
RESEARCH ARTICLE
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Objective: High cerebral arterial pulsatility index (PI), white matter lesions (WMLs), enlarged perivascular spaces (PVSs),
and lacunar infarcts are common findings in the elderly population, and considered indicators of small vessel disease
(SVD). Here, we investigate the potential temporal ordering among these variables, with emphasis on determining
whether high PI is an early or delayed manifestation of SVD.
Methods: In a population-based cohort, 4D flow MRI data for cerebral arterial pulsatility was collected for 159 partici-
pants at baseline (age 64–68), and for 122 participants at follow-up 5 years later. Structural MRI was used for WML and
PVS segmentation, and lacune identification. Linear mixed-effects (LME) models were used to model longitudinal
changes testing for pairwise associations, and latent change score (LCS) models to model multiple relationships among
variables simultaneously.
Results: Longitudinal 5-year increases were found for WML, PVS, and PI. Cerebral arterial PI at baseline did not predict
changes in WML or PVS volume. However, WML and PVS volume at baseline predicted 5-year increases in PI. This was
shown for PI increases in relation to baseline WML and PVS volumes using LME models (R ≥ 0.24; p<0.02 and
R ≥ 0.23; p<0.03, respectively) and LCS models (β = 0.28; p = 0.015 and β = 0.28; p = 0.009, respectively). Lacunes
at baseline were unrelated to PI.
Interpretation: In healthy older adults, indicators of SVD are related in a lead–lag fashion, in which the expression of
WML and PVS precedes increases in cerebral arterial PI. Hence, we propose that elevated PI is a relatively late manifes-
tation, rather than a risk factor, for cerebral SVD.
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Introduction
Cerebral small vessel disease (SVD) is characterized by
dysfunction in cerebral arterioles, capillaries, and venules.1

SVD is estimated to contribute to cognitive decline in
approximately half of dementia cases, but its pathophysiology

is poorly understood.1, 2 Magnetic resonance imaging (MRI)
features attributed to SVD include white matter lesions
(WML), dilated perivascular spaces (PVSs), lacunar infarcts,
microinfarcts, and microbleeds.1, 3 These imaging biomarkers
are widely present in the population, where they develop

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.26475

Received Feb 23, 2022, and in revised form Aug 1, 2022. Accepted for publication Aug 1, 2022.

Address correspondence to Vikner, Department of Radiation Sciences, Umeå University, SE 901 87 Umeå, Sweden.
E-mail: tomas.vikner@umu.se or Dr Wåhlin, Department of Applied Physics and Electronics, Umeå University, SE 901 87 Umeå, Sweden.

E-mail: anders.wahlin@umu.se

From the 1Department of Radiation Sciences, Umeå University, Umeå, Sweden; 2Umeå Center for Functional Brain Imaging (UFBI), Umeå University, Umeå,
Sweden; 3Department of Clinical Science, Neurosciences, Umeå University, Umeå, Sweden; 4Department of Statistics, USBE, Umeå University, Umeå,
Sweden; 5Center for Lifespan Psychology, Max Planck Institute for Human Development, Berlin, Germany; 6Max Planck, UCL Centre for Computational
Psychiatry and Ageing Research, Berlin, Germany; 7Max Planck, UCL Centre for Computational Psychiatry and Ageing Research, London, UK; 8Ageing

Research Center, Karolinska Institutet and Stockholm University, Stockholm, Sweden; 9Department of Integrative Medical Biology (IMB), Umeå University,
Umeå, Sweden; and 10Department of Applied Physics and Electronics, Umeå University, Umeå, Sweden

© 2022 The Authors. Annals of Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 871
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution
and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.

https://orcid.org/0000-0003-3181-785X
https://orcid.org/0000-0002-8603-9453
mailto:tomas.vikner@umu.se
mailto:anders.wahlin@umu.se
http://creativecommons.org/licenses/by-nc/4.0/


with aging and the accumulation of vascular risk factors.2, 4

Recently, the cerebral arterial pulsatility index (PI), a measure
sensitive to large-artery stiffness and downstream microvascu-
lar resistance, has also been suggested as a potential bio-
marker that reflects early alterations in SVD.1, 5

Observing whether elevated cerebral arterial
pulsatility is an early or delayed manifestation of SVD is
necessary to inform models on SVD pathophysiology.
One potential chain of events is that age-related arterial
stiffness, with concomitant increases in arterial pulsatility,
may lead to cerebral microvascular damage.6 In animal7

and in vitro8 studies, excessive pulsatility is followed by
endothelial dysfunction and blood–brain barrier (BBB)
breakdown, which could contribute to SVD1. Alterna-
tively, relationships between microvascular damage and
pulsatility may be reciprocal. SVD is characterized by stiff-
ening, increased tortuosity, and narrowing of the lumen of
vessels1 – factors that in turn could increase microvascular
resistance and elevate arterial PI. Hence, increased PI is
potentially a late manifestation of SVD.

Longitudinal examinations of these issues are limited
to transcranial ultrasound studies and investigations of
whether baseline pulsatility predicts changes in WML vol-
ume.9, 10 Hence, previous studies have not examined the
possibility that PVS and WML progression could co-occur
with, or precede, increases in cerebral arterial pulsatility.
The technique 4D flow MRI offers time-resolved 3D
velocity encoding and angiographic imaging of the whole
brain in a single scan.11, 12 Semi-automatic post-
processing methods using centerline processing schemes13,
14 have made 4D flow feasible for investigating arterial
stiffness and pulsatility in major15, 16 as well as small

cerebral arteries.17, 18 By using such post-processing, age-
sensitive metrics of pulsatility can be obtained simulta-
neously over the cerebral vasculature.16, 17

Here, we investigate longitudinal relationships (lead–
lag and change-change) between 4D flow MRI measures
of cerebral arterial pulsatility, WML volume and PVS vol-
ume across 5 years, as well as lacune status at baseline, in
a population-based cohort followed over the years where
cerebrovascular changes typically debut.

Materials and Methods
Participants
The current study analyzed data from a sub-cohort of the Cognition,
Brain, and Aging (COBRA) study.19 Participants were randomly
selected from the population registry in Umeå, Sweden. The study was
conducted in accordance with the Declaration of Helsinki and approved
by the Regional Ethical board of Umeå, Sweden. Written informed
consent was provided from all participants prior to any testing.

COBRA is a prospective aging study for which healthy indi-
viduals (n = 181; Mini-Mental State Examination [MMSE] score
≥ 27) in the ages 64–68 years underwent baseline assessments of
brain, cognition, health, and lifestyle during 2012–2014.19 Out of
these, 70% returned for a 5-year follow up (n = 129). Exclusion
criteria at baseline included traumatic brain injury, symptomatic
stroke, dementia, intellectual disability, epilepsy, psychiatric and
neurological disorders, diabetes, certain medications that can alter
cognitive performance, severe visual or auditory impairment, claus-
trophobia, and poor Swedish language skills.

The MRI images were evaluated by a neuroradiologist for
presence of structural abnormalities (tumors, hemorrhages, signs
of strokes). Hypertension status (including the prescription of
antihypertensive agents) was determined from clinical routine
examinations only. Table 1 shows observed data at baseline.

TABLE 1. Descriptive statistics of the observed data

Full sample Returnees Dropouts Selectivity rT 1 vs:T 2

ICA PI 0.98 (0.14) 0.97 (0.12) 1.00 (0.16) �0.07 0.60a

Distal PI 0.87 (0.10) 0.87 (0.10) 0.87 (0.11) 0.00 0.56a

WML vol (mL) 2.46 (2.41) 2.16 (2.14) 3.09 (2.81)a �0.13 0.94a

PVS vol (mL) 11.7 (6.01) 11.6 (6.41) 11.7 (5.30) �0.01 0.81a

Lacunes 29% 25% 42%a �0.11 0.90a

Hypertension 33% 30% 42% �0.07 0.46a

SBP (mmHg) 142 (17.4) 141 (16.1) 144 (20.0) �0.05 0.47a

Note: Vascular indicators at baseline are compared between returnees and dropouts and in relation to the parent sample (selectivity), and between base-
line and follow-up for the returnee sample using correlation (rT1 vs:T 2).
aIndicates p < 0.05 for comparisons between returnees and dropouts at baseline (using independent samples t-tests or fisher’s exact tests) and for
rT 1 vs:T 2 (using Pearson correlation). Lacune positive indicates at least one lacunar infarct present on MRI. Selectivity represents the mean value for
returnees at baseline, standardized to the mean value and standard deviation for the parent sample at baseline. PI, pulsatility index; PVS, total peri-
vascular space volume in basal ganglia, white matter, and brainstem; SBP, systolic blood pressure; WML, whole-brain white matter lesion volume.
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Magnetic Resonance Imaging
MRI acquisitions were done using a 3 T scanner (Discovery MR
750; GE Healthcare, Milwaukee, Wisconsin) with a 32-channel
head coil. These included 4D flow MRI for cerebral arterial
pulsatility, and structural MRI, including T 1-weighted,
T 2-weighted and fluid attenuated inversion recovery (FLAIR) for
segmentation of WML (T 1 & FLAIR) and PVS (T 1 & T 2) vol-
umes. None of the scans were done with any contrast media.

4D Flow MRI. The 4D flow scans were acquired with a
PC-VIPR (Phase Contrast Vastly undersampled Isotropic-
voxel Projection Reconstruction) sequence that provides
flow velocities in all spatial directions, time-resolved over
the cardiac cycle, and with whole-brain coverage.11 The
PC-VIPR sequence utilizes radial sampling of k-space, mak-
ing it less sensitive to motion and pulsatile artifacts.11 Imag-
ing parameters: 5-point velocity encoding (venc): 110 cm/s,
TR/TE: 6.5/2.7 ms, flip angle: 8

�
, radial projections:

16000, temporal resolution: 20 frames per cardiac cycle,
matrix size at acquisition: 300x300x300, imaging volume:
22� 22� 22 cm3, matrix size after reconstruction:
320� 320� 320, spatial resolution: 0.69mm isotropic.
Scan time was approximately 9 min. Velocity data (x, y, z,
t) and a complex difference (CD) volume used to

highlight vascular structure were reconstructed from the
4D flow scans.

Structural MRI. The T 1-weighted scans were done with a
3D fast-spoiled gradient echo sequence acquired with the
following parameters: TR/TE: 8.2/3.2 ms, flip angle: 12

�
,

number of slices: 176, slice thickness: 1mm, in-plane res-
olution: 0.94mm, and field of view: 25� 25 cm, and
phase acceleration: 2. The T 2-weighted scans were
acquired with an axial fast relaxation fast spin echo
(FRFSE) sequence using the following parameters:
TR/TE: 7576/100ms, auto refocused flip angle: 111

�
,

number of slices: 48, slice thickness: 3mm, in-plane reso-
lution: 0.5� 0.9mm, field of view: 24� 24 cm, and
phase acceleration: 2. FLAIR scans were acquired with the
following parameters: TR/TE: 8000/120ms, slice thick-
ness: 3mm, number of slices: 46, in-plane resolution:
0.94mm, and field of view: 24� 24 cm.

4D Flow MRI Waveform Extraction
All 4D flow MRI data were processed using MATLAB (Natick,
Massachusetts: The MathWorks Inc). Pulsatile flow waveforms
were sampled for the internal carotid arteries (ICA) and for
small, distal cerebral arteries using inhouse-developed semi-

FIGURE 1: The 4D flow MRI complex difference angiograms and waveforms. The left panels display vessels for an example
subject at baseline, where the red color corresponds to the identified vessel cross-sections used to estimate the internal carotid
artery (ICA) and the distal arterial waveform. On a subject level, the ICA waveform corresponds to the average of the left and
right ICAs, and the distal waveform corresponds to the median waveform of all identified distal cross-sections. The individual
waveforms were interpolated from 20 to 2000 frames and synchronized after the systolic onset before pulsatility index
(PI) calculation. The right panels display subject-averaged waveforms at baseline and 5-year follow-up for the entire sample, with
transparent bounds representing � 1 standard deviation (SD).
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automatic post-processing methods.13, 14, 17 A visualization of
identified large (ICA) and small (distal) cerebral arteries for an
example participant, as well as corresponding group-averaged
flow waveforms at baseline and follow-up, is provided in Fig 1.

The ICA measurements were performed in the extracranial
ICA at the cervical (sometimes reaching the petrous) segment,
by visual inspection of the CD volume and manually placed seed
points (Fig 1). Waveforms were then calculated from these seed
points using a semi-automatic post-processing approach.13

Briefly, a centerline structure was obtained from the CD volume
using intensity-based thresholding and pruning of the binary vas-
cular tree. Then, orthogonal planes were automatically placed
along the centerline branch near the seed points and a local
threshold (20% of the CD local maximum intensity) was used
to identify the vessel segment from stationary tissue.14 Finally,
time-resolved 4D flow velocity data were sampled and spatially
averaged along 15 neighboring cross-sections originating from
the same vessel branch. Hence, each ICA branch is represented
by a single pulsatile waveform obtained by averaging data from
15 adjacent cross-sections. The left and right ICA waveforms are
then averaged into a single ICA waveform before pulsatility
analysis.

Distal cerebral arteries, corresponding mainly to distal bra-
nches of the anterior, middle, and posterior cerebral arteries,
were identified using a previously evaluated automatic post-
processing method utilizing vessel size and waveform information
to exclude large arteries and veins.17 First, a vessel enhancement
filter was applied to the CD volume to boost visualization of
small vessels.20 A centerline structure was then obtained using
intensity-based thresholding of the filtered CD volume and
pruning of the binary vascular tree.13 Next, planes were automat-
ically placed along the centerline structure of the entire cerebral
vascular tree, and a local threshold was used to identify small ves-
sels from stationary tissue and noise. Distal cerebral arteries were
identified using a combination of waveform-clustering to separate
arteries and veins, a binary mask to exclude extracranial vessels,
and a diameter threshold to exclude vessels with a diameter esti-
mate >1.25 mm. The distal arterial tree was then inspected and
pruned to remove accidentally included veins and extracranial
arteries. Finally, the flow data from all identified distal cerebral
arterial cross-sections (1,494 � 574 at baseline; 1,387 � 574 at
follow-up) were normalized and combined into a composite flow
waveform. Hence, the distal arterial waveform is a global repre-
sentation of pulsatile hemodynamics in small cerebral arteries.17

Waveform Analysis
The final ICA and distal waveforms were characterized by
the PI:

PI ¼ max Qð Þ�min Qð Þ
mean Qð Þ ,

where Q is the flow waveform obtained after averaging wave-
forms from the identified cross-sections. Hence, ICA and distal
PIs were estimated once per individual. Before calculating the PI,
the temporal resolution of the waveforms was increased from

20 to 2000 frames per cardiac cycle using cubic splines interpola-
tion. This was done to be consistent with previous pulsatility
analyses at baseline, where interpolation was necessary to allow
for synchronization with respect to the cardiac cycle.16

WML Segmentation
SPM12 and a lesion-growth algorithm21 implemented in the
LST toolbox was used to segment total WML volume, using
T 1-weighted and FLAIR volumes as input. The T 1-weighted
volume was used to estimate tissue probability maps for gray
matter, white matter, and cerebrospinal fluid. The FLAIR vol-
ume was, in combination with the tissue probability maps, used
to create a lesion probability map using a pre-defined threshold
(κ¼ 0:3) and region growing. Finally, total WML volume was
obtained from the lesion probability map using a 50% threshold.
The segmented volumes were evaluated against visually deter-
mined deep (Spearman’s ρ = 0.62, p < 0.001) and periventricular
(Spearman’s ρ = 0.64, p < 0.001) Fazekas scores.

PVS Segmentation
PVSs were segmented with an in-house algorithm implemented
in MATLAB, inspired by previous methods using T 1- and
T 2-weighted volumes as well as morphological information to
identify PVSs.22, 23 First, our T 1 and T 2-weighted volumes were
resampled to an isotropic resolution of 1mm and spatially co-
registered to obtain a quotient volume defined as the T 2 / T 1

ratio computed for each voxel, where a dilated PVS would dis-
play high intensities. To further boost PVS visualization, a filter
used to enhance vascular morphology was applied to the quotient
volume.20 The filtered volume was then thresholded to obtain
segments. In addition, tissue probability maps obtained from the
T 1-weighted volumes were used to confine the segmentations to
gray- and white-matter only. This mask was slightly eroded
(3 voxels) to avoid false PVS identification near the edges of a
region. Total PVS volume used for statistical analyses was
obtained by combining PVS volumes in basal ganglia, white mat-
ter, and brainstem. The segmented PVS volumes were evaluated
against a visual rating scale24 (Table 2).

Lacunar Infarcts
The presence of lacunar infarcts was determined by visual inspec-
tion according to the STRIVE recommendations.25 Lacunes
were defined as small (3–15 mm) subcortical fluid-filled lesions,
appearing as hyperintensities on T 2-weighted volumes and
hypointensities on T 1-weighted and FLAIR volumes. An addi-
tional feature utilized for differentiation from PVSs was increased
FLAIR signal in the rim of lacunes.

Statistics
Two types of models were used for statistical analyses: linear
mixed effects (LMEs) models and latent change score (LCS)
models. LME models were used to investigate the effect of time
on each vascular outcome and to explore change-change and
change-level associations. LCS models, that belong to a class of
structural equation models, were then used to model such rela-
tionships among the vascular outcomes simultaneously, thus
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refining the focus on change and time-lagged associations
between vascular outcomes.26, 27 Both models were adjusted for
baseline age and time-varying hypertension status.

LME Models. Longitudinal 5-year changes were modeled
using LMEs in R with the nlme package (version 3.1) as:

Y i,j ¼ β0þβ1Timei,jþβ2Agejþβ3HT i,jþμ0,j
þμ1,jTimei,jþϵi,j , ð1Þ

where Y i,j denotes the modeled variable (e.g., PI, WML
volume, or PVS volume), Timei,j denotes the time point
(0 or 5 years) at time i for individual j, Agej denotes the
mean-centered baseline age for individual j, and HT i,j

denotes hypertension status at time i for individual j. The
fixed effects are described by β0, β1, β2 and β3, whereas
μ0,j and μ1,j denotes the random intercepts and slopes, respec-

tively. The participant-specific intercepts (I jÞ and slopes (δj)
are then estimated as I j ¼ β0þμ0,j and δj ¼ β1þμ1,j .

The p-values describing significant age-related
changes were based on the LME fixed effects. The
Pearson’s correlation coefficient (r) was determined for
participant-specific intercept – intercept (I – I ), slope –

slope (δ – δ), and intercept – slope (I – δ) associations.
Independent samples t-tests were used to evaluate group
differences between lacune-positive and lacune-negative
individuals. Residualization by regression was used to con-
trol WML slopes for WML intercepts when evaluating
lacunes in relation to WML progression.

Structural Equation Modeling. The software Onyx
(https://onyx-sem.com/) and the R-package Lavaan (ver-
sion 0.6–9) were used for all structural equation modeling.

The observed data were standardized using z-scores (mean
0; variance 1) and adjusted for age and hypertension
through residualization with regression. Before defining
the LCS models, confirmatory factor analysis (CFA) was
performed to test whether our biomarkers could be com-
bined into a longitudinal SVD score, with ICA PI, distal
PI, WML, and PVS as input. In addition, CFAs were per-
formed separately in two simpler models: one with WML
and PVS as input, and one with ICA PI and distal PI as
input. Acceptable model fit was deemed by root-mean-
square error of approximation (RMSEA) < 0.08, compara-
tive fix index (CFI) > 0.90, and standardized root mean
residual (SRMR) < 0.08.

Attrition. Independent samples t-test and Fisher’s exact
test were used to evaluate group differences between drop-
out and returnees for pulsatility, WML and PVS volumes,
and for lacune and hypertension status (positive/negative).
Dropouts and returnees differed in lacune status and
WML burden (Table 1). Selectivity was reported to
describe group differences between returnees and the full
parent sample at baseline (Table 1).

Missing and Excluded Data. Time-resolved 4D flow MRI
data were missing for 22 participants at baseline and for
7 participants at follow-up, limiting the pulsatility data to
159 persons at baseline and 122 persons at follow-up,
with 108 complete cases. Furthermore, all the pulsatility,
WML, and PVS variables were screened for statistical out-
liers before LME and LCS modeling. Observed data were
considered statistical outliers if deviating more than 3.29
standard deviations (SDs) from the mean.28 This led to
the exclusion of one participant for distal PI and two par-
ticipants for ICA PI at baseline, and to the exclusion of

TABLE 2. Perivascular spaces (PVS) by visual inspection of the semioval center, and by automatic segmentation
in cerebral white matter

Baseline

Visual scale 1 2 3 4

N 20 47 90 21

Volume (mL) 2.41 (0.25) 4.70 (0.32) 9.82 (0.38) 15.15 (1.06)

Follow-up

Visual scale 1 2 3 4

N 5 15 56 38

Volume (mL) 2.65 (0.23) 5.5 (0.64) 9.85 (0.52) 19.14 (0.86)

Note: Visual scale according to Potter et al.24 Volumes indicate mean � 1 SE for each corresponding subsample. The PVS volumes and visual ratings
correlated at wave 1 (r = 0.79; p < 0.001) and wave 2 (r = 0.80; p < 0.001).
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three participants for WML at baseline and four partici-
pants for WML at follow-up. The final samples sizes
(at baseline and follow-up) were ICA PI (n = 157/122),
distal PI (n = 158/122), WML volume (n = 173/121),
PVS volume (n = 178/114), and lacunar infarcts
(n = 181/126). Full information maximum likelihood
(FIML) was used for incomplete cases in LME and LCS
models.

Results
5-Year Longitudinal Changes in Pulsatility and
Vascular Lesions
In line with previous longitudinal studies, significant
5-year increases were found for PI10 and WML volume29

using LME models (Table 3). We also found a longitu-
dinal expansion of PVS (Table 3), extending cross-
sectional age-assocations.30 Moreover, distal PI and ICA
PI were correlated in terms of intercepts (r = 0.80;
p < 0.001), but also in terms of slopes (r = 0.55;
p < 0.001), which is a novel longitudinal observation
suggesting relatively synchronized age-related pulsatility-
increases across the brain.

Longitudinal Associations between Pulsatility
and Vascular Lesions
WML and PVS volumes correlated in terms of intercepts
(r = 0.37, p < 0.001), but not slopes (r = 0.01,
p = 0.89). Moreover, while WML intercept was unrelated
to PVS slope (r = 0.04, p = 0.71), PVS intercept was
related to WML slope (r = 0.34, p < 0.001), agreeing
with previous studies.31, 32 Furthermore, PI was unrelated
to WML and PVS volumes at baseline, and neither ICA
or distal PI predicted WML or PVS progression
(Table 4). However, larger distal PI increases were related
to more rapid WML progression, and higher WML and
PVS volumes at baseline were related to larger ICA and
distal PI increases across 5 years (Table 4). Collectively,

these are novel longitudinal observations suggesting that
pulsatility and vascular lesions are related in a lead–lag
fashion, where structural SVD manifestations predict PI
increases over time.

Next, CFA was performed to further assess whether
biomarkers are interrelated, and suitable as indicators of one
overall latent factor of SVD. The CFAs showed poor model
fit when combining all four biomarkers (ICA PI, distal PI,
WML, and PVS) into a latent factor (RMSEA ≥ 0.27;
CFI ≤ 0.45; SRMR ≥ 0.25), and when combining
WML and PVS into a latent factor (RMSEA ≥ 0.34;
CFI ≤ 0.76; SRMR ≥ 0.17), independent of parameter
constraints. Hence, although PI, WML, and PVS are fea-
tures of SVD, they do not coalesce into a single SVD
score, a finding suggesting they reflect non-overlapping
brain properties. Nevertheless, combining ICA PI and dis-
tal PI into a latent PI showed excellent model fit
(RMSEA < 0.001; CFI > 0.999; SRMR< 0.001) when
constraining loadings, means, and variances across time
points, with similar loadings for ICA PI (1.00) and distal
PI (0.93), and significant variance in change (σ2 = 0.40;
p < 0.001). These results demonstrate that (1) ICA and
distal PI are highly correlated, indicating they could be
combined into one latent PI measure, and (2) there are
large individual differences in change for PI in aging.

Finally, we applied a latent change score (LCS)
framework that is specifically designed to investigate longi-
tudinal relationships, including age-lagged changes, by
modeling several relationships among variables simulta-
neously.26 Since the CFAs only showed acceptable fit for
the latent PI model, we defined three bivariate LCS
models27 (Fig 2) and evaluated the longitudinal associa-
tions between the latent PI factor in relation to WML vol-
ume (Fig 2A) and PVS volume (Fig 2B) separately, and
then WMLs in relation PVSs (Fig 2C). In line with our
previous results from LMEs (Table 4), the LCS models
supported that 5-year pulsatility increases were predicted

TABLE 3. LME model fixed effects

Intercept age 65 5-year change p-value change

ICA PI 0.98 (0.95, 0.98) 0.06 (0.03, 0.08) <0.001

Distal PI 0.87 (0.84, 0.90) 0.05 (0.03, 0.07) <0.001

WML vol. (mL) 2.39 (1.90, 2.87) 1.33 (1.04, 1.63) <0.001

PVS vol. (mL) 11.6 (9.93, 13.4) 4.51 (3.57, 5.45) <0.001

Note: Intercept at age 65 and 5-year change as estimated from the LME model fixed effects, with brackets denoting 95% confidence intervals. p-values
correspond to the 5-year change fixed effects. All models are adjusted for baseline age and hypertension. ICA, internal carotid artery; LME, linear-
mixed effects; PI, pulsatility index; PVS, total perivascular space volume in basal ganglia, white matter, and brainstem; WML, whole-brain white matter
lesion volume.
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by baseline burden of WML (β = 0.28; p = 0.015) and
PVS (β = 0.28; p = 0.009) volumes (Fig 2A,B). How-
ever, there was no change-change association between
pulsatility and WML in the LCS model (Fig 2A). Further-
more, consistent with the LME results (Table 4),
pulsatility was unrelated to WML and PVS volumes at
baseline and did not predict WML and PVS progression
across 5 years (Fig 2A,B).

The LCS framework also supported a link between
WML and PVS volumes at baseline; however, the link
between baseline PVS volume and WML volume change
(Table 4) was completely suppressed in the LCS model
(Fig 2C). Conceivably, this reflects that this association
was related to WML burden at baseline, as suggested by

the strong correlation between baseline WML volume and
WML volume change (Fig 2C).

Effect of Lacunar Infarcts
Among lacune-positive individuals, most had only one
lacunar infarct present. Moreover, few individuals (n = 5)
went from lacune-negative to lacune-positive over 5 years,
limiting the analysis to lacune status at baseline. Lacune-
positive individuals had larger WML volume intercepts
and slopes, whereas no differences were found for PVS
volume or pulsatility (Table 5). However, when control-
ling WML slopes for WML intercept, no differences were
found between lacune-positive and lacune-negative indi-
viduals (Table 5).

TABLE 4. Pulsatility in relation to WML and PVS based on LME models random effects

WML intercept PVS intercept WML slope PVS slope

ICA PI intercept R = 0.11; p = 0.29 R = 0.16; p = 0.13 R = 0.11; p = 0.23 R = -0.03; p = 0.78

Distal PI intercept R = 0.03; p = 0.75 R = 0.10; p = 0.32 R = 0.02; p = 0.86 R = -0.12; p = 0.26

ICA PI slope R = 0.25; p = 0.014 R = 0.23; p = 0.025 R = 0.19; p = 0.067 R = 0.11; p = 0.28

Distal PI slope R = 0.24; p = 0.015 R = 0.32; p = 0.002 R = 0.26; p = 0.009 R = 0.15; p = 0.15

Note: Intercept and slope denotes participant-specific intercepts and slopes obtained from the LME models random effects. Correlation coefficients (R)
and p-values are obtained from Pearson correlation. ICA, internal carotid artery; LME, linear-mixed effects; PI, pulsatility index; PVS, perivascular
space; WML, white matter lesion.

FIGURE 2: Associations among vascular biomarkers over 5 years of aging. (a-b) Latent change score (LCS) models evaluating
pulsatility in relation to (A) white matter lesion (WML) volume and (b) perivascular space (PVS) volume, with a latent pulsatility
index (PI) constructed from ICA PI (IPI) and distal arterial PI (DPI). Baseline WML and PVS volumes were both predictive of 5-year
increments in pulsatility, as shown for (a) WML volume (β = 0.28; p = 0.015) and (b) PVS volume (β = 0.28; p = 0.009). No
baseline or change-change associations were found for PI in relation to WML or PVS volumes. (c) LCS model evaluating WML
volume in relation to PVS volume, indicating a high correlation at baseline (r = 0.44; p<0.001), with no baseline-change or
change-change associations between WML and PVS. Note: The reported regression and covariance coefficients reflect
standardized estimates. All model fits were deemed acceptable (RMSEA<0.05; CFI>0.99; SRMR<0.03).
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Discussion
We evaluated 5-year changes in cerebral arterial pulsatility,
WML volume, and PVS volume, in a population-based
cohort of healthy older adults. Our main findings were
that, although pulsatility at baseline did not predict WML
and PVS progression, more WML and PVS volume at
baseline were related to larger increases in cerebral arterial
pulsatility across 5 years. These time-lagged associations do
not support pulsatility as an early contributing mechanism in
cerebral SVD. Instead, our findings suggest that individuals
with higher WML and PVS burden at baseline are prone to
exhibit larger PI increases over time. We interpret this as a
cascade of events where subtle microvascular damage underly-
ing WML and PVS progression also leads cerebral arterial PI
increases over time, potentially due to the sensitivity of PI to
downstream microvascular resistance. These findings align
with a recent study where PI at baseline failed to predict
WML progression over 5 years.10 Importantly, our study
extends previous studies9, 10 from merely testing whether
baseline pulsatility predicts WML progression, by also testing
the alternative hypothesis that those with larger WML and
PVS volumes at baseline are more prone to demonstrate
increased PI over time. Furthermore, this is the first longitu-
dinal study on pulsatility and PVS dilation. As such, the cur-
rent work provides novel insights on the dynamics among
these vascular indicators in aging.

The PI of both ICA and distal cerebral arteries was esti-
mated to increase with approximately 1% per year, which
agrees with our previous cross-sectional observations.17

Furthermore, ICA and distal PI were highly correlated at
baseline, with strong change-change associations, but no
baseline-change relations. In addition, the latent PI construct
showed excellent model fit. These results are not surprising,
considering that both ICA and distal PI largely correspond to
a global representation of the cerebral arterial waveform,
although the distal measurements are performed further out
in the vasculature. However, focal measurements in regions
of particular interest could be advantageous in future SVD
studies. Indeed, 2D phase contrast MRI at 7T allows for
pulsatility33 and damping34 measurements in perforating
arteries of the basal ganglia and semioval center, regions of
particular interest in SVD. This approach showed higher
pulsatility in patients with SVD-related stroke.35 That said,
our findings demonstrate that 4D flow MRI, with a scan
time of less than 10 minutes, is sensitive enough for detecting
5-year changes in both large and small cerebral arteries and
relate them to structural features of SVD.

Although WML and PVS volumes were related at base-
line, no change-change associations were found. Furthermore,
our attempts to construct a latent SVD score in longitudinal
SVD models failed, potentially due to limited shared variance
in change among the observed variables. Thus, although these
markers are considered manifestations of SVD, changes in
them were not coupled over a period of 5 years in a relatively
healthy sample aged 64 to 68 years at baseline. These findings
may reflect that PVSs and WMLs appear at different times
and stages in SVD. Indeed, some evidence suggests that
WMLs tend to form around PVSs3. In addition, the omission

TABLE 5. Differences in PI, WML volume (mL), and PVS volume between lacune positive (at least one lacune
present on MRI) and lacune negative individuals

Lacune status

Not present Present p-value (ind. t-test)

ICA PI intercept 0.98 � 0.10 (0.96, 1.00) 0.99 � 0.11 (0.95, 1.04) 0.54

ICA PI slope 0.05 � 0.09 (0.03, 0.07) 0.07 � 0.07 (0.04, 0.10) 0.28

Distal PI intercept 0.87 � 0.08 (0.85, 0.89) 0.87 � 0.08 (0.84, 0.90) 0.73

Distal PI slope 0.04 � 0.07 (0.03, 0.06) 0.05 � 0.06 (0.03, 0.08) 0.50

WML intercept 2.06 � 1.80 (1.69, 2.44) 3.53 � 2.38 (2.57, 4.49) 0.006

WML slope 1.14 � 1.24 (0.88, 1.40) 2.01 � 1.34 (1.47, 2.55) 0.005

Adj. WML slopea 0.01 � 0.51 (�0.11, 0.13) 0.12 � 0.59 (�0.11, 0.34) 0.41

PVS intercept 11.2 � 5.52 (10.0, 12.4) 12.9 � 6.49 (10.4, 15.4) 0.23

PVS slope 4.55 � 3.02 (3.39, 5.20) 4.40 � 2.72 (3.35, 5.45) 0.81

Note: intercept and slope denote participant-specific intercepts and slopes obtained from linear mixed-effects models. Intercepts and slopes are adjusted
for baseline age and hypertension. ICA, internal carotid artery; PI, pulsatility index; PVS, perivascular space; WML, white matter lesion.
aFurther adjusted for WML intercept by regression.
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of microbleeds and lacunes may have hampered the ability to
establish a latent SVD variable. Notably, a cross-sectional
study constructed a latent SVD score by integrating WML
volume, PVS volume, lacunes, and microbleeds, indicating
shared variance.36 This underlines the discrepancies that can
arise when interpreting patterns from between-person versus
within-person assessments and accentuates the need of future
longitudinal studies that depict changes in several biomarkers
from middle adulthood to advanced old age.

We used two statistical approaches for longitudinal
data analysis, LME and LCS models. The LME models
were used to describe age-related changes and to evaluate
pairwise associations, whereas the LCS framework allowed
us to model associations among several variables simulta-
neously.27 Interestingly, our LME findings indicated that
lacunes and PVS at baseline predicted WML change. The
PVS finding aligns with suggestions that PVS dilation
could be a pre-stage to WML progression32; however, in
line with another study,31 the link between baseline PVS
and WML change was suppressed in the LCS model.
Moreover, our link between lacunes at baseline and WML
slopes vanished when controlling for WML intercepts.
Hence, these associations were both dependent on WML
burden at baseline. This highlights the benefits of model-
ing multiple longitudinal relationships simultaneously.
Importantly, our main finding, namely that WML and
PVS volumes predicted 5-year increases in cerebral arterial
PI, was obtained with either model. Furthermore, PI and
WML outliers were excluded when deviating 3.29 SD
from the mean. However, all analyses were repeated with-
out outlier exclusion (not reported here), with similar
results for all main analyses, with the only distinction that
dropouts and returnees did not differ in WML burden at
baseline (Table 1) when including the outliers.

Our findings do not rule out excessive vascular
pulsatility as a mechanism harmful to the cerebral micro-
circulation.6 Vascular aging is associated with aortic stiff-
ness, elevated pulse pressure, and compromised cerebral
arterial damping-capacity – factors that in turn facilitate
transmission of cardiac-generated pulsatility to the cerebral
microcirculation.37, 38 However, periventricular white
matter is supplied by long arteries that branch into tortu-
ous arterioles,39 potentially limiting the transfer of hemo-
dynamic stress.40 Instead, brain regions with a vascular
supply characterized by short arterial branches that provide
little damping-capacity could be particularly susceptible to
pulsatile stress, potentially explaining why pulsatility corre-
lates negatively with hippocampal volume41, 42 and epi-
sodic memory.16 Importantly, BBB breakdown begins in
the hippocampus and accelerates cognitive decline.43

Hence, pulsatility may be particularly interesting to study
in relation to hippocampal BBB breakdown. In other

longitudinal studies, aortic pulse wave velocity (PWV) has
been shown to predict WML progression44 and incident
microbleeds.45 Considering the results of the present
study, this indicates that central PWV and cerebral arterial
PI progress differently in the course of aging and SVD.
This underscores that PWV and PI partially reflect differ-
ent properties of the vascular system, with PWV more
specifically relating to vascular stiffness, whereas PI display
additional sensitivity to microvascular resistance.

PVSs are cerebrospinal-fluid filled cavities that sur-
round penetrating vessels, and may function as fluid trans-
port passages in the glymphatic system for clearance of
metabolic waste.3 However, whether PVS dilation is
harmful, or whether it is an epiphenomenon, is debated.3

In contrast to PVSs, there is compelling evidence that
lacunar infarcts46 and large (confluent) WMLs1 are harm-
ful to the brain. However, although lacunes, WMLs, and
dilated PVSs are distinct manifestations of microvascular
damage, they may still share an underlying etiology.
Indeed, BBB breakdown on a brain-wide level could be
involved in the pathogenesis of PVS dilation,3 lacunar
infarcts46 and WML progression.47 Hence, future longitu-
dinal studies should consider BBB permeability imaging
in relation to biomarker progression over time.

There are a few limitations concerning the structural
SVD biomarkers. Few individuals (n = 5) changed from
lacune-negative to lacune-positive at follow-up. Hence, we
chose not to analyze change in lacune status in relation to
pulsatility and the other imaging biomarkers. In addition,
dropouts were more severely affected by WMLs and
lacunes than returnees. However, the FIML approach uti-
lized by LME and LCS models is resilient against dropout
bias. Moreover, the average WML and PVS volumes were
relatively small (Tables 1 and 2). A low disease burden
impacts power, constraining the ability to detect weaker
associations among the investigated variables. This par-
tially reflects that our sample is relatively healthy, as indi-
viduals with symptomatic stroke or an MMSE score of
less than 27 were excluded. Hence, it is difficult to extrap-
olate the results from our population to older subjects, or
patients with more severe SVD, such as lacunar ischemic
stroke syndromes or CADASIL. Importantly, although
additional longitudinal data are needed to verify these
associations, our findings highlight that WMLs and
pulsatility are related over time in a healthy older popula-
tion. Furthermore, we used an inhouse-developed method
for automatic PVS segmentation, with an average total
PVS estimate (basal ganglia, white matter, and brainstem)
of 11.7 mL and 16.2 mL at baseline and follow-up,
respectively. The absolute values of these volumes should
however be treated with caution, as they may differ
between methods. For instance, Boespflug et al.22 found a
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mean total PVS volume of approximately 0.3 mL among
older adults (mean age 85), whereas Barisano et al.48

reported an average white-matter PVS volume in of 5 mL
in young individuals (mean age 29). Further, Cai et al.49

found a relative PVS volume corresponding to 4.9% of
white matter volume in healthy controls (mean age of 69),
corresponding to approximately 20 mL assuming a white
matter volume of 400 mL. These pronounced PVS vol-
ume differences underscores the importance of esta-
blishing methodological standards.50 Toward this end,
our method demonstrated agreement with a visual PVS
scale (Table 2) and pronounced age-related increases in
PVS volume (Table 3).

In conclusion, our observations suggest that in
healthy older adults from the population, structural and
hemodynamic features commonly associated with SVD
are longitudinally related in a lead–lag fashion, in which
the expressions of WML and PVS precede increases in
cerebral arterial pulsatility. Moreover, lacunes and PVS at
baseline were related to WML progression over time, but
these associations were dependent on WML burden at
baseline. Collectively, our findings suggests that indi-
viduals with high WML and PVS burden are prone to
exhibit larger cerebral arterial PI increases over time.
Hence, we propose that elevated pulsatility is a rela-
tively late manifestation, rather than a risk factor, for
cerebral SVD.
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