 to 1.426 0.14 0.253 −0.100 to 0.606 0.16 0.559 0.073 to 1.045 0.024

CBF indicates cerebral blood flow; CSF, cerebrospinal fluid; FVP, flow volume pulsatility; ICV, intracranial volume; IJV, internal jugular vein; PI, pulsatility index; PTT, 
pulse transit time; PVS, perivascular space; RI, resistance index; ROI, region of interest; SSS, superior sagittal sinus; StS, straight sinus; TS, transverse sinus; and WMH, 
white matter hyperintensity.

*All models adjusted for age, sex, systolic blood pressure, and WMH/ICV %.
†Adjusted for age, sex, and blood pressure only. P values were reported to 2 significant figures up to 3 decimal places.
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recent smaller study in N=122 healthy older subjects, 
suggesting that higher pulsatility does not predict 5-year 
WMH and PVS growth.11 Indeed, a converse relationship 
was found although we cannot substantiate this due to 
lacking longitudinal pulsatility measurements.

Cerebral Blood Flow
We found sparse evidence of associations between 
CBF and SVD features though lower baseline CBF is 
weakly associated with larger 1-year PVS volume. While 
associations between CBF and longitudinal PVS vol-
ume change have not been explored previously to our 
knowledge, previous large-scale systematic reviews48,49 
reported small studies showing cross-sectional associa-
tions between CBF and WMHs that attenuated in larger 
studies.49 The few longitudinal studies mostly found that 
high WMH volumes predicted low CBF longitudinally,9,49 
suggesting that low CBF is a consequence, not a cause, 
of SVD-related damage, generally consistent with our 
findings.

Estimating global CBF from the combined inter-
nal carotid and vertebral arterial inputs has limitations 
because it cannot account for contributions from other, 
small arteries. However, it is a reasonable proxy mea-
sure of global CBF that enables comparisons across 
the cohort when applied in a consistent manner, as 
done here. Other methods to measure CBF also have 
limitations; for example, for ASL, labeling efficiency can 
vary in patients with vascular changes, and many meth-
ods exclude the posterior fossa, thereby underestimat-
ing total CBF. Several studies have previously assessed 
regional CBF associations with vascular pathology,49 with 
results indicating no clear cross-sectional relationship 
between WMH volume and CBF in normal-appearing 
white matter or gray matter, while lower CBF in the peri-
ventricular WMH penumbra was associated with WMH 
growth in healthy older participants. Therefore, it was not 
our intention here to measure regional CBF, which would 
be difficult to relate to arterial or venous pulsatility mea-
sures but to provide a global measure of CBF as a back-
ground setting for the pulsatility measures. In addition, 

Table 3.  Regression Coefficients From Multivariable Baseline Analysis: Age, Pulse Pressure, and Smoking History

Outcome variable  
(in separate models*)

Predictor variable

Age, y† Pulse pressure Smoking history‡

B 95% CI P value B 95% CI P value B 95% CI P value

Pulse pressure 0.437 0.297 to 0.576 <0.001 NA 3.377 0.626 to 6.129 0.016

Arterial CBF, mL/min per 100-mL 
brain volume

0.064 −0.068 to 0.196 0.34 0.012 −0.119 to 0.143 0.86 3.527 0.934 to 6.119 0.008

Pulsatility indices in brain vessels

 � Arterial PI 0.009 0.005 to 0.014 <0.001 0.011 0.007 to 0.015 <0.001 0.050 −0.041 to 0.140 0.28

 � Arterial RI 0.002 0.001 to 0.004 0.001 0.003 0.001 to 0.004 <0.001 0.022 −0.006 to 0.051 0.12

 � Arterial FVP 0.005 0.001 to 0.008 0.013 0.006 0.002 to 0.009 0.001 0.104 0.032 to 0.175 0.005

 � Venous sinus PI 0.007 0.004 to 0.009 <0.001 0.007 0.005 to 0.009 <0.001 0.052 0.005 to 0.098 0.029

 � Venous sinus RI 0.004 0.003 to 0.005 <0.001 0.004 0.003 to 0.005 <0.001 0.032 0.005 to 0.059 0.022

 � Venous sinus FVP 0.003 0.001 to 0.005 0.001 0.005 0.003 to 0.006 <0.001 0.036 −0.003 to 0.075 0.071

 � IJV PI 0.003 −0.003 to 0.010 0.33 0.007 0.000 to 0.014 0.036 0.224 0.089 to 0.360 0.001

 � IJV RI 0.001 −0.002 to 0.004 0.43 0.002 0.000 to 0.005 0.098 0.097 0.041 to 0.153 0.001

 � IJV FVP −0.001 −0.010 to 0.008 0.75 0.006 −0.003 to 0.015 0.17 0.246 0.070 to 0.422 0.006

CSF flow and pulsatility measures

 � Net cervical CSF flow, mL/min 0.027 −0.049 to 0.102 0.49 0.025 −0.050 to 0.010 0.51 0.581 −0.927 to 2.088 0.45

 � Cervical CSF stroke volume, mL −0.004 −0.008 to 0.000 0.049 0.006 0.002 to 0.010 0.004 0.000 −0.082 to 0.082 0.99

 � Peak cervical CSF flow, mL/s −0.019 −0.037 to 0.000 0.047 0.029 0.011 to 0.047 0.002 0.033 −0.337 to 0.403 0.86

PTT, s

 � SSS 0.000 −0.002 to 0.001 0.67 −0.001 −0.002 to 0.001 0.37 −0.036 −0.065 to −0.008 0.014

 � StS −0.001 −0.002 to 0.001 0.37 −0.001 −0.002 to 0.001 0.49 −0.036 −0.068 to −0.003 0.031

 � TS 0.000 −0.002 to 0.002 0.96 0.000 −0.002 to 0.001 0.63 −0.031 −0.062 to 0.001 0.06

 � IJV 0.000 −0.001 to 0.002 0.64 0.000 −0.001 to 0.002 0.71 0.006 −0.031 to 0.043 0.77

 � Foramen magnum CSF 0.000 −0.001 to 0.001 0.61 −0.001 −0.002 to 0.000 0.040 −0.012 −0.034 to 0.009 0.27

BP indicates blood pressure; CBF, cerebral blood flow; CSF, cerebrospinal fluid; FVP, flow volume pulsatility; ICV, intracranial volume; IJV, internal jugular vein; PI, 
pulsatility index; PTT, pulse transit time; RI, resistance index; SSS, superior sagittal sinus; StS, straight sinus; TS, transverse sinus; and WMH, white matter hyperintensity.

*All models adjusted for age, sex, systolic blood pressure, and WMH/ICV %.
†Adjusted for sex, systolic BP, and WMH/ICV % only.
‡Binary variable: never smoked vs ever smoked; B represents change with smoking. P values were reported to 2 significant figures up to 3 decimal places.
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normalizing each participant’s CBF measurement to their 
brain volume accounted for differences in brain size and 
atrophy, enabling more accurate comparisons.

CSF Measures
We found some associations between worse mRS, 
lower CSF stroke volume, and peak flow (potentially 
due to a link between impaired brain waste clearance 
affecting cognition), but CSF flow and pulsatility gener-
ally showed little association with SVD features (except 
as below). Enlarged PVSs suggest sluggish interstitial 
fluid movement, but exact mechanisms remain unclear. 
The lack of associations is consistent with some pre-
vious findings8,17 but not others.15,16 One previous 
study16 used amplitude transfer functions to describe 
CSF pulse waves, which could explain the difference. 
We previously found that CSF stroke volume and PVS 
score were weakly associated but did not assess PVS 
volume.30

We found a 2.23-mL/s net foramen magnum CSF 
flow rate cranially, perhaps due to measurement errors, 

pathology, or net CSF movement to drainage pathways 
primarily exiting from the skull (cribriform plate, meningeal, 
perivascular, and perineural).50 Interestingly, we found a 
small trend between higher peak CSF flow and larger 
1-year WMH volume, while lower CSF stroke volume 
and peak flow were associated with higher 1-year mRS 
score, suggesting that CSF dynamics may be associated 
with SVD-related dependency. Animal models exhibit a 
relationship between CSF, brain interstitial fluid flow, and 
waste clearance,14 but the exact relationship in humans 
and possible links with SVD remain undetermined.

Strengths and Weaknesses
Strengths of this study include the large (>200) sample, 
highly phenotyped clinically, for baseline and 1-year SVD 
features using well-established methods, assessing PVS 
and WMH, contemporaneous arterial, venous and CSF 
flow analyses, multiple vessel stiffness/pulsatility mea-
sures, clinical outcomes, and a relevant control group 
that accounts for medication. Currently, this is the larg-
est such longitudinal study. We did not include a healthy 

Table 4.  Regression Coefficients From Multivariable Baseline Analysis: Hypertension, Diabetes, and Hypercholesterolemia

Outcome variable  
(in separate models*)

Predictor variable

Hypertension Diabetes Hypercholesterolemia

B 95% CI P value B 95% CI P value B 95% CI P value

Arterial CBF, mL/min per 100-
mL brain volume

−0.811 −3.810 to 2.189 0.60 0.618 −2.741 to 3.976 0.72 0.141 −2.814 to 3.096 0.93

Pulsatility indices in brain vessels

 � Arterial PI 0.145 0.044 to 0.247 0.005 0.152 0.038 to 0.266 0.009 0.056 −0.046 to 0.158 0.28

 � Arterial RI 0.039 0.007 to 0.070 0.018 0.042 0.006 to 0.077 0.022 0.017 −0.014 to 0.049 0.29

 � Arterial FVP 0.051 −0.032 to 0.133 0.23 0.106 0.014 to 0.198 0.024 0.015 −0.067 to 0.097 0.72

 � Venous sinus PI 0.018 −0.035 to 0.071 0.51 0.011 −0.048 to 0.070 0.72 0.028 −0.024 to 0.081 0.29

 � Venous sinus RI 0.010 −0.021 to 0.041 0.53 0.009 −0.026 to 0.043 0.63 0.018 −0.013 to 0.049 0.25

 � Venous sinus FVP 0.022 −0.022 to 0.066 0.33 0.011 −0.038 to 0.061 0.66 0.015 −0.029 to 0.059 0.51

 � IJV PI 0.017 −0.141 to 0.175 0.83 0.029 −0.148 to 0.206 0.75 0.011 −0.145 to 0.167 0.89

 � IJV RI 0.012 −0.054 to 0.078 0.72 0.000 −0.074 to 0.073 0.99 0.001 −0.064 to 0.065 0.99

 � IJV FVP 0.079 −0.125 to 0.283 0.45 0.212 −0.015 to 0.438 0.067 −0.016 −0.217 to 0.186 0.88

CSF flow and pulsatility measures

 � Net cervical CSF flow −0.004 −1.722 to 1.714 1.00 −0.692 −2.603 to 1.219 0.48 −1.469 −3.149 to 0.210 0.086

 � Cervical CSF stroke volume −0.069 −0.162 to 0.024 0.15 0.013 −0.091 to 0.117 0.80 0.019 −0.073 to 0.111 0.69

 � Peak cervical CSF flow −0.135 −0.555 to 0.285 0.53 0.211 −0.257 to 0.678 0.38 0.146 −0.269 to 0.560 0.49

PTT, s

 � SSS −0.009 −0.043 to 0.024 0.58 −0.009 −0.047 to 0.028 0.62 −0.024 −0.057 to 0.008 0.15

 � StS 0.005 −0.033 to 0.042 0.80 −0.047 −0.089 to −0.006 0.026 −0.028 −0.064 to 0.009 0.14

 � TS −0.020 −0.056 to 0.015 0.27 −0.023 −0.063 to 0.017 0.26 −0.025 −0.060 to 0.011 0.17

 � IJV 0.016 −0.026 to 0.058 0.45 −0.013 −0.060 to 0.034 0.60 −0.018 −0.059 to 0.024 0.40

 � CSF −0.010 −0.039 to 0.019 0.51 0.014 −0.013 to 0.042 0.30 0.002 −0.023 to 0.026 0.90

CBF indicates cerebral blood flow; CSF, cerebrospinal fluid; FVP, flow volume pulsatility; IJV, internal jugular vein; PI, pulsatility index; PTT, pulse transit time; RI, resis-
tance index; SSS, superior sagittal sinus; StS, straight sinus; and TS, transverse sinus.

*All models adjusted for age, sex, systolic blood pressure, and white matter hyperintensity/intracranial volume %. P values were reported to 2 significant figures up to 
3 decimal places.
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control group because it would not account for medi-
cation effects, or comorbidities, and would add little2; 
instead, we recruited patients with nonlacunar strokes as 
controls for lacunar (SVD) stroke and a broad range of 
disease burdens. Weaknesses include the lack of follow-
up PC-MRI and the limited PC-MRI spatial and temporal 
resolutions, meaning that only a limited number of ves-
sels could be assessed, in particular smaller, penetrating 
vessels were not examined. Longer follow-up duration 
may be needed to detect some SVD-related outcomes 
and should include regional CBF measures. In the future, 
we may explore the relationship between pulsatility and 
BP variation and analyze structural images over longer 
follow-up periods.

Conclusions
Despite clear cross-sectional associations between pul-
satility and SVD, neither baseline intracranial arterial, 
venous, or CSF pulsatility nor CBF had major effects on 
1-year clinical or imaging outcomes. As a recent smaller 
study with longer follow-up suggested, pulsatility and 
stiffness may result from, rather than cause, SVD dam-
age. Imaging in early SVD stages may be needed to 
identify predictive pulsatility measures. Further research 
should assess the order of these changes, whether pul-
satility differs between patients with SVD progression 
versus regression, and how we may intervene in SVD 
progression.

Table 5.  Adjusted Regression Analyses for SVD-Related Volumes at 1 Year

Predictor variable at 
baseline (in sepa-
rate models*)

Outcome variable at 1-y follow-up

Log10 WMH vol/ICV
Log10 basal ganglia PVS vol/
ROI

Log10 centrum semiovale 
PVS vol/ROI Brain tissue volume, mL

B 95% CI
P 
value B 95% CI

P 
value B 95% CI

P 
value B 95% CI

P 
value

Arterial CBF 0.001 −0.001 
to 0.003

0.38 −0.002 −0.004 
to 0.000

0.082 −0.001 −0.004 
to 0.001

0.27 0.201 −0.134 to 
0.535

0.24

Pulsatility indices in brain vessels

 � Arterial PI 0.008 −0.048 
to 0.064

0.78 0.015 −0.044 
to 0.074

0.62 −0.004 −0.082 
to 0.073

0.91 1.774 −8.270 to 
11.818

0.73

 � Venous sinus PI −0.083 −0.190 
to 0.024

0.13 −0.012 −0.127 
to 0.104

0.84 −0.016 −0.169 
to 0.137

0.83 10.559 −10.964 
to 32.082

0.33

CSF flow and pulsatility measures

 � Net cervical CSF 
flow

0.001 −0.002 
to 0.004

0.63 0.002 −0.001 
to 0.006

0.14 0.002 −0.002 
to 0.006

0.39 −0.556 −1.167 to 
0.054

0.074

 � Cervical CSF 
stroke volume

0.041 −0.018 
to 0.099

0.17 −0.035 −0.097 
to 0.028

0.27 −0.016 −0.100 
to 0.067

0.71 −8.983 −2.812 to 
20.777

0.14

 � Peak cervical CSF 
flow

0.012 −0.001 
to 0.025

0.081 −0.004 −0.018 
to 0.010

0.56 0.000 −0.019 
to 0.018

0.96 1.894 −0.729 to 
4.518

0.16

Predictor variable 
at baseline (in 
separate models*)

Outcome variable at 1-y follow-up

Summary SVD score mRS score MoCA score
Recurrent ischemic event 
(Y/N)

OR 95% CI
P 
value OR 95% CI

P 
value B 95% CI

P 
value OR 95% CI

P 
value

Arterial CBF 1.012 0.973 to 
1.052

0.54 0.991 0.961 to 
1.022

0.57 −0.029 −0.074 
to 0.015

0.19 1.003 0.969 to 
1.038

0.86

Pulsatility indices in brain vessels

 � Arterial PI 1.044 0.317 to 
3.448

0.94 1.068 0.427 to 
2.643

0.89 −0.106 −1.443 
to 1.230

0.88 1.196 0.454 to 
3.168

0.72

 � Venous sinus PI 0.240 0.024 to 
2.306

0.22 1.971 0.347 to 
11.259

0.44 −0.034 −2.679 
to 2.610

0.80 0.125 0.015 to 
0.897

0.045

CSF flow and pulsatility measures

 � Net cervical CSF 
flow

1.008 0.940 to 
1.080

0.82 0.977 0.930 to 
1.025

0.34 0.019 −0.056 
to 0.094

0.62 0.967 0.910 to 
1.026

0.27

 � Cervical CSF 
stroke volume

1.666 0.473 to 
5.915

0.43 0.300 0.110 to 
0.794

0.017 0.080 −1.399 
to 1.559

0.92 0.104 0.399 to 
3.627

0.74

 � Peak cervical CSF 
flow

1.045 0.791 to 
1.382

0.75 0.757 0.605 to 
0.941

0.013 0.039 −0.287 
to 0.364

0.81 1.078 0.846 to 
1.374

0.54

CBF indicates cerebral blood flow; CSF, cerebrospinal fluid; ICV, intracranial volume; MoCA: Montreal Cognitive Assessment; mRS, modified Rankin Scale; OR, odds 
ratio; PI, pulsatility index; PVS, perivascular space; ROI, region of interest; SVD, small vessel disease; and WMH, white matter hyperintensity.

*All models adjusted for age, sex, baseline systolic blood pressure, baseline WMH/ICV %, and baseline measurement of the outcome variable. WMH and PVS volumes 
were reported as % of ICV and ROIs, respectively.
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