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Background and Purpose—Insights into evolution of cerebral small vessel disease on neuroimaging might advance
knowledge of the natural disease course. Data on evolution of sporadic symptomatic lacunar infarcts are limited. We
investigated long-term changes of symptomatic lacunar infarcts and surrounding white matter on structural magnetic
resonance imaging.
Methods—From 2 nonoverlapping, single-center, prospective observational stroke studies, we selected patients presenting
with lacunar stroke symptoms with a recent small subcortical (lacunar) infarct on baseline structural magnetic resonance
imaging and with follow-up magnetic resonance imaging available at 1 to 5 years. We assessed changes in imaging
characteristics of symptomatic lacunar infarcts and surrounding white matter.
Results—We included 79 patients of whom 32 (41%) had complete and 40 (51%) had partial cavitation of the index
lesion at median follow-up of 403 (range, 315–1781) days. In 42 of 79 (53%) patients, we observed a new white matter
hyperintensity adjacent to the index infarct, either superior (white matter hyperintensity cap, n=17), inferior (white matter
hyperintensity track, n=13), or both (n=12).
Conclusions—Half of the sporadic symptomatic lacunar infarcts developed secondary changes in superior and inferior
white matter. These white matter hyperintensity caps and tracks may reflect another aspect of cerebral small vesselrelated disease progression. The clinical and prognostic values remain to be determined.   (Stroke. 2018;49:00-00.
DOI: 10.1161/STROKEAHA.117.020495.)
Key Words: cerebral small vessel diseases ◼ follow-up studies ◼ stroke
◼ lacunar ◼ Wallerian degeneration

C

formation) of the sporadic symptomatic lacunar infarct has
been reported in several studies,3–6 only 1 study investigated
long-term perilesion morphological changes of sporadic
symptomatic lacunar infarcts, finding new WMH (caps) lateral or superior to 18% (15 of 82) of sporadic symptomatic
lacunar infarcts.7 Other studies have suggested that sporadic
symptomatic infarcts are associated with widespread secondary degeneration in adjacent white matter tracts.8
In contrast, in patients with cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL)—a genetic cSVD—several studies document
long-term perilesional and remote morphological changes of

erebral small vessel disease (cSVD) is a pathological process involving small perforating vessels in the
brain.1 It may cause symptomatic lacunar infarcts but also
silent brain damage that is visible on structural magnetic
resonance imaging (MRI), including white matter hyperintensities (WMHs) and lacunes.2 Insights into the radiological evolution of cSVD features are important because they
might increase our knowledge of vascular disease and neurodegeneration and could be used as surrogate markers for
therapeutic studies.
However, there is limited information on long-term tissue
damage in sporadic cSVD. Although central cavitation (lacune
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cSVD lesions, including development of new lacunes at the
edge of WMH or spread of WMH around incident lacunes.9,10
The aim of the present study was to investigate further the
natural disease course of sporadic cSVD by assessing the
long-term, morphological lesional and perilesional changes
in symptomatic lacunar infarcts and adjacent white matter on
structural MRI.

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

Study Population and Recruitment
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We used longitudinal data from 2 nonoverlapping, prospective observational studies in patients with minor (ie, nondisabling) ischemic
stroke who were all scanned on 1 research-dedicated MRI scanner (MSS [Mild Stroke Study]-1, 2003–2007; MSS-2, 2010–2012).
The design of both studies has been described before.11–13 Briefly,
both studies recruited patients who presented with minor ischemic
stroke, including symptoms of lacunar stroke, to the regional stroke
service. Patients with contraindications to MRI and unstable medical conditions were excluded. For the present study, we selected

all patients with (1) a clinical diagnosis of lacunar stroke and a relevant (to symptoms) acute small subcortical infarct (lacunar infarct;
index lesion) on diffusion MRI at presentation and (2) a followup structural MRI between 1 and 5 years after the index stroke.
We recorded age at stroke onset, sex, and vascular risk factors, as
defined earlier.11 Both studies were approved by the Scotland and
Lothian Research Ethics Committee, and all patients gave written
informed consent.

MR Imaging
All patients had a brain MRI at baseline (median, 4; range, 0–57;
days after stroke onset) on a research-dedicated 1.5 Tesla MR scanner
(Signa LX; General Electric, Milwaukee, WI). Sequences included
axial diffusion-weighted imaging, fluid-attenuated inversion recovery,
T2-weighted and T2*-imaging, and sagittal T1-weighted sequences
(details were described elsewhere11,13). An experienced neuroradiologist (J.M.W.) assessed the MR images for presence of the acute small
subcortical (lacunar) infarct, cSVD lesions, and brain atrophy, all
according to the STRIVE criteria (Standards for Reporting Vascular
Changes on Neuroimaging).2 We defined an acute small subcortical (lacunar) infarct as a round or ovoid (axial diameter, <20 mm)
lesion in the basal ganglia, internal capsule, centrum semiovale, or
brain stem, which was hyperintense on diffusion-weighted imaging,
had reduced signal on apparent diffusion coefficient imaging, with
or without increased signal on fluid-attenuated inversion recovery or

Figure 1. The occurrence of a white matter hyperintensity (WMH) cap adjacent to index lacunar lesion. A, Baseline magnetic resonance
imaging (MRI), performed 1 d after stroke onset, sporadic symptomatic lacunar infarct in the right internal capsule (white arrow; fluidattenuated inversion recovery [FLAIR]). B, Baseline FLAIR image on MRI slice superior to the index lesion. C, Follow-up MRI at 1 y (353 d)
after index stroke, partial cavitated lesion (lacey-like appearance) on FLAIR (white arrow). D, Follow-up FLAIR image on MRI slice superior
to the cavitated index lesion, showing a WMH cap adjacent to the index lacunar lesion (black arrow).
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T2-weighted imaging.2 We refer to this symptomatic acute lesion as
the index lacunar lesion. The diameter of each index lacunar infarct
was measured in 3 directions on fluid-attenuated inversion recovery
(we report maximum diameter). Baseline MRI was also rated separately and blind to the index lesion progression for presence of lacunes (number and location), WMH (periventricular and deep; Fazekas
score14), cerebral microbleeds (location and number; modified brain
observer microbleed scale15), and perivascular spaces (5-point score
in basal ganglia and centrum semiovale separately11).
We selected those patients who had a follow-up brain MRI at 1
to 5 years after index stroke (median, 403; range, 315–1781; days
after index stroke) as part of the original studies (MSS-1 patients had
a follow-up MRI at 3 years after stroke and MSS-2 patients had a
follow-up MRI at 1 year after stroke; some had longer intervals). The
follow-up MR protocol was the same as the baseline MR protocol and
performed at the same MR scanner. We visually scored the follow-up
appearance of the index lacunar lesion and adjacent white matter on
MRI, blind to the other cSVD features, by examining the index lesion
and at least 3 MRI slices superior (ie, in the direction of the cortex)
and 3 MRI slices inferior (ie, in the direction of the brain stem) from
the index lacunar infarct. We assessed the appearance of the index
lacunar lesion itself by measuring the diameter in 3 planes as at baseline (we report on maximum diameter) and the appearance, including
different degrees of cavitation (no cavitation, partial cavitation, or
complete cavitation), as defined previously.3,5 Definitions and imaging characteristics of different degrees of cavitation are in Methods in
the online-only Data Supplement.

Inferior and superior from index lacunar lesion, we assessed the
presence of new WMH (WMH track and WMH cap, respectively).
Figure 1 shows an example of a WMH cap adjacent (superior) to the
index lesion. These WMH caps were single, mostly round or ovoid
with indistinct margins, were not visible at baseline, and could be
clearly outlined from diffuse WMH (if present). Figure 2 shows an
example of a WMH track, located inferior from the index lacunar
infarct. WMH tracks were round and small (often narrower than
caps), were elongated (visible ≥2 MRI slices inferior to the index
lacunar lesion), and followed the descending white matter tract, similar to Wallerian degeneration that is common after larger territorial
infarcts. WMH tracks could be clearly outlined from extensive WMH
(if present) and were not present at baseline. WMH progression was
assessed by using a validated visual WMH change scale (modified
Rotterdam progression scale16), not including the WMH cap or track
in this assessment.

Statistical Analysis
Data differences between groups were tested using independent
samples t test (normally distributed variables), Mann–Whitney
U test (nonparametric data), and Pearson χ2 and Fisher test (categorical variables). Associations with occurrence of WMH caps
and tracks were tested by univariable logistic regression analysis
(including age, sex, vascular risk factors [hypertension, smoking, diabetes mellitus, and hypercholesterolemia], baseline MRI
features [extensive basal ganglia perivascular spaces (grade 2–4),
extensive WMH (Fazekas periventricular grade 3 or deep grade 2

Figure 2. The occurrence of a white matter hyperintensity (WMH) track adjacent to index lacunar lesion. A and B, Baseline magnetic
resonance imaging (MRI), performed 11 d after stroke onset, sporadic symptomatic lacunar infarct in the right pons (white arrow; fluidattenuated inversion recovery; T2-weighted imaging). C, Follow-up MRI at 1 y (412 d) after index stroke, cavitated lacunar lesion in the
right pons on T2-weighted imaging (white arrow). D, Follow-up MRI, WMH track proximal to index lacunar lesion in the right pons, visible
on >2 MRI slices inferior to the index lacunar lesion (black arrow; T2-weighted imaging).
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had a history of an ischemic stroke, and 3 (4%) had both.
Five (6%) patients had a recurrent stroke during follow-up:
3 were lacunar stroke (all in the contralateral hemisphere)
and 2 were cortical stroke (1 in the ipsilateral hemisphere).
Twenty-two (28%) patients had WMH progression (≥1 point
on Rotterdam progression scale).

Evolution of the Index Lacunar
Infarct on Follow-Up Imaging

Figure 3. Patients’ recruitment characteristics. FU indicates
follow-up; MRI, magnetic resonance imaging; and MSS, Mild
Stroke Study.

Downloaded from http://stroke.ahajournals.org/ by guest on April 2, 2018

or 3)], and follow-up MRI features [time between index stroke and
follow-up MRI, and WMH progression], which are known variables
associated with the presence and progression of WMH). Statistical
significance was set at P<0.05 (2-tailed). Analyses were performed
using SPSS statistical software package (SPSS, version 23.0; SPSS,
Inc, Chicago, IL).

Results
Of 517 patients with stroke in the original studies, 169 (33%)
had a lacunar stroke with an acute symptomatic (index) small
subcortical (lacunar) infarct on MRI. Of these, 79 patients
had a 1- to 5-year follow-up MRI and met the inclusion criteria for the present study. Recruitment details are shown
in Figure 3. Table 1 shows baseline patient characteristics.
The majority of patients were first ever strokes. Five (6%)
patients had a history of transient ischemic attack, 5 (6%)
Table 1. Baseline Characteristics
n=79
Patient characteristics
 Age, y; mean±SD

65±11

 Male (%)

50 (63)

Vascular risk factors
 Hypertension (%)

57 (72)

 Hyperlipidemia (%)

45 (57)

 Smoking (%)

28 (35)

 Diabetes mellitus (%)

9 (11)

Baseline imaging characteristics
 Stroke onset to baseline MRI, d (range)

4 (0–57)

 DWI lesion present (%)

76 (96)

 Diameter acute lesion, mm (on FLAIR); mean±SD

11.5±4.5

 Presence of lacunes (%)

31 (39)

 Presence of microbleeds (%)

19 (24)

 Moderate–extensive PVS in basal ganglia (%)

48 (61)

 Extensive WMH (%)*

33 (42)

DWI indicates diffusion-weighted imaging; FLAIR, fluid-attenuated inversion
recovery; MRI, magnetic resonance imaging; PVS, perivascular space; and
WMH, white matter hyperintensity.
*Extensive WMH: periventricular WMH Fazekas 3 or deep WMH Fazekas 2–3.

On follow-up imaging, some degree of cavitation was seen
in 72 of 79 (91%) index lacunar infarcts, partial in 40 of
79 (51%), and complete in 32 of 79 (41%) index lacunar
infarcts. Five of 79 (6%) index lesions had disappeared during follow-up, although one of these had developed a WMH
cap (below). Two (3%) index lacunar lesions resembled a
noncavitated WMH on follow-up imaging. No patientrelated or imaging-related variables were associated with
any degree of cavitation.

WMH Adjacent to Index Lacunar
Infarct on Follow-Up Imaging
We observed a new WMH adjacent to the index lacunar infarct
in 42 of 79 (53%) patients: in 17 of 79 (22%) patients, the new
WMH was superior (WMH cap); in 13 of 79 (16%) patients,
the new WMH was inferior (WMH track); and in 12 of 79
(15%) patients, it was both superior and inferior from the
index lacunar infarct. Table 2 shows characteristics of patients
with WMH caps and tracks. WMH caps were most frequent
on index lesions in the centrum semiovale (62%) but were
also present in the internal and external capsule or nucleus
lentiformis (24%), thalamus (10%), and brain stem (4%). We
observed WMH tracks mostly in the centrum semiovale (64%)
but also in the brain stem (16%), in the internal and external
capsule and nucleus lentiformis (20%).
WMH caps were associated with presence of extensive
deep WMH at baseline (odds ratio, 3.31; 95% confidence
interval, 1.27–8.59; P<0.05) and with overall WMH progression (odds ratio, 3.83; 95% confidence interval, 1.33–11.02;
P<0.05). WMH tracks were associated with moderate–extensive basal ganglia perivascular spaces at baseline (odds ratio,
3.71; 95% confidence interval, 1.22–11.34; P<0.05). No other
patient-related or imaging-related variables, including index
lacunar infarct cavitation and time between baseline to followup imaging, were associated with occurrence of WMH caps
or tracks.

Discussion
We assessed the long-term radiological evolution of sporadic
symptomatic lacunar infarcts and perilesional white matter
tissue on structural MRI. We demonstrate that, during followup of between 1 and 5 years, more than half of these sporadic
symptomatic lacunar infarcts showed secondary perilesional
morphological changes (WMH caps and tracks).
WMH caps were associated with baseline deep WMH and
WMH progression. Because severe WMH at baseline is the
strongest predictor of WMH progression, similar risk factors
might also be linked to the development of these WMH caps,
although we could not find any association with conventional
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Table 2. Occurrence of WMH Caps and Tracks Adjacent to Index Lacunar Lesions
No WMH Cap
(n=50)

WMH Cap
(n=29)

No WMH Track
(n=54)

WMH Track
(n=25)

 Age, y; mean±SD

63±12

67±8

64±12

66±8

 Male (%)

35 (70)

15 (52)

35 (65)

15 (60)

 Hypertension (%)

37 (74)

20 (70)

40 (74)

17 (68)

 Hypercholesterolemia (%)

31 (62)

14 (48)

32 (59)

13 (52)

 Smoking (%)

19 (38)

9 (31)

20 (38)

8 (32)

 Diabetes mellitus (%)

7 (14)

2 (7)

6 (11)

3 (12)

11.3±4.7

12.0±4.3

11.5±5.0

11.7±3.3

 Presence of lacunes (%)

18 (36)

13 (45)

22 (41)

9 (36)

 Presence of cerebral microbleeds (%)

11 (22)

8 (28)

13 (24)

6 (24)

 Moderate–extensive basal ganglia PVS (%)

31 (62)

17 (59)

28 (52)

20 (80)*

Patient characteristics

Vascular risk factors

Baseline imaging parameters
 Diameter symptomatic lesion on FLAIR, mm; mean±SD
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 Extensive perivascular WMH (Fazekas 3; %)

9 (18)

7 (24)

10 (19)

6 (24)

 Extensive deep WMH (Fazekas 2–3; %)

15 (30)

17 (59)*

18 (33)

14 (56)

401 (315–1781)

403 (341–1270)

407 (314–1871)

392 (341–1286)

 Diameter symptomatic lesion on FLAIR, mm; mean±SD

7.8±3.4

9.2±3.5

8.0±3.5

8.9±3.3

 (Partial) cavitation symptomatic lesion (%)†

44 (88)

28 (97)

47 (87)

25 (100)

 Overall WMH progression (without cap and track; %)

25 (50)

23 (79)*

32 (59)

16 (64)

Follow-up imaging parameters
 Onset to follow-up MRI, d (range)

FLAIR indicates fluid-attenuated inversion recovery; MRI, magnetic resonance imaging; PVS, perivascular spaces; WMH, white matter
hyperintensity.
*<0.05; analysis between no WMH cap vs WMH cap and between no WMH track vs WMH track.
†Five lesions disappeared on follow-up imaging.

risk factors, such as age and hypertension. The present study
confirms the results of a prior longitudinal MRI study that
reported new WMH caps superior from sporadic symptomatic lacunar infarcts in 15 of 82 patients during 2-year
follow-up.7
The new WMH tracks that appeared inferior from the index
lacunar lesion seemed to be following a descending white matter tract similar to Wallerian degeneration. Wallerian degeneration of descending tracts is a well-known phenomenon
after territorial stroke and reflects a pathological process with
disintegration of axons, macrophage infiltration, degradation of myelin, and finally gliosis and atrophy of the affected
tracts.17,18 Although we found that many index lacunar infarcts
also underwent some degree of central cavitation, there was
no association between progressive perilesional (WMH caps
or tracks) and central lesion tissue damage.
We suggest that secondary changes in white matter surrounding a sporadic index lacunar infarct should be considered a separate MRI feature of worsening brain damage and
so disease progression. Their possible clinical and prognostic
value requires further study. Wallerian degeneration has been
associated with poor motor function recovery after territorial
stroke.19 Longitudinal MRI studies with tractography have
shown that subcortical infarcts in patients with CADASIL
cause focal thinning in the remote cortex by degeneration

of connected white matter tracts.9,20 Further, diffusion tensor
imaging studies have shown secondary tract degeneration in
white matter tracts, remote from sporadic symptomatic lacunar infarcts, the severity of which was independently related
to worse cognitive functioning.8
Several studies have assessed long-term cavitation of sporadic symptomatic lacunar infarcts.3–6 As in 2 former studies,5,6
we found a high partial or complete cavitation rate. Although
some of the apparent difference in cavitation rates between
studies likely reflects differences in definitions or interpretation of cavitation, the formation of even a partial cavity over
time could reflect more interruption to white matter connectivity and might lead to worse clinical outcome. Therefore, it
could be worthwhile to compare connectivity of white matter tracts (with diffusion tensor imaging) in cavitated versus
noncavitated lesions. Some symptomatic lacunar lesions disappear, at least macroscopically, which could imply that conventional MRI underestimates the total cSVD-related brain
damage.
The main strengths of our study are a relatively long followup time, standardized MRI protocols, and use of 1 carefully
monitored MRI scanner. We used standardized international
consensus criteria2 to describe cSVD imaging findings, and
all assessments were blinded. However, our study also has
limitations. Although this is one of the largest neuroimaging
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follow-up studies on this topic, our sample is relatively small
for a common disease like lacunar stroke. The original studies only included patients with a (nondisabling) stroke, and
for the present analysis, we selected patients with a followup MRI at 1 to 5 years after stroke for the original studies,
both of which could have introduced bias. A few patients
had clinically indicated MRI scans, which could also have
led to a potential selection bias and affected the time to
follow-up scanning. Three patients did not have a positive
diffusion-weighted imaging, which could have caused that
the wrong lesion was counted for the symptomatic lacunar
infarct. However, we only included patients with a definitive clinical diagnosis of lacunar stroke, assessed by a panel
of stroke experts, and the lesion had to be compatible with
clinical signs. Our study describes imaging findings and is too
small to correlate these with clinical features like cognition or
stroke recovery. Further, we acknowledge the lack of statistical power to identify possible predictors of WMH caps and
tracks. Larger prospective studies in an independent cohort are
necessary to confirm our findings.

3.

4.
5.

6.

7.

8.

9.

Summary
In conclusion, many sporadic symptomatic lacunar infarcts
developed secondary changes in the adjacent inferior or superior white matter during follow-up and showed some degree
of cavitation over time. Adjacent WMH caps and tracks may
reflect another aspect of cSVD-related disease progression
and neurodegeneration, with possible clinical and prognostic
value. Larger prospective studies are necessary to confirm this
hypothesis.
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Supplemental Methods

Assessment of vascular risk factors.
In the primary studies1-2, experienced physicians qualified in stroke medicine recorded baseline
demographics, vascular risk factors, and other details, including current smoking. Hypertension
(blood pressure > 140/90 mm Hg), diabetes mellitus (fasting blood glucose > 6.1 mmol/L) and
hypercholesterolemia (total cholesterol > 5.0 mmol/L) were defined as previously diagnosed
by a physician/general practitioner, on current treatment, or newly diagnosed at stroke
presentation.

Imaging characteristics
All patients underwent a brain MRI scan on the same 1.5 Tesla MRI scanner (Signa LX;
General Electric, Milwaukee, WI) operating in research mode, and using a self-shielding
gradient set with maxi- mum strength of 33 mT/m, and an 8-channel phased-array head coil.
The scanner was operated within a tight quality assurance program to maintain uniform
performance. Sequences included axial DWI (30-direction axial diffusion tensor imaging,
b=1000 s/mm2 and 2×b0 acquisitions, repetition time/echo time [TR/TE]=7700/82 ms, 24×24
cm eld of view [FoV], 128×128 acquisition matrix, 28×5-mm slices), T2-weighted
(TR/TE=6000/90 ms, 24×24 cm FoV, 384×384 propeller acquisition, 1.5 averages), axial fluidattenuated inversion recovery (TR/TE/inversion time =9000/153/2200, 24×24 cm FoV, 384
(anterior-posterior)×224 acquisition matrix), T2* (TR/ TE=800/15 ms, 20° ip angle, 24
(anterior-posterior)×18 cm FoV, 384×168 acquisition matrix, 2 averages, all with 28×5-mm
slices and 1-mm slice gap), and sagittal 3D T1-weighted (TR/TE/inversion time=7.3/2.9/500
ms, 8° ip angle, 330 (superior-inferior)×214.5 cm FoV, 256×146 acquisition matrix, 100×1.8mm slices).

Cavitation on MRI
We visually assessed the appearance of the index lacunar lesion, including different degrees of
cavitation. Figure I shows the imaging characteristics of different degrees of cavitation.
Absent cavitation was defined as a lesion without any evidence of cavitation. Partial cavitation
was defined as a lesion with one of the following characteristics: a lacey-like or spongiform
appearance with areas of marked hypointensity in the core of the lesion on FLAIR; a lesion
with a core with equivalent to cerebrospinal fluid (CSF) signal on T2, but which is not visible
on FLAIR; a lesion with a core with equivalent to CSF signal on T2, but with presence of a
hypointensity, not as dark as CSF, on FLAIR; a lesion with a core with equivalent to CSF signal
on T2, but with presence of a non-cavitated WMH on FLAIR; and a lesion were only a small
core in part of the lesion is visible, both on T2 and FLAIR. Complete cavitation (lacune) was
defined as a cavity with signal intensity comparable to CSF on FLAIR and T2, with a thin
surrounding hyperintense halo (gliosis) on FLAIR.

Figure I Imaging characteristics of different degrees of cavitation.
MRI feature

Imaging characteristics

No cavitation

Hyperintense on FLAIR and
T2 imaging, without any
evidence of cavitation

Partial cavitation
lacey-like FLAIR

Lacey-like appearance with
areas of marked hypointensity in the core (often
with septa) on FLAIR, and a
core with the equivalent to
CSF signal on T2 imaging

T2 hole like,
FLAIR not visible

Lesion has a core with the
equivalent to CSF signal on
T2, but is not visible on
FLAIR imaging

T2 hole like,
Lesion has a core with the
FLAIR not as dark equivalent to CSF signal on
as CSF
T2, and a hypointensity in the
core, which is not as dark as
CSF, on FLAIR imaging

T2 hole like,
FLAIR WMH

Lesion has a core with the
equivalent to CSF signal on
T2, and resembles a (noncavitated) WMH on FLAIR
imaging

small hole in part
of lesion both T2
and FLAIR

Only a small core in part of the
lesion is cavitated (with the
equivalent to CSF signal) on
T2 and FLAIR imaging

T2

FLAIR

Complete
cavitation

Hyperintense (equivalent to
CSF signal) core on T2, with
hypointense signal intensity
comparable to CSF and with a
thin surrounding hyperintense
halo (gliosis) on FLAIR
imaging

WMH: white matter hyperintensity; CSF: cerebrospinal fluid
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