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Determinants and Temporal Dynamics of Cerebral 
Small Vessel Disease: 14-Year Follow-Up
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BACKGROUND: The aim of this study is to investigate the temporal dynamics of small vessel disease (SVD) and the effect of 
vascular risk factors and baseline SVD burden on progression of SVD with 4 neuroimaging assessments over 14 years in 
patients with SVD.

METHODS: Five hundred three patients with sporadic SVD (50–85 years) from the ongoing prospective cohort study (RUN 
DMC [Radboud University Nijmegen Diffusion Tensor and Magnetic Resonance Cohort]) underwent baseline assessment in 
2006 and follow-up in 2011, 2015, and 2020. Vascular risk factors and magnetic resonance imaging markers of SVD were 
evaluated. Linear mixed-effects model and negative binomial regression model were used to examine the determinants of 
temporal dynamics of SVD markers.

RESULTS: A total of 382 SVD patients (mean [SD] 64.1 [8.4]; 219 men and 163 women) who underwent at least 2 serial 
brain magnetic resonance imaging scans were included, with mean (SD) follow-up of 11.15 (3.32) years. We found a highly 
variable temporal course of SVD. Mean (SD) WMH progression rate was 0.6 (0.74) mL/y (range, 0.02–4.73 mL/y) and 
13.6% of patients had incident lacunes (1.03%/y) over the 14-year follow-up. About 4% showed net WMH regression over 
14 years, whereas 38 out of 361 (10.5%), 5 out of 296 (2%), and 61 out of 231 (26%) patients showed WMH regression 
for the intervals 2006 to 2011, 2011 to 2015, and 2015 to 2020, respectively. Of these, 29 (76%), 5 (100%), and 57 (93%) 
showed overall progression across the 14-year follow-up, and the net overall WMH change between first and last scan 
considering all participants was a net average WMH progression over the 14-year period. Older age was a strong predictor 
for faster WMH progression and incident lacunes. Patients with mild baseline WMH rarely progressed to severe WMH. In 
addition, both baseline burden of SVD lesions and vascular risk factors independently and synergistically predicted WMH 
progression, whereas only baseline SVD burden predicted incident lacunes over the 14-year follow-up.

CONCLUSIONS: SVD shows pronounced progression over time, but mild WMH rarely progresses to clinically severe WMH. 
WMH regression is noteworthy during some magnetic resonance imaging intervals, although it could be overall compensated 
by progression over the long follow-up.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: cerebral small vessel disease ◼ magnetic resonance imaging ◼ neuroimaging ◼ risk factor ◼ white matter hyperintensities

Cerebral small vessel disease (SVD) is the most impor-
tant vascular contributor to dementia and accounts 
for up to a fifth of all stroke worldwide.1 White matter 

hyperintensities (WMH) and lacunes of presumed vascular 

origin are hallmark lesions of SVD on magnetic resonance 
imaging (MRI).2,3 Progression of these lesions is associ-
ated with poor functional outcomes, including cognitive 
decline,4 gait dysfunction,5–7 and depression.8 Vascular risk 
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factors and baseline severity of SVD have been identified 
as determinants of SVD progression.9–11 However, this may 
be different for rapid and slow progressors and for early- or 
late-stage disease.12,13 Besides, it is still unknown whether 
vascular risk factors and SVD lesions at baseline affect the 
long-term SVD changes independently or in interaction.

Emerging evidence has shown regression in some 
SVD patients.10,13–15 However, our understanding of indi-
vidual temporal course of SVD MRI markers and the 
identification of the individuals at risk of rapid progres-
sion and regression is limited. Because most studies had 
a relatively short duration of follow-up (no more than 
6 years) with usually only a baseline and one follow-
up scan, which does not allow for the identification of 
regression alternated by progression.10

Therefore, studies with a longer follow-up and serial 
follow-up MRI scans are warranted to comprehensively 
investigate the temporal dynamics of SVD and its deter-
minants. We investigated the temporal course of WMH 
and lacunes, as markers of SVD, by 4 consecutive neu-
roimaging assessments over 14 years in older patients 
with sporadic SVD. In addition, we examined the effect of 
vascular risk factors, SVD burden at baseline, and their 
interaction with the long-term temporal dynamics.

METHODS
The data that support the findings of this study are available from 
the corresponding author upon reasonable request. Results were 
reported in adherence to the STROBE statement guidelines.

Study Population
This study is part of the RUN DMC study (Radboud University 
Nijmegen Diffusion Tensor and Magnetic Resonance Cohort), 
an ongoing longitudinal prospective single-center study that 
aims to investigate the risk factors and clinical consequences 
of sporadic SVD in people aged between 50 and 85 years, as 
described in the study protocol.16 Because the onset of cerebral 
SVD is often insidious, clinically heterogeneous, and typically 
with mild symptoms, it has been suggested that the selection of 
subjects with SVD in clinical studies should be based on these 
more consistent brain imaging features.17 Accordingly, in 2006, 
consecutive patients referred to the Department of Neurology 
between October 2002 and November 2006, were selected 
for participation. Inclusion criteria were (1) age between 50 and 
85 years and (2) cerebral SVD on neuroimaging (WMHs and/
or lacunes) with the accompanying acute or subacute clinical 
symptoms (eg, transient ischemic attack, lacunar syndromes, 
cognitive and motor disturbances) of SVD. Patients who were 

eligible because of a lacunar syndrome were included only >6 
months after the event to avoid acute effects on the outcomes.

Baseline data collection was performed in 2006 (wave 1), 
with 3 follow-ups (wave 2 in 2011, wave 3 in 2015, wave 4 
in 2020). Because not all participants completed follow-up 
MRI scans, we included participants with at least one follow-
up scan (n=382) to examine the temporal dynamics of SVD 
markers. Flowchart of RUN DMC study population over time 
was provided in Figure 1. Final data collection was completed 
on December 9, 2020. The Medical Review Ethics Committee 
region Arnhem-Nijmegen approved the study and all partici-
pants gave written informed consent.

MRI Protocol
Images were acquired at wave 1, 2, 3 on 1.5-Tesla MRI (2006: 
Siemens, Magnetom Sonata; 2011 and 2015: Siemens, 
Magnetom Avanto). The same 8-channel head coil was used at 
all 3 time points. MRI scans at wave 4 (2020) were performed 
on a 3-Tesla MRI scanner (Siemens, Magnetom Prisma) with a 
32-channel head coil. Detailed MRI acquisition parameters for 
each wave were shown in Table S1.

MRI Processing and Brain Volumetry
At wave 1, 2, and 3, WMH was segmented semi-automatically 
using fluid-attenuated inversion recovery (FLAIR) and T1 
sequences, as described previously.18 At wave 4, MP2RAGE data 
were processed to obtain robust T1-weighted images, reaching 
the best compromise between a significant decrease in noise lev-
els in regions of low or no signal (air or skull) and a small increase 
in image intensity bias.19 WMH was segmented from registered 
and bias-corrected T1 and FLAIR images by using a variant of the 
3-dimensional U-net deep learning algorithm.20 All WMH segmen-
tations were then manually edited and cleaned from misclassified 
artifacts by a custom 3-dimensional editing tool written in Matlab. 
Further details are provided in the Supplemental Methods.

Assessment of Baseline SVD Burden
The rating of SVD markers, that is, WMH volume, lacune count, 
and microbleed count at baseline, was based on STRIVE criteria 
(Standards for Reporting Vascular Changes on Neuroimaging).1 
Prevalent lacunes at baseline on T1 and FLAIR scans and micro-
bleeds on T2*-weighted MRI images at baseline were rated man-
ually by 2 trained and experienced raters, followed by a consensus 
meeting blinded for clinical data. Of note, in the present study, 
microbleeds information at baseline was used to evaluate baseline 
SVD burden. However, we did not investigate the progression of 
microbleeds over time because microbleeds (relative to WMH and 
lacunes) are more sensitive to the change in field strength and 
acquisition protocol we encountered during our follow-ups.21

To increase clinical generalizability, WMH volumes were 
also rated semiquantitatively according to the modified Fazekas 
score (mild: Fazekas 0–1; moderate: Fazekas 2; severe: 
Fazekas 3).22 The severity of SVD was assessed according to 
the previously reported amended SVD score (0–7) based on 
the information on lacunes, microbleeds, and Fazekas score.23,24

Progression of SVD
To facilitate the systematic and consistent identification of incident 
lacunes, difference images were constructed for T1 and FLAIR 

Nonstandard Abbreviations and Acronyms

MRI magnetic resonance imaging
SVD small vessel disease
WMH white matter hyperintensity
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image modalities. To this end, we first skull stripped the images 
using the Brain Extraction Tool in FMRIB Software Library. All 
follow-up images were then registered to the baseline scans. 
Difference images were generated by subtracting the registered 
and intensity-normalized baseline T1 and FLAIR images from the 

corresponding T1 and FLAIR images at the follow-ups (Figure S1). 
Incident lacunes were defined as a hypointense voxel cluster on a 
uniform background.25,26 Total lacune count during wave 2, 3, and 4 
was the sum of baseline lacune count (in 2006) and the number of 
incident lacunes identified during that particular follow-up.

Figure 1. Flow chart of RUN DMC study (Radboud University Nijmegen Diffusion Tensor and Magnetic Resonance Cohort) 
population over time.
MRI indicates magnetic resonance imaging.

https://www.ahajournals.org/doi/suppl/10.1161/STROKEAHA.121.038099
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Follow-up WMH volumes were corrected to baseline intra-
cranial volume, so that WMH volumetric changes over time can 
be quantified.

Vascular Risk Factor Score and Health Status at 
Baseline
We assessed the presence of hypertension, smoking, diabe-
tes, and hypercholesterolemia by standardized assessment 
and questionnaires, as described previously.16 A concurrent 
risk factor score (0–4), that is, the number of risk factors, 
was constructed based on the presence of the aforemen-
tioned risk factors to reflect the burden of vascular risk fac-
tors at baseline.27

Health status was evaluated for all participants at baseline 
by using 36-item short-form health survey, which is a well-
established self-reported questionnaire on health status.28

Statistical Analysis
The baseline characteristics were presented as mean±SD for 
normally distributed data and median and interquartile ranges 
for the skewed distributed parameters. We calculated differ-
ences in baseline characteristics between those included and 
excluded from the analyses using t test, χ2, or Mann-Whitney U 
test where appropriate.

For subjects with >1 MRI scans, we used all MRI scans 
available for each individual and linear mixed-effects regres-
sion via R package lme4 to examine WMH progression over 
time, with random effects of intercept and slope (with respect 
to follow-up time in year). The mixed model is statistically 
intended to account for the hierarchical nature of the data 
imposed by repeated measurements per subject, allowing 
imbalance (ie, missing data) and variability in the timing of 
assessments. The fixed effect of time represents the aver-
age annualized change of WMH across the whole cohort, 
whereas random effects of intercept and slope per participant 
can allow for interindividual variability. To evaluate a potential 
nonlinear progression of WMH, we compared the model fit 
after additionally including quadratic polynomial terms of fol-
low-up time using likelihood ratio test and evaluated changes 
in Akaike information criteria. Because quadratic polynomial 
terms did not improve the model fit, we did not include the 
quadratic term in the models. WMH regression was defined 
as more than 0.25 mL volume decline, as this was shown to 
be the smallest change that could be confirmed visually.15

Because our results indicated that there was no sex differ-
ence in WMH progression, we utilized the following base model 
with follow-up time (time=0 as the first scan), baseline age as 
fixed effects, and follow-up time as the random effects for each 
participant. We then extracted random slopes of follow-up time 
for each participant to calculate each individual’s WMH pro-
gression rate. To examine the effect of baseline age, vascular 
risk factors, and SVD burden on WMH progression over time, 
we additionally added specific interaction terms between time 
and baseline age group, vascular risk factor score, SVD score 
into the base model. Finally, an interaction term between risk 
factor score and SVD score was added to the base model.

Differences in WMH progression rate among baseline 
Fazekas subgroups and age subgroups were analyzed, with 
Kruskal-Wallis tests followed by post hoc Dunn test because 
WMH progression rates were not normally distributed.

To model observed lacune counts over time, we used 
negative binomial mixed model with glmer.nb from R lme4 
package. This model was able to account for over-disper-
sion (the variance larger than the mean) of count data 
by including a dispersion parameter that relaxes the pre-
sumption of equal mean and variance to handle the distri-
bution of count outcome with excess zeroes,29 for example, 
lacune count.

To examine the effect of baseline age, vascular risk fac-
tors, and SVD burden on incident lacunes, we used negative 
binomial regression model. Because our results indicated 
that there was no sex difference in lacune incidence, we 
did not incorporate sex into the models. An interaction term 
between risk factor score and SVD score was additionally 
added to investigate whether they have a synergistic effect 
on incident lacunes.

The proportion of missing data in the present study was 
zero for all independent and outcome variables, except for 
WMH volumes (17%) which might introduce the bias. However, 
subjects with higher WMH volumes are more likely not to par-
ticipant in the follow-up scans, indicating WMH volumes did 
not miss at random. Therefore, we have addressed this bias 
with linear mixed-effects model, although some residual bias 
may still remain.

RESULTS
We included 382 SVD patients with at least 2 MRI scans. 
The mean (SD) follow-up time was 11.15 (3.32) years. 
Specifically, 77/106/199 participants had 2/3/4 MRI 
scans, with median (mean; range) follow-up time of 5.35 
(6.35; 4.64–13.68)/8.8 (9.8; 8.18–14.22)/13.73 (13.73; 
12.73–14.63) years between the first and last MRI scan, 
respectively. Included participants were younger at base-
line than nonparticipants (64.1 [SD, 8.4] versus 70.6 [SD, 
8.2] years; P<0.001), although there was no sex differ-
ence (Table 1).

Temporal Dynamics of WMH Over Time
Baseline age predicted WMH progression (estimate 
[95% CI], 0.25 [0.15–0.35]; P<0.001; Model 1 in 
Table 2, Figure 2A). The average annualized progres-
sion rate was 0.33, 0.58, 0.99 mL per year for those 
<60, 60 to 70, >70 years old at baseline, respec-
tively (Figure 2B). There was a significant interaction 
between follow-up time and age groups (model 3 in 
Table 2). There was no sex difference for WMH pro-
gression (model 2 in Table 2).

There was a significant increase in WMH volume dur-
ing the 14-year follow-up. The mean (SD) yearly pro-
gression rate in the entire group was 0.6 (0.74) mL/y 
(range, 0.02–4.73 mL/y). Among 273 participants with 
mild WMH (Fazekas 0–1) at baseline, 74 (27.1%) pro-
gressed into moderate (Fazekas 2) and 8 (2.9%) into 
severe WMH (Fazekas 3). Among 73 participants with 
moderate WMH at baseline, 35 (47.9%) developed into 
severe WMH (Figure 3A).
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Effect of Baseline Vascular Risk Factors and 
SVD Burden on WMH Progression
There was a faster WMH progression in the group 
with ≥2 concurrent vascular risk factors compared with 
those without any risk factor (estimate [95% CI], 0.39 
[0.08–0.70]; P=0.01; model 1 in Table 3), mainly driven 
by hypertension (Table S2). Baseline SVD burden, either 
measured by SVD score or Fazekas score, predicted 
WMH progression over time (estimate [95% CI], 0.31 
[0.25–0.37]; P<0.001; model 2 in Table 3, Table S3). 
The mean WMH progression rate was 0.28, 1.12, 1.97 
mL/y in the mild, moderate, severe group, respectively 
(Figure 3B). A significant interaction between baseline 
SVD score and vascular risk factor score was found 
(model 3 in Table 3).

Baseline Vascular Risk Factors and SVD 
Burden on Incident Lacunes
We identified a total of 92 incident lacunes in 52 patients 
(13.6%) between 2006 and 2020. Forty-two subjects 
had a single incident lacune, 4 had 2, and 6 had ≥3 
incident lacunes over 14 years (average incidence rate 

1.03%/y). Lacune count increased over time, indepen-
dent of baseline age (estimate [95% CI], 0.08 [0.03–
0.14]; P=0.002; Table S4).

Higher baseline SVD burden predicted incident lacu-
nes (estimate [95% CI], 1.52 [1.27–1.85]; P<0.001; 
model 1 in Table S5). More concurrent risk factors (≥2) 
and their interaction with SVD burden did not predict inci-
dent lacunes. We further found that none of the vascular 
risk factors predicted incident lacunes (data not shown).

WMH Regression Over Time
Regression in WMH volume was found in 15 participants 
(3.9%; median decline, −0.57 mL; interquartile range, 
1.13 mL) during the 14-year follow-up (Figure S2, Fig-
ure S3). There were no differences in health status, any 
of the vascular risk factors, SVD markers, age at base-
line, and rate of brain atrophy between participants with 
and without WMH regression (data not shown).

Regression in one interval could be compensated 
by progression in other time intervals as we found 38, 
5, 61 patients with WMH regression for the interval 
2006 to 2011, 2011 to 2015, 2015 to 2020, respec-
tively, which was compensated by progression among 
29 (76%), 5 (100%), 57 (93%) participants during the 
follow-ups (Figure S4).

DISCUSSION
In this prospective study with 14-year follow-up, we 
found a highly variable temporal course of SVD. Older 
age was a strong predictor for SVD progression, 
whereas sex was not. Participants with mild baseline 
WMH rarely progressed to severe WMH, even over 
14 years. WMH regression is noteworthy during some 
MRI intervals, although it could be overall compensated 
by progression over the long follow-up. Baseline bur-
den of SVD lesions and vascular risk factors predicted 
WMH progression independently and synergistically, 
whereas only baseline SVD burden predicted incident 
lacunes over the 14-year follow-up.

Several studies reported that baseline WMH severity 
was a strong predictor for WMH progression12,30,31 and 
incident lacunes over time.11,32 Our findings with much 
longer follow-up time not only corroborated this finding 
but also extended it by showing that a simple SVD score 
in addition to WMH grade and volume was associated 
with progression of conventional SVD markers. Of note, 
this SVD score can be assessed rapidly by visual inspec-
tion of clinical MRI scans in routine clinical practice and 
it has the potential to serve as a risk stratification or 
early efficacy assessment in clinical trials of interven-
tions to prevent SVD progression. Besides, we also pro-
vided strong evidence that baseline mild WMH will rarely 
progress to severe WMH, even after 14 years. This is 
clinically relevant and could help SVD patients and their 

Table 1. Baseline Demographics and Clinical Characteris-
tics

 
Participants 
(n=382)

Nonparticipants 
(n=121) P value

Demographics

 Age, y, mean (SD) 64.1 (8.4) 70.6 (8.2) <0.001*

 Sex, female, % 163 (42.7) 56 (46.3) 0.55

  Education>primary 
school, %

351 (91.9) 103 (85.1) 0.04*

SVD characteristics

  Median WMH volume, 
mL (IQR)

2.88 (8.29) 8.32 (14.2) <0.001*

 Lacune, n (%) 92 (24.1) 48 (38.0) 0.004*

 Microbleed, n (%) 0.54 (3.35) 0.79 (2.65) 0.45

Modified Fazekas score

 Mild (0–1), n (%) 273 (71.5) 59 (48.8) <0.001*

 Moderate (2), n (%) 73 (19.1) 35 (28.9) <0.001*

 Severe (3), n (%) 36 (9.4) 27 (22.3) <0.001*

Brain volumes

 GMV, mL, mean (SD) 613.92 (50.5) 581.91 (51.7) <0.001*

 WMV, mL, mean (SD) 460.97 (41.1) 434.95 (54.4) <0.001*

Vascular risk factors

 Smoking, ever, n (%) 267 (69.9) 86 (71.1) 0.89

 Diabetes, n (%) 45 (11.8) 30 (24.8) 0.001*

 Hypercholesterolemia, n (%) 168 (44.0) 69 (57.0) 0.02*

 Hypertension, n (%) 266 (69.6) 103 (85.1) 0.001*

Data represent number of participants (%), mean±SD, or median (IQR). GMV, 
gray matter volume; IQR, interquartile range; SVD, small vessel disease; WMH, 
white matter hyperintensity; and WMV, white matter volume.

*P<0.05.
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caregivers to put into perspective the likelihood of pro-
gression of SVD in the long term.

We demonstrated that the burden of vascular risk 
factors predicted WMH progression, but not incident 
lacunes. In addition, we found a pronounced synergis-
tic effect between SVD burden and vascular risk factor 
burden on SVD progression (ie, WMH), indicative of the 
potential biological interplay between these factors. For 
example, older patients with higher WMH burden often 
have lower microstructural integrity in normal-appearing 

white matter than those with a low WMH burden.33 They 
also more often have vascular risk factors, that is, hyper-
tension, smoking, diabetes, and hypercholesterolemia, 
which were found to predispose normal-appearing white 
matter to loss of microstructural integrity.34–39 Given that 
the development of WMH most likely is a continuous pro-
cess with the impairment of WM integrity preceding MRI-
visible WMH,40 these risk factors could may, therefore, 
reinforce WMH progression in interaction with baseline 
WMH burden. In contrast, we found that baseline risk 

Table 2. Fixed Effects Results for WMH Progression

Predictors

Model 1 Model 2 Model 3

Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value

(Intercept) −8.80 (−15.19 to −2.42) 0.007* −9.00 (−15.46 to −2.54) 0.006* −1.43 (−16.73 to 13.86) 0.85

Age 0.25 (0.15 to 0.35) <0.001* 0.25(0.15 to 0.35) <0.001* 0.08 (−0.19 to 0.36) 0.55

Time 0.60 (0.51 to 0.68) <0.001* 0.58 (0.46 to 0.69) <0.001* 0.28 (0.16 to 0.41) <0.001*

Sex (female)   0.38 (−1.60 to 2.36) 0.71   

Time×sex (female)   0.05 (−0.12 to 0.23) 0.55   

Age_group (60–70)     1.99 (−1.39 to 5.36) 0.24

Age_group (>70)     8.61 (2.78 to 14.45) 0.004*

Time×age_group (60–70)     0.32 (0.14 to 0.51) 0.001*

Time×age_group (>70)     0.80 (0.59 to 1.00) <0.001*

Male and age group (<60 y) as the reference groups in each model. WMH indicates white matter hyperintensity.
*P<0.05.

Figure 2. White matter hyperintensity (WMH) trajectory and progression by age.
A, WMH trajectory over time across 4 time points at individual level. The curves were smoothed by using locally weighted smoothing (loess) 
to explore average WMH change with increasing age. B, WMH progression rate was significantly different between any 2 age subgroups at 
baseline, all P<0.001. The boxes map to the median, 25th and 75th quartiles, and whiskers extend to 1.5 × interquartile range (IQR).
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factors were not related to incident lacunes. However, 
it should be noted that the association between tradi-
tional vascular risk factors and incident lacunes is largely 
inconclusive across different studies,41 which probably 
can be explained by different inclusion criteria and differ-
ent approaches to rating incident lacunes.

Our findings have important clinical implications. First, 
there may be a therapeutic window earlier in life given 

our observation of the relation between (midlife) modifi-
able vascular risk factors and WMH progression in later 
life. Further support comes from a clinical trial showing 
slowing of progression of WMH in patients with inten-
sive blood pressure management.42 Second, patients 
with mild WMH can be informed that their risk toward 
progression into severe WMH and the possible attendant 
cognitive decline is very low, even during 14 years.

Figure 3. White matter hyperintensity (WMH) progression is stratified by Fazekas groups.
A, WMH progression stratified by baseline Fazekas score. Participants who progressed into severe WMH burden with baseline mild and 
moderate WMH group were labeled in blue and red, respectively. B, WMH progression rate was significantly different between any 2 Fazekas 
subgroup, all P<0.05.

Table 3. Fixed Effects Results for WMH Progression as to Baseline Vascular Risk Factors and SVD Burden Over Time

Predictors

Model 1 Model 2 Model 3

Estimate (95% CI) P value Estimate (95% CI) P value Estimate (95% CI) P value

(Intercept) −11.33 (−18.18 to −4.48) 0.001* −11.26 (−16.10 to −6.42) <0.001* −6.67 (−12.43 to −0.91) 0.023*

Age, y 0.24 (0.14 to 0.34) <0.001* 0.12 (0.04 to 0.20) 0.003* 0.13 (0.05 to 0.21) 0.001*

Time 0.28 (−0.01 to 0.58) 0.06 0.02 (−0.11 to 0.16) 0.72 0.59 (0.50 to 0.67) <0.001*

RF_score [1] 1.60 (−2.24 to 5.44) 0.42   −3.69 (−8.15 to 0.77) 0.11

RF_score [≥2] 4.30 (0.71 to 7.88) 0.02*   −3.73 (−7.93 to 0.47) 0.08

Time×RF_score [1] 0.23 (−0.11 to 0.56) 0.19     

Time×RF_score [≥2] 0.39 (0.08 to 0.70) 0.01*     

SVD_score   5.78 (5.24 to 6.31) <0.001* 2.10 (−0.51 to 4.71) 0.12

Time×SVD_score   0.31 (0.25 to 0.37) <0.001*   

SVD_score×RF_score [1]     2.99 (0.16 to 5.82) 0.04*

SVD_score×RF_score [≥2]     2.80 (0.15 to 5.46) 0.04*

RF score [0] as the reference group in each model. RF indicates risk factors; SVD, small vessel disease; and WMH, white matter hyperintensity.
*P<0.05.
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Although we found evidence of WMH regression 
during all time intervals of the follow-up, more often 
regression during one interval was compensated by 
more progression during the other intervals. There are 
potentially several sources of errors for WMH measure-
ment, for example, scanner change and differences 
in the acquisition protocol, image quality, and rating 
methods, therefore, they may influence our findings on 
regression. However, WMH regression may be a true 
biological phenomenon, given other longitudinal studies 
also reported WMH shrinkage in population with (minor) 
stroke and dementia.14,43,44 Biological explanations for 
the possible regression include that newly developed 
WMH may contain area of tissue edema and its sub-
sequent resolution is likely to contribute to WMH volu-
metric decrease.14 Second, WMH on FLAIR do not only 
represent permanent myelin loss or axonal damage but 
may also represent reversible water shifts in interstitial 
fluid.10 Therefore, WMH can reduce or disappear on 
follow-up scans. Third, given the breakdown of blood-
brain barrier was found to facilitate WMH formation, 
enhanced control of vascular risk factors influencing 
blood-brain barrier may reduce WMH volume.45 Of note, 
the WMH regression in the present study was evaluated 
by WMH volumes; therefore, it may not capture regres-
sion and progression in different brain areas in the same 
time interval. It may be warranted to investigate WMH 
regression from anatomic perspective in future studies. 
Also, because the number of participants with WMH 
regression is limited in our study, therefore, it might be 
underpowered to capture the difference between those 
who had WMH regression versus not.

Major strengths of the present study include the 
inclusion of multiple MRI markers of SVD with 4 
repeated MRI scans over 14 years, a large cohort of 
participants with a single-center design. Furthermore, 
all neuroimaging data were analyzed by raters blinded 
to clinical information and were assessed reliably and 
sensitively. For instance, the use of difference images 
to identify incident lacunes from co-registered scans 
offers clear advantages over side-by-side inspection of 
nonregistered scans. Finally, our study has high external 
validity for SVD patients from general neurology clin-
ics because, at baseline, we included all consecutive 
patients referred to our out-patient department with  
cerebral small vessel disease on neuroimaging and 
accompanying acute or subacute clinical symptoms.

Some limitations should be considered. First, one 
major limitation is the scanner change and differences 
in the acquisition protocol during the follow-ups, which 
are known to induce measurement variability.46 However, 
these differences become almost inevitable with improve-
ments in hardware and sequence design, especially for 
very long follow-up studies. Second, nonparticipants 
were older at baseline and had a higher WMH volume 
compared with participants. Because our results showed 

that (older) patients with higher WMH burden also show 
more WMH progression over time, the lost-to-follow-up 
of these patients could have underestimated the true 
WMH fluctuation. Third, the number of participants with 
incident lacunes is limited in our study, therefore, it might 
be underpowered to examine the relation between vas-
cular risk factors and incident lacunes. In addition, there 
is an increasing awareness for a role of genetic vari-
ants that may relate to hypertension or interaction with 
hypertension resulting in vulnerability to SVD.47 Future 
investigations on the genetic role in SVD progression 
will increase our understanding of determinants of SVD 
temporal dynamics. Finally, in our study, treatments for 
vascular risk factors and its changes over time during the 
follow-ups could not have been accounted for because 
this would result in >20 subgroups, leading to very few 
participants in each group. Future follow-up studies with 
the same scanner, MRI protocol, and more detailed, 
quantitive assessment of vascular risk factors, its treat-
ment, and changes over time would be needed to vali-
date our main findings.

In conclusion, our prospective study with serial MRI 
scans and quantitative assessments in a large number 
of elderly patients with sporadic SVD over 14 years, 
provides insight into the temporal dynamics of WMH 
and lacunes. Baseline vascular risk factors and SVD 
markers contributed to the long-term progression of 
SVD independently and synergistically. These observa-
tions may contribute to identifying those who are at 
risk of fast progression.
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