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Background and Purpose—Cerebral small-vessel disease is a major cause of cognitive impairment. Perivascular spaces 
(PvS) occur in small-vessel disease, but their relationship to cognitive impairment remains uncertain. One reason may 
be difficulty in distinguishing between lacunes and PvS. We determined the relationship between baseline PvS score and 
PvS volume with change in cognition over a 5-year follow-up. We compared this to the relationship between baseline 
lacune count and total lacune volume with cognition. In addition, we examined change in PvS volume over time.

Methods—Data from the prospective SCANS study (St Georges Cognition and Neuroimaging in Stroke) of patients with 
symptomatic lacunar stroke and confluent leukoaraiosis were used (n=121). Multimodal magnetic resonance imaging was 
performed annually for 3 years and neuropsychological testing annually for 5 years. Lacunes were manually identified 
and distinguished from PvS. PvS were rated using a validated visual rating scale, and PvS volumes calculated using T1-
weighted images. Linear mixed-effect models were used to determine the impact of PvS and lacunes on cognition.

Results—Baseline PvS scores or volumes showed no association with cognitive indices. No change was detectable in PvS 
volumes over the 3 years. In contrast, baseline lacunes associated with all cognitive indices and predicted cognitive 
decline over the 5-year follow-up.

Conclusions—Although a feature of small-vessel disease, PvS are not a predictor of cognitive decline, in contrast to lacunes. 
This study highlights the importance of carefully differentiating between lacunes and PvS in studies investigating vascular 
cognitive impairment.    (Stroke. 2018;49:586-593. DOI: 10.1161/STROKEAHA.117.017526.)

Key Words: cerebral small vessel diseases ◼ cognition ◼ leukoaraiosis ◼ magnetic resonance imaging  
◼ neuroimaging

Cerebral small-vessel disease (SVD) is a term used to 
describe a group of pathological processes that affect 

the perforating cerebral arterioles and capillaries. Many brain 
parenchymal pathologies can occur, including small infarcts, 
microbleeds, ischemic demyelination with axonal loss, and 
diffuse brain atrophy.1 Clinically SVD presents with lacunar 
strokes, which represent ≈20% of all ischemic strokes, and it 
is the major cause of vascular cognitive impairment.2

Enlarged perivascular spaces (PvS) visible on magnetic 
resonance imaging (MRI) are a feature of SVD and vascu-
lar dementia2 and are associated with lacunar stroke and T2 
white matter hyperintensities (WMH).3 The significance of 

MRI-visible PvS in SVD, however, remains controversial.2 
PvS are pial-lined interstitial fluid-filled cavities that surround 
penetrating arteries, arterioles, veins, and venules.4 Their rela-
tionship with cognitive impairment in SVD remains uncertain, 
and the few studies that have investigated this have yielded 
inconsistent results.5–8

This inconsistency may be because of the difficulty in dis-
tinguishing between lacunes and PvS. Lacunes are subcortical 
cavities which occur in the region of a previous acute small 
deep brain infarct or hemorrhage in the territory of a perfo-
rating arteriole2 and often look very similar to PvS. Lacunes 
are thought to impair cognition by disrupting white matter 
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pathways.9 A failure to distinguish between them adequately 
may reduce the sensitivity of studies and clinical trials investi-
gating cognitive impairment in SVD.

Another reason for the inconsistent association between 
PvS and cognition may be because most previous studies have 
used rating scales which are operator dependant and pref-
erentially use T2-weighted MRI to assess PvS.6,7,10 PvS are 
difficult to rate in patients with moderate-to-severe SVD,10 as 
they are often obscured by WMH leading to an under or over-
estimation of PvS load. In addition, the rating scales currently 
used have a relatively narrow range (scores between 0 and 4) 
making longitudinal evaluation difficult. Measuring volumes 
using T1-weighted imaging is an alternative method to assess 
PvS load11 and may be more accurate in patients with SVD 
and WMH. In addition, it makes the longitudinal evaluation 
of PvS possible in a way that will be more sensitive to change 
than rating scales. To date, there are little data on whether PvS 
volumes change over time and whether they are associated 
with cognition.

The aim of this study is to further understand the clinical 
significance of PvS in symptomatic SVD. We carefully dis-
tinguished between lacunes and PvS and then investigated the 
relationship between PvS at baseline and cognitive change 
over a 5-year follow-up period in symptomatic SVD using 
both validated rating scales and computational measure-
ments of PvS volumes. We compared this to the relationship 
between lacunes at baseline and cognitive change in the same 
population. In addition, we examined the change in PVS vol-
ume over time.

Methods
The data that support the findings of this study are available from the 
corresponding author on reasonable request.

Participants
Patients with SVD were recruited as part of the prospective SCANS 
study (St George’s Cognition and Neuroimaging in Stroke).12 
Recruitment was from 3 hospitals covering a contiguous catchment 
area in South London (St George’s, King’s College, and St Thomas’ 
Hospitals). Inclusion criteria comprised a clinical lacunar stroke syn-
drome2 with an anatomically corresponding lacunar infarct on MRI in 
addition to confluent WMH on MRI (Fazekas grade ≥2).13 Exclusion 
criteria were any cause of stroke mechanism other than SVD (eg, car-
dioembolic source or extra- or intracerebral artery stenosis of >50%), 
other major central nervous system disorders, major psychiatric dis-
orders, any other cause of white matter disease, contraindications to 
MRI, or nonfluent in English. The study was approved by the local 
ethics committee, and all patients gave written informed consent. 
MRI acquisitions and cognitive assessments were performed at least 
3 months after the last stroke to exclude acute effects on cognition. 
All patients were also screened for cardiovascular risk factors includ-
ing hypertension (defined as systolic blood pressure >140 mm Hg 
or diastolic >90 mm Hg or treatment with antihypertensive drugs), 
hypercholesterolemia (defined as a serum total cholesterol >5.2 
mmol/L or treatment with a statin), diabetes mellitus, and smoking.

Participants were invited back annually for repeated cognitive test-
ing and MRI scanning for a period of 3 years. Subsequently, 2 further 
annual assessments of cognitive function were conducted at years 4 
and 5.

A total of 121 subjects were recruited. Of these, 103 attended >1 
cognitive assessment. Eighteen subjects only attended 1 assessment 
because of death (n=7), formal study withdrawal (n=6), house move 
(n=1), lost to follow-up (n=2), and withdrawal from full neuropsy-
chological testing (n=2). Of the 103 subjects who attended cognitive 

assessments more than once, MRI data at multiple time points were 
available for 99, 98 at year 1, 77 at year 2, and 71 at year 3. One 
subject attended the baseline and missed the year 1 follow-up, but 
attended all subsequent sessions. Four subjects missed the year 2 
follow-up, but subsequently attended at year 3. Four subjects with-
drew from imaging but remained in the study for neuropsychological 
testing.

MRI Acquisition
Images were acquired on a 1.5-T scanner (General Electric, 
Milwaukee, WI). All image sequences were acquired across the 
whole brain, and total imaging time was ≈45 minutes. The imaging 
protocol included T2-weighted, fluid-attenuated inversion recovery, 
gradient echo, and 3-dimensional T1-weighted sequences. Further 
details on the imaging protocol are given in the online-only Data 
Supplement and Lawrence at al.12

Image Processing
Image processing was performed using the (SPM)8 software package 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). A summary is 
provided in Figure 1.14 Further details are given in the online-only 
Data Supplement.

Identification of Lacunes and PvS
Lacunes were identified in native subject space by a consultant neuro-
radiologist (A.D.M.; blinded to the patient and cognitive data), using a 
multimodality view with T1-weighted, T2-weighted, and fluid-attenu-
ated inversion recovery images. Lacunes were defined as subcortical, 
fluid-filled (similar signal as cerebrospinal fluid [CSF]) cavities (<15 
mm in diameter) thought to be present in the region of a previous acute 
small deep brain infarct or hemorrhage in the territory of a perforating 
arteriole.2 Lacunes were distinguished from PvS using several criteria 
outlined in Table 1. A few cavities were excluded from the analysis if 
it was uncertain whether it was a PvS or a lacune.

PvS Rating Scale
Images were rated by a trained observer using a validated visual rat-
ing scale10 using the recommended user guide (http://www.sbirc. 
ed.ac.uk/documents/epvs-rating-scale-user-guide.pdf).10 T2-weighted 
magnetic resonance scans (with T1-weighted and fluid-attenuated 
inversion recovery imaging also available) were used for analysis. 
Basal ganglia and centrum semiovale PvS were rated from 0 (none), 
1 (1–10), 2 (11–20), 3 (21–40), and 4 (>40), by assessing and scoring 
each hemisphere separately and then using the hemisphere with the 
higher score. Midbrain PvS were rated 0 (none visible) or 1 (visible). 
PvS at the level of the anterior commissure were excluded from the 
overall rating. The scores from each region were added together to 
provide a total PvS score (EPVS) for each scan. Interrater reliability 
metrics were checked by 2 raters using 30 randomly selected scans. 
Both raters were blinded to the others ratings.

PvS Volumes
Lacunes were first manually identified by an experienced neuro-
radiologist (A.D.M.) using criteria outlined above and manually 
delineated using ITK-SNAP (http://www.itksnap.org). The signal 
intensities of PvS spaces tend to be identical to or lower than those 
of CSF. Therefore, to create PvS maps, we used the already created 
CSF maps. The manually identified lacunes, the ventricles, and CSF 
surrounding the large vessels and outside the brain were removed 
from the CSF maps to create PvS maps. Each PvS map was manually 
inspected to ensure that only PvS were included. PvS volumes were 
calculated in individual subject space by summing these binarized 
corrected maps. Volumes were then normalized with respect to total 
brain volume. Inter- and intra-rater reliability metrics were checked 
by 2 raters using 20 randomly selected scans across all time points. 
Both raters were blinded with respect to subject and time point of 
each scan and results of cognitive testing.
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Neuropsychological Assessment
Cognitive assessment was performed annually using well-established 
standardized tests to include measures sensitive to the pattern of cog-
nitive impairment associated with SVD.12 Tasks were grouped into 
broad cognitive functions, and task performance was age scaled using 
published normative data, transformed into z scores, and aggregated 
to construct the cognitive indices of executive function and process-
ing speed by averaging across the component test measures for each 
subject, with a Global Function index as an amalgam of all measures. 
Further details on the individual tasks used and the cognitive assess-
ment are given in the online-only Data Supplement.

Statistical Analysis
Statistical analysis was performed in R version 3.1.2 (www.r-project.
org).15 Because of the hierarchical nature of the data, we used linear 

mixed-effects modeling to estimate change over the follow-up period 
in our cognitive measures using the lme4 package (version 1.1–7) in 
R.16 Specifically, we used a random intercept and random slope model 
which permits the estimation of an average slope over 3 years for cog-
nitive measures across the whole cohort while allowing for interindi-
vidual variability.17 The time of scan (in years from baseline) served 
as a within-subject variable. The neuropsychological scores (executive 
function, processing speed, and global function) were set as dependent 
variables separately. In all models, we controlled for age, sex, WMH 
volume, and number of cerebral microbleeds (CMBs). For each depen-
dent variable, we first analyzed the main effects of baseline lacunes and 
PvS on baseline cognitive performance. In the same models, baseline 
MRI predictor×time interactions were explored to reveal the influence 
of baseline MRI markers on the rate of cognitive change. Our approach 
accommodates for patient dropout during follow-up with the assump-
tion that unobserved measurements are missing at random.

Figure 1.  Summary of preprocessing 
pipeline. Please refer to Lambert et al14 
for further details. FLAIR indicates fluid-
attenuated inversion recovery; SPM, sta-
tistical parametric mapping; TPM, tissue 
probability map; and WMH, white matter 
hyperintensities.

Table 1.  The Differences Between Lacunes and Perivascular Spaces on Conventional Clinical Imaging

 Lacune Perivascular Space

Location Common in upper two thirds of basal ganglia, 
thalamus, internal and external capsule, ventral 

pons, and periventricular white matter

3 typical sites

(1) Clustering around the anterior commissure and inferior 
third of basal ganglia (after the course of the LSAs)

(2) Along path of perforating arteries as they enter the 
cortical grey matter and extend into white matter

(3) Midbrain cerebral peduncles

Shape Tend to have irregular sharp edges, wedge shaped 
(Figure II in the online-only Data Supplement)

Mostly well defined, oval, round or tubular

Border Often irregular margins Smooth margins

Size 3 mm up to 15 mm in size Usually under 5 mm but can be larger (there is no reported 
cutoff value with diagnostic accuracy)

Symmetry Asymmetrical Tend to be symmetrical (Figure I in the online-only Data 
Supplement)

Longitudinal change May collapse over time Stay the same in size or grow larger

Mass effect Do not cause mass effect Can cause mass effect

FLAIR hyperintensity/siderosis Usually have a rim of FLAIR hyperintensity 
reflecting gliosis or siderosis on GRE images

Often no surrounding rim of FLAIR hyperintensity or 
siderosis

FLAIR indicates fluid-attenuated inversion recovery; GRE, gradient echo; and LSA, lenticulostriate arteries.
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Linear mixed-effect modeling (using a random intercept and 
random slope model) was also used to estimate change in PvS 
volume over a 3-year time period. To investigate the effect of 
change in PvS volume on cognition, PVS volumes were modeled 
as continuous time-varying variables, that is, decomposed into 
static (within-subject mean) and dynamic (residual between time-
varying measurement and within-subject mean) components. This 
was done to assess the independent contribution of change in PVS 
volume on change in cognition. MRI predictor×time interactions 
were explored to reveal the influence of PvS volumes on the rate 
of cognitive change. Parameter estimates are summarized by their 
means and uncertainty, as expressed by the 95% confidence interval 
(95% CI).

For PvS rating scales, we calculated interobserver weighted κ for 
agreement using the psych package in R.18

Estimates were considered statistically significant when CIs 
excluded zero.

Results
Demographics at baseline are given in Table 2. Patients who 
left the study (for any reason) had a significantly higher mean 
WMH load (P<0.004), a higher lacune load (P<0.013), a 
higher mean Rankin disability score (P<0.026), and a lower 
mean Mini-Mental Test Examination (P<0.004) score at 
baseline when compared with patients who attended all time 
points. There were, however, no significant differences in 
baseline brain volume or other demographic characteristics in 
patients that left the study

Perivascular Spaces
Of the 120 subjects, 1 had a total PvS score of 1, 7 had a 
score of 2, 34 had a score of 3, 23 had a score of 4, 39 had a 
score of 5, 12 had a score of 6, 3 had a score of 7, and 1 had 
a score of 8. Total PvS score at baseline was normally distrib-
uted with a mean (SD) of 4.2 (1.3). Baseline total PvS score 
was correlated with age (Spearman ρ=0.183; P=0.045), base-
line lacunes (Spearman ρ=0.372; P<0.001), baseline CMBs 
(Spearman ρ=0.341; P<0.001), and baseline WMH volume 
(Spearman ρ=0.273; P=0.003). It was not associated with 
brain volume.

Mean total PvS volume was 160.6 mm3 (SD). Baseline 
total PvS volume was correlated with baseline lacunes 
(Pearson r=0.365; P<0.001) and baseline CMBs (Pearson 
r=0.189, P=0.038) but not with age, WMH volume, or 
brain volume.

There was a good correlation between total PvS scores and 
PvS volume (Spearman ρ=0.582; P<0.001). The estimated κ 
statistic measurements (confidence boundaries) for PvS rat-
ing scores were 0.40 (0.18–0.63) for centrum semiovale PvS 
and 0.33 (0.06–0.60) for basal ganglia PvS. The interrater 
reliability metrics for PvS volumes were SEM=2 mm3, mean 
variability=4.32% (SD=4.19%), and Intraclass correlation 
coefficient=0.99.

No significant change in total PVS volume over the 
3-year observational period (for which MRI data were 
available) was demonstrated. The estimate of average (95% 
CI) annual change was −1.93 mm3 (−8.82 to 4.94). There 
was no evidence that change in PvS volume predicted a 
change in cognitive indices over the same follow-up 
period. The estimated effects (CI) of change in PvS vol-
ume on the slope of executive function, processing speed, 

and global function are 1.4×10−3 (−6.0×10−5 to 2.9×10−3), 
−2.3×10−4 (−1.4×10−3 to 9.8×10−4), and 6.0×10−4 (1.7×10−4 
to 1.4×10−3), respectively.

Lacunes
At baseline, cavitated lacunes were present in 99 (83%) of 
120 subjects. Although all patients had clinical lacunar stroke 
syndrome (with corresponding MRI lacunar infarction), not 
all lesions detected on acute diffusion-weighted imaging sub-
sequently cavitate on T1-weighted images.19 The mean (SD) 
number of lacunes was 4.18 (5.44). The mean (SD) total 
lacune volume as a percentage of total brain volume was 
0.0754 (0.0979). The distributions of lacune count and vol-
ume were skewed and were therefore log

10
 transformed for 

Table 2.  Patient Demographics at Baseline

Demographics and Risk Factors n=120

Mean age (SD) y 70 (9.8)

Mini-Mental test score (mean (SD)) 27.6 (2.7)

Sex

 ��� Female 42 (35.0%)

 ��� Male 78 (65.0%)

Hypertension

 ��� No 9 (7.5%)

 ��� Yes 111 (92.5%)

Hypercholesterolemia

 ��� No 17 (14.2%)

 ��� Yes 103 (85.8%)

Smoker

 ��� Never 55 (45.8%)

 ��� Current 23 (19.2%)

 ��� Ex-smoker 42 (35.0%)

Treated diabetes mellitus

 ��� Yes 22 (18.3%)

 ��� No 96 (80.0%)

 ��� Diet control 2 (1.6%)

Rankin disability score

 ��� 0 38

 ��� 1 48

 ��� 2 15

 ��� 3 16

 ��� 4 3

MRI measures at baseline (per subject)

 ��� Average (95% CI) number of lacunes 4 (4–5.1)

 ��� Average (95% CI) WMH load as % of total 
normalized brain volume

3.72 (3.16–4.28)

 ��� Average (95% CI) normalized brain volume, mL 1295 (1279.00–1312.00)

CI indicates confidence interval; MRI, magnetic resonance imaging; and 
WMH, white matter hyperintensities.
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statistical analysis. The number and distribution of lacunes at 
baseline has been described elsewhere.9

Over the 3-year imaging observational period, 74 new lacu-
nes were observed in 27 patients, of which 66 were supraten-
torial and 8 were in the cerebellum or brain stem. A single 
new lacune was found in 10 subjects, 2 in 9 subjects and ≥3 
(maximum 9) in 8 subjects.

Change in Cognitive Measures
There was strong evidence of a decline in executive function, 
processing speed, and global function (z scores) over the course 
of the observational period. The average (95% CI) annual 
change for Executive Function was −4.2×10−2 (−4.2×10−2 to 
−0.4×10−2), for Processing Speed, −5.1×10−2 (−8.0×10−2 to 
−2.3×10−2), and for Global Function, −2.7×10−2 (−4.6×10−2 
to −0.9×10−2).

Associations Between PvS and Cognition
Total PvS score at baseline was not associated with cognition 
at baseline or with longitudinal change in cognition over a 
5-year follow-up period. PvS in the basal ganglia, centrum 
semiovale, or midbrain were also not associated with cogni-
tion. PvS volume at baseline was not associated with cogni-
tion (Table I in the online-only Data Supplement). To help 
visualize the effects of baseline PvS on cognition, Figures 2 
and 3 show the estimated marginal effect of baseline PvS 

score and PvS volume on cognition over a 5-year follow-up 
period.

Associations Between Lacunes and Cognition
Lacune number and volume at baseline were associated with 
all cognitive indices at baseline and were strongest for execu-
tive function, processing speed, and global function (Table I 
in the online-only Data Supplement). These associations sur-
vived inclusion of baseline WMH volume, brain volume, and 
CMBs in the model.

The number of lacunes at baseline explained some of the 
variability of the slope of executive function with an estimated 
effect (CI) of −1.3×10−1 (−2.0×10−1 to −0.5×10−1) and global 
function with an estimated effect (CI) of −6.4×10−2 (−1.1×10−1 
to −1.8×10−1) over time (Table I in the online-only Data 
Supplement). The volume of lacunes at baseline explained 
some of the variability in the slope of executive function with 
an estimated effect (CI) of −2.0×10−1 (−3.5×10−1 to −4.5×10−2; 
Table I in the online-only Data Supplement). The estimated 
effect of lacunes on the slope of executive function and global 
function remained significant after including WMH, CMBs, 
and brain volume in the model. Baseline, CMBs, WMH, and 
brain volume did not have a significant effect on the change of 
cognition over time. The model was not significantly affected 
by collinearity (variance inflation factors were all under 2). 
To help visualize the effects of baseline lacunes on cognition, 

Figure 2.  The estimated marginal effect 
of baseline lacune number and perivascu-
lar spaces score (EPVS) on Executive and 
global function over a 5-year follow-up 
period. We chose the 10th, 50th, and 90th 
percentiles of baseline lacunes (0, 2, 10) 
and EPVS (3, 4, 6) to display effects. Val-
ues for all other covariates in the model 
were set to their sample average.
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Figures 2 and 3 show the estimated marginal effect of baseline 
lacune number and lacune volume volume on cognition over a 
5-year follow-up period.

Discussion
We compared the impact of baseline PvS and lacunes in a 
population of patients with symptomatic SVD. We found 
that baseline lacunes had a significant effect on cogni-
tion, both at baseline and longitudinally, whereas PvS had 
no impact on cognition in the same cohort. PvS, however, 
do correlate with other MRI markers of SVD particularly 
lacunes and CMBs. This suggests that while PvS may be a 
marker of SVD severity, they are not associated with cognitive 
impairment.9

A few studies,7,8 however, have showed a positive asso-
ciation between PvS and cognitive impairment. Apart from 
confounding factors, a reason for this inconsistency may be 
because of the difficulty in differentiating between lacunes 
and PvS which may result in lacunes being included as PvS. 
In addition, the rating scales used in previous studies pref-
erentially use T2-weighted images3 for analysis, which can 
often overestimate the burden of PvS in patients with severe 
white matter disease. Previous studies have suggested that 
the presence of lacunes and WMH was the main reason for 
discrepancy between observers.10 All our patients have mod-
erate-to-severe SVD which may explain the only moderate 

reproducibility demonstrated for the visual rating scales. For 
this reason, in our study, we carefully differentiated between 
lacunes and PVS (Table 1) and used 2 different methods of 
quantifying PvS (a visual rating score and PvS volumes). 
Although the only moderate reproducibility may have reduced 
the ability to detect associations on visual rating, it would not 
affect the semiautomated volumetric measures.

Incident lacunes have been proposed as a disease biomarker 
in cerebral SVD.20 This study highlights the importance of 
carefully differentiating between lacunes and PvS, particu-
larly in studies investigating vascular cognitive impairment. 
Failing to differentiate these MRI features will reduce the sen-
sitivity to detect significant effects.

Our results did not demonstrate a significant change in 
PVS volume over a 3-year observational period. This may be 
because PvS have a slow growth rate and a longer period of 
imaging follow-up may be necessary to determine change in 
PvS volumes. Detailed 3-dimensional tracing of PvS is now 
possible using high-field strength MRI21,22 which will no doubt 
enable us to better study PvS thereby improving our under-
standing of their pathophysiological significance in SVD and 
other neurodegenerative diseases.

A limitation of previous studies of PvS is that rating scales 
may not be sensitive enough to evaluate the true burden of 
PvS. For this reason, we also used a volumetric measure of 
PvS which also allowed us to assess for longitudinal change. 

Figure 3.  The estimated marginal effect 
of baseline lacune volume and perivascu-
lar spaces (PvS) volume on Executive and 
global function over a 5-year follow-up 
period. We chose the 10th, 50th, and 90th 
percentiles of baseline lacune volume 
(0, 0.47, 1.07) and PVS volume (20, 82, 
406) to display effects. Values for all other 
covariates in the model were set to their 
sample average.
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We however only used T1-weighted images for our analysis of 
PvS volumes as these images had the highest resolution in our 
data. In future studies, the data might be improved by acquir-
ing other sequences including T2-weighted imaging with iso-
tropic voxel dimensions, at higher resolutions.

A limitation of this study was that we had a relatively high 
dropout rate, although this is consistent with previous longi-
tudinal studies in aging.23 Our analysis, using linear mixed-
effect models provides inferences under the missing at random 
assumption. Although the majority of longitudinal studies in 
neuroimaging including clinical trials make this assumption,24 
the possibility of data missing not at random is difficult to 
rule out. For example, patients who did not complete follow-
up tended to be older and more disabled. This may have led 
to an underestimation of the rate of change in MRI markers 
and cognition. The handling of missing data continues to be 
a subject of discussion and alternative methodologies, for 
example, multiple imputation models may provide a more 
flexible approach. Future studies with larger sample sizes may 
be able to detect a small effect that may have been missed on 
this study.

We also assume linearity of change over time. In our data 
with a relatively short follow-up period, cognitive change is 
more parsimoniously described by a linear fit rather than a 
quadratic fit (judged by the small sample corrected Akaike 
Information Criterion).25 However, it is possible that with 
fewer dropouts or a longer period of follow-up period, or a 
more homogeneous disease stage among participants, nonlin-
earities may be more apparent and a quadratic or cubic fit may 
prove more appropriate. It should be noted that the processing 
speed index is made of aggregate scores from the following 
tasks: Wechsler Adult Intelligence Scale-III (Wechsler,26 1997) 
Digit symbol substitution, Speed of Information Processing 
Task,25 and Grooved Pegboard Task,27 a combination which 
has good internal reliability.12 All of these tests have motor 
responses, in particular the Grooved Pegboard task which has 
a greater motor component than the other tests. A process-
ing speed deficit may therefore include a component of motor 
slowing in SVD.

We tried to exclude patients with cerebral amyloid angi-
opathy by excluding patients with cortical hemorrhages or in 
whom the pattern of CMBs was in a lobar distribution, but 
it is possible that some patients did have coexistent cerebral 
amyloid angiopathy pathology as this becomes increasingly 
frequent with increasing age. To study a homogenous group of 
patients, we recruited only patients with symptomatic lacunar 
infarction confirmed on MRI and confluent leukoaraiosis. We 
recognize that this may limit the generalizability of the find-
ings. However, the findings remain relevant to a large number 
of stroke patients—about 20% to 25% of all ischemic stroke is 
lacunar because of SVD and of these cases about half fall into 
the category of lacunar stroke and WMH.

Conclusions
In conclusion, PvS, although a feature of SVD, are not associ-
ated with cognitive decline over a 5-year follow-up period. In 
contrast, lacunes are an important predictor of future cogni-
tive decline. This study underlines the importance of carefully 

differentiating between lacunes and PvS in studies investigat-
ing vascular cognitive impairment.
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SUPPLEMENTAL MATERIAL 

 

Magnetic resonance imaging acquisition 

Images were acquired on a 1.5T Signa HDxt scanner (General Electric, Milwaukee, WI, 
USA) with maximum gradient amplitude of 33mTm-1 and a proprietary head coil. All image 
sequences were acquired across the whole brain and total imaging time was approximately 45 
minutes. The imaging protocol included: (1) Fluid Attenuated Inversion Recovery (FLAIR) 
sequence - TR/TE/TI=9000/130/2200ms, field-of-view (FOV) = 240x240mm2, matrix = 
256x192, 28 axial slices of 5mm thickness. (2) Spoiled gradient echo recalled T1-weighted 
(SPGR) 3D coronal sequence - TR/TE=11.5/5ms, FOV=240x240mm2, matrix=256x192, flip 
angle=18o, 176 coronal slices of 1.1mm thickness reconstructed to an in plane resolution of 
1.1mm. 
 

	

Image processing 

The raw DICOMS were imported using the SPM8 software package 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8/). T1-weighted and FLAIR images were co-
registered together using an affine transformation in SPM for each individual, before affine 
transformation to the same orientation as the MNI template and resliced to 1 mm isotropic 
resolution using 4th degree b-spline interpolation. The conventional SPM segmentation 
pipelines were adapted and optimised to our study population. This better captured population 
specific features (such as larger ventricles). To achieve this, a group average template was 
generated and all the T1-weighted and FLAIR images are warped to this space. The T1-
weighted and FLAIR images in the group average space were then used to create population 
specific tissue probability maps (TPMs). The default SPM TPMs were replaced by the 
population specific TPMs1 in the SPM segmentation algorithm to re-segment native space 
images to generate grey matter (GM), white matter (WM), cerebrospinal fluid (CSF) and WMH 
tissue class segmentation images. These were then combined with manually defined lacune 
ROIs to provide five tissue class images per individual (Figure 1 in main manuscript). The 
WMH segmentation maps were binarised at a threshold set for each individual by checking 
results manually to ensure accurate correspondence with lesions on the FLAIR image. Results 
were manually refined where necessary to optimise accuracy. For further details on image 
processing please refer to Lambert et al1.  

 

WMH volume 

WMH masks were created using the above technique from the FLAIR images. The volumes at 
each time-point were calculated in native subject space by summing the binarised corrected 
segmentations. To adjust for the effects of head size and brain atrophy on WMH volume, we 
analysed WMH load by expressing WMH volume as a percentage of the volume of total white 
matter. 

 



Estimation of brain volume   

Brain volume at baseline was calculated using a fully automated program, SIENAX (Cross-
sectional Structural Image Evaluation using Normalisation of Atrophy 
www.fmrib.ox.ac.uk/fsl)2 on T1-weighted images. 

 

Cerebral Microbleeds 

Baseline CMBs were identified by a consultant neuroradiologist. The Brain Observer 
Microbleed Rating Scale (BOMBS) was used to identify and describe CMB locations. CMBs 
were defined as homogeneous round focal areas < 10 mm in diameter of low signal intensity 
on T2*-weighted GRE images. Only CMBs meeting the BOMBS “certain” criteria were 
analysed. Bilateral basal calcification, flow voids from blood vessels, and low signals 
averaging from adjacent bone were regarded as “uncertain” CMBs. 

 

 

Neuropsychological assessment 

Cognitive assessment was carried out annually using well established standardized tests to 
include measures sensitive to the pattern of cognitive impairment associated with SVD. 
Premorbid IQ was estimated using the National Adult Reading Test-Restandardised (NART-
R)3. Tasks were grouped into broad cognitive functions as follows:  

Executive function: Trail Making test, (Reitan 1996) Modified Wisconsin Card Sorting Test4  
and Phonemic Fluency (FAS) 5.  

Processing speed: Wechsler Adult Intelligence Scale-III (Wechsler, 1997a) Digit symbol 
substitution 6, Speed of Information Processing Task 7 and Grooved Pegboard Task 8. 

Task performance was age scaled using published normative data, transformed into z-scores 
and aggregated to construct the cognitive indices of executive function and processing speed 
by averaging across the component test measures for each subject, with a Global Function 
index as an amalgam of all measures. For further details on the cognitive assessment please 
refer to Lawrence et al 9.  

 

 

 

 

 

 



Supplementary Table I: Estimates (confidence intervals) of the intercept and slope of cognitive indices 
over 5-year follow-up followed by the estimated effects (confidence intervals) of baseline lacunes and 
perivascular spaces on these values. Estimates with a significant effect are shown in bold. Lacunes 
number and volume had a significant effect on all cognitive indices at baseline. Lacune number 
explained some variability in the slope of executive function and global function in the model. PvS did 
not have a significant effect on the intercept or slope. Results were considered statistically significant 
when confidence intervals excluded zero. 

 Executive Function Processing Speed Global Function 

Intercept -9.03x10-1(-1.09x100, -

7.12x10-1) 

-9.64x10-1(-1.12x100, -

8.07x10-1) 

-6.51x10-1(-4.56x10-1, -

1.20x10-2) 

Total PVS score 4.62x10-2(-0192x10-2, 

9.95x10-2) 

-8.91x10-2(-2.08x10-1, 

2.96x10-2) 

3.52x10-1(-1.50x10-1, 

7.91x10-2) 

Total PVS 

volume 

5.80x10-4 (-1.00x10-3, 

1.00x10-3) 

2.01x10-4(-1.10x10-3, 

6.01x10-4) 

4.60x10-4(-8.60x10-4, 

7.01x10-4) 

Lacune number -8.69x10-1(-1.35x100, -

3.87x10-1) 

-8.43x10-1(-1.23x100, -

4.58x10-1) 

-6.94x10-1(-1.07x100, -

3.16x10-1) 

Lacune volume -1.22x100(-2.28x100, -

2.07x10-1) 

-1.45x100(-2.28x100, -

6.23x10-1) 

-1.15x100(-1.96x100, -

3.40x10-1) 

Time (slope) -4x77x10-2(-7.70x10-2, 

1.83x10-2) 

-5.18x10-2(-7.87x10-2, -

2.50x10-2) 

-2.92x10-2(-4.65x10-2, -

1.19x10-2) 

Total PVS 

score×Time 

-7.21x10-3(-2.95x10-2, 

1.51x10-2)  

-5.03x10-3(-1.56x10-2, 

2.56x10-2) 

-1.44x10-3(-1.43x10-2, 

1.15x10-2) 

Total PVS 

volume×Time 

-1.61x10-5(-1.69x10-4, 

1.47x10-4)  

1.72x10-5(-1.59x10-4, 

1.24x10-4) 

-1.7x10-5(-1.06x10-4, 

7.1x10-5) 

Lacune 

number×Time 

-1.27x10-1( -2.04x10-1, -

5.02x10-2) 

-1.88x10-2(-9x53x10-2, 

5x78x10-2) 

-6.43x10-2(-1.11x10-1, -

1x76x10-2) 



Lacune 

volume×Time 

-1.98x10-1(-3.51x10-1, - 

4x48x10-2) 

-3.73x10-2(-1.87x10-1, 

1.12x10-1) 

-6.70x10-2(-1.56x10-1, 

2.18x10-2) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure I: Axial FLAIR and T1-weighted images showing symmetrical 
perivascular spaces (arrows) 
 

 
Supplementary Figure II: Axial FLAIR and T1-weighted images showing a wedge shaped lacune 
(arrows) 
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